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Supplementary Table S7.4: References legend for figure 7

	Reference Number 
	Reference Details 
	Reference Number 
	Reference Details 

	1 
	(Clayer and Bruckner, 2000) 145
	23 
	(Boyde and Hobdell, 1968) 146

	2 
	(Blaise et al., 2005) 147
	24 
	 32 (Reference from Manuscript)

	3 
	(Arnett et al., 2003) 148
	25 
	 32 (Reference from Manuscript)

	4 
	(Chen et al., 2007) 149
	26 
	(Nussinovitch, 2017) 150

	5 
	(Vince et al., 2009) 151
	27 
	(Medici et al., 2010) 152

	6 
	(Tyagi et al., 2014) 153
	28 
	(Lu et al., 2000) 154

	7 
	(Italiano Jr et al., 2010) 155
	29 
	(Lumeng and Li, 1974) 141

	8 
	(Dmitrieva and Burg, 2014) 156
	30 
	(Carmel et al., 1988) 157

	9 
	(De Vernejoul et al., 1984) 158
	31 
	(Holstein et al., 2009) 159

	10 
	(Nishikawa et al., 2015) 160
	32 
	(Utting et al., 2006) 161

	11 
	(Vaes et al., 2009)162 
	33 
	(Yamamoto et al., 1988) 163

	12 
	(Roman-Garcia et al., 2014) 164
	34 
	(Tsai et al., 2015) 165

	13 
	(Zhou et al., 2014) 166
	35 
	(Takedachi et al., 2012) 167

	14 
	(Stühlinger et al., 2001) 40
	36 
	(Villa et al., 2017) 168

	15 
	(Kasten et al., 1994) 41
	37 
	(Vijayan et al., 2014) 169

	16 
	(Teramachi et al., 2011) 170
	38 
	(Tera et al., 2014) 171

	17 
	(Herrmann et al., 2009) 172
	39 
	(Tyagi et al., 2011)38 

	18 
	(Kerins et al., 2001) 173
	40 
	(Lentz, 2005) 42

	19 
	(Imbard et al., 2015) 174
	41 
	(Piek et al., 1996) 175

	20 
	(Lever et al., 2005) 176
	42 
	(Xiao et al., 2015) 177

	21 
	(Aruwajoye et al., 2015) 178
	43 
	(Baggott and Tamura, 2015) 179

	22 
	(Conn, 2017) 180
	44 
	(Cravo et al., 1996) 37







Supplementary Table S7.5

	Micro-Raman Spectroscopy

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Mineral-Matrix ratio:
decreased (Human) 1

Reduced ostoblastogenesis and function
	Functional implication of SNPs from literature resulting in elevated homocysteine and enhanced osteoclastogenesis (Figure 1D), Pathway annotation analysis of AVNFH patient cartilage transcriptomics showing the involvement of cysteine and homocysteine pathways (Figure 2E) and finally resulting in homocysteine accumulation (Figure 2G), Pathway annotation analysis of Vitamin B6, B12 and folate co-factor dependent protein network showing the involvement of cysteine, homocysteine and one carbon metabolism (Figure 4B and C), Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6B)
Increased homocysteine in AVNFH patients blood plasma (Metabolomics) 1, Homocysteine inhibits differentiation of mesenchymal stem cells (ALP staining, Figure 8C) and mineralization by differentiated osteoblast (Alizarin red staining, Figure 8E), Homocysteine inhibits the process of collagen cross linking by inhibiting the enzyme lysyl oxidase (LOX1) 59

	Carbonate to Phosphate ratio: Increase (Human)
1Carbonate to Phosphate ratio: Increase 178

Increased resorption (Osteoclastogenesis)
	Functional implication of SNPs from literature resulting in elevated homocysteine and enhanced osteoclastogenesis (Figure 1D), Transcriptomics Pathway annotation analysis showing accumulation of homocysteine (Figure 2G), Folate (Figure 2A) and RANKL-RANK signaling (Figure 2H), Proteomics pathway annotation analysis showing the involvement of folate (Figure 3B), Pathway annotation analysis for AVNFH metabolomics showing the involvement of cysteine, methionine and Vitamin B6 metabolism as shown in Table 1, Pathway annotation analysis of Vitamin B6, B12 and folate co-factor dependent protein network showing the involvement of folate and vitamin B12 metabolism Figure 4C). Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6B).

Increased homocysteine with concomitant decrease in Vitamin B6 and B12 in AVNFH patient’s blood plasma (Metabolomics)1, Elevated RANKL in AVNFH patient’s blood plasma (Figure 8G). Homocysteine induces RANKL expression in osteoblasts 32

	CT Scan Human AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Hounds field unit: Low
1

Decreased Bone mineral density also indicative of decreased mineralization and increased bone degradation.
	Functional implication of SNP (rs2200287) in RANKL leading to reduced bone mineral density (Figure 1D), Transcriptomics Pathway annotation analysis showing accumulation of homocysteine (Figure 2G) RANKL-RANK signaling (Figure 2H), Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6B).
Increased homocysteine in AVNFH patient blood plasma as part of metabolomic analysis 1, Elevated RANKL in AVNFH patient blood plasma (Figure 8G), Homocysteine inhibits differentiation of mesenchymal stem cells (ALP staining, Figure 8C) and mineralization by differentiated osteoblast (Alizarin red staining, Figure 8E), Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6C), Homocysteine has been shown to decrese tibial bone mineral density 38 Homocysteine induces increased RANKL expression in osteoblasts 32,  

	Histopathology Human AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Increased number of Empty Lacunae
1
Indicative of loss of osteocytes and death

	Increased homocysteine in AVNFH patient blood plasma as part of metabolomic analysis 1, Elevated RANKL in AVNFH patient blood plasma (Figure 8G), Homocysteine inhibits differentiation of mesenchymal stem cells (ALP staining, Figure 8D) and mineralization by differentiated osteoblast (Alizarin red staining, Figure 8E).

Hyperhomocystenemia induces death of osteocytes 181

	Reverse cement lines
1

Indicative of extensive bone remodelling (Increased osteoclast and osteoblast activity)
	Functional implication of SNPs from literature resulting enhanced osteoclastogenesis (Figure 1D). Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6B)
Elevated levels of CTX, an independent bone resorption marker in AVNFH patient blood sera 1, IHC showing increased osteocalcein staining 1

	           Histopathology in Rat AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Poorly vascularized fibrous marrow in necrotic area 182

Indicative of Hypoxia
	Integration of -Omic analyses showed involvement of HIF-1 signaling in AVNFH as shown in KEGG pathways (Figure 5C), Analysis of integration of various -Omic analyses reveals involvement of Hypoxia (Figure 6C),
HIF-1 alpha (A marker of hypoxia) is increased in its expression in the fibrosis and the interface area which is being repaired, adjacent to necrotic region in AVNFH femoral heads 183.

	Presence of osteoclasts in the eroded bone surfaces

Indicates increased osteoclastogenesis


	 Functional implication of SNPs from literature resulting in elevated homocysteine and enhanced osteoclastogenesis (Figure 1D), Transcriptomics Pathway annotation analysis showing accumulation of homocysteine (Figure 2G), Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6B).
Increased homocysteine in AVNFH patient blood plasma 1,  Homocysteine induces increased RANKL expression in osteoblasts 32, Elevated RANKL in AVNFH patient blood plasma (Figure 8G),

	
Histology Human AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Presence of pronouncedly higher intravascular lipid content and small vessel wall thickening in AVNFH femoral heads. 184
Indicative of Coagulation and Vasconstriction
	Functional implication of SNPs from literature resulting enhanced vasoconstriction (Figure 1D), Pathway annotation analysis of AVNFH SNP genes showing angiogenesis and endothelin pathways (Figure 1A) and AVNFH patient bone tissue proteomics showing complement and coagulation cascades (Figure 3C), Analysis of integration of various -Omic analyses reveals involvement of increased Coagulation and Vasoconstriction (Figure 6D)
Elevated levels of blood sodium in AVNFH patients 1 contributing to hypercoagulability 1561Presence of anticardiolipin antibodies in the blood of AVNFH patients having antiphospholipid syndrome  185 Elevated levels of Von Willebrand factor, a clotting protein was seen in the blood plasma of AVNFH patients 47, Presence of 2.3 fold higher microparticles seen in AVNFH patients having sickle cell anemia 16.

	Immunohistochemistry Human AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Osteocalcein staining: High 1

Indicates excessive bone remodelling
	Pathway annotation analysis of AVNFH SNP genes showing the involvement of BMP6 in endochondral ossification (Figure 1A), Analysis of integration of various -Omic analyses reveals involvement of increased Endochondral ossification (Figure 6A)
Increased expression of bone morphogenetic proteins (BMP2, 4, 6 and 7) in osteoclasts generated using co-culture of mouse bone marrow cells and mouse calvarial osteoblasts. 186

	                                             Immunohistochemistry Human AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	RANK and RANKL staining: High in AVNFH
13

Increased osteoclastogenesis
	 Transcriptomics Pathway annotation analysis showing RANKL-RANK signaling (Figure 2H), Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6B), Elevated RANKL in AVNFH patient blood plasma (Figure 8G)

	ALP staining: Low
13

Reduced ostoblastogenesis and function
	 Homocysteine inhibits differentiation of mesenchymal stem cells (ALP staining, Figure 8D) and mineralization by differentiated osteoblast (Alizarin red staining, Figure 8E).

	TRAP staining: High
13

Indicative of increased osteoclastogenesis
	 Functional implication of SNPs from literature resulting enhanced osteoclastogenesis (Figure 1D). Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6B), Elevated levels of CTX, an independent bone resorption marker in AVNFH patient blood sera 1

	RUNX2, BMP2, BMP7 and OPG staining: High in sclerotic region  13
Low BMP2 and high BMP7 in necrotic region

Indicative of increased mineralization
	 Observation of high HU value for 1/6 of AVNFH patient bone as there were lots of sclerotic areas observed in the observed AVNFH patient bone 1

	
                                                  Immunohistochemistry Human AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Factor VIII staining: Undistinguishable in AVNFH femoral heads
187

Indicative of Coagulation and Vasoconstriction
	Functional implication of SNPs from literature resulting enhanced vasoconstriction (Figure 1D), Pathway annotation analysis of AVNFH SNP genes showing angiogenesis and endothelin pathways (Figure 1A) and AVNFH patient bone tissue proteomics showing complement and coagulation cascades (Figure 3C), Analysis of integration of various -Omic analyses reveals involvement of increased Coagulation and Vasoconstriction (Figure 6D)
Elevated levels of blood sodium in AVNFH patients 1 contributing to hypercoagulability 156 1Presence of anticardiolipin antibodies in the blood of AVNFH patients having antiphospholipid syndrome  185 Elevated levels of Von willebrand factor, a clotting protein was seen in the blood plasma of AVNFH patients 47, Presence of 2.3 fold higher microparticles seen in AVNFH patients having sickle cell anemia 16,

	
   MRI Pig AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Lack of epiphyseal gadolilnium enhancement in all piglet models of AVNH (after 48 hours of induction of AVNFH) 188

Indicates coagulation and vasoconstriction
	Functional implication of SNPs from literature resulting enhanced vasoconstriction (Figure 1D).  Pathway annotation analysis of AVNFH SNP genes showing angiogenesis and endothelin pathways (Figure 1A ) and AVNFH patient bone tissue proteomics showing complement and coagulation cascades (Figure 3C), Analysis of integration of various -Omic analyses reveals involvement of increased coagulation and vasoconstriction(Figure 6D)
Presence of anticardiolipin antibodies in the blood of AVNFH patients having antiphospholipid syndrome 185, Elevated levels of Von willebrand factor, a clotting protein was seen in the blood plasma of AVNFH patients 47, Presence of 2.3 fold higher microparticles seen in AVNFH patients having sickle cell anemia 16

	
        BOLD MRI Human AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	R2*mapping:
Significantly low in AVNFH femoral heads
50

Indicates coagulation and vasoconstriction
	Functional implication of SNPs from literature resulting enhanced  vasoconstriction (Figure 1D).  Pathway annotation analysis of AVNFH SNP genes showing angiogenesis and endothelin pathways (Figure 1A ) and AVNFH patient bone tissue proteomics showing complement and coagulation cascades (Figure 3C), Analysis of integration of various -Omic analyses reveals involvement of increased coagulation and vasoconstriction(Figure 6D)
Elevated levels of blood sodium in AVNFH patients 1 contributing to hypercoagulability 156, Presence of anticardiolipin antibodies in the blood of AVNFH patients having antiphospholipid syndrome 185, Elevated levels of Von willebrand factor, a clotting protein was seen in the blood plasma of AVNFH patients 47, Presence of 2.3 fold higher microparticles seen in AVNFH patients having sickle cell anemia 16

	
      MRI Piglet AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	Low resolution T1W imaging reveals abnormally thickened   cartilaginous epiphysis 189

Indicative of cessation of endochondral ossification
	Pathway annotation analysis of AVNFH SNP genes showing the upregulation of BMP6, TGFB1 and RUNX2 in endochondral ossification (Figure 1A), Analysis of integration of various -Omic analyses reveals involvement of endochondral ossification (Figure 6A)

	High resolution T2W mapping revealed an absence of trilaminar signal pattern in ischemic cartilagionous epiphysis
189

Indicative of altered collagen fiber orientation and concentration
	Pathway annotation analysis of AVNFH SNP genes showing activation of matrix metalloproteinases (Figure 1C), Increased expression of MMP2 and MMP7 in necrotic region of AVNFH femoral heads leading to destruction of collagen matrix 190
Presence of disrupted lamellar plates containing disorganized collagen bundles 1.  Homocysteine inhibits the process of collagen cross linking by inhibiting the enzyme lysyl oxidase (LOX1) 59










	
MRI Human AVNFH bone

	Parameter and its inference
	Description of Molecular signatures correlating with the inference of the parameters

	[bookmark: ZOTERO_ITEM_CSL_CITATION_{"citationID":"]Bone resorption in AVNFH seen as early as in Stage 1 and also in later stages of AVNFH through MRI 191, 192



Indicative of Osteoclastogenesis
	Functional implication of SNPs from literature resulting in elevated homocysteine and enhanced osteoclastogenesis (Figure 1D), Transcriptomics Pathway annotation analysis showing accumulation of homocysteine (Figure 2G), Folate (Figure 2A) and RANKL-RANK signaling (Figure 2H), Proteomics pathway annotation analysis showing the involvement of folate (Figure 3B), Pathway annotation analysis for AVNFH metabolomics showing the involvement of cysteine, methionine and Vitamin B6 metabolism as shown in Table 1, Pathway annotation analysis of Vitamin B6, B12 and folate co-factor dependent protein network showing the involvement of folate and vitamin B12 metabolism Figure 4C). Analysis of integration of various -Omic analyses reveals involvement of increased Osteoclastogenesis (Figure 6B).

Increased homocysteine with concomitant decrease in Vitamin B6 and B12 in AVNFH patient’s blood plasma (Metabolomics)1, Elevated RANKL in AVNFH patient’s blood plasma (Figure 8G). Homocysteine induces RANKL expression in osteoblasts 32,





Supplementary Table S7.6
	Sl No. as in Figure
	Enriched Disease Term
	AVNFH Comorbidities from literature
	Reference

	1
	Microangiopathy
	Thrombotic microangiopathy associated with primary antiphospholipid syndrome
	193

	2
	Bone necrosis
	Necrosis of bone associated with AVNFH
	1

	3
	Aneurysm
	metaphyseal aneurysmal bone cyst
	194

	4
	Pulmonary Embolism
	pulmonary diseases
	195

	5
	Diabetic Angiopathies
	Diabetes
	196

	6
	Thrombophilia
	Heritable Thrombophilia-Hypofibrinolysis
	197

	7
	Hyperthyroidism
	Hyperthyroidism
	198

	8
	Cerebrovascular events
	Cardiovascular and Cerebrovascular events associated with AVNFH
	199

	9
	Anemia, Sickle cell
	sickle cell disease
	200

	10
	Eclampsia
	Osteonecrosis associated with pregnancy
	201

	11
	Nephrotic syndrome and Kidney failure
	AVNFH in chronic renal disease
	202

	12
	Homocysteine and Pyridoxine
	Elevated levels of Homocysteine and Low levels of Vitamin B6
	1

	13
	Hemochromatosis
	Hemochromatosis
	203









Supplementary Table S7.7
	RANKL Induced Osteoclastogenesis
	RANKL

	Experiment
	Osteoclastogenesis (Vit B6)
	Osteoclastogenesis (Vit B12)
	Osteoclastogenesis (Homocysteine)

	Experimental Groups
	Control
	B6 Depletion
	Control
	B12 Depletion
	Control
	Homocysteine

	Treatment
	Conventional culture Medium
	Vitamin B6 -free medium preconditioned with low Vit B6
	Conventional Culture Medium
	Vitamin B12 -free medium preconditioned with low Vit B12
	Conventional Culture Medium
	Medium with increasing concentrations of Homocysteine

	Observations
	
	Increased Osteoclast Activity
	
	Increased Osteoclast Activity
	
	Increased Osteoclast Activity

	References
	52
	52
	52



	Experiment
	CBS Deficiency Mouse Model
	CBS Gene Knockdown
	Osteoclastogenesis
(ROS)
	Osteoclastogenesis
(N-acetylcysteine)
	Osteoclastogenesis
(Glutathione)

	Experimental Groups
	Mouse models of Cystathionine beta synthase deficiency
	siRNA knockdown of CBS
	Reactive Oxygen Species (ROS)
	N - acetylcysteine
	Glutathione

	Condition
	Extreme and severe homocysteinemia models
	
	
	Supplementation of N-acetylcysteine  antioxidant
	Medium with increasing concentrations of Glutathione

	Observations
	Hyperhomocysteinemia and Osteoporosis phenotype.
	Elevated levels of Reactive Oxygen Species (ROS)
	Enhance osteoclast mediated bone resorption
	Decreases osteoclast differentiation and increases bone mass
	GSH attenuates RANKL-induced Bone resorption and inhibits NF-κB signaling by scavenging intracellular ROS

	References
	204
	205
	206
	207
	68




	Experiment
	Mouse model for MUT
	Mouse model for MUT
	Osteoclastogenesis
(Vitamin B12)

	Experimental Groups
	Mouse model for MUT associated Methylmalonic aciduria
	Mouse model for MUT associated Methylmalonic aciduria
	Vitamin B12 Deficiency

	Observations
	Exhibit hematological abnormalities such as mild macrocytic anemia, as red blood cell counts, hemoglobin and hematocrit were decreased while mean cell volume and cellular haemoglobin content were increased in mutant mice.
	Exhibit low bone mineral density
	Stimulates Osteoclastogenesis via Increased Homocysteine and Methylmalonic Acid

	References
	69
	69
	162



Legends for Supplementary figures and tables:

Supplementary figure S7.1: (A) List of pathways used for subnetwork analysis and their respective subnetworks. (B) Metabolism of amino acids and derivatives network and its subnetworks location (C) Degradation of cysteine and homocysteine, (D) Choline catabolism (Pathway locations from https://reactome.org/)
Supplementary figure S7.2: (A) Metabolism of water soluble vitamins and cofactors and its subnetworks location (B) metabolism of folate and pterines, (C) Vitamin B6 activation (D) Cobalamin metabolism (Pathway locations from https://reactome.org/)
Supplementary figure S7.3: (A) Phase II conjugation network and its subnetwork location(B) Methylation (Pathway locations from https://reactome.org/)
Supplementary Table S7.4: References legend for figure 7
Supplementary Table S7.5: Observations from different imaging techniques and biophysical characterisation techniques correlating with the molecular signatures from the present study.
Supplementary Table S7.6: Reference table for figures 8 A and B for literature validation showing that the Disease terms enriched are risk factors of AVNFH.
Supplementary Table S7.7: Literature mining to see if knock down, knock out, co-factor depletion or supplementing downstream products of CBS could modulate RANKL induced osteoclastogenesis.
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