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Abstract

:

Osteonecrosis of the jaws (ONJ) usually has a clear etiology. Local infection or trauma, radiotherapy and drugs that disrupt the vascular supply or bone turnover in the jaws are its major contributors. The thrombotic occlusion of the bone’s venous outflow that occurs in individuals with hereditary thrombophilia and/or hypofibrinolysis has a less known impact on jaw health and healing capability. Our research provides the most comprehensive, up-to-date and systematized information on the prevalence and significance of hereditary thrombophilia and/or hypofibrinolysis states in ONJ. We found that hereditary prothrombotic abnormalities are common in patients with ONJ refractory to conventional medical and dental treatments. Thrombophilia traits usually coexist with hypofibrinolysis traits. We also found that frequently acquired prothrombotic abnormalities coexist with hereditary ones and enhance their negative effect on the bone. Therefore, we recommend a personalized therapeutic approach that addresses, in particular, the modifiable risk factors of ONJ. Patients will have clear benefits, as they will be relieved of persistent pain and repeated dental procedures.
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1. Introduction


Osteonecrosis is a common pathology worldwide and has traumatic and non-traumatic causes. Within non-traumatic osteonecrosis, we distinguish the primary (idiopathic) and the secondary forms, the latter being the consequence of various local or systemic diseases, treatments or excessive alcohol consumption [1]. Attempts to explain the mechanism of primary osteonecrosis have led to the identification of coagulation and fibrinolysis abnormalities as key elements of the pathophysiological cascade. In patients with idiopathic osteonecrosis, single or multiple abnormalities of coagulation and/or fibrinolysis were identified and were considered to be responsible for the intravascular coagulation and thrombotic occlusion of bone microcirculation that lead to the ischemic bone destruction [2].



Vascular thrombosis and fat embolism as contributors to the mechanism of non-traumatic osteonecrosis were first proposed in 1934 [3], but the concept was refined in the early 1990s. It was thought that intravascular coagulation follows intraosseous fat embolism. Local vascular stasis leading to a low clearance of procoagulant factors and hypercoagulability, impaired fibrinolysis, endothelial damage induced by hypoxia and free fatty acids, and subchondral vasoconstriction were all considered contributors to the progression of fatty osteocytic necrosis to the ischemic degeneration of osteocytes and adipocytes [4]. Since the capillary and sinusoidal bed is characterized by a small vascular lumen and slow blood flow, the subchondral microcirculation is the most vulnerable area and it represents the place where the pathological process begins. Further on, progressive venous and retrograde arterial thrombosis occurs, leading to bone devascularization [4]. The mechanism behind the thrombotic occlusion of the bone’s venous outflow as the initiating mechanism of osteonecrosis was refined later on [5,6]. It was postulated that thrombotic venous obstruction leads to bone marrow edema and to a reduction in arterial perfusion. The increased intraosseous pressure determines a hypoxic-anoxic environment responsible for ischemic bone infarction and necrosis. The thrombotic mechanism was confirmed by histopathological findings represented by dilated marrow sinusoids and veins with an intravascular plug of fibrin and platelets, marrow necrosis and the focal loss of osteocytes in the adjacent bone [7].



The contribution of coagulation abnormalities in the occurrence and progression of osteonecrosis was gradually elucidated as the knowledge of the thrombotic/fibrinolytic pathways increased and technological progress allowed the laboratory quantification of coagulation factors. The data accumulated so far show that hypercoagulability and hypofibrinolysis are not uncommon in patients with osteonecrosis [2]. The majority of studies have focused on osteonecrosis of large joints due to its long-term disabling consequences. Glueck et al. showed that 74% of patients with osteonecrosis of the hip, knee or shoulder had one or more primary coagulation disorders [5]. In a group of 30 patients with osteonecrosis of the hip, coagulation disorders were identified in 87% of cases [8]. Jones et al. identified a coagulopathy in 82.2% of patients with osteonecrosis of large joints and in only 30% of controls. Moreover, two or more abnormal test results were identified in 46.7% of patients with osteonecrosis and in 2.5% of controls [2]. Based on this experience, researchers have hypothesized that hypercoagulability and hypofibrinolysis are not only contributors to avascular necrosis of the large joints—especially the femoral head—but also of the jawbones.



The jaws are structures with many particularities. Firstly, their intramedullary environment houses marrow tissues and it is in contact with teeth and their supporting structures, thus being easily exposed to infections. Secondly, the jaws contain large sensory nerve trunks of trigeminal nerves, which explains the chronic facial or jaw pain associated with cavitational osteonecrosis, often resistant to treatment and disabling [7]. Chronic neuralgia-like facial pain is associated with intraosseous cavity formation and long-standing cancellous bone necrosis of the jaws with minimal regenerative capabilities [6]. The chronic unremitting and disabling pain is usually refractory to conventional medical and dental treatments and requires a long-term administration of analgesics, including oral narcotics. Some patients have opposite symptoms such as hypoesthesia, paresthesia or even anesthesia [9]. Symptoms are present in the territory of the inferior alveolar nerve and include numbness of the lower lip, chin, teeth and gingival mucosa. This neuropathy, also known as numb chin syndrome, was mostly related to odontogenic causes and malignancies but there are data confirming that it may also be the expression of osteonecrosis [10]. Patients were diagnosed with ONJ if they had exposed bone in the oral cavity that persisted without healing for longer than eight weeks after identification [11]. To reflect the broad spectrum of clinical manifestations as accurately as possible, the definition of this disease has been expanded and currently includes the patients with intraoral or extraoral fistula through which the bone can be probed [12]. Efforts are being made for further improvements so that patients with signs and symptoms that cannot be attributed to a local cause, such as unexplained bone pain or swelling, toothache, mobile teeth not due to periodontitis, lip dysesthesia or mandibular fracture, are investigated for ONJ even in the absence of a fistula [13,14]. Moreover, the time frame necessary for diagnosis should not be rigid but modulated on an individual basis so that the therapeutic intervention can be implemented without delay [13].



Although most available data refer to ONJ that occurs in patients with risk factors such as dental infections, tooth extraction and/or systemic treatment with antiresorptive or antiangiogenic agents [13,15], in cases with unexplained or uncontrollable jawbone pain and confirmed osteonecrosis, an underlying familial hypercoagulability and/or hypofibrinolysis state could be presumed. This pathological substrate could be considered in patients with multiple foci of osteonecrosis as well. Long-standing ischemia due to thrombosis of the veins and sinusoids is associated not only with necrosis and cavity formation in the jaw’s cancellous bone, but also with poor bone regenerative capabilities [7]. Local prothrombotic states specific to the jaw, such as odontogenic infection, endodontic failures, tooth extraction, or endothelial trauma from other alveolar bone surgery, may overlap with systemic prothrombotic conditions and favor the onset and progression of osteonecrosis [6].



Under the action of various stress factors, a reversible injury can progress to an irreversible injury, marrow cell necrosis, asymptomatic bone cell necrosis and finally to symptomatic bone cell necrosis, as the most severe manifestation form [16]. We have to consider that the ischemic threshold varies with individual characteristics, some of which are not obvious when first assessed, such as thrombophilia/hypofibrinolysis states.



The aim of our research was to provide up-to-date and systematized information on the prevalence and importance of hereditary thrombophilia/hypofibrinolysis states on the occurrence, evolution and treatment of the osteonecrosis of the jaws (ONJ). We performed a systematic search in the Web of Science database using the keywords “osteonecrosis” and (“thrombophilia” or “hypofibrinolysis”). The automatic search retrieved 189 results that were manually screened, including their reference lists, in order to collect all available data on jaw osteonecrosis. In the final analysis, were included eight original articles focusing on hereditary thrombophilia/hypofibrinolysis in patients with ONJ.




2. Etiology of the Osteonecrosis of the Jaws


ONJ is recognized as a multifactorial disease, encompassing a large variety of local and systemic causes [17]. It is more commonly found in the mandible than maxilla because the latter has better vascularity [18]. The prevalence of lesions is 65%, 28.4%, 6.5% and 0.1% in the mandible, maxilla, both mandible and maxilla, and other locations, respectively [15].



Radiotherapy and drugs that disrupt vascular supply or bone turnover in the jaws are major contributors to its etiology. Medication-related osteonecrosis of the jaw (MRONJ) [12] may occur in patients undergoing systemic therapy with bone-modulating, antiangiogenic or immunosuppressive drugs. Bisphosphonates and receptor activator of nuclear factor kappa-B ligand (RANKL) inhibitors are bone-modulating agents with antiresorptive effects used in both osteoporotic and metastatic cancer patients to improve bone strength and prevent fractures. In oral administration, bisphosphonates (BPs) are indicated in the treatment of osteoporosis as they decrease osteoclastic bone resorption [9]. In these patients, the prevalence of ONJ is very low, between 0 and 0.04% [15,19,20,21]. Intravenous bisphosphonate treatment is generally used in patients with metastatic cancer to stabilize the affected bone and to prevent fractures and it is given in high doses [22]. In these patients, the prevalence of ONJ reaches 0.348% [15], probably in relation to bone turnover suppression [23] and antiangiogenic properties [24] of BPs administrated in high doses. Depending on the therapy length, 1 to 10 from 100 cancer patients treated with high doses of iv BPs will develop ONJ [25,26]. RANKL inhibitors are used in patients with osteoporosis and different types of metastatic cancer (breast, lung and prostate). They block the maturation, function and survival of osteoclasts, thus decreasing osteoclast-mediated bone resorption and turnover [27]. Although developed to outperform BPs, the RANKL inhibitor denosumab caused ONJ at a similar rate, especially when other factors, such as dental extraction or chemotherapy, were concurrent [28,29].



The systemic administration of antiresorptive agents has the potential to inhibit the function of osteoclasts in the entire skeleton. Still, the remodeling response is different between craniofacial and peripheral bones and osteonecrosis occurs only in jawbones [30]. Although the site specificity of medication-induced osteonecrosis has been intensively studied, its complex mechanism is not completely elucidated yet [31]. One particular aspect is that in the jaws the healing process begins with bone resorption, while in long bones it starts with bone formation [32]; therefore, therapeutic agents that inhibit bone resorption significantly affect jaw healing. Another aspect is that the maxilla and mandible have higher rates of bone turnover compared to the long bones, and thus there is a higher uptake of BPs. So, jawbones may accumulate in high amounts of BPs that affect osteoblasts when they reach toxic levels. This leads to their decreased survival [31]. BPs act not only on osteocytes, osteoblasts and osteoclasts but also on fibroblasts, epithelial and mesenchymal stem cells. Since periodontal ligament stem cells have the potential to regenerate the alveolar bone, their suppression by BPs may contribute to osteonecrosis [33]. Moreover, increased necrotic areas and reduced vascularization in the periodontal ligament were also identified in relation to BP use [34].



The discontinuation of the antiresorptive treatment (the so-called drug holiday) was proposed as a prophylactic measure. BPs are incorporated into the mineralized bone matrix and are highly remnant in the bone. The bone clearance of BPs may extend over a period of weeks to years; therefore, it is expected that BP’s drug holiday has no or limited effects on bone turnover [35,36,37]. Still, data from animal models showed that BPs drug holiday favorably influences healing after tooth extraction. Since nitrogen-containing BPs enhances bacterial adhesion and biofilm formation, suppress angiogenesis and potentially have soft tissue toxicity, drug holiday may alleviate the bone from this burden and allow regeneration [38]. Denosumab is a fully human monoclonal antibody and is not incorporated into the bone. With a half-life of approximately 26 days, a drug holiday may be beneficial for bone turnover, especially for patients requiring extensive invasive oral surgeries [31].



Antiangiogenic agents are inhibitors of blood vessel growth and are frequently but not exclusively used in the treatment of solid cancers [39]. Their most important target is the vascular endothelial growth factor (VEGF) axis. Some agents inhibit the receptor tyrosine kinase enzymes, while others, in the form of neutralizing antibodies, block the VEGF receptors or ligands [40]. These drugs inhibit angiogenesis and lead to blood vessel loss and avascular necrosis by interfering with endothelial cell proliferation and survival. Bones can also be affected and concomitant medical comorbidities, including systemic infections, rheumatoid arthritis, diabetes, or vascular disease, increase the risk of ONJ [41]. From the large and widely used family of antiangiogenic agents, many members have already been associated with ONJ [39,42]. Among the tyrosine kinase inhibitors, axitinib [43], cabozantinib [44], dasatinib [45], imatinib [46,47], pazopanib [48], regorafenib [49], sunitinib [50,51,52] and sorafenib [53] were identified as contributors to ONJ. Several monoclonal antibodies such as adalimumab [54,55], bevacizumab [56,57], infliximab [58], rituximab [59] and romosozumab [60] were associated with jaw pain and osteonecrosis. The monoclonal antibody ipilimumab also proved to be a causative agent for ONJ through osteoclastogenesis stimulation [61]. Tocilizumab, a humanized antiinterleukin-6-receptor monoclonal antibody that inhibits interleukin-6 signaling used in the treatment of rheumatoid arthritis and in the treatment of SARS-CoV-2 infection, was associated with ONJ as well [62]. Other new drugs such as fusion proteins, mammalian target of rapamycin inhibitors, radiopharmaceuticals and selective estrogen receptor modulators were also linked to ONJ [39].



Immunosuppressants associated with ONJ are methotrexate and corticosteroids [39]. Methotrexate is not only an immunosuppressant but a disease-modifying antirheumatic drug as well. Recently, two cases of ONJ associated with its use were reported [63]. Corticosteroids are widely used due to their immunosuppressant and anti-inflammatory potential, but long-term treatment with high doses is related to both osteoporosis and osteonecrosis. Corticosteroids influence bone health through multiple mechanisms such as decreasing the activity of bone marrow stem cell pool, bone matrix degeneration, fat emboli, hypercoagulability, vascular endothelial dysfunction, decreased angiogenesis, elevated vasoconstriction and apoptosis of osteoblasts and osteocytes [64]. Long-term high-dose steroids can act as sole or major cause of ONJ [65,66] or as aggravating factor if prescribed in combination with antineoplastic drugs. As corticosteroids are often part of the oncological therapeutic regimens, there is a debate as to which of the two drugs has a primary role in bone necrosis and which is a secondary one, exacerbating this phenomenon.



Osteoradionecrosis (ORN) follows radiation therapy to the head and neck of cancer patients. Its reported incidence varies between 2 and 22% and usually occurs two to four years after the completion of radiation treatments [67]. It can be spontaneously or induced by dental extractions and dental implants. The radiation-induced fibrosis theory is the most accepted mechanism for ORN. The pathophysiological cascade begins with the formation of free radicals, endothelial dysfunction, inflammation, microvascular thrombosis and ends with fibrosis, remodeling, and finally bone necrosis [68,69]. Due to advances in radiotherapy delivery techniques, the number of ORN cases is currently low [70].



Systemic diseases such as rheumatoid arthritis and diabetes mellitus are important substrates for osteonecrosis. In patients with rheumatoid arthritis, ONJ occurrence is usually correlated with BP use [31]. Diabetes mellitus is a metabolic condition known for the delay in wound healing. The bone becomes vulnerable through multiple mechanisms such as endothelial cell dysfunction, microvascular ischemia, increased apoptosis of osteoblasts and osteocytes and reduced bone remodeling [31,71].



Oral infections (e.g., untreated caries, pulp infections, periodontal disease, and osteomyelitis) and trauma or injury to the jawbones, including dentoalveolar surgery, were also associated with ONJ [70,72]. They can act independently or potentiate the harmful effect of systemic factors. The cumulative action of antiresorptive therapy with tooth infection and extraction has the strongest negative effect on the bone [13]. The high cumulative dosage of nitrogen-containing BPs and the presence of tooth infection rather than extraction were most correlated with ONJ occurrence [73,74]. Periodontal and periapical infections have the potential to alter the number and function of osteoclasts and lead to ONJ, whether or not they are associated with tooth extraction [31].



Other etiologies of ONJ are rare. Disseminated intravascular coagulation (DIC) generating occlusive thrombi in intraosseous vessels of the maxilla was considered the mechanism that led to bone necrosis in an 83-year-old patient with a recent history of sepsis and DIC induced by acute myeloid leukemia [75]. Sickle cell disease, an inherited condition characterized by increased blood viscosity and vaso-occlusive crises due to abnormal erythrocytes shape, was considered responsible for osteonecrosis in the mandible in a 39-year-old patient [76]. The causality between alcoholism, malnourishment and ONJ was also highlighted [77]. In one patient, Gaucher’s disease was considered the cause of ONJ [78]. Gaucher’s disease is a glycolipid storage illness caused by the genetic deficiency of the lysosomal enzyme beta-glucocerebrosidase, resulting in the accumulation of glucosylceramide in the macrophages. This abnormal cell may infiltrate the bone marrow and lead to bone ischemia and necrosis.



On rare occasions, none of the causes mentioned above can be identified. Based on the observation that arterial and venous thrombotic events are more frequent in individuals with coagulation and/or fibrinolysis disorders [79,80], and considering the hypothesis of thrombotic occlusion of intramedullary veins as the initiating event that leads to impaired intraosseous circulation and osteonecrosis [5], it seems reasonable to search a hypercoagulability and/or hypofibrinolysis state in patients with osteonecrosis whose etiology remained unknown.




3. Hereditary Thrombophilia in Patients with ONJ


Thrombophilia includes inherited or acquired disorders that increase a person’s risk of developing arterial and venous thrombosis. The most common and important hereditary thrombophilia are the Factor V Leiden, G20210A polymorphism in the prothrombin gene, deficiencies in protein C, protein S and antithrombin III, and the methylenetetrahydrofolate reductase C677T gene polymorphism [81,82,83]. Studies aiming at the identification of a prothrombotic substrate in patients with venous thromboembolism (VTE) showed a strong association between coagulation abnormalities and VTE occurrence. In 35–61% of VTE patients, a hereditary thrombophilic defect can be detected [84,85,86]. Moreover, the younger the patients are at their first VTE episode, the more likely they are to have a coagulation abnormality. A prior history of VTE is also an indicator for the presence of a thrombophilic substrate [85,87]. While inherited thrombophilia is a well-established predisposing factor for VTE, its role in arterial thrombosis has remained a long-lasting uncertainty. However, a recent meta-analysis found a strong association between inherited thrombophilia (Factor V Leiden, G20210A polymorphism in the prothrombin gene, protein C and protein S deficiencies) and the increased risk of arterial ischemic stroke in adults [88]. Recently, high levels of factors VIII (FVIII) [89,90,91] and von Willebrand (vWF) [92,93] were associated with an increased risk of both arterial and venous thrombotic events.



3.1. Factor V Leiden


Factor V (FV) has a major role in the coagulation cascade, serving as a cofactor for factor X (FX). Activated FV (FVa) binds to activated FX (FXa) and forms the prothrombinase complex, which converts large amounts of prothrombin to thrombin, leading to fibrin generation. FXa can activate prothrombin even in the absence of its cofactor, but when assembled into the prothrombinase complex along with FVa, it increases the prothrombin conversion rate by ~10,000 times [94]. FV Leiden is an abnormal protein determined by a single-nucleotide polymorphism (1691G>A) in the FV gene. Its function is not altered, but the rate at which it is inactivated by activated protein C is significantly reduced, leading to a prothrombotic state [95].



FV Leiden is the most frequent cause of inherited thrombophilia. Its prevalence in the general population is 5% [96], the highest being in Caucasians and the lowest in Asians [97,98,99]. A lot of evidence of its contribution to the idiopathic osteonecrosis of the hip and knee has been found. Of 161 North American patients with idiopathic osteonecrosis of the femoral head (ONFH), 9.3% had FV Leiden [100]. In another study, heterozygosity for FV Leiden was identified in 8 out of 35 patients with idiopathic ONFH [101]. A European study enrolling 72 patients with ONFH and 300 healthy volunteers showed that patients with ONFH were 4.5 times more likely to have FV Leiden than the controls. Furthermore, patients with idiopathic ONFH were 5.7 times more likely to have FV Leiden than patients with secondary ONFH [102]. Similar, from 38 patients with osteonecrosis of the knee 11 (29%) had FV Leiden [103].



Evidence of FV Leiden presence in patients with osteonecrosis of the jaw exists as well (Table 1). Pandit et al. published the case of a 55-year-old Caucasian male with osteonecrosis of both mandible and maxilla, and facial pain after 6 months on testosterone–anastrozole treatment [104]. Since the patient had a family history of deep vein thrombosis (including one case related to estrogen-progestin oral contraceptive use) and a personal history of four myocardial infarctions in the previous 5 years treated with multiple stents, a thrombophilic substrate was presumed. The patient was found to have multiple coagulation and fibrinolysis abnormalities: FV Leiden heterozygosity, 4G/4G PAI-1 homozygosity, MTHFR C677T homozygosity, and high levels of beta-2 glycoprotein and anticardiolipin antibody. Moreover, the determinations made within the patient’s family showed the presence of FV Leiden heterozygosity in the patient’s two sons and his daughter.



Jarman et al. published the case of a 32-year-old man that had 10 years of unexplained tooth loss, progressing to primary ONJ with cavitation 8 months after starting testosterone [105]. Its coagulation studies revealed mixt defects: FV Leiden heterozygosity, 4G/4G PAI-1 homozygosity and lupus anticoagulant.
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Table 1. Studies on hereditary thrombophilia/hypofibrinolysis in patients with ONJ.
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Author, Year

	
No. of Patients

	
Type of Defects

	
Hereditary Thrombophilia/Hypofibrinolysis Traits–No. of Patients

	
Acquired

Thrombophilia

	
Comments




	
Thrombophilia (Only)

	
Hypofibrinolysis

(Only)

	
Thrombophilia + Hypofibrinolysis (Mixed)






	
Gruppo et al., 1996

[106]

	
55

	
Single

Hereditary

Defect

(13 patients)

	
APCR–2

↓Prot C–1

	
↑Lp(a)–5

↓tPA–4

↑PAI-1–1

	

	

	
12 patients were normal

8 patients had only ACLA






	
Multiple

Hereditary

Defects

(12 patients)

	

	
↑Lp(a) + ↓tPA–2

↑Lp(a) + ↑PAI-1–2

↑Lp(a) + ↓tPA + ↑PAI-1–1



	
APCR + ↓tPA–1

APCR + ↑PAI-1–2

APCR + ↑Lp(a)–1

↓Prot C + ↑Lp(a)–1

↓Prot S + ↑Lp(a) + ↓tPA–1

↓Prot S + ↑Lp(a) + ↑PAI-1–1

	




	
Combined

Hereditary + Acquired

Defects

(10 patients)

	
APCR–2

	
↓tPA–1

↑Lp(a) + ↑PAI-1–1

↑Lp(a) + ↓tPA + ↑PAI-1–1

↓tPA + ↑PAI-1–1

↑Lp(a)–3

	
ACPR + ↑Lp(a)–1

	
ACLA




	
Glueck et al., 1996

[7]

	
49

	
Single

Hereditary

Defect

(25 patients)

	
APCR–7

↓Prot C–3

	
↑Lp(a)–8

↓tPA–7

	

	

	
14 patients were normal






	
Multiple

Hereditary

Defects

(10 patients)

	
APCR + ↓Prot C–2

	
↑Lp(a) + ↓tPA–1



	
APCR + ↓tPA–2

APCR + ↑Lp(a)–2

APCR + ↓tPA + ↑Lp(a)–1

↓Prot C + ↑Lp(a)–1

↓Prot C + ↓Prot S + ↑Lp(a)–1

	




	
Glueck et al., 1997

[107]

	
89

	
Single

Hereditary

Defect

(21 patients)

	
heterozygosity for the FV Leiden

16/76 women

5/13 men

	
Not assessed

	

	

	
Exogenous estrogen therapy increases the risk of ONJ




	
Glueck et al., 1998

[108]

	
1

	
Single

Hereditary

Defect

	
heterozygosity for the FV Leiden

	

	

	

	
Exogenous estrogen therapy increases the risk of ONJ




	
Vairaktaris et al., 2009

[109]

	
1

	
Single

Hereditary

Defects

	
prothrombin G20210A

	

	

	

	
BPs treatment for 5 years for osteolytic lesions related to cancer

ONJ occurred 3 years after cessation of BPs therapy, after dental extraction




	
Pandit et al., 2014

[104]

	
1

	
Combined

Hereditary + Acquired

Defects

	

	

	
FV Leiden heterozygosity

MTHFR C677T homozygosity

4G4G PAI-1 homozygosity

	
beta 2 glycoprotein IgM,

ACLA IgM

	
Therapy with anastrozole and testosterone




	
Jarman et al., 2017

[105]

	
1

	
Combined

Hereditary + Acquired

Defects

	

	

	
heterozygosity for the FVL mutation

homozygosity for the PAI-1 4G/4G mutation

	
lupus

anticoagulant

	
Exogenous testosterone therapy

increase the risk of ONJ








APCR = activated protein C resistance; FV = coagulation factor V; Prot C = protein C; Prot S = protein S; Lp(a) = lipoprotein(a); tPA = tissue plasminogen activator; PAI-1 = plasminogen activator inhibitor 1; MTHFR = methylenetetrahydrofolate reductase; ACLA = anticardiolipin antibody; ONJ = osteonecrosis of the jaw; BPs = bisphosphonates.











Glueck et al. published the case of a 32-year-old woman with alveolar osteitis after a routine mandibular first molar extraction with unfavorable evolution toward osteonecrosis and severe alveolar neuralgia requiring iv morphine [108]. Her genetic testing revealed heterozygosity for FV Leiden. As she had been under exogenous estrogen for 1 year, it was speculated that this drug exacerbated the thrombophilia produced by the FV Leiden mutation.



The largest study on FV Leiden prevalence in patients with ONJ included 89 patients [107]. They had ONJ and chronic jaw/facial pain resistant to conventional medical and dental treatments. The study found that 24% of patients were heterozygous for the FV Leiden mutation [107]. Additionally, FV Leiden was more prevalent in patients with ONJ (21% of women and 38% of men) than in healthy controls (3% of women and 3.7% of men). The enhancing effect of exogenous estrogens on the hereditary hypercoagulability state was also pointed out. The exogenous estrogen administration before ONJ development was identified in 81% of women with FV Leiden and in only 38% of women with a normal FV genotype, which confirmed that elevated estrogen levels due to exogenous intake (oral contraceptives or postmenopausal supplementation) increasing the thrombotic risk in women with FV Leiden [107].



All the data available so far support the association between FV Leiden mutation and osteonecrosis, including ONJ. When another prothrombotic factor, such as exogenous estrogen or testosterone, overlaps the risk of ONJ increases even more.




3.2. Protein C and Protein S Deficiencies and Activated Protein C Resistance


Proteins C and S are essential in the control of FVa and FVIIIa activity. The binding of thrombin to thrombomodulin on the endothelial cell surfaces leads to protein C activation. Functioning as an anticoagulant enzyme, activated protein C (APC) inactivates FVa and FVIIIa on negatively charged phospholipid membranes, with additional enhancement from its cofactor, protein S. It is well known that FVa and FVIIIa are powerful coagulation activators. Entering the prothrombinase complex FVa enhances the factor Xa capacity to convert prothrombin to thrombin by five orders of magnitude [94]. Moreover, FVIIIa enhances FXa generation by 200,000-fold by entering the tenase complex [110]. Therefore, the inhibitory effect of APC is a very important regulatory mechanism of the thrombin generation.



If any of proteins C and S is deficient, the FVa and FVIIIa are inadequately suppressed, leading to a hypercoagulability state. Deficiencies in proteins C and S each have an incidence of about 0.1% in the general population [111,112]. A hypercoagulability state may appear in the presence of FV Leiden and the antiphospholipid antibody syndrome as well. Due to its abnormal structure, FV Leiden inactivation by APC is impaired, favoring thrombosis. Activated protein C resistance (APCR) may be hereditary—in the presence of FV Leiden—or acquired—the most common cause being the antiphospholipid antibody syndrome. The presence of autoantibodies directed against phospholipids surfaces impairs the thrombomodulin–protein C–protein S anticoagulant system [113], thus creating an environment prone to thrombosis. Before a cDNA assay for FV mutation become available, the data were reported in general as APCR [7].



Deficiencies in proteins C and/or S have already been linked to ONFH. In patients with idiopathic ONFH, protein C and protein S deficiencies were present in 29.4% and 5.9% of cases, respectively, while in patients with secondary ONFH, these deficiencies were present in 21.6% and 11.8% of cases, respectively [114]. One study found that low protein C and protein S levels were more frequently encountered in patients with idiopathic ONFH than with secondary ONFH. Patients with idiopathic ONFH were 2.14 times more likely to have protein C deficiency and five times more likely to have a protein S deficiency than patients with secondary ONFH [115]. In 535 patients with ONFH, 15.5% of patients had an FV Leiden mutation and/or APCR [116]. Korompilias et al. found that 33% of patients with ONFH had APCR [117].



In a study of Glueck et al., 42 women and 7 men with idiopathic ONJ and severe chronic jaw or facial pain syndromes that were uncontrollable with standard medical and dental treatments were included [7]. Long-term pain relief with narcotics including oral morphine sulphate and methadone was used by 80% of patients. In 41% of cases, the chronic facial or jaw pain was self-reported as totally disabling. Defects in coagulation, fibrinolysis or both have been identified in 71% of cases (35 patients). Protein C deficiency was identified in seven patients. In three cases, it was an isolated anomaly, while in the remaining four cases, it was associated with APCR or hypofibrinolysis [7]. APCR was identified in 14 patients. It was a solitary anomaly in seven cases and associated with protein C deficiency or defects in fibrinolysis in the remaining seven patients. From the 10 patients with combined defects, APCR was present in seven cases. It should be noted that in the 49 patients of the study group, 29% had APCR and 14% had a low level of protein C, while none of the healthy controls had an APCR or protein C deficiency [7]. This study thus proved the association between these two heritable thrombophilic conditions and ONJ (Table 1). Furthermore, the study showed that when supplemental estrogen overlaps with APCR, the prevalence of ONJ increases. In the study group, exogenous estrogen intake was identified in 58% of women with APCR and in only 18% of women without thrombophilic/hypofibrinolytic traits. It was a confirmation of the hypothesis that estrogenic treatment amplifies the APCR-mediated tendency for thrombosis and facilitates the occurrence of osteonecrosis [7].



Additional data are provided by a study on 55 patients with the avascular necrosis of the jaw and chronic facial pain. In this group, 16% of patients had APCR, 4% had a protein C deficiency and 4% had a protein S deficiency [106]. In a larger group of 124 patients with ONJ and severe facial pain, 73% had abnormal coagulation–fibrinolysis parameters. APCR, protein C and protein S deficiencies were found in 17%, 6% and 3% of cases, respectively [7,106]. From the 10 patients with thrombophilia enrolled in a study evaluating the effectiveness of anticoagulant therapy on ONJ-associated pain, two had a protein C deficiency and five had APCR and/or FV Leiden [118]. We may conclude that the available evidence supports the contribution of protein C and protein S deficiencies and of APCR to the pathophysiology of ONJ.




3.3. G20210A Polymorphism in the Prothrombin Gene


Prothrombin G20210A is an abnormal protein determined by a single-nucleotide polymorphism (20210G > A) in the gene encoding prothrombin, resulting in an elevated plasma prothrombin level and increased thrombin generation. After FV Leiden, it is the second most common cause of inherited thrombophilia. However, the relation between the G20210A polymorphism in the prothrombin gene and osteonecrosis is not fully elucidated. However, prothrombin G20210A alone was not a significant risk factor for ONFH in North American [100] and most of the European studies [101,119], while in the Asian population this polymorphism was absent [120]. Just one European study found a high prevalence of prothrombin G20210A (8.7%) in patients with idiopathic ONFH [102]. Moreover, prothrombin G20210A was identified in only 3 of 38 patients with osteonecrosis of the knee (ONK) [103].



A single case reported the presence of G20210A polymorphism in the prothrombin gene in relation to ONJ (Table 1). It was a 72-year-old Caucasian woman, with a non-healing extraction socket after multiple attempts of medical and surgical treatments [109]. This patient had previously received (for 5 years) BP treatment for osteolytic lesions in the ribs related to cancer and ONJ occurred three years after cessation of BP therapy. Genetic testing was positive for the G20210A polymorphism in the prothrombin gene. It was concluded that ONJ was caused by overlapping of the PB on the thrombophilic substrate.




3.4. MTHFR C677T Gene Polymorphism


Methylenetetrahydrofolate reductase (MTHFR) is an essential enzyme in folate and homocysteine metabolism. The 677C→T polymorphism in the MTHFR gene is the most common genetic cause of hyperhomocysteinemia and recently emerged as a risk factor for cardiovascular disease and VTE [121,122]. A change in the MTHFR gene leads to disturbances in homocysteine metabolism and its accumulation into the blood. In conditions of elevated plasma levels, homocysteine oxidizes itself and produces reactive oxygen species that impair endothelial cells’ structure and function. The imbalance created leads to vasoconstriction and thrombosis [123].



The MTHFR C677T gene polymorphism’s role in osteonecrosis is still under debate. While some studies positively correlated the MTHFR C677T gene polymorphism with ONFH [102,119,120,124], others did not confirm this association [125,126]. Similarly, the relationship between the polymorphism of the MTHFR C677T gene and ONK has little and contradictory evidence [127,128].



The MTHFR C677T gene polymorphism was found in only one patient with ONJ [104]. It was the case of a 55-year-old male with multiple thrombophilia/hypofibrinolysis traits, who developed ONJ after testosterone–anastrozole therapy (Table 1). Thus, the role of the MTHFR C677T gene polymorphism in the pathophysiology of ONJ requires further studies.





4. Hypofibrinolysis Associated with ONJ


Hereditary hypofibrinolysis is found in less than 1% of the general population, in 5–15% of deep vein thrombosis patients and in 18–22% of patients with osteonecrosis of the hips, knees and jaws [129]. The major regulators of fibrinolysis are tissue plasminogen activator (tPA) and plasminogen activator inhibitor 1 (PAI-1). While tPA is the major stimulator of fibrinolysis, PAI-1 is its main inhibitor. As PAI-1 activity accounts for about 60% of the activity of inhibitors, its overexpression promotes thrombotic events [130]. Elevated PAI-1 levels are a risk factor for VTE (especially in Asians [100]), myocardial infarction [131] and stroke [132].



Lipoprotein (a) (Lp(a)) is a contributor to hypofibrinolysis as well. It has proatherogenic, prothrombotic, and antifibrinolytic properties [133,134]. Elevated Lp(a) levels are a genetic risk factor for atherosclerosis and coronary heart disease [135]. Furthermore, elevated levels of Lp(a) are associated with an increased risk of stroke [136] and myocardial infarction [137,138]. However, the association between Lp(a) and VTE is not yet well clarified. While a meta-analysis and several other studies show a significant association between high levels of Lp(a) and increased risk of VTE in adults [139,140,141,142], other studies did not confirm this association [143,144,145].



4.1. Tissue Plasminogen Activator and Plasminogen Activator Inhibitor 1


TPA is a serine protease released from endothelial cells that catalyzes the conversion of plasminogen to plasmin, which is the primary enzyme involved in thrombus dissolution. PAI-1 is synthesized and released by endothelial cells as well. It is a serine protease inhibitor that exerts its function by binding to tPA and reducing tPA’s ability to convert plasminogen to plasmin. Elevated plasma levels of PAI-1 are responsible for the decreased fibrinolytic activity and correlate with the development of arterial and venous thrombosis [130,146,147]. A single guanosine nucleotide insertion/deletion variation at bp2675 of the PAI-1 promoter is responsible for the 4G/5G polymorphism. Of its three genotypes (4G4G, 4G5G, and 5G5G) the 4G4G genotype is the most associated with high plasma PAI-1 activity and, by consequence, with thrombotic events [130,147].



To date, three large meta-analyses confirmed the relation between the 4G/5G polymorphism of the PAI-1 gene and the susceptibility to ONFH. The meta-analysis of Liang et al. of five studies confirmed the presence of an increased risk of ONFH in the 4G4G genotype carriers, especially among Caucasians [148]. The meta-analysis of Zeng et al. of five randomized controlled trials revealed that 4G allele carriers have a 1.76 times higher risk of ONFH than 5G allele carriers [149]. Sobhan et al. conducted a meta-analysis of six studies and confirmed the association between the PAI-1 4G/5G polymorphism and the risk of ONFH in both Caucasians and Asians [150]. Although scarce, data regarding the association between the 4G/5G polymorphism of the PAI-1 gene and ONK are available as well. 4G4G homozygosity of the PAI-1 gene was reported in two patients with stage II knee osteonecrosis enrolled in a small study evaluating the effectiveness of the anticoagulant treatment on the progression of ONK [127].



One early study reported hypofibrinolysis with low stimulated tPA activity in 11 of the 49 patients with idiopathic ONJ and severe chronic jaw or facial pain syndromes, uncontrollable with standard medical and dental treatments [7]. Four of them had concurrent APCR and/or high Lp(a) levels (Table 1).



In 124 patients with ONJ, low stimulated tPA activity was found in 22% cases and high PAI-1 activity in 19% cases [107]. Similar, in 55 patients with ONJ and severe facial pain, significantly more hypofibrinolysis traits were found than in controls [106]. Low stimulated tPA was found in 22% of cases and 7% of controls, and high PAI-1 activity in 18% of cases and 8% in controls. In a pilot study of the treatment of thrombophilia and hypofibrinolysis, including 20 patients with ONJ and hypofibrinolysis, 10 patients had high levels of PAI-1, low levels of tPA, or both [118].



Data are provided from isolated case reports as well. A 55-year-old patient with a history of multiple coronary events and ONJ following testosterone–anastrozole treatment was found with mixed defects, including 4G4G homozygosity of the PAI-1 gene [104]. PAI 4G/4G homozygosity in association with two other prothrombotic defects was also identified in a 32-year-old male with ONJ taking testosterone [105].




4.2. Lipoprotein (a)


Lp(a) is a low-density lipoprotein consisting of a lipid core and two apolipoproteins: apo(a) and apo(b). The apo(a) size polymorphism is the major determinant of Lp(a) levels. Most individuals have two different-sized apo(a) isoforms, each inherited from one parent, and those with small apo(a) isoforms have high plasmatic Lp(a) concentrations [138]. Lipoprotein (a) has a strong structural resemblance with plasminogen; therefore, apo(a) can bind to the sites available for plasminogen at the surface of fibrin. Because fibrinolysis is initiated on the fibrin surface by activation of cloth-bound plasminogen by tPA, fibrin-bound Lp(a) impairs fibrinolysis [151].



High Lp(a) levels were found in patients with both ONFH and ONK. Glueck et al. highlighted that hypofibrinolytic levels of Lp(a) may trigger thrombotic venous occlusion in bone microcirculation leading to osteonecrosis [5]. They identified high levels of Lp(a) in 3 of 12 patients (25%) with idiopathic ONFH and in 4 of 18 patients (22%) with secondary ONFH [8]. In another study, of 18 patients with idiopathic ONFH or ONK, 12 had high Lp(a) levels, of which three had low tPA, and, of 13 patients with secondary ONFH or ONK, four had high Lp(a) levels [5]. Korompilias et al. identified increased levels of Lp(a) in 27.3% of 216 patients with ONFH [117]. A published report of 240 patients with primary ON of either the hip or knee versus 110 healthy normal controls offered the most comprehensive analysis of the prevalence of elevated levels of Lp(a), which was higher in cases (30%) than controls (20%) [100,105,152]. However, not all available data support the association between high Lp(a) levels and osteonecrosis [2,153].



In 35 patients with ONJ and thrombophilia/hypofibrinolysis states, Glueck et al. [7] identified 14 patients with high Lp(a) levels (Table 1). In eight cases, it was the only prothrombotic trait, while in the remaining six cases, high Lp(a) levels were associated with APCR or protein C deficiency or low tPA levels [7]. In a study enrolling 55 patients with ONJ and severe facial pain at least one hypofibrinolysis trait was found in 40 patients [106]. High Lp(a) levels were identified in 36% of patients in the whole group and in 50% of patients with hypofibrinolysis. In another study, on 20 patients with hypofibrinolysis, 13 had high Lp(a) levels [118].



The available data show that high Lp(a) levels are frequently encountered in patients with osteonecrosis (hip, knee and jaw). Rarely alone, but most often in association with other thrombophilia/hypofibrinolysis traits, the high Lp(a) levels are certainly contributors to this disease.





5. Treatment of Hereditary Thrombophilia/Hypofibrinolysis


Patients with hereditary thrombophilia and/or hypofibrinolysis have an increased risk for arterial and venous thrombosis. Since the thrombotic occlusion of intraosseous veins and microcirculation is considered the first event on the path leading to bone osteonecrosis, the treatment should aim to correct the state of hypercoagulability and/or hypofibrinolysis.



Studies on primary ONFH in adults showed that the treatment of thrombophilia/hypofibrinolysis has the capacity to improve symptoms and functional status and slow down the progression of osteonecrosis, even to reverse it. The mandatory condition is that the therapy is started before irreversible bone damage occurs. Several studies that included patients with ONFH in Ficat stages I-II [105,116,154,155,156,157,158,159] demonstrated that anticoagulant treatment initiated before the segmental collapse of the femoral head has beneficial effects on preserving the hip joint, alleviating the pain and improving the joint functional capabilities.



Favorable results were reported in patients with ONK and hereditary thrombophilia/hypofibrinolysis as well. A small study enrolled six patients with stage II ONK, all with thrombophilia, and six with concurrent hypofibrinolysis [127]. Anticoagulant treatment (enoxaparin) given for at least 3 months prevented bone collapse and progression to severe osteoarthritis. Moreover, most patients registered a resolution of pain and restoration of full function. Haydock et al. published the case of a 40-year-old Caucasian woman with hypofibrinolysis (4G4G genotype of the PAI-1 gene) and osteonecrosis in the distal femur, in which the anticoagulant treatment led to the cessation of bone pain and prevented osteonecrosis progression [160].



Long-term anticoagulation proved to be effective in thrombophilic patients with early (pre-collapse) primary ON of the knee [127,159] and hip [105,116,154,155,156,157,158,159]. Starting from these data, it was hypothesized that by correcting the coagulation disorders in patients with ONJ, it would be possible to alleviate the facial pain and allow bone healing.



The reference study on the effect of targeted therapy on hypercoagulability and/or hypofibrinolysis in patients with ONJ was performed by Glueck et al. [118]. The study enrolled 26 patients, all suffering from disabling facial pain refractory to conventional medical and dental treatments (endodontic therapy, dental extraction, and surgical curettage of the diseased bone). Of the 26 patients, 6 had thrombophilia alone, 16 had hypofibrinolysis alone and 4 had both thrombophilia and hypofibrinolysis. The thrombophilic patients received anticoagulant treatment with a vitamin K antagonist (VKA) for 4 months, with INR targeted to 2.5–3. The patients with hypofibrinolysis were treated with 6 mg of stanozolol per day (an anabolic-androgenic steroid). Patients with thrombophilia and hypofibrinolysis received a particularized treatment protocol represented by VKA alone followed by stanozolol alone, at least 4 months apart. The study assessed the extent to which therapy specific to states of hypercoagulability/hypofibrinolysis alleviates facial pain. Pain relief was achieved in 60% of patients taking VKA and in 60% of patients taking stanozolol, usually after 8 to 12 weeks of treatment. It was noted that if pain relief was not reached in the first 12 weeks of treatment, the continuation of treatment until 28 weeks provided no incremental benefit. Only one patient on VKA had stopped therapy after 28 weeks because of nosebleeds, while stanozolol treatment was associated with side effects in 70% of patients, which were reversed within six weeks of stopping stanozolol.




6. Discussion


Osteonecrosis is a common disease, with a broad etiological spectrum, diverse localization in the skeleton and severe long-term consequences (impaired mobility and/or chronic pain). In most situations, the etiology can be easily established by identifying the presence of those factors that are recognized as causing bone damage. Along with local factors [70,72], the main contributors to ONJ are drugs and radiation therapy to the head and neck [12,39,67].



Despite the sustained effort to find the cause of bone destruction, in some situations, the etiology could not be determined. The hypothesis of thrombotic occlusion of bone microcirculation emerged as a plausible pathophysiological mechanism of osteonecrosis. As systemic arterial and venous thrombotic events can occur in the context of coagulation and fibrinolysis abnormalities, their contribution to the initiation and progression of osteonecrosis was extensively investigated. Conditions capable of triggering intravascular coagulation include familial thrombophilia, hyperlipemia, hypersensitivity reactions (allograft organ rejection, immune complexes, and antiphospholipid antibodies), bacterial endotoxic reactions and various viral infections, proteolytic enzymes (pancreatitis), tissue factor release (inflammatory bowel disease, malignancies, neurotrauma, and pregnancy), and other prothrombotic and hypofibrinolytic conditions [161].



Thrombophilia and hypofibrinolysis are common conditions in patients with osteonecrosis, one or both being found in up to 76% of cases [118]. Moreover, the hereditary thrombophilia/hypofibrinolysis state is nowadays recognized as an important contributor to the osteonecrosis of the hip and knee. While much evidence has been provided supporting the involvement of FV Leiden [100,101,102,103], deficiencies in protein C and/or S [114,115], APCR [115,116] and high FVIII levels [162,163,164,165] in the pathogenesis of ONFH and ONK, other hereditary anomalies of coagulation possibly have no influence (e.g., the 20210A polymorphism in the prothrombin gene [100,101,119,120]) or show contradictory results (e.g., the MTHFR C677T gene polymorphism [102,119,120,124,125,126]) in relation to the osteonecrosis of large joints. The hereditary hypofibrinolysis traits strongly associated with the osteonecrosis of the hip and knee were 4G4G homozygosity of the PAI-1 gene [127,148,149,150] and, in some studies, high Lp(a) levels [100,105,152].



The presence of a similar association between osteonecrosis and hereditary thrombophilia/hypofibrinolysis was investigated in patients with ONJ, refractory to medical and surgical treatment, associated or not with chronic facial pain. Hereditary thrombophilia was found in 50–70% of patients with osteonecrosis of the hips, knees and jaws [129]. In one study, the thrombophilic/hypofibrinolytic defects—isolated or in association—were identified in 78% of patients with ONJ [106].



Most evidence supports the contributing role of FV Leiden in ONJ [104,105,107,108]. While in patients with primary osteonecrosis of the femur and knee it may be the only identifiable thrombophilic trait [100,102], FV Leiden is rarely the sole determinant of ONJ. Patients either have multiple traits that lead to a prothrombotic state [104,105] or undergo treatments with the potential to tip the hemostatic balance toward thrombosis [107,108]. The potentiating role of hormone therapy seems to be the most important, as ONJ in FV Leiden carriers and, more generally, in patients with APCR was associated with estrogen therapy [7,107,108].



Exogenous estrogen has the potential to increase the risk of both arterial [166,167] and venous thrombosis [168] by interfering with coagulation and fibrinolysis at multiple levels. Estrogen enhances coagulation by elevating the plasma levels of factors II, VII, VIII, X, fibrinogen and vWF, and by decreasing the plasma levels of natural inhibitors of hemostasis, such as tissue factor pathway inhibitor, antithrombin III and protein S. Studies have shown that patients taking estrogen have significantly higher APCR levels than estrogen non-takers [169]. It also affects fibrinolysis by decreasing PAI-1 levels and increasing tPA levels. The thrombotic risk is high in the first year of treatment [170] and although it decreases after treatment discontinuation, it may persist for several years [170]. The role of estrogen in the pathogenesis of ONJ as a potentiating factor of a hereditary state of hypercoagulability is very plausible, especially since its use has been associated with thrombosis in unusual sites—cerebral venous sinus thrombosis [171,172], mesenteric venous thrombosis [173] and retinal vein occlusion [174]. Exogenous estrogen-induced thrombophilia superimposed on familial thrombophilia increased the likelihood of thrombotic events, not only in relation to osteonecrosis of the jaw [7,106,107], but also of other bones [175,176].



There is evidence that in the presence of combined coagulation and/or fibrinolysis defects, exogenous testosterone therapy has the potential to increase the risk of ONJ. Only two case reports confirm this hypothesis [104,105]. These results are in line with the data from studies focusing on large-joint osteonecrosis in patients with hereditary thrombophilia/hypofibrinolysis. Hip–knee osteonecrosis that developed after testosterone therapy in otherwise healthy individuals was reported in several studies [152,177,178]. An increased risk of osteonecrosis conferred by testosterone therapy was also reported, especially in relation to the heterozygosity for FV Leiden [152], but many patients had more than one prothrombotic trait. It is worth mentioning that patients with coagulation and/or fibrinolysis abnormalities usually developed bilateral osteonecrosis during testosterone therapy, which was sometimes multifocal (involvement of three or more anatomic sites) [152,177].



Testosterone can promote thrombogenesis by multiple mechanisms. Exogenous testosterone increases blood viscosity, platelet activity, thromboxane A2 level and subsequently the risk of blood clot formation [179]. In normal conditions, a small amount of adrenally generated androstenedione is converted to estradiol [180]. In men given exogenous testosterone, a high serum estradiol level may result from the aromatization of testosterone and estradiol-induced thrombophilia superimposed on familial thrombophilia can lead to thrombosis [181]. Since both exogenous estrogen and testosterone can interact with previously undiagnosed hereditary coagulation/fibrinolysis abnormalities to produce thrombotic events, an ONJ of uncertain etiology which occurs during hormone therapy should be investigated for the existence of a hereditary prothrombotic substrate.



Deficiencies in proteins C and S are strongly correlated with osteonecrosis, especially of the large joints [114,115]. In patients with ONJ, these hereditary thrombophilia traits were considered to be contributors to the disease, usually in association with other coagulation or fibrinolysis defects [7,106].



The G20210A polymorphism in the prothrombin gene is not an important contributor to osteonecrosis [100,101,102,103,119], being identified in only one patient with ONJ [109].



The data are also scarce and contradictory regarding the MTHFR C677T gene polymorphism’s role in osteonecrosis. Its association with ONJ was reported in only one case, that of a patient with multiple thrombophilia/hypofibrinolysis traits [104].



Although not reported in patients with ONJ, high FVIII and vWF levels are currently recognized as contributors to osteonecrosis. An association between high FVIII levels and osteonecrosis was highlighted in several studies [162,163,164,182]. Of 49 patients with non-traumatic ONFH, 12% had high FVIII levels [162]. In another study, of 71 patients with idiopathic ONFH and 62 patients with secondary ONFH, 27% and 26% of patients, respectively, had high levels of FVIII, independent of smoking–diabetes–hypertension-mediated inflammation [163]. Moreover, in patients with idiopathic multifocal osteonecrosis, high FVIII levels were found in 24% of patients [165] up to half of them [164].



To date, vWF has been linked to both, arterial and venous thrombosis [92,93]. Due to its ability to interact with both FVIII and platelets, vWF can recruit platelets to sites of vascular injury [92] and protect FVIII from degradation by APC [183]. Still, its involvement in osteonecrosis is less known. The first study reporting an association between vWF and osteonecrosis included 68 patients with non-traumatic ONFH and 36 healthy controls [114]. High levels of vWF were found in 23.5% of idiopathic and 23.5% of secondary ONFH patients and in none of the controls. High levels of FVIII and vWF could be potential contributors to ONJ; therefore, this relation warrants further study.



Impaired fibrinolysis is an important contributor to the thrombotic occlusion of intraosseous vessels. In patients with osteonecrosis of large joints, hypofibrinolysis alone and mixed thrombophilia/hypofibrinolysis were found in up to 50% and 22% of patients, respectively [5]. Hereditary hypofibrinolytic traits were frequently highlighted in ONJ patients as well, mainly high levels of Lp(a) and PAI-1. These fibrinolysis abnormalities are rarely isolated. More commonly, they are associated with each other or with hereditary/acquired thrombophilic traits. In the largest available study, 73% of patients with ONJ had abnormal coagulation–fibrinolysis parameters, with the high level of Lp(a) being the most common hypofibrinolytic abnormality identified [107].



So far, the available data support the involvement of combined coagulation and/or fibrinolysis abnormalities in the etiopathogeny of ONJ. Beyond the hereditary abnormalities of coagulation and/or fibrinolysis that lead to a prothrombotic environment, acquired systemic diseases can associate with and act as potent contributors to osteonecrosis. The presence of the antiphospholipid syndrome (APS), an acquired systemic autoimmune disease characterized by recurrent thrombosis and the persistent presence of antiphospholipid antibodies, was most commonly associated with osteonecrosis. Antiphospholipid antibodies (lupus anticoagulant, anticardiolipin antibodies and anti-β2-glycoprotein 1 antibodies) create a prothrombotic environment by binding to various phospholipids on components of the coagulation system. This results in platelet activation, the up-regulation of the tissue factor expression on the surface of endothelial cells, the suppression of the activity of the tissue factor pathway inhibitor, and a reduction in activated protein C activity and fibrinolysis [184,185].



APS is a strong risk factor for both venous [186,187] and arterial thromboembolic events, including ischemic stroke [188] and myocardial infarction [189]. In the largest study focusing on thrombophilia/hypofibrinolysis prevalence in patients with idiopathic osteonecrosis, high levels of anticardiolipin antibodies (ACLA) significantly correlated with the presence of bone disease [105]. Moreover, in patients with multifocal osteonecrosis, the presence of ACLA was a common finding [165]. In patients with ONJ, the association between hereditary thrombophilia/hypofibrinolysis and acquired thrombophilia was not uncommon. Up to 33% of patients with ONJ had ACLA [106]. In one case report, the lupus anticoagulant contributed to ONJ, along with the hereditary thrombophilic and hypofibrinolytic traits [105].



Hereditary thrombophilia and hypofibrinolysis coexist in multiple and various ways. An individual may have one or more coagulation abnormalities, one or more fibrinolysis abnormalities, or associations between the two. Although the thrombotic risk is expected to increase in patients with multiple abnormalities, the magnitude of this phenomenon is still unknown. Moreover, when an acquired hypercoagulability state or exogenous factors overlap with the hereditary thrombophilia/hypofibrinolysis state, the risk of osteonecrosis is expected to further increase; even in this case, we do not have data to indicate the multiplication factor.



The aforementioned evidence shows that ONJ usually occurs when systemic and local risk factors act synergistically to compromise the circulation in the bone marrow. Ischemic and hypoxia-related stressors negatively impact the homeostasis of bone resorption and formation, alter jawbone metabolism, favor the occurrence of osteonecrosis and accelerate its progression. Local factors systemically amplify the molecular mechanisms that are already active, behaving as “triggering” events for coagulation with subsequent thrombosis. Chronic inflammation and immunogenic reactions to xenobiotics in jawbones may amplify the underlying thrombophilic or hypofibrinolytic disorder, thus perpetuating osteonecrosis [7].



Chronic or recurring infections are associated with the activation of the complement cascade. C4a-binding proteins produced during inflammation bind to free protein S, leading to a deficiency of free protein S. Less activated protein S leads to less protein C activation given that protein S is a cofactor for protein C. When the activation of protein C is impaired, an insufficient inactivation of factors VIIIa and Va occurs, thereby creating a prothrombotic environment. Moreover, activated protein C is a key player in fibrinolysis by neutralizing PAI-1 [190]. Local excessive fibrin formation creates microthrombi that block small vessels and produce microinfarctions. This process is enhanced by heritable deficiencies in coagulation and/or fibrinolysis or by exogenous factors such as estrogen or testosterone that interfere with these two processes [190]. It was emphasized that, even when the necrotic tissue is eliminated, systemic risk factors can continue to generate thrombosis in areas with already impaired vascularity [106]. These events further impair cellular health and neoangiogenesis, which are vital to normal bone repair and regeneration processes.



The synergistic therapy—local and systemic—of ONJ in patients with thrombophilia/hypofibrinolysis finds its support in the data presented so far. Long-term anticoagulation proved to be effective in thrombophilic patients with pre-collapse primary ON of the knee [127] and hip [105,116,154,155,158]. Based on the positive experience of anticoagulant therapy in patients with ONFH and hereditary thrombophilia/hypofibrinolysis, a similar approach was attempted in patients with an ONJ and hereditary prothrombotic status. However, the results were modest. Pain relief was achieved in not more than 60% of patients [118] and drug-related somatic side effects were frequent in patients treated for hypofibrinolysis. As systemic treatment is burdened by risks and complications, this therapeutic approach does not seem useful, especially in the long term. Given that the maxilla and mandibula are more easily accessible to instrumental maneuvers than the hip or knee joints, local treatments are often chosen, especially since modern local therapies are available and have proven efficiency. Local complementary treatments with laser, ozone and autologous platelet concentrates (APCs) are implemented to improve bone healing [191]. Of the greatest interest are platelet-rich plasma, plasma-rich growth factors and platelet-rich fibrin. The results from the most comprehensive data analysis to date showed that APC use after oral surgery procedures in patients with a history of antiresorptive treatment does not influence the ONJ incidence, but improves the healing rates when used in addition to ONJ surgical treatment [192]. Regenerative medicine is now the new frontier in enhancing tissue healing, with a special focus on exosomes derived from oral mesenchymal cells [193].



The search for hereditary thrombophilia/fibrinolysis in patients with ONJ is imperative for several reasons. Firstly, thrombophilia/hypofibrinolysis states may be the underlining substrate of atypical facial pain and treatment failures encountered in patients with ONJ. A customized therapeutic approach targeting, in particular, the modifiable risk factors of ONJ will relieve the patients of persistent pain and repeated procedures. Secondly, in young patients receiving exogenous estrogen or testosterone, the diagnosis of ONJ should raise the suspicion of an underlying prothrombotic substrate. As it is well known that overlapping hormone therapy over an inherited prothrombotic substrate can lead to thrombosis, hormonal therapy will be reconsidered early and with major benefits for the patients. Thirdly, ONJ refractory to conventional medical and dental treatments represents a clinically important opportunity to search for thrombophilia/hypofibrinolysis, a pathological condition echoed throughout the body. Identifying prothrombotic status and initiating the appropriate therapy may protect the patients from subsequent systemic thrombotic events.



Our analysis has several limitations. Firstly, the available literature is scarce. The data were collected from studies with small series of patients and case reports. Secondly, the parameters used in the evaluation of the prothrombotic state differ between studies; therefore, no general conclusions can be drawn regarding the prevalence of an individually coagulation or fibrinolysis abnormality in patients with ONJ. Despite these limitations, our analysis is valuable since, as far as we know, it stands as the most comprehensive review of hereditary thrombophilia and hypofibrinolysis traits in patients with ONJ. Thus, we provide up-to-date and systematized information that can be immediately translated into practice.




7. Conclusions


ONJ is a complex bone disease with a multifactorial etiology. Our analysis highlighted that ONJ refractory to conventional medical and dental treatments may have an underlining prothrombotic substrate, often represented by hereditary thrombophilia/hypofibrinolysis. Although systemic therapy to balance this prothrombotic state does not appear feasible, investigating and identifying hereditary thrombophilia/hypofibrinolysis in these patients is of the utmost importance since it triggers the prompt management of associated factors that potentiate thrombosis. Patients have clear benefits, as they are relieved of repeated dental procedures and persistent pain.







Author Contributions


Conceptualization, M.C.B., O.V.B. and M.C.; methodology, E.R., L.I.B., D.P. and I.B.; writing—original draft preparation, M.C.B., O.V.B., M.C. and I.B.; writing—review and editing, E.R., C.R., L.I.B. and D.P.; supervision, M.C.B. and C.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Assouline-Dayan, Y.; Chang, C.; Greenspan, A.; Shoenfeld, Y.; Gershwin, M.E. Pathogenesis and natural history of osteonecrosis. Semin. Arthritis Rheum. 2002, 32, 94–124. [Google Scholar] [CrossRef] [PubMed]

	



Jones, L.C.; Mont, M.A.; Le, T.B.; Petri, M.; Hungerford, D.S.; Wang, P.; Glueck, C.J. Procoagulants and osteonecrosis. J. Rheumatol. 2003, 30, 783–791. [Google Scholar]

	



Phemister, D.B. Fractures of the neck of the femur, dislocation of hip, and obscure vascular disturbances producing aseptic necrosis of the head of the femur. Surg. Gynec. Obstet. 1934, 59, 415–440. [Google Scholar]

	



Jones, J.P., Jr. Intravascular coagulation and osteonecrosis. Clin. Orthop. Relat. Res. 1992, 277, 41–53. [Google Scholar] [CrossRef]

	



Glueck, C.J.; Freiberg, R.; Tracy, T.; Stroop, D.; Wang, P. Thrombophilia and hypofibrinolysis: Pathophysiologies of osteonecrosis. Clin. Orthop. Relat. Res. 1997, 334, 43–56. [Google Scholar] [CrossRef]

	



Bouquot, J.E.; Roberts, A.M.; Person, P.; Christian, J. Neuralgia-inducing cavitational osteonecrosis (NICO). Osteomyelitis in 224 jawbone samples from patients with facial neuralgia. Oral Surg. Oral Med. Oral Pathol. 1992, 73, 307–319. [Google Scholar] [CrossRef]

	



Glueck, C.J.; McMahon, R.E.; Bouquot, J.; Stroop, D.; Tracy, T.; Wang, P.; Rabinovich, B. Thrombophilia, hypofibrinolysis, and alveolar osteonecrosis of the jaws. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 1996, 81, 557–566. [Google Scholar] [CrossRef]

	



Glueck, C.J.; Freiberg, R.; Glueck, H.I.; Henderson, C.; Welch, M.; Tracy, T.; Stroop, D.; Hamer, T.; Sosa, F.; Levy, M. Hypofibrinolysis: A common, major cause of osteonecrosis. Am. J. Hematol. 1994, 45, 156–166. [Google Scholar] [CrossRef] [PubMed]

	



Giudice, A.; Antonelli, A.; Muraca, D.; Fortunato, L. Usefulness of advanced-platelet rich fibrin (A-PRF) and injectable-platelet rich fibrin (i-PRF) in the management of a massive medication-related osteonecrosis of the jaw (MRONJ): A 5-years follow-up case report. Indian J. Dent. Res. 2020, 31, 813–818. [Google Scholar] [CrossRef]

	



Fortunato, L.; Amato, M.; Simeone, M.; Bennardo, F.; Barone, S.; Giudice, A. Numb chin syndrome: A reflection of malignancy or a harbinger of MRONJ? A multicenter experience. J. Stomatol. Oral Maxillofac. Surg. 2018, 119, 389–394. [Google Scholar] [CrossRef]

	



Advisory Task Force on Bisphosphonate-Related Ostenonecrosis of the Jaws. American Association of Oral and Maxillofacial Surgeons position paper on bisphosphonate-related osteonecrosis of the jaws. J. Oral Maxillofac. Surg. 2007, 65, 369–376. [Google Scholar] [CrossRef] [PubMed]

	



Ruggiero, S.L.; Dodson, T.B.; Fantasia, J.; Goodday, R.; Aghaloo, T.; Mehrotra, B.; O’Ryan, F. American Association of Oral and Maxillofacial Surgeons position paper on medication-related osteonecrosis of the jaw-2014 update. J. Oral Maxillofac. Surg. 2014, 72, 1938–1956. [Google Scholar] [CrossRef] [PubMed]

	



Schiodt, M.; Otto, S.; Fedele, S.; Bedogni, A.; Nicolatou-Galitis, O.; Guggenberger, R.; Herlofson, B.B.; Ristow, O.; Kofod, T. Workshop of European task force on medication-related osteonecrosis of the jaw-Current challenges. Oral Dis. 2019, 25, 1815–1821. [Google Scholar] [CrossRef] [PubMed]

	



Fedele, S.; Bedogni, G.; Scoletta, M.; Favia, G.; Colella, G.; Agrillo, A.; Bettini, G.; Di Fede, O.; Oteri, G.; Fusco, V.; et al. Up to a quarter of patients with osteonecrosis of the jaw associated with antiresorptive agents remain undiagnosed. Br. J. Oral Maxillofac. Surg. 2015, 53, 13–17. [Google Scholar] [CrossRef] [PubMed]

	



Khan, A.A.; Morrison, A.; Hanley, D.A.; Felsenberg, D.; McCauley, L.K.; O’Ryan, F.; Reid, I.R.; Ruggiero, S.L.; Taguchi, A.; Tetradis, S.; et al. Diagnosis and management of osteonecrosis of the jaw: A systematic review and international consensus. J. Bone Miner. Res. 2015, 30, 3–23. [Google Scholar] [CrossRef] [PubMed]

	



McMahon, R.E.; Bouquot, J.E.; Glueck, C.J.; Spolnik, K.J.; Adams, W.R. Osteonecrosis: A multifactorial etiology. J. Oral Maxillofac. Surg. 2004, 62, 904–905. [Google Scholar] [CrossRef]

	



Adams, W.R.; Spolnik, K.J.; Bouquot, J.E. Maxillofacial osteonecrosis in a patient with multiple “idiopathic” facial pains. J. Oral Pathol. Med. 1999, 28, 423–432. [Google Scholar] [CrossRef]

	



Weldon, D. The effects of corticosteroids on bone: Osteonecrosis (avascular necrosis of the bone). Ann. Allergy Asthma Immunol. 2009, 103, 91–97. [Google Scholar] [CrossRef]

	



Fellows, J.L.; Rindal, D.B.; Barasch, A.; Gullion, C.M.; Rush, W.; Pihlstrom, D.J.; Richman, J.; Group, D.C. ONJ in two dental practice-based research network regions. J. Dent. Res. 2011, 90, 433–438. [Google Scholar] [CrossRef]

	



Lo, J.C.; O’Ryan, F.S.; Gordon, N.P.; Yang, J.; Hui, R.L.; Martin, D.; Hutchinson, M.; Lathon, P.V.; Sanchez, G.; Silver, P.; et al. Prevalence of osteonecrosis of the jaw in patients with oral bisphosphonate exposure. J. Oral Maxillofac. Surg. 2010, 68, 243–253. [Google Scholar] [CrossRef]

	



Mavrokokki, T.; Cheng, A.; Stein, B.; Goss, A. Nature and frequency of bisphosphonate-associated osteonecrosis of the jaws in Australia. J. Oral Maxillofac. Surg. 2007, 65, 415–423. [Google Scholar] [CrossRef]

	



D’Oronzo, S.; Coleman, R.; Brown, J.; Silvestris, F. Metastatic bone disease: Pathogenesis and therapeutic options: Up-date on bone metastasis management. J. Bone Oncol. 2019, 15, 100205. [Google Scholar] [CrossRef]

	



Khan, A.A.; Rios, L.P.; Sandor, G.K.; Khan, N.; Peters, E.; Rahman, M.O.; Clokie, C.M.; Dore, E.; Dubois, S. Bisphosphonate-associated osteonecrosis of the jaw in Ontario: A survey of oral and maxillofacial surgeons. J. Rheumatol. 2011, 38, 1396–1402. [Google Scholar] [CrossRef]

	



Santini, D.; Vincenzi, B.; Dicuonzo, G.; Avvisati, G.; Massacesi, C.; Battistoni, F.; Gavasci, M.; Rocci, L.; Tirindelli, M.C.; Altomare, V.; et al. Zoledronic acid induces significant and long-lasting modifications of circulating angiogenic factors in cancer patients. Clin. Cancer Res. 2003, 9, 2893–2897. [Google Scholar] [PubMed]

	



Khosla, S.; Burr, D.; Cauley, J.; Dempster, D.W.; Ebeling, P.R.; Felsenberg, D.; Gagel, R.F.; Gilsanz, V.; Guise, T.; Koka, S.; et al. Bisphosphonate-associated osteonecrosis of the jaw: Report of a task force of the American Society for Bone and Mineral Research. J. Bone Miner. Res. 2007, 22, 1479–1491. [Google Scholar] [CrossRef] [PubMed]

	



Kuhl, S.; Walter, C.; Acham, S.; Pfeffer, R.; Lambrecht, J.T. Bisphosphonate-related osteonecrosis of the jaws—A review. Oral Oncol. 2012, 48, 938–947. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Zhang, Z.K.; Yu, Y.; Zhuo, Z.; Zhang, G.; Zhang, B.T. Pros and cons of denosumab treatment for osteoporosis and implication for RANKL aptamer therapy. Front. Cell Dev. Biol. 2020, 8, 325. [Google Scholar] [CrossRef]

	



Boquete-Castro, A.; Gomez-Moreno, G.; Calvo-Guirado, J.L.; Aguilar-Salvatierra, A.; Delgado-Ruiz, R.A. Denosumab and osteonecrosis of the jaw. A systematic analysis of events reported in clinical trials. Clin. Oral Implants Res. 2016, 27, 367–375. [Google Scholar] [CrossRef] [PubMed]

	



Scagliotti, G.V.; Hirsh, V.; Siena, S.; Henry, D.H.; Woll, P.J.; Manegold, C.; Solal-Celigny, P.; Rodriguez, G.; Krzakowski, M.; Mehta, N.D.; et al. Overall survival improvement in patients with lung cancer and bone metastases treated with denosumab versus zoledronic acid: Subgroup analysis from a randomized phase 3 study. J. Thorac. Oncol. 2012, 7, 1823–1829. [Google Scholar] [CrossRef]

	



Vermeer, J.A.; Renders, G.A.; Everts, V. Osteonecrosis of the jaw-a bone site-specific effect of bisphosphonates. Curr. Osteoporos Rep. 2016, 14, 219–225. [Google Scholar] [CrossRef]

	



Chang, J.; Hakam, A.E.; McCauley, L.K. Current understanding of the pathophysiology of osteonecrosis of the jaw. Curr. Osteoporos Rep. 2018, 16, 584–595. [Google Scholar] [CrossRef]

	



Yu, Y.Y.; Lieu, S.; Hu, D.; Miclau, T.; Colnot, C. Site specific effects of zoledronic acid during tibial and mandibular fracture repair. PLoS ONE 2012, 7, e31771. [Google Scholar] [CrossRef]

	



Di Vito, A.; Chiarella, E.; Baudi, F.; Scardamaglia, P.; Antonelli, A.; Giudice, D.; Barni, T.; Fortunato, L.; Giudice, A. Dose-dependent effects of zoledronic acid on human periodontal ligament stem cells: An in vitro pilot study. Cell Transplant. 2020, 29, 963689720948497. [Google Scholar] [CrossRef]

	



de Sousa, F.R.N.; de Sousa Ferreira, V.C.; da Silva Martins, C.; Dantas, H.V.; de Sousa, F.B.; Girao-Carmona, V.C.C.; Goes, P.; de Castro Brito, G.A.; de Carvalho Leitao, R.F. The effect of high concentration of zoledronic acid on tooth induced movement and its repercussion on root, periodontal ligament and alveolar bone tissues in rats. Sci. Rep. 2021, 11, 7672. [Google Scholar] [CrossRef] [PubMed]

	



Hanley, D.A.; Adachi, J.D.; Bell, A.; Brown, V. Denosumab: Mechanism of action and clinical outcomes. Int. J. Clin. Pract. 2012, 66, 1139–1146. [Google Scholar] [CrossRef] [PubMed]

	



Jung, S.Y.; Suh, H.S.; Park, J.W.; Kwon, J.W. Drug holiday patterns and bisphosphonate-related osteonecrosis of the jaw. Oral Dis. 2019, 25, 471–480. [Google Scholar] [CrossRef] [PubMed]

	



Abed, H.H.; Al-Sahafi, E.N. The role of dental care providers in the management of patients prescribed bisphosphonates: Brief clinical guidance. Gen. Dent. 2018, 66, 18–24. [Google Scholar]

	



Otto, S.; Pautke, C.; Arens, D.; Poxleitner, P.; Eberli, U.; Nehrbass, D.; Zeiter, S.; Stoddart, M.J. A drug holiday reduces the frequency and severity of medication-related osteonecrosis of the jaw in a minipig Model. J. Bone Miner. Res. 2020, 35, 2179–2192. [Google Scholar] [CrossRef]

	



King, R.; Tanna, N.; Patel, V. Medication-related osteonecrosis of the jaw unrelated to bisphosphonates and denosumab-a review. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2019, 127, 289–299. [Google Scholar] [CrossRef]

	



Haibe, Y.; Kreidieh, M.; El Hajj, H.; Khalifeh, I.; Mukherji, D.; Temraz, S.; Shamseddine, A. Resistance mechanisms to anti-angiogenic therapies in cancer. Front. Oncol. 2020, 10, 221. [Google Scholar] [CrossRef]

	



Fleisher, K.E.; Janal, M.N.; Albstein, N.; Young, J.; Bikhazi, V.; Schwalb, S.; Wolff, M.; Glickman, R.S. Comorbid conditions are a risk for osteonecrosis of the jaw unrelated to antiresorptive therapy. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2019, 127, 140–150. [Google Scholar] [CrossRef]

	



Antonuzzo, L.; Lunghi, A.; Petreni, P.; Brugia, M.; Laffi, A.; Giommoni, E.; Mela, M.M.; Mazzoni, F.; Balestri, V.; Costanzo, F.D. Osteonecrosis of the jaw and angiogenesis inhibitors: A revival of a rare but serous side effect. Curr. Med. Chem. 2017, 24, 3068–3076. [Google Scholar] [CrossRef]

	



Patel, V.; Sproat, C.; Kwok, J.; Tanna, N. Axitinib-related osteonecrosis of the jaw. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2017, 124, e257–e260. [Google Scholar] [CrossRef]

	



Marino, R.; Orlandi, F.; Arecco, F.; Gandolfo, S.; Pentenero, M. Osteonecrosis of the jaw in a patient receiving cabozantinib. Aust. Dent. J. 2015, 60, 528–531. [Google Scholar] [CrossRef]

	



Abel Mahedi Mohamed, H.; Nielsen, C.E.N.; Schiodt, M. Medication related osteonecrosis of the jaws associated with targeted therapy as monotherapy and in combination with antiresorptives. A report of 7 cases from the Copenhagen Cohort. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2018, 125, 157–163. [Google Scholar] [CrossRef] [PubMed]

	



Viviano, M.; Rossi, M.; Cocca, S. A rare case of osteonecrosis of the jaw related to imatinib. J. Korean Assoc. Oral Maxillofac. Surg. 2017, 43, 120–124. [Google Scholar] [CrossRef] [PubMed]

	



Nicolatou-Galitis, O.; Razis, E.; Galiti, D.; Vardas, E.; Tzerbos, F.; Labropoulos, S. Osteonecrosis of the jaw in a patient with chronic myelogenous leukemia receiving imatinib-a case report with clinical implications. Forum Clin. Oncol. 2013, 4, 29–33. [Google Scholar]

	



Jung, T. Osteonecrosis of jaw after antiangiogenic agent administration in a renal cell carcinoma patient. Oral Maxillofac. Surg. Cases 2017, 3, 27–33. [Google Scholar] [CrossRef]

	



Antonuzzo, L.; Lunghi, A.; Giommoni, E.; Brugia, M.; Di Costanzo, F. Regorafenib also can cause osteonecrosis of the jaw. J. Natl. Cancer Inst. 2016, 108, djw002. [Google Scholar] [CrossRef] [PubMed]

	



Takahara, T.; Shimada, K.; Ishida, S.; Ishida, N.; Yoshimura, S.; Takeuchi, S.; Saito, T.; Miyamoto, I.; Baba, T.; Saito, K.; et al. Osteonecrosis of the jaw associated with receiving sunitinib monotherapy: A rare case. J. Oral Maxillofac. Surg. Med. Pathol. 2021, 33, 66–70. [Google Scholar] [CrossRef]

	



Koch, F.P.; Walter, C.; Hansen, T.; Jager, E.; Wagner, W. Osteonecrosis of the jaw related to sunitinib. Oral Maxillofac. Surg. 2011, 15, 63–66. [Google Scholar] [CrossRef]

	



Fleissig, Y.; Regev, E.; Lehman, H. Sunitinib related osteonecrosis of jaw: A case report. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2012, 113, e1–e3. [Google Scholar] [CrossRef] [PubMed]

	



Garuti, F.; Camelli, V.; Spinardi, L.; Bucci, L.; Trevisani, F. Osteonecrosis of the jaw during sorafenib therapy for hepatocellular carcinoma. Tumori 2016, 102 (Suppl. 2), S69–S70. [Google Scholar] [CrossRef] [PubMed]

	



Cassoni, A.; Romeo, U.; Terenzi, V.; Della Monaca, M.; Rajabtork Zadeh, O.; Raponi, I.; Fadda, M.T.; Polimeni, A.; Valentini, V. Adalimumab: Another medication related to osteonecrosis of the jaws? Case Rep. Dent. 2016, 2016, 2856926. [Google Scholar] [CrossRef]

	



Preidl, R.H.; Ebker, T.; Raithel, M.; Wehrhan, F.; Neukam, F.W.; Stockmann, P. Osteonecrosis of the jaw in a Crohn’s disease patient following a course of bisphosphonate and adalimumab therapy: A case report. BMC Gastroenterol. 2014, 14, 6. [Google Scholar] [CrossRef]

	



Morita, Y.; Kashiwagi, T.; Takayama, S.; Nishimoto, A.; Imai, T.; Uzawa, N. Is bevacizumab a direct cause of osteonecrosis of the jaw like bisphosphonate? Am. J. Biomed. Sci. Res. 2020, 9, 71–72. [Google Scholar] [CrossRef]

	



Erovigni, F.; Gambino, A.; Cabras, M.; Fasciolo, A.; Bianchi, S.D.; Bellini, E.; Fusco, V. Delayed diagnosis of osteonecrosis of the jaw (ONJ) associated with bevacizumab therapy in colorectal cancer patients: Report of two cases. Dent. J. 2016, 4, 39. [Google Scholar] [CrossRef]

	



Favia, G.; Tempesta, A.; Limongelli, L.; Crincoli, V.; Iannone, F.; Lapadula, G.; Maiorano, E. A Case of osteonecrosis of the jaw in a patient with Crohn’s disease treated with infliximab. Am. J. Case Rep. 2017, 18, 1351–1356. [Google Scholar] [CrossRef]

	



Kerbin, P.; Guerrot, D.; Jardin, F.; Moizan, H. Osteonecrosis of the jaw in a patient presenting with post-transplantation lymphoproliferative disorder treated with rituximab: A case report. J. Oral Maxillofac. Surg. 2017, 75, 2599–2605. [Google Scholar] [CrossRef] [PubMed]

	



Saag, K.G.; Petersen, J.; Brandi, M.L.; Karaplis, A.C.; Lorentzon, M.; Thomas, T.; Maddox, J.; Fan, M.; Meisner, P.D.; Grauer, A. Romosozumab or alendronate for fracture prevention in women with osteoporosis. N. Engl. J. Med. 2017, 377, 1417–1427. [Google Scholar] [CrossRef] [PubMed]

	



Owosho, A.A.; Scordo, M.; Yom, S.K.; Randazzo, J.; Chapman, P.B.; Huryn, J.M.; Estilo, C.L. Osteonecrosis of the jaw a new complication related to ipilimumab. Oral Oncol. 2015, 51, e100–e101. [Google Scholar] [CrossRef]

	



Bennardo, F.; Buffone, C.; Giudice, A. New therapeutic opportunities for COVID-19 patients with tocilizumab: Possible correlation of interleukin-6 receptor inhibitors with osteonecrosis of the jaws. Oral Oncol. 2020, 106, 104659. [Google Scholar] [CrossRef] [PubMed]

	



Henien, M.; Carey, B.; Hullah, E.; Sproat, C.; Patel, V. Methotrexate-associated osteonecrosis of the jaw: A report of two cases. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2017, 124, e283–e287. [Google Scholar] [CrossRef] [PubMed]

	



Xie, X.H.; Wang, X.L.; Yang, H.L.; Zhao, D.W.; Qin, L. Steroid-associated osteonecrosis: Epidemiology, pathophysiology, animal model, prevention, and potential treatments (an overview). J. Orthop. Translat. 2015, 3, 58–70. [Google Scholar] [CrossRef] [PubMed]

	



Wong, L.S.; Tay, K.K.; Chieng, Y.L. Osteonecrosis of mandible: A rare complication of long-term steroid use. J. Oral Maxillofac. Surg. Med. Pathol. 2015, 27, 255–257. [Google Scholar] [CrossRef]

	



Mergoni, G.; Manfredi, M.; Merigo, E.; Meleti, M.; Vescovi, P. Osteonecrosis of the jaws related to corticosteroids therapy: A case report. Ann. Stomatol. 2014, 5, 29–30. [Google Scholar]

	



Nadella, K.R.; Kodali, R.M.; Guttikonda, L.K.; Jonnalagadda, A. Osteoradionecrosis of the jaws: Clinico-therapeutic management: A literature review and update. J. Maxillofac. Oral Surg. 2015, 14, 891–901. [Google Scholar] [CrossRef]

	



Delanian, S.; Lefaix, J.L. The radiation-induced fibroatrophic process: Therapeutic perspective via the antioxidant pathway. Radiother Oncol 2004, 73, 119–131. [Google Scholar] [CrossRef]

	



Rivero, J.A.; Shamji, O.; Kolokythas, A. Osteoradionecrosis: A review of pathophysiology, prevention and pharmacologic management using pentoxifylline, alpha-tocopherol, and clodronate. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2017, 124, 464–471. [Google Scholar] [CrossRef]

	



Gadiwalla, Y.; Patel, V. Osteonecrosis of the jaw unrelated to medication or radiotherapy. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2018, 125, 446–453. [Google Scholar] [CrossRef]

	



Peer, A.; Khamaisi, M. Diabetes as a risk factor for medication-related osteonecrosis of the jaw. J. Dent. Res. 2015, 94, 252–260. [Google Scholar] [CrossRef] [PubMed]

	



Wan, J.T.; Sheeley, D.M.; Somerman, M.J.; Lee, J.S. Mitigating osteonecrosis of the jaw (ONJ) through preventive dental care and understanding of risk factors. Bone Res. 2020, 8, 14. [Google Scholar] [CrossRef] [PubMed]

	



Barasch, A.; Cunha-Cruz, J.; Curro, F.A.; Hujoel, P.; Sung, A.H.; Vena, D.; Voinea-Griffin, A.E.; Group, C.C.; Beadnell, S.; Craig, R.G.; et al. Risk factors for osteonecrosis of the jaws: A case-control study from the CONDOR dental PBRN. J. Dent. Res. 2011, 90, 439–444. [Google Scholar] [CrossRef]

	



Fung, P.; Bedogni, G.; Bedogni, A.; Petrie, A.; Porter, S.; Campisi, G.; Bagan, J.; Fusco, V.; Saia, G.; Acham, S.; et al. Time to onset of bisphosphonate-related osteonecrosis of the jaws: A multicentre retrospective cohort study. Oral Dis. 2017, 23, 477–483. [Google Scholar] [CrossRef]

	



Mouraret, A.; Gérard, E.; Le Gall, J.; Curien, R. Avascular osteonecrosis of the premaxilla secondary to disseminated intravascular coagulation: A case report. J. Oral Med. Oral Surg. 2018, 24, 173–177. [Google Scholar] [CrossRef]

	



Roland-Billecart, T.; Maes, J.M.; Vieillard, M.H.; Ferri, J.; Nicot, R. Avascular necrosis of the jaw resulting from sickle cell disease. J. Oral Med. Oral Surg. 2021, 27, 3. [Google Scholar] [CrossRef]

	



Tkacz, K.; Gill, J.; McLernon, M. Necrotising periodontal diseases and alcohol misuse—A cause of osteonecrosis? Br. Dent. J. 2021, 231, 225–231. [Google Scholar] [CrossRef]

	



Kumar, N.S.; John, R.R.; Rethish, E. Relatively rare entity of avascular necrosis of maxillary bone caused by Gaucher’s disease—A case report. J. Oral Maxillofac. Surg. 2012, 70, 2590–2595. [Google Scholar] [CrossRef]

	



Smalberg, J.H.; Kruip, M.J.; Janssen, H.L.; Rijken, D.C.; Leebeek, F.W.; de Maat, M.P. Hypercoagulability and hypofibrinolysis and risk of deep vein thrombosis and splanchnic vein thrombosis: Similarities and differences. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 485–493. [Google Scholar] [CrossRef]

	



Chan, M.Y.; Andreotti, F.; Becker, R.C. Hypercoagulable states in cardiovascular disease. Circulation 2008, 118, 2286–2297. [Google Scholar] [CrossRef]

	



Ali, N.; Ayyub, M.; Khan, S.A. High prevalence of protein C, protein S, antithrombin deficiency, and Factor V Leiden mutation as a cause of hereditary thrombophilia in patients of venous thromboembolism and cerebrovascular accident. Pak. J. Med. Sci. 2014, 30, 1323–1326. [Google Scholar] [CrossRef]

	



Liu, F.; Silva, D.; Malone, M.V.; Seetharaman, K. MTHFR A1298C and C677T polymorphisms are associated with increased risk of venous thromboembolism: A retrospective chart review study. Acta Haematol. 2017, 138, 208–215. [Google Scholar] [CrossRef] [PubMed]

	



Miles, J.S.; Miletich, J.P.; Goldhaber, S.Z.; Hennekens, C.H.; Ridker, P.M. G20210A mutation in the prothrombin gene and the risk of recurrent venous thromboembolism. J. Am. Coll. Cardiol. 2001, 37, 215–218. [Google Scholar] [CrossRef]

	



Weingarz, L.; Schwonberg, J.; Schindewolf, M.; Hecking, C.; Wolf, Z.; Erbe, M.; Weber, A.; Lindhoff-Last, E.; Linnemann, B. Prevalence of thrombophilia according to age at the first manifestation of venous thromboembolism: Results from the MAISTHRO registry. Br. J. Haematol. 2013, 163, 655–665. [Google Scholar] [CrossRef] [PubMed]

	



Obaid, M.; El-Menyar, A.; Asim, M.; Al-Thani, H. Prevalence and outcomes of thrombophilia in patients with acute pulmonary embolism. Vasc. Health Risk Manag. 2020, 16, 75–85. [Google Scholar] [CrossRef] [PubMed]

	



Tregouet, D.A.; Morange, P.E. What is currently known about the genetics of venous thromboembolism at the dawn of next generation sequencing technologies. Br. J. Haematol. 2018, 180, 335–345. [Google Scholar] [CrossRef] [PubMed]

	



Lian, T.Y.; Lu, D.; Yan, X.X.; Tan, J.S.; Peng, F.H.; Zhu, Y.J.; Wei, Y.P.; Wu, T.; Sun, K.; Jiang, X.; et al. Association between congenital thrombophilia and outcomes in pulmonary embolism patients. Blood Adv. 2020, 4, 5958–5965. [Google Scholar] [CrossRef]

	



Chiasakul, T.; De Jesus, E.; Tong, J.; Chen, Y.; Crowther, M.; Garcia, D.; Chai-Adisaksopha, C.; Messe, S.R.; Cuker, A. Inherited thrombophilia and the risk of arterial ischemic stroke: A systematic review and meta-analysis. J. Am. Heart Assoc. 2019, 8, e012877. [Google Scholar] [CrossRef]

	



Algahtani, F.H.; Stuckey, R. High factor VIII levels and arterial thrombosis: Illustrative case and literature review. Ther. Adv. Hematol. 2019, 10, 2040620719886685. [Google Scholar] [CrossRef]

	



Siegler, J.E.; Samai, A.; Albright, K.C.; Boehme, A.K.; Martin-Schild, S. Factoring in factor VIII with acute ischemic stroke. Clin. Appl. Thromb. Hemost. 2015, 21, 597–602. [Google Scholar] [CrossRef]

	



Jenkins, P.V.; Rawley, O.; Smith, O.P.; O’Donnell, J.S. Elevated factor VIII levels and risk of venous thrombosis. Br. J. Haematol. 2012, 157, 653–663. [Google Scholar] [CrossRef]

	



Denorme, F.; Vanhoorelbeke, K.; De Meyer, S.F. Von Willebrand factor and platelet glycoprotein Ib: A thromboinflammatory axis in stroke. Front. Immunol. 2019, 10, 2884. [Google Scholar] [CrossRef]

	



Edvardsen, M.S.; Hindberg, K.; Hansen, E.S.; Morelli, V.M.; Ueland, T.; Aukrust, P.; Braekkan, S.K.; Evensen, L.H.; Hansen, J.B. Plasma levels of von Willebrand factor and future risk of incident venous thromboembolism. Blood Adv. 2021, 5, 224–232. [Google Scholar] [CrossRef]

	



Schreuder, M.; Reitsma, P.H.; Bos, M.H.A. Blood coagulation factor Va’s key interactive residues and regions for prothrombinase assembly and prothrombin binding. J. Thromb. Haemost. 2019, 17, 1229–1239. [Google Scholar] [CrossRef]

	



Castoldi, E.; Brugge, J.M.; Nicolaes, G.A.; Girelli, D.; Tans, G.; Rosing, J. Impaired APC cofactor activity of factor V plays a major role in the APC resistance associated with the factor V Leiden (R506Q) and R2 (H1299R) mutations. Blood 2004, 103, 4173–4179. [Google Scholar] [CrossRef]

	



Rees, D.C.; Cox, M.; Clegg, J.B. World distribution of factor V Leiden. Lancet 1995, 346, 1133–1134. [Google Scholar] [CrossRef]

	



Ridker, P.M.; Miletich, J.P.; Hennekens, C.H.; Buring, J.E. Ethnic distribution of factor V Leiden in 4047 men and women. Implications for venous thromboembolism screening. JAMA 1997, 277, 1305–1307. [Google Scholar] [CrossRef] [PubMed]

	



Gregg, J.P.; Yamane, A.J.; Grody, W.W. Prevalence of the factor V-Leiden mutation in four distinct American ethnic populations. Am. J. Med. Genet. 1997, 73, 334–336. [Google Scholar] [CrossRef]

	



Jadaon, M.M. Epidemiology of activated protein C resistance and factor V Leiden mutation in the mediterranean region. Mediterr. J. Hematol. Infect. Dis. 2011, 3, e2011037. [Google Scholar] [CrossRef]

	



Glueck, C.J.; Freiberg, R.A.; Boriel, G.; Khan, Z.; Brar, A.; Padda, J.; Wang, P. The role of the factor V Leiden mutation in osteonecrosis of the hip. Clin. Appl. Thromb. Hemost. 2013, 19, 499–503. [Google Scholar] [CrossRef] [PubMed]

	



Bjorkman, A.; Svensson, P.J.; Hillarp, A.; Burtscher, I.M.; Runow, A.; Benoni, G. Factor V Leiden and prothrombin gene mutation: Risk factors for osteonecrosis of the femoral head in adults. Clin. Orthop. Relat. Res. 2004, 425, 168–172. [Google Scholar] [CrossRef]

	



Zalavras, C.G.; Vartholomatos, G.; Dokou, E.; Malizos, K.N. Genetic background of osteonecrosis: Associated with thrombophilic mutations? Clin. Orthop. Relat. Res. 2004, 422, 251–255. [Google Scholar] [CrossRef]

	



Bjorkman, A.; Burtscher, I.M.; Svensson, P.J.; Hillarp, A.; Besjakov, J.; Benoni, G. Factor V Leiden and the prothrombin 20210A gene mutation and osteonecrosis of the knee. Arch. Orthop. Trauma Surg. 2005, 125, 51–55. [Google Scholar] [CrossRef]

	



Pandit, R.S.; Glueck, C.J. Testosterone, anastrozole, factor V Leiden heterozygosity and osteonecrosis of the jaws. Blood Coagul. Fibrinolysis 2014, 25, 286–288. [Google Scholar] [CrossRef]

	



Jarman, M.I.; Lee, K.; Kanevsky, A.; Min, S.; Schlam, I.; Mahida, C.; Huda, A.; Milgrom, A.; Goldenberg, N.; Glueck, C.J.; et al. Case report: Primary osteonecrosis associated with thrombophilia-hypofibrinolysis and worsened by testosterone therapy. BMC Hematol. 2017, 17, 5. [Google Scholar] [CrossRef] [PubMed]

	



Gruppo, R.; Glueck, C.J.; McMahon, R.E.; Bouquot, J.; Rabinovich, B.A.; Becker, A.; Tracy, T.; Wang, P. The pathophysiology of alveolar osteonecrosis of the jaw: Anticardiolipin antibodies, thrombophilia, and hypofibrinolysis. J. Lab. Clin. Med. 1996, 127, 481–488. [Google Scholar] [CrossRef]

	



Glueck, C.J.; McMahon, R.E.; Bouquot, J.E.; Triplett, D.; Gruppo, R.; Wang, P. Heterozygosity for the Leiden mutation of the factor V gene, a common pathoetiology for osteonecrosis of the jaw, with thrombophilia augmented by exogenous estrogens. J. Lab. Clin. Med. 1997, 130, 540–543. [Google Scholar] [CrossRef]

	



Glueck, C.J.; McMahon, R.E.; Bouquot, J.E.; Triplett, D. Exogenous estrogen may exacerbate thrombophilia, impair bone healing and contribute to development of chronic facial pain. Cranio 1998, 16, 143–153. [Google Scholar] [CrossRef]

	



Vairaktaris, E.; Vassiliou, S.; Avgoustidis, D.; Stathopoulos, P.; Toyoshima, T.; Yapijakis, C. Bisphosphonate-induced avascular osteonecrosis of the mandible associated with a common thrombophilic mutation in the prothrombin gene. J. Oral Maxillofac. Surg. 2009, 67, 2009–2012. [Google Scholar] [CrossRef]

	



Bouwens, E.A.; Stavenuiter, F.; Mosnier, L.O. Mechanisms of anticoagulant and cytoprotective actions of the protein C pathway. J. Thromb. Haemost. 2013, 11 (Suppl. 1), 242–253. [Google Scholar] [CrossRef]

	



Tait, R.C.; Walker, I.D.; Reitsma, P.H.; Islam, S.I.; McCall, F.; Poort, S.R.; Conkie, J.A.; Bertina, R.M. Prevalence of protein C deficiency in the healthy population. Thromb. Haemost. 1995, 73, 87–93. [Google Scholar] [CrossRef]

	



Dykes, A.C.; Walker, I.D.; McMahon, A.D.; Islam, S.I.; Tait, R.C. A study of protein S antigen levels in 3788 healthy volunteers: Influence of age, sex and hormone use, and estimate for prevalence of deficiency state. Br. J. Haematol. 2001, 113, 636–641. [Google Scholar] [CrossRef]

	



Urbanus, R.T.; de Laat, B. Antiphospholipid antibodies and the protein C pathway. Lupus 2010, 19, 394–399. [Google Scholar] [CrossRef] [PubMed]

	



Zalavras, C.; Dailiana, Z.; Elisaf, M.; Bairaktari, E.; Vlachogiannopoulos, P.; Katsaraki, A.; Malizos, K.N. Potential aetiological factors concerning the development of osteonecrosis of the femoral head. Eur. J. Clin. Investig. 2000, 30, 215–221. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, F.L.; Ramalli, E.L.; Picado, C.H. Coagulation disorders in patients with femoral head osteonecrosis. Acta Ortop. Bras. 2013, 21, 43–45. [Google Scholar] [CrossRef] [PubMed]

	



Glueck, C.J.; Freiberg, R.A.; Wissman, R.; Wang, P. Long term anticoagulation (4–16 years) stops progression of idiopathic hip osteonecrosis associated with familial thrombophilia. Adv Orthop. 2015, 2015, 138382. [Google Scholar] [CrossRef]

	



Korompilias, A.V.; Ortel, T.L.; Urbaniak, J.R. Coagulation abnormalities in patients with hip osteonecrosis. Orthop. Clin. N. Am. 2004, 35, 265–271. [Google Scholar] [CrossRef]

	



Glueck, C.J.; McMahon, R.E.; Bouquot, J.E.; Tracy, T.; Sieve-Smith, L.; Wang, P. A preliminary pilot study of treatment of thrombophilia and hypofibrinolysis and amelioration of the pain of osteonecrosis of the jaws. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 1998, 85, 64–73. [Google Scholar] [CrossRef]

	



Gagala, J.; Buraczynska, M.; Mazurkiewicz, T.; Ksiazek, A. Prevalence of genetic risk factors related with thrombophilia and hypofibrinolysis in patients with osteonecrosis of the femoral head in Poland. BMC Musculoskelet. Disord. 2013, 14, 264. [Google Scholar] [CrossRef]

	



Chang, J.D.; Hur, M.; Lee, S.S.; Yoo, J.H.; Lee, K.M. Genetic background of nontraumatic osteonecrosis of the femoral head in the Korean population. Clin. Orthop. Relat. Res. 2008, 466, 1041–1046. [Google Scholar] [CrossRef]

	



Ekim, M.; Ekim, H.; Yilmaz, Y.K.; Kulah, B.; Polat, M.F.; Gocmen, A.Y. Study on relationships among deep vein thrombosis, homocysteine & related B group vitamins. Pak. J. Med. Sci. 2015, 31, 398–402. [Google Scholar] [CrossRef]

	



Herrmann, M.; Whiting, M.J.; Veillard, A.S.; Ehnholm, C.; Sullivan, D.R.; Keech, A.C. Plasma homocysteine and the risk of venous thromboembolism: Insights from the FIELD study. Clin. Chem. Lab. Med. 2012, 50, 2213–2219. [Google Scholar] [CrossRef]

	



Xu, J.; Li, K.; Zhou, W. Relationship between genetic polymorphism of MTHFR C677T and lower extremities deep venous thrombosis. Hematology 2019, 24, 108–111. [Google Scholar] [CrossRef]

	



Zhang, T.; Ye, S.; Chen, Z.; Ma, Y. Association between MTHFR C677T polymorphism and non-traumatic osteonecrosis of the femoral head: An update meta-analysis. Pteridines 2020, 31, 38–45. [Google Scholar] [CrossRef]

	



Kim, T.H.; Hong, J.M.; Kim, H.J.; Park, E.K.; Kim, S.Y. Lack of association of MTHFR gene polymorphisms with the risk of osteonecrosis of the femoral head in a Korean population. Mol. Cells 2010, 29, 343–348. [Google Scholar] [CrossRef] [PubMed]

	



Glueck, C.J.; Fontaine, R.N.; Gruppo, R.; Stroop, D.; Sieve-Smith, L.; Tracy, T.; Wang, P. The plasminogen activator inhibitor-1 gene, hypofibrinolysis, and osteonecrosis. Clin. Orthop. Relat. Res. 1999, 366, 133–146. [Google Scholar] [CrossRef]

	



Glueck, C.J.; Freiberg, R.A.; Wang, P. Medical treatment of osteonecrosis of the knee associated with thrombophilia-hypofibrinolysis. Orthopedics 2014, 37, e911–e916. [Google Scholar] [CrossRef] [PubMed]

	



Nakano, M.; Yui, H.; Kikugawa, S.; Tokida, R.; Sakai, N.; Kondo, N.; Endo, N.; Haro, H.; Shimodaira, H.; Suzuki, T.; et al. Associations of LRP5 and MTHFR gene variants with osteoarthritis prevalence in elderly women: A Japanese cohort survey randomly sampled from a basic resident registry. Ther. Clin. Risk Manag. 2021, 17, 1065–1073. [Google Scholar] [CrossRef]

	



Bouquot, J.E.; LaMarche, M.G. Ischemic osteonecrosis under fixed partial denture pontics: Radiographicand microscopic features in 38 patients with chronic pain. J. Prosthet. Dent. 1999, 81, 148–158. [Google Scholar] [CrossRef]

	



Zhang, Q.; Jin, Y.; Li, X.; Peng, X.; Peng, N.; Song, J.; Xu, M. Plasminogen activator inhibitor-1 (PAI-1) 4G/5G promoter polymorphisms and risk of venous thromboembolism—A meta-analysis and systematic review. Vasa 2020, 49, 141–146. [Google Scholar] [CrossRef]

	



Thogersen, A.M.; Jansson, J.H.; Boman, K.; Nilsson, T.K.; Weinehall, L.; Huhtasaari, F.; Hallmans, G. High plasminogen activator inhibitor and tissue plasminogen activator levels in plasma precede a first acute myocardial infarction in both men and women: Evidence for the fibrinolytic system as an independent primary risk factor. Circulation 1998, 98, 2241–2247. [Google Scholar] [CrossRef] [PubMed]

	



Iacoviello, L.; Agnoli, C.; De Curtis, A.; di Castelnuovo, A.; Giurdanella, M.C.; Krogh, V.; Mattiello, A.; Matullo, G.; Sacerdote, C.; Tumino, R.; et al. Type 1 plasminogen activator inhibitor as a common risk factor for cancer and ischaemic vascular disease: The EPICOR study. BMJ Open 2013, 3, e003725. [Google Scholar] [CrossRef] [PubMed]

	



Miles, L.A.; Fless, G.M.; Levin, E.G.; Scanu, A.M.; Plow, E.F. A potential basis for the thrombotic risks associated with lipoprotein (a). Nature 1989, 339, 301–303. [Google Scholar] [CrossRef] [PubMed]

	



Scanu, A.M.; Fless, G.M. Lipoprotein (a). Heterogeneity and biological relevance. J. Clin. Investig. 1990, 85, 1709–1715. [Google Scholar] [CrossRef] [PubMed]

	



Danesh, J.; Collins, R.; Peto, R. Lipoprotein (a) and coronary heart disease. Meta-analysis of prospective studies. Circulation 2000, 102, 1082–1085. [Google Scholar] [CrossRef]

	



Smolders, B.; Lemmens, R.; Thijs, V. Lipoprotein (a) and stroke: A meta-analysis of observational studies. Stroke 2007, 38, 1959–1966. [Google Scholar] [CrossRef]

	



Cai, G.; Huang, Z.; Zhang, B.; Yu, L.; Li, L. Elevated lipoprotein (a) levels are associated with the acute myocardial infarction in patients with normal low-density lipoprotein cholesterol levels. BioSci. Rep. 2019, 39, BSR20182096. [Google Scholar] [CrossRef]

	



Enas, E.A.; Varkey, B.; Dharmarajan, T.S.; Pare, G.; Bahl, V.K. Lipoprotein (a): An independent, genetic, and causal factor for cardiovascular disease and acute myocardial infarction. Indian Heart J. 2019, 71, 99–112. [Google Scholar] [CrossRef]

	



Nguyen, S.; Ilano, L.; Oluoha, N.; Pakbaz, Z. Lipoprotein (a) a risk factor for venous thrombosis and pulmonary embolism in patients younger than 50 years of age. Blood 2018, 132, 5055. [Google Scholar] [CrossRef]

	



Sofi, F.; Marcucci, R.; Abbate, R.; Gensini, G.F.; Prisco, D. Lipoprotein (a) and venous thromboembolism in adults: A meta-analysis. Am. J. Med. 2007, 120, 728–733. [Google Scholar] [CrossRef]

	



Wang, C.W.; Su, L.L.; Tao, S.B.; Ma, P.J.; Chang, H.G.; Ji, S.B. An increased serum level of lipoprotein (a) is a predictor for deep vein thrombosis in patients with spinal cord injuries. World Neurosurg. 2016, 87, 607–612. [Google Scholar] [CrossRef] [PubMed]

	



Dentali, F.; Gessi, V.; Marcucci, R.; Gianni, M.; Grandi, A.M.; Franchini, M. Lipoprotein (a) as a risk factor for venous thromboembolism: A systematic review and meta-analysis of the literature. Semin. Thromb. Hemost. 2017, 43, 614–620. [Google Scholar] [CrossRef]

	



Kunutsor, S.K.; Makikallio, T.H.; Kauhanen, J.; Voutilainen, A.; Laukkanen, J.A. Lipoprotein (a) is not associated with venous thromboembolism risk. Scand. Cardiovasc. J. 2019, 53, 125–132. [Google Scholar] [CrossRef] [PubMed]

	



Kamstrup, P.R.; Tybjaerg-Hansen, A.; Nordestgaard, B.G. Genetic evidence that lipoprotein (a) associates with atherosclerotic stenosis rather than venous thrombosis. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1732–1741. [Google Scholar] [CrossRef]

	



Danik, J.S.; Buring, J.E.; Chasman, D.I.; Zee, R.Y.; Ridker, P.M.; Glynn, R.J. Lipoprotein (a), polymorphisms in the LPA gene, and incident venous thromboembolism among 21483 women. J. Thromb. Haemost. 2013, 11, 205–208. [Google Scholar] [CrossRef] [PubMed]

	



Westrick, R.J.; Eitzman, D.T. Plasminogen activator inhibitor-1 in vascular thrombosis. Curr. Drug Targets 2007, 8, 966–1002. [Google Scholar] [CrossRef] [PubMed]

	



Akhter, M.S.; Biswas, A.; Abdullah, S.M.; Behari, M.; Saxena, R. The role of PAI-1 4G/5G promoter polymorphism and its levels in the development of ischemic stroke in young Indian population. Clin. Appl. Thromb. Hemost. 2017, 23, 1071–1076. [Google Scholar] [CrossRef] [PubMed]

	



Liang, X.N.; Xie, L.; Cheng, J.W.; Tan, Z.; Yao, J.; Liu, Q.; Su, W.; Qin, X.; Zhao, J.M. Association between PAI-1 4G/5G polymorphisms and osteonecrosis of femoral head: A meta-analysis. Thromb. Res. 2013, 132, 158–163. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, Z.; Wang, B.; Pan, H. Relation between osteonecrosis of the femoral head and PAI-1 4G/5G gene polymorphism: A meta-analysis. Int. J. Clin. Exp. Med. 2015, 8, 20337–20342. [Google Scholar]

	



Sobhan, M.R.; Mahdinezhad-Yazdi, M.; Moghimi, M.; Aghili, K.; Jafari, M.; Zare-Shehneh, M.; Neamatzadeh, H. Plasminogen activator inhibitor-1 4G/5G polymorphism contributes to osteonecrosis of the femoral head susceptibility: Evidence from a systematic review and meta-analysis. Arch. Bone Jt. Surg. 2018, 6, 468–477. [Google Scholar]

	



Lykissas, M.G.; Gelalis, I.D.; Kostas-Agnantis, I.P.; Vozonelos, G.; Korompilias, A.V. The role of hypercoagulability in the development of osteonecrosis of the femoral head. Orthop. Rev. 2012, 4, e17. [Google Scholar] [CrossRef] [PubMed]

	



Glueck, C.J.; Riaz, R.; Prince, M.; Freiberg, R.A.; Wang, P. Testosterone therapy can interact with thrombophilia, leading to osteonecrosis. Orthopedics 2015, 38, e1073–e1078. [Google Scholar] [CrossRef] [PubMed]

	



Mont, M.A.; Glueck, C.J.; Pacheco, I.H.; Wang, P.; Hungerford, D.S.; Petri, M. Risk factors for osteonecrosis in systemic lupus erythematosus. J. Rheumatol. 1997, 24, 654–662. [Google Scholar] [PubMed]

	



Milgrom, A.; Lee, K.; Makadia, F.; Prince, M.; Wang, P.; Glueck, C.J. Multifocal osteonecrosis secondary to familial thrombophilia requiring anticoagulation during pregnancy. J. Investig. Med. 2017, 65, 834–835. [Google Scholar] [CrossRef]

	



Glueck, C.J.; Freiberg, R.A.; Wang, P. Long-term anticoagulation prevents progression of stages I and II primary osteonecrosis of the hip in patients with familial thrombophilia. Orthopedics 2020, 43, e208–e214. [Google Scholar] [CrossRef] [PubMed]

	



Glueck, C.J.; Freiberg, R.A.; Fontaine, R.N.; Sieve-Smith, L.; Wang, P. Anticoagulant therapy for osteonecrosis associated with heritable hypofibrinolysis and thrombophilia. Expert Opin. Investig. Drugs 2001, 10, 1309–1316. [Google Scholar] [CrossRef] [PubMed]

	



Glueck, C.J.; Freiberg, R.A.; Sieve, L.; Wang, P. Enoxaparin prevents progression of stages I and II osteonecrosis of the hip. Clin. Orthop. Relat. Res. 2005, 435, 164–170. [Google Scholar] [CrossRef] [PubMed]

	



Chotanaphuti, T.; Thongprasert, S.; Laoruengthana, A. Low molecular weight heparin prevents the progression of precollapse osteonecrosis of the hip. J. Med. Assoc. Thai. 2013, 96, 1326–1330. [Google Scholar]

	



Glueck, C.J.; Freiberg, R.A.; Wang, P. Treatment of Osteonecrosis of the Hip and Knee with Enoxaparin; Springer: Berlin/Heidelberg, Germany, 2014. [Google Scholar]

	



Haydock, M.M.; Elhamdani, S.; Alsharedi, M. Long-term direct oral anticoagulation in primary osteonecrosis with elevated plasminogen activation inhibitor. SAGE Open Med. Case Rep. 2019, 7, 2050313X19827747. [Google Scholar] [CrossRef]

	



Korompilias, A.V.; Gilkeson, G.S.; Ortel, T.L.; Seaber, A.V.; Urbaniak, J.R. Anticardiolipin antibodies and osteonecrosis of the femoral head. Clin. Orthop. Relat. Res. 1997, 345, 174–180. [Google Scholar] [CrossRef]

	



Seguin, C.; Kassis, J.; Busque, L.; Bestawros, A.; Theodoropoulos, J.; Alonso, M.L.; Harvey, E.J. Non-traumatic necrosis of bone (osteonecrosis) is associated with endothelial cell activation but not thrombophilia. Rheumatology 2008, 47, 1151–1155. [Google Scholar] [CrossRef]

	



Glueck, C.J.; Freiberg, R.A.; Wang, P. Heritable thrombophilia-hypofibrinolysis and osteonecrosis of the femoral head. Clin. Orthop. Relat. Res. 2008, 466, 1034–1040. [Google Scholar] [CrossRef]

	



Glueck, C.J.; Freiberg, R.A.; Boppana, S.; Wang, P. Thrombophilia, hypofibrinolysis, the eNOS T-786C polymorphism, and multifocal osteonecrosis. J. Bone Jt. Surg. Am. 2008, 90, 2220–2229. [Google Scholar] [CrossRef]

	



Gomez-Puerta, J.A.; Peris, P.; Reverter, J.C.; Espinosa, G.; Martinez-Ferrer, A.; Monegal, A.; Monteagudo, J.; Tassies, D.; Guanabens, N. High prevalence of prothrombotic abnormalities in multifocal osteonecrosis: Description of a series and review of the literature. Medicine 2013, 92, 295–304. [Google Scholar] [CrossRef]

	



Lidegaard, O.; Lokkegaard, E.; Jensen, A.; Skovlund, C.W.; Keiding, N. Thrombotic stroke and myocardial infarction with hormonal contraception. N. Engl. J. Med. 2012, 366, 2257–2266. [Google Scholar] [CrossRef]

	



Roach, R.E.; Helmerhorst, F.M.; Lijfering, W.M.; Stijnen, T.; Algra, A.; Dekkers, O.M. Combined oral contraceptives: The risk of myocardial infarction and ischemic stroke. Cochrane Database Syst. Rev. 2015, CD011054. [Google Scholar] [CrossRef] [PubMed]

	



Vinogradova, Y.; Coupland, C.; Hippisley-Cox, J. Use of hormone replacement therapy and risk of venous thromboembolism: Nested case-control studies using the QResearch and CPRD Databases. BMJ 2019, 364, k4810. [Google Scholar] [CrossRef] [PubMed]

	



Abou-Ismail, M.Y.; Citla Sridhar, D.; Nayak, L. Estrogen and thrombosis: A bench to bedside review. Thromb. Res. 2020, 192, 40–51. [Google Scholar] [CrossRef]

	



Cushman, M. Effects of hormone replacement therapy and estrogen receptor modulators on markers of inflammation and coagulation. Am. J. Cardiol. 2002, 90, 7F–10F. [Google Scholar] [CrossRef]

	



Dentali, F.; Crowther, M.; Ageno, W. Thrombophilic abnormalities, oral contraceptives, and risk of cerebral vein thrombosis: A meta-analysis. Blood 2006, 107, 2766–2773. [Google Scholar] [CrossRef] [PubMed]

	



Amoozegar, F.; Ronksley, P.E.; Sauve, R.; Menon, B.K. Hormonal contraceptives and cerebral venous thrombosis risk: A systematic review and meta-analysis. Front. Neurol. 2015, 6, 7. [Google Scholar] [CrossRef]

	



Hassan, H.A. Oral contraceptive-induced mesenteric venous thrombosis with resultant intestinal ischemia. J. Clin. Gastroenterol. 1999, 29, 90–95. [Google Scholar] [CrossRef]

	



Sridhar, D.C.; Gollamudi, J.; Cao, S.; Fu, P.; Nayak, L. Incidence of retinal vein occlusion in women of reproductive age on estrogen therapy. Haemophilia 2019, 25, 19–20. [Google Scholar] [CrossRef]

	



Ureten, K.; Ozturk, M.A.; Bostanci, A.; Ceneli, O.; Ozbek, M.; Haznedaroglu, I.C. Atraumatic osteonecrosis after estrogen replacement therapy associated with low protein S level in a patient with Turner syndrome. Clin. Appl. Thromb. Hemost. 2010, 16, 599–601. [Google Scholar] [CrossRef] [PubMed]

	



Glueck, C.J.; Phillips, H.G.; Cameron, D.; Wang, P. Estrogen replacement in a protein S deficient patient leads to diarrhea, hyperglucagonemia, and osteonecrosis. JOP 2001, 2, 323–329. [Google Scholar] [PubMed]

	



Glueck, C.J.; Richardson-Royer, C.; Schultz, R.; Burger, T.; Labitue, F.; Riaz, M.K.; Padda, J.; Bowe, D.; Goldenberg, N.; Wang, P. Testosterone, thrombophilia, and thrombosis. Clin. Appl. Thromb. Hemost. 2014, 20, 22–30. [Google Scholar] [CrossRef] [PubMed]

	



Glueck, C.J.; Prince, M.; Patel, N.; Patel, J.; Shah, P.; Mehta, N.; Wang, P. Thrombophilia in 67 patients with thrombotic events after starting testosterone therapy. Clin. Appl. Thromb. Hemost. 2016, 22, 548–553. [Google Scholar] [CrossRef]

	



Fernandez-Balsells, M.M.; Murad, M.H.; Lane, M.; Lampropulos, J.F.; Albuquerque, F.; Mullan, R.J.; Agrwal, N.; Elamin, M.B.; Gallegos-Orozco, J.F.; Wang, A.T.; et al. Clinical review 1: Adverse effects of testosterone therapy in adult men: A systematic review and meta-analysis. J. Clin. Endocrinol. Metab. 2010, 95, 2560–2575. [Google Scholar] [CrossRef] [PubMed]

	



Schulster, M.; Bernie, A.M.; Ramasamy, R. The role of estradiol in male reproductive function. Asian J. Androl. 2016, 18, 435–440. [Google Scholar] [CrossRef]

	



Glueck, C.J.; Goldenberg, N.; Budhani, S.; Lotner, D.; Abuchaibe, C.; Gowda, M.; Nayar, T.; Khan, N.; Wang, P. Thrombotic events after starting exogenous testosterone in men with previously undiagnosed familial thrombophilia. Transl. Res. 2011, 158, 225–234. [Google Scholar] [CrossRef]

	



Chotanaphuti, T.; Heebthamai, D.; Chuwong, M.; Kanchanaroek, K. The prevalence of thrombophilia in idiopathic osteonecrosis of the hip. J. Med. Assoc. Thai. 2009, 92 (Suppl. 6), S141–S146. [Google Scholar] [PubMed]

	



Pipe, S.W.; Montgomery, R.R.; Pratt, K.P.; Lenting, P.J.; Lillicrap, D. Life in the shadow of a dominant partner: The FVIII-VWF association and its clinical implications for hemophilia A. Blood 2016, 128, 2007–2016. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, D.; Erkan, D. Diagnosis and management of the antiphospholipid syndrome. N. Engl. J. Med. 2018, 378, 2010–2021. [Google Scholar] [CrossRef] [PubMed]

	



Haque, W.; Kadikoy, H.; Pacha, O.; Maliakkal, J.; Hoang, V.; Abdellatif, A. Osteonecrosis secondary to antiphospholipid syndrome: A case report, review of the literature, and treatment strategy. Rheumatol. Int. 2010, 30, 719–723. [Google Scholar] [CrossRef]

	



Farmer-Boatwright, M.K.; Roubey, R.A. Venous thrombosis in the antiphospholipid syndrome. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 321–325. [Google Scholar] [CrossRef]

	



Tektonidou, M.G.; Andreoli, L.; Limper, M.; Amoura, Z.; Cervera, R.; Costedoat-Chalumeau, N.; Cuadrado, M.J.; Dorner, T.; Ferrer-Oliveras, R.; Hambly, K.; et al. EULAR recommendations for the management of antiphospholipid syndrome in adults. Ann. Rheum. Dis. 2019, 78, 1296–1304. [Google Scholar] [CrossRef]

	



Salehi Omran, S.; Hartman, A.; Zakai, N.A.; Navi, B.B. Thrombophilia testing after ischemic stroke: Why, when, and what? Stroke 2021, 52, 1874–1884. [Google Scholar] [CrossRef]

	



Boekholdt, S.M.; Kramer, M.H. Arterial thrombosis and the role of thrombophilia. Semin. Thromb. Hemost. 2007, 33, 588–596. [Google Scholar] [CrossRef]

	



Bouquot, J.E.; McMahon, R.E. Neuropathic pain in maxillofacial osteonecrosis. J. Oral Maxillofac. Surg. 2000, 58, 1003–1020. [Google Scholar] [CrossRef]

	



Yarom, N.; Shapiro, C.L.; Peterson, D.E.; Van Poznak, C.H.; Bohlke, K.; Ruggiero, S.L.; Migliorati, C.A.; Khan, A.; Morrison, A.; Anderson, H.; et al. Medication-related osteonecrosis of the jaw: MASCC/ISOO/ASCO clinical practice guideline. J. Clin. Oncol. 2019, 37, 2270–2290. [Google Scholar] [CrossRef] [PubMed]

	



Fortunato, L.; Bennardo, F.; Buffone, C.; Giudice, A. Is the application of platelet concentrates effective in the prevention and treatment of medication-related osteonecrosis of the jaw? A systematic review. J. Craniomaxillofac. Surg. 2020, 48, 268–285. [Google Scholar] [CrossRef] [PubMed]

	



Giudice, A.; Antonelli, A.; Chiarella, E.; Baudi, F.; Barni, T.; Di Vito, A. The case of medication-related osteonecrosis of the jaw addressed from a pathogenic point of view. Innovative therapeutic strategies: Focus on the most recent discoveries on oral mesenchymal stem cell-derived exosomes. Pharmaceuticals 2020, 13, 423. [Google Scholar] [CrossRef] [PubMed]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijms-23-00640


  
    		
      ijms-23-00640
    


  




  





media/file0.png





