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ROLE OF PHOSPHATE RESTRICTION IN REGULATING HIPPO AND 

HYPOXIA SIGNALING PATHWAY GENE EXPRESSION DURING BONE 

FRACTURE REPAIR 

 

HANNA MOCHIDA 

ABSTRACT 

 Bone, a hybrid tissue composed of carbonate-rich hydroxyapatite mineral and 

bone matrix proteins, serves various functions including mechanical support, metabolic 

homeostasis, and hematopoiesis. As hydroxyapatite is composed of calcium and 

phosphate, chronic phosphate deficiency or wasting leads to impaired skeletal 

mineralization. Phosphate is essential for mineralization, thus, an important regulator for 

the differentiation of chondrocytes. Previous studies showed hypophosphatemic 

conditions by food intake affect bone fracture healing process. Several recent studies 

implicated the involvement of a set of molecular metabolic/signaling pathways to control 

bone fracture healing process. However, the involvement of HIPPO and hypoxia 

signaling pathways during fracture healing with hypophosphatemic condition is still 

largely unknown. Therefore, the current study was conducted to test the hypothesis 

whether HIPPO and hypoxia signaling pathway is associated with the fracture healing 

process with dietary phosphate restriction.  

In this study, we examine their involvement during fracture healing under control and 

hypophosphatemic conditions and analyze both gene and protein expression by 

quantitative real-time polymerase chain reaction (qPCR) and histological analyses. RNA 
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was isolated, purified, and used for reverse transcription to synthesize cDNA. The cDNA 

was then subjected to qPCR using specific primers for markers related to chondrogenesis, 

osteogenesis, phosphate regulation, HIPPO pathway, and hypoxia. Histological staining 

analyses were performed on femur samples to assess callus tissue formation and collagen 

matrix organization. Safranin-O staining, picro-sirius red staining, and 

immunohistochemical staining were conducted to evaluate cellular and matrix 

characteristics. The results provide insights into the effects of dietary phosphate 

restriction on the expression of key genes, the quality of callus extracellular matrix during 

bone fracture healing, oxidative metabolic collagen gene regulation, and HIPPO 

regulatory activity during bone fracture healing. The qPCR analysis revealed that 

phosphate restriction led to enhanced expression levels of chondrogenesis and 

early/intermediate osteogenesis markers, while late-stage osteogenesis marker expression 

was impaired. Additionally, phosphate restriction showed a differential effect on 

phosphate-regulation markers, inhibiting the expression of fibroblast growth factor 23 

(FGF23) but leaving phosphate regulating endopeptidase homolog, X-linked (Phex), 

essentially unaffected. Furthermore, phosphate restriction markedly inhibited the 

expression levels of HIPPO signaling pathway markers. 

Histological analysis demonstrated that phosphate restriction resulted in disorganized 

chondrocyte zones with more hypertrophic chondrocytes and inhibited collagen matrix 

organization and maturation during bone fracture healing. Immunohistochemical analysis 

revealed reduced immunoreactivity of type I collagen and connective tissue growth factor 

(CTGF) in the phosphate-restricted group compared to the control, indicating impaired 
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bone formation and reduced cellular activity. Other key findings included alterations in 

gene expression profiles, callus tissue formation, collagen matrix organization, and 

protein expression patterns of HIPPO and hypoxia markers during bone fracture healing. 

The findings suggested that phosphate restriction modulates the expression of YAP/TAZ 

target genes, potentially influencing fracture healing outcomes. The study also explored 

the effects of phosphate restriction on hypoxia signaling and collagen matrix quality 

during fracture healing. Overall, the results supported the hypothesis that dietary 

phosphate restriction inhibits the HIPPO and hypoxia signaling pathways, affecting the 

quality of callus extracellular matrix organization and maturation during bone healing. 

Future directions for research include investigating the regulation of collagen-modifying 

enzymes, examining additional YAP/TAZ target genes, and exploring hypoxia-related 

gene expressions to further elucidate the mechanisms underlying the effects of dietary 

phosphate restriction on fracture healing. 
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1 

INTRODUCTION  

	
Bone 

 Bone is a hybrid bio-material, composed of carbonate-rich hydroxyapatite and 

bone matrix proteins, mainly type I collagen matrix. This “hybrid” tissue serves as a 3 

dimensional template for its various functions. The function of bone consists of 

mechanical support, protection of the vital and internal organs, metabolic homeostasis by 

the reservation of ions such as calcium and phosphate, and hematopoiesis. 

Developmentally there are two types of bone formation; intramembranous ossification for 

flat bones and endochondral ossification for long bones. Structurally, bone is further 

classified into cortical and trabecular bone. Bone is composed of cells and extracellular 

matrix like any other connective tissue and all types of bone consist of the same cells and 

matrix contents. The main difference lies in their structure and function with 80-90% of 

cortical bone volume composed of calcified matrix in contrast to trabecular bone which is 

only 15-25% mineralized matrix with the remaining volume composed of bone marrow, 

stromal connective tissues, and blood vessels  (Bilezikian, 2019).  

 
Bone matrix and mineral  

70% of the bone extracellular matrix is composed of inorganic components, and 

30% of organic contents. The inorganic matrix contains hydroxyapatite spindle-like 

crystals Ca10(PO4)6(OH)2, which accounts for 95% of the total minerals and is frequently 

carbonated in humans. The organic matrix contains mostly collagenous proteins, 

predominantly type I collagen (85%) and non-collagenous proteins (15%). In bone 
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matrix, non-collagenous proteins have roles in cell binding, fibrillogenesis, promoting 

and regulating mineralization and crystal growth, and controlling bone resorption 

(Bilezikian, 2019).  

Bone cells 

Bone has three distinct types of cells; osteoblasts that form new bone, osteocytes 

the most abundant cell in bone tissues that regulate bone’s functional activities, and 

osteoclasts which are the bone resorbing cell derived from a hematopoietic origin 

(Sommerfeldt & Rubin, 2001).  

Osteoblasts are mononucleated, cuboidal cells that form bone by producing bone 

matrix components of collagen and ground substances, that subsequently goes through 

mineralization. Osteoblasts are found in clusters along the surface of the bone matrix they 

are secreting which is yet to be calcified. Osteoblasts originate from mesenchymal stem 

cells, such as the osteoprogenitor cells that reside in bone marrow and periosteum. The 

lineage of the stem cells differentiation into osteoblasts is controlled by expression of 

specific genes in a timely manner. Osteoblasts are histologically characterized by a basal 

round nucleus, a prominent Golgi, and abundant endoplasmic reticulum, which reflects 

the fact that these cells are very metabolically active. Osteoblasts not only have this role 

in bone formation, but also participate in regulating the osteoclastgenesis (Bilezikian, 

2019).  

Osteocytes are the most abundant cell in bone, consisting of 90-95% of total bone 

cells, and are considered the terminal differentiated osteoblasts. In comparison to 
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osteoblasts, they contain less organelles and are therefore smaller. Osteocytes are located 

in lacunae, where a calcified bone matrix surrounds them. As a result of their location 

inside the bone matrix and its cytoplasmic processes called canaliculi, osteocytes have a 

mechanosensory and regulatory function in controlling bone mass (Dallas, Prideaux, & 

Bonewald, 2013).  

 Osteoclasts specialize in bone resorption and are derived from mononuclear cells 

of the hematopoietic stem cell lineage. It is known that their cell differentiation is 

stimulated by osteoprogenitor cells, such as osteoblasts, and osteocytes, and terminally 

differentiated into giant multinucleated cells (Boyle, Simonet, & Lacey, 2003). 

Osteoclasts are found at active bone-remodeling sites within Howship’s lacunae. 

Osteoclasts have morphological characteristics consisting of multiple nuclei, primary and 

secondary lysosomes, endoplasmic reticulum, prominent Golgi, and a ruffled border 

which is adjacent to the bone surface. For the purpose of degrading calcified bone, 

osteoclasts produce proteolytic enzymes and hydrogen ions to create an acidic 

environment for these enzymes to function (Holtrop & King, 1977; Vaananen, Zhao, 

Mulari, & Halleen, 2000).  

 
Bone development and formation  

Bone development occurs by two mechanisms (Bilezikian, 2019; Sommerfeldt & 

Rubin, 2001): intramembranous ossification and endochondral ossification. During 

intramembranous ossification, a group of mesenchymal cells differentiate directly into 

preosteoblasts, and then consequently to osteoblasts. These cells create a woven bone that 

is characterized by collagen bundles and randomly distributed calcification patches. 
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Mesenchymal cells differentiate at the periphery and blood vessels merge which forms 

hematopoietic bone marrow. This woven bone undergoes a remodeling process and is 

replaced by mature lamellar bone (Percival & Richtsmeier, 2013).  

During endochondral ossification, bone formation is initiated when mesenchymal 

cells condense and cluster, which differentiate into chondrocytes, or cartilage cells. The 

cells at the periphery form the perichondrium, which is the primary ossification center. 

The chondrocytes in the cartilage proliferates and forms the matrix, which is composed of 

type II collagen and aggrecan. Then, the chondrocytes in the cartilage become 

hypertrophic and cease proliferation, and produce type X collagen. They also secrete 

vascular endothelial growth factors (VEGF) which initiate the invasion of the blood 

vessels with osteoclasts. Mineralization occurs by perichondrial cells differentiating to 

osteoblasts, forming bone collars (Kronenberg, 2003; Ortega, Behonick, & Werb, 2004).  

Through continuous chondrocyte proliferation, the cartilage mold increases 

further in length, which is primarily controlled by hypertrophic chondrocyte production. 

When the chondrocytes at specific places within growth plates cease proliferation and 

differentiate to mature hypertrophic chondrocytes, secondary ossification centers are 

formed. As the hypertrophic chondrocytes begin to attract the invasion of blood vessels, 

osteoclasts with the differentiated osteoblasts degrade the calcified cartilage matrix that is 

replaced by the trabecular bone matrix. Hypertrophic chondrocytes then undergo 

apoptosis. With the growth of long bones, chondrocytes proliferate between the primary 

and secondary ossification centers, and the cartilage at this time is called the growth plate 

or epiphyseal plate (Kronenberg, 2003). This growth plate is composed of three distinct 
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zones of cells: round periarticular chondrocytes in the resting zone, flat-forming 

chondrocytes in the proliferation zone, and hypertrophic chondrocytes in the hypertrophic 

zone (Kobayashi et al., 2005).  

 

Bone fracture healing 

Bone loss, as a result of osteoporosis, is one of the major health threats to our 

aged society. Worldwide, approximately one in three women and one in five men over 50 

years old are expected to suffer from osteoporosis-related fractures in their lifetime 

(Sozen, Ozisik, & Basaran, 2017). Shi et al. reported “2 million fractures related to 

osteoporosis occurred in 2005 and that 3.5 million osteoporotic fractures will occur in 

2025. The associated costs of these osteoporotic fractures were estimated to be $19 

billion in medical costs in 2005, with an anticipated increase to $25.3 billion in 2025 

(Shi, Foley, Lenhart, & Badamgarav, 2009)”. Therefore, to understand bone fracture 

healing processes at the cellular and molecular levels, intensive research has been 

conducted in human clinical studies and animal fracture healing models. 

Bone is one of the few unique tissues that undergo regeneration in which both the 

original cell types and tissue structure are truly regenerated using the embryological 

mechanism that formed the initial tissue. The bone fracture healing process requires 

orchestrated cellular activities where several cell types are involved including immuno-

inflammatory cells, chondroprogenitors, osteoprogenitors, chondrocytes, osteoblasts and 

osteoclasts. Despite the timing of repair/regeneration being different, the previous report 

using mouse callus tissues showed that similar transcriptomic activities to human stem 
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cells were observed during the experimental bone fracture healing process (Bais et al., 

2009). As the repair process is accelerated in smaller animals, the rodent fracture/surgical 

model has been widely used to study the mechanism of experimental bone repair/healing 

processes (Bonnarens & Einhorn, 1984).  

Primary or direct fracture healing and secondary or indirect fracture healing are 

the two major bone fracture healing types. Primary fracture healing is uncommon and 

occurs without displacement of bone fragments. The fracture site is bridged by the 

Haversian system with little or no inflammatory response. The healing process is slow, 

taking a few months to a few years to achieve complete healing (Marsell & Einhorn, 

2011). Secondary fracture healing is more common and generally has the following four 

sequential stages; (a) initial injury, (b) endochondral formation, (c) primary bone 

formation and (d) secondary bone formation. Figure 1 shows the schematic summary, 

which illustrates these four stages during bone fracture healing and their associated gene 

expression levels.  
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Figure 1.  Four phases of fracture healing associated with their gene expression.  

Fracture healing processes include four stage-biological phases that are also associated 

with four main tissue events: inflammation, periosteal response, cartilage resorption, and 

coupled remodeling. The relative levels of each gene expression examined by the 

Gerstenfeld laboratory are expressed by three line widths. Figure taken from Gerstenfeld 

et al., 2003 (Gerstenfeld, Cullinane, Barnes, Graves, & Einhorn, 2003). 
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This fracture healing type involves immunological response to the injury followed 

by tissue anabolic and catabolic events. As the initial injury response to a bone fracture 

occurs in the bone marrow space, the blood supply is disrupted at the defect and 

hematoma forms near the disjunction (Einhorn, 1995). As a bone fracture causes acute 

inflammation, pro-inflammatory cytokines are produced including TNF-alpha, IL-1, and -

6, which leads to further recruitment of immuno-inflammatory cells from hematopoietic 

origin such as macrophages, monocytes, polymorphonuclear neutrophils (PMNs) and 

lymphocytes. As the fracture healing process progresses, necrotic cells and tissue debris 

removal occurs mainly by PMNs and M1 macrophages. During the resolution of acute 

inflammation, macrophages are shifting their phenotype to M2 and anti-inflammatory 

cytokines such as IL-4, -10, and -13 are produced (Maruyama et al., 2020). Local 

cytokines such as TNF-alpha and stromal cell-derived factor 1 (SDF1) then work together 

with pro- and anti- inflammatory cytokines and several growth factors such as TGF-beta, 

BMPs and vascular endothelial growth factor (VEGF) to initiate a reparative 

fibrocartilaginous tissue formation (Maruyama et al., 2020).  

Periosteum is considered as a well-vascularized connective tissue covering the 

cortical bone’s outer surface. There are two layers, one is an outer, fiber-rich layer that 

contains cells (fibroblasts) and Sharpey fibers, allowing it to connect to the underlying 

cortical bone and an inner cambium layer. The cambium layer is enriched with 

mesenchymal stem cells (MSCs) and chondro- / osteo-progenitor cells (Orwoll, 2003). 

The periosteal progenitor cells then respond to the inflammation and undergo the 

chondrogenic differentiation or osteogenic differentiation (Einhorn & Gerstenfeld, 2015). 
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Chondroprogenitor cells are recruited to differentiate into chondrocytes which facilitate 

the endochondral bone formation. This occurs adjacent to the injured site by bone 

fracture where partial pressure of oxygen is low and the surrounding tissue is hypoxic, 

while osteoprogenitor cells are recruited and differentiate into osteoblasts, facilitating the 

intramembranous bone formation process. This takes place distal to the fracture site 

where intact blood supply remains. Indeed, chondrocytic fetal growth plate is virtually 

avascular and several hypoxia target factors positively regulate early chondrocyte 

differentiation (Provot et al., 2007). As the cell population expands and the 

fibrocartilaginous tissue forms, cross-sectional area and volume of this reparative growth 

are increased, referred to as the soft callus. As the inflammation phase resolves, the repair 

phase overlaps and endochondral bone formation takes place by recruiting bone marrow-

derived MSCs. Similar to the embryological endochondral ossification process, 

chondrocytes are differentiated from the MSCs and proliferating chondrocytes produce 

cartilaginous matrix proteins such as type II collagen. As these chondrocytes further 

undergo cell differentiation and become hypertrophic chondrocytes, upregulation of type 

X collagen, CTGF and matrix metalloproteinase 13 (MMP13) is observed accompanied 

by angiogenic factor (VEGF)-mediated neovascularization tissue remodeling (Ortega et 

al., 2004). Cartilage matrix is subsequently mineralized and finally hypertrophic 

chondrocytes undergo programmed cell death, leading to the vascular invasion and 

osteoblast cell migration. Cartilage matrix subsequently converts to bone matrix, thus 

bony callus is formed. Concomitantly, osteoclast‐driven coupled remodeling occurs and 

this catabolic event enables cross sectional area and volume of callus being decreased. 
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Now, at the late stage of bone fracture healing, newly formed bone is supposed to restore 

its original tissue structure, tissue shape, and mechanical property. Although the process 

is initiated as early as 3–4 weeks in animal and human models, the remodeling may take 

years to be completed to achieve a fully regenerated bone structure (Marsell & Einhorn, 

2011). Figure 2 shows histological images at various stages of bone fracture healing. 
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Figure 2.  Stages of fracture repair.  The following figure legend was taken from 

Gerstenfeld et al., 2003; “Specimens utilized for histologic analysis came from the 

sagittal plane of a mouse tibia that was fractured in the transverse plane.  Magnification is 

200X.  Safranin O and fast green were the stains used.  A. 24 hours post fracture.  B. 

Preliminary response of the periosteum with endochondral formation 7 days after 

fracture.  Arrows point to vascular ingrowth to fracture site.  C.  Primary bone formation 

14 days following fracture.  Arrows indicate new vascular ingrowth.  Inset shows 

osteoclast resorbing calcified cartilage.  D. 21 days after fracture.  Inset depicts osteoclast 

resorbing primary bone.”  Figure taken from Gerstenfeld et al., 2003 (Gerstenfeld et al., 

2003).   

 
Role of phosphate in mineralization and fracture healing 

Phosphorus is naturally present in many foods. It is found either as phosphates or 

phosphate esters form in many types of foods. Usually in the United States, people take 

more phosphorus than they require through their dietary sources. However, some 

populations such as premature babies, people with certain genetic disorders, and with 

severe malnutrition, have insufficient anount of phosphorus. Although examination of 

phosphorus amount is atypically, phosphate can be measured in both serum and plasma, 

where about 55 % is in a free phosphate form, 35 % is combined with small cations, and 

10 % is in a protein-bound form. In adults, phosphate concentation in serum or plasma 

ranging from 2.5 to 4.5 mg/dL (0.81 to 1.45 mmol/L) is considered as normal (Liamis, 

Milionis, & Elisaf, 2010). Since hydroxyapatite is composed of calcium and phosphate, 
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chronic phosphate deficiency or wasting results in impaired bone mineralization often 

seen in rickets, and osteomalacia (Michigami & Ozono, 2019). 

A condition with serum phosphate concentration above the higher end of the standard 

values is considered hyperphosphatemia. It was reported that treatment of an elevated 

level of inorganic phosphate induces apoptosis in chicken hypertrophic chondrocytes in 

vitro (Mansfield, Rajpurohit, & Shapiro, 1999; Pucci et al., 2007). Furthermore, 

experimental phosphate addition to primary hypertrophic chondrocyte culture led to 

activation of caspase-9, a mediator of the mitochondrial apoptotic pathway (Sabbagh, 

Carpenter, & Demay, 2005). On the other hand, a condition with serum phosphate 

concentration below the lower end of the standard values is considered 

hypophosphatemia, which can be acute or chronic. Certain conditions such as alcoholism, 

sepsis, or patients in intensive care units (ICUs), may induce actute hypophosphatemia 

and the incidence varies 30 – 50 %. In choronic hypophospatemic conditions, young 

patients manifest abnormal growth and rickets, while adult patients show osteomalacia, 

due to genetic or acruired phosphate-wasting diseases (Felsenfeld & Levine, 2012). 

Using a mouse model of a rare genetic disease, X-linked hypophosphatemia (Hyp 

mouse), or an experimentally induced hypophosphatemia by low-phosphate/high-calcium 

diet, the study showed the reduction of active caspase-3 positive hypertrophic 

chondrocytes in vivo (Sabbagh et al., 2005). This observation is consistent with the 

results by enhanced apoptosis with phosphate treatment in hypertrophic chondrocytes in 

vitro (Mansfield et al., 1999; Pucci et al., 2007). Histological analysis using Hyp mouse 

showed that a hypertrophic chondrocyte layer of the growth plate was significantly 
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increased (Sabbagh et al., 2005). Similarly, the low-phosphate/high-calcium diet-induced 

hypophosphatemia also resulted in a marked expansion of the hypertrophic layer 

(Sabbagh et al., 2005). These observations and findings indicate the crucial role of 

phosphate either induced by diet or genetically on chondrocyte cellular function.      

It is well accepted that phosphate is essential for mineralization, thus, an 

important regulator for the differentiation of chondrocytes. Moreover, recent studies 

indicate how hypophosphatemic condition by food intake affects the fracture healing 

process. Prior studies from our laboratory demonstrated that hypophosphatemia by low-

phosphate diet is associated with the impaired bone healing that was in part mediated by 

altering chondrocyte differentiation via their impaired BMP-2 signaling (Wigner et al., 

2010). Several recent studies also implicated the involvement of a set of molecular 

circadian rhythm genes, as it was known that skeletal tissues exhibit a robust circadian 

clock expression and that the metabolic functions of bones are regulated in a circadian 

fashion (Aoyama & Shibata, 2017; Zvonic et al., 2007). Notably, growth plate tissues 

including chondrocyte layers exhibited a marked expression level of circadian clock 

genes and their oscillation was regulated by PTH directly (Kunimoto et al., 2016; Okubo 

et al., 2013). The transcriptomic analysis was perfomed using the mouse callus tissues 

with a normal amount of phosphate containing diet and phosphate restricted diet. The 

study revealed that the expression levels of major transcription factor genes involved in 

circadian rhythm molecular pathways were highly elevated in mice with phosphate 

restriction. Interestingly, their higher expression levels were reversed and comparable to 

those with a normal diet following a change back to normal phosphate diet, although the 
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course of PTH expression in serum was essentially unchanged (Noguchi et al., 2018). 

Further analysis using mouse fracture callus tissues showed that mitochondrial 

dysfunction and oxidative phosphorylation, and that circadian rhythm and phosphate 

restriction appeared to regulate canonical apoptosis pathways (Noguchi et al., 2018), 

indicating that dietary phosphate controls the cell fate of chondrogenic stem cells located 

at the resting zone and also apoptosis possibly by regulating circadian rhythm gene 

function. Furthermore, a more recent study reported the transcriptomic analysis of the 

callus tissues after fracture healing using mice with a normal diet and phosphate 

restricted diet (Hussein et al., 2023). The results demonstrated that genes associated with 

mitochondrial oxidative phosphorylation pathway and multiple intermediate metabolism 

pathways were regulated by systemic phosphate restriction regardless of genetic 

background (Hussein et al., 2023). The C3H10T1/2 murine pluripotent stem cells were 

cultured and maintained either with normal phosphate concentration or 25% of phosphate 

concentration, and the effect of BMP-2 treatment was assessed on DNA content, protein 

content, hydroxyproline content, chondrogenic gene expression, ATP production, and 

oxygen consumption. Under a reduced phosphate level in the cultured media, BMP-2 

failed to increase only aggrecan gene expression, while all other metabolic activities were 

unchanged (Hussein et al., 2023), indicating other intracellular signaling pathway(s) may 

directly regulate mitochondrial function. In this study, we expand on our prior work and 

examine two of the signaling processes, HIPPO and HIF1α (Koo & Guan, 2018; Y. Li, 

Yang, Qin, & Yang, 2021; Sivaraj et al., 2020) that we had identified in our 

transcriptomic analysis. The current study was conducted to test the hypothesis whether 
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HIPPO and hypoxia signaling pathway is associated with the fracture healing process 

with dietary phosphate restriction. We examine their involvement during fracture healing 

under control and hypophosphatemic conditions and analyze both gene and protein 

expression of both direct mediators of their activity and down stream targets that are 

regulated by their activities. 
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MATERIALS AND METHODS 
 

 
Quantitative Real-Time Polymerase Chain Reaction (qPCR) 

Synthesis of cDNA 

RNA used in this study was previously isolated, purified and assessed for 

intactness as previously reported (Noguchi et al., 2018). One μg of the total RNA from 

each time point sample was used for reverse transcription (RT) using the TaqMan 

Reverse Transcription Reagents (Applied Biosystems) to synthetize the first-strand 

cDNA as follows: 1 μg of the isolated RNA was prepared and RNase free water was 

added up to 10.4 μl. The reverse transcription reagents were prepared by mixing 10X RT 

Buffer, 25mM MgCl2, 10mM dNTP (2.5mM each), RNase inhibitor, Taqman reverse 

transcriptase, and random hexamers. Nineteen point six μl of the RT-PCR reagents were 

mixed with the 10.4 μl of each RNA sample, making up a total volume of up to 30 μl. 

The RNA and reverse transcription reagents mixture samples were incubated as follows; 

25 °C for 10 minutes, 37 °C for 1 hour, 95 °C for 5 minutes, and held at 4 °C. The newly 

synthesized cDNA samples were then diluted with RNase free water at a ratio of 1:50 and 

stored at -20 °C until use.  

 

Quantitative Real-Time PCR (qPCR) 

The synthetized cDNA was used as a template for qPCR. The qPCR was 

performed in duplicate with Taqman MGB expression assays (Applied Biosystems) using 

an ABI 7700 Sequence Detector (Applied Biosystems). Ten μl of the Universal Master 

Mix (Applied Biosystems Cat# 4304437) and 1 μl of the primer-probe set were used to 
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make the primer-probe/master mix for each well. For each of the 96-well qPCR plates, 9 

μl of the diluted cDNA and 11 μl of the primer-probe/master mix were used to make a 

total volume of 20 μl per well. The 96-well plate was covered with a clear film (Applied 

Biosystems Cat# 4306311). To get rid of bubbles, the 96-well plate was was centrifuged 

at 1500 rpm for 2 minutes. The qPCR cycle condition was programmed as follows: 50 °C 

for 2 minutes, 95 °C for 10 minutes, 95 °C for 15 seconds, 60 °C for 60 seconds, and 

repeated the cycle for 40 times.   

The specific primers-probes for mouse osteogenesis, chondrogenesis, phosphate-

regulation, HIPPO pathway and hypoxia markers were used and the relative expression 

level of each marker was normalized to that of 18s rRNA in the same sample. The 

chondrogenic differentiation was examined by examining the expression level of 

aggrecan (Acan). The osteoblast differentiation was evaluated by assessing the 

expression levels of the following markers: bone gamma-carboxyglutamate protein 

(BGLAP), bone sialoprotein (BSP) and collagen type 1 alpha 2 chain (Col1a2). The 

phosphate-regulating gene expression was investigated using the following markers: 

fibroblast growth factor 23 (FGF23) and phosphate regulating endopeptidase homolog, 

X-linked (Phex). The HIPPO pathway gene expression was investigated using the 

following markers: transcriptional coactivator with PDZ-binding motif (Taz), connective 

tissue growth factor (CTGF) and matrix metalloproteinase 16 (mmp16). The hypoxia 

gene expression was investigated using the following markers: hypoxia-inducible factor 

1-alpha (Hif1-alpha/Hif1a) and prolyl 4-hydroxylase subunit alpha-2 (P4ha2). 
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Histological staining analyses 

Microscopy was carried out on Olympus BX51 (Olympus America, Inc., Center 

Valley PA) with the 4 X, 10 X and 20 X objectives. Digital images were captured and 

analyzed using the cellSens Dimension software (version 4.1.0.0, Olympus America). 

Safranin-O staining 

Mouse femur samples from the phosphate restricted group and control group at 

day 10 and 21 were collected and sections from each group at each time point was 

prepared. At least three slides containing 5 sections per slide for each group were used for 

the following staining analysis. Sections were de-paraffinized with xylene three times for 

10 minutes each, and rehydrated with a series of ethanol gradually (100 % ethanol for 5 

minutes, 100 % ethanol for 2 minutes, 95 % ethanol for 2 minutes, and 75 % ethanol for 

2 minutes), slides were then placed in distilled water for 5 minutes and blotted on paper 

towel. Sections were stained with Gill No.2 hematoxylin for 1 minute and washed in 

distilled water at least four times until the water became clear and flowed by blotting on a 

paper towel. Slides were immersed in fast green for 8 minutes followed by rinsing with 

1% acetic acid solution for 10 seconds. Slides were futher immersed in 0.1 % safranin-O 

for 10 minutes followed by redydration with 95 % and 100 % ethanol for 2 minutes each 

and by clearing with xylene twice for 2 minutes each. Stained sections were 

photographed for analysis. 
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Picro-sirius red staining 

The sections from the phosphate restricted group and control group at day 10 and 

21 were prepared. Three slides containing 5 sections for each group were used for the 

following staining analysis. Sections were de-paraffinized with xylene three times for 10 

minutes each, and rehydrated with a series of ethanol gradually (100 % ethanol for 5 

minutes, 100 % ethanol for 2 minutes, 95 % ethanol for 2 minutes, and 75 % ethanol for 

2 minutes), slides were then placed in distilled water for 5 minutes and blotted on paper 

towel. Samples were immersed in Picro Sirius Red Solution (Abcam, Cat# ab150681) for 

60 minutes. Sections were rinsed with 0.5% acetic acid twice, rinsed with 100 % alcohol 

for 5 minutes, dehydrated with absolute alcohol for 5 minutes twice and then mounted 

using Permount mounting medium. Samples were observed using a polarization filter.  

 

Immunohistochemical staining analysis  

The sections from the phosphate restricted group and control group at day 10 and 

21 were prepared. Three slides containing 5 sections for each group were used for the 

following staining analysis. Sections were de-paraffinized with xylene three times for 10 

minutes each, and rehydrated with a series of ethanol gradually (100 % ethanol for 5 

minutes, 100 % ethanol for 2 minutes, 95 % ethanol for 2 minutes, and 75 % ethanol for 

2 minutes). Slides were placed in PBS for 5 minutes and blotted on paper towel. Antigen 

retrieval was performed by using a pH 9.0 Tris-based antigen unmasking solution (Vector 

Laboratories, Cat# H-3301). The Tris buffer was heated for 30 seconds at a time in a 

microwave until the solution reached a temperature of 95 °C. After reaching 95 °C, the 
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slides were placed into the glass jar and left to cool to room temperature. The slides were 

washed three times in PBS for 10 minutes each wash. The slides were incubated in 

BLOXALL Blocking Solution (Vector laboratories, Cat# SP-6000) for 10 minutes to 

quench endogenous peroxidase activity.  Sections were washed with PBS for 5 minutes, 

and then incubated with 2.5 % of normal horse serum for 20 minutes, followed by a 30 

minute incubation with the primary antibody diluted in buffer containing 1.5 % blocking 

serum. Primary antibodies used in this study are; anti-collagen type I antibody 

(Proteintech, 14695-1-AP) and anti-CTGF antibody (PA5-32193, Invitrogen). sections 

were washed with PBS for 5 minutes, and then incubated for 30 minutes with the 

Biotinylated Universal Secondary Antibody. Sections were washed with PBS for 5 

minutes, and incubated for 30 minutes with the R.T.U. VECTASTAIN Elite ABC-HRP 

Reagent (Vector laboratories, Cat# PK-7100). Sections were washed with PBS, and 

incubated in a peroxidase substrate solution until the desired immunoreactive intensity 

was developed. Sections were rinsed with PBS, counter-stained with hematoxylin, and 

mounted with Permount mounting medium. 
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RESULTS 

 

In order to examine how dietary phosphate restriction altered oxidative metabolic 

collagen gene regulation and HIPPO regulatory activity, two approaches were used. In 

the first set of studies, we examined mRNA expression for a series of genes associated 

with these three molecular functions. In the second part of our studies, we used 

histological and immunohistological approaches to examine aspects of collagen matrix 

synthesis and HIPPO regulatory activity. 

 

qPCR analysis 

 To investigate the gene expression of various markers in the femur tissues, qPCR 

was performed (Figures 3-6).  

The expression levels of a chondrogenesis marker including aggrecan (ACAN) and 

osteogenesis markers including collagen type 1 alpha 2 chain (Col1a2), bone sialoprotein 

(BSP), and bone gamma-carboxyglutamate protein (BGLAP) were first investigated 

(Figure 3). In the normal diet (control) group, the expression of ACAN was increased, 

reached to a highest level at day 7, and was decreased to a baseline at day 18, while in the 

phosphate restricted (Pi) group, the expression was markedly increased, reached to a 

highest level (~ 3 fold higher than the control) at day 10, and was decreased to a baseline 

at day 21. The expression of Col1a2 in the control group showed a higher baseline level 

at day 3, was decreased at day 10, and exhibited a biphasic peak at days 14 and 35, while 

in the Pi group, the expression was markedly increased from the zero baseline, reached to 
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a highest level at day 7 (~1.75 fold higher than the highest level in the control), and 

decreased at day 14. The expression of BSP in the control group was increased, reached 

to a highest level at day 10, and was decreased to a baseline at day 18, while in the Pi 

group, the expression exhibited a biphasic peak at days 7 and 14 with a higher peak at 

day 14, and decreased to a baseline at day 21. The expression of BGLAP in the control 

group exhibited a biphasic peak at days 14 and 21 with a higher peak at day 14, and 

decreased to a baseline at day 35, while in the Pi group, the expression started increasing 

at day 7, had a modest peak at day 10 (~1/3 fold of the highest level in the control), and 

decreased to a baseline at day 14.     

The results indicate that phosphate restriction enhanced the levels of a 

chondrogenesis (ACAN) and early/intermediate osteogenesis (Col1a2 and BSP) marker 

expression, while the expression level of the late stage osteogenesis marker (BGLAP) 

was markedly impaired. 
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Figure 3. qPCR analysis: Chondrogenesis and osteogenesis markers. The graphs 

above show the temporal gene expression profiles of a gene associated with 

chondrogenesis (ACAN) and of three genes with osteogenesis (Col1a2, BSP, and 

BGLAP). Note that the black line indicates the profile with phosphate restricted diet 

while the dotted line with a normal diet. 
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The expression levels of phosphate-regulation markers including FGF23 and Phex were 

investigated (Figure 4). In the control group, the expression of FGF23 was markedly 

increased, reached to a highest level at day 5 (~2.5-3 folds higher than other two peaks in 

the control), was decreased to a baseline at day 10, and exhibited a biphasic peak at days 

14 and 35, while in the Pi group, the expression remained at a minimum level throughout 

the time points tested. The expression of Phex in the control group exhibited a broader 

peak starting an increase at day 5, reached to highest levels at days 10-14, and was 

decreased to a baseline at higher baseline at day 21, while in the Pi group, the expression 

profile was almost similar to that of the control, showing a broader peak at days 14-18, 

and decreased to a baseline at day 35.  

The results indicate that phosphate restriction showed a differential effect on the 

phosphate-regulation markers tested, i.e. the expression of FGF23 was markedly 

inhibited, while that of Phex was essentially unaffected.   
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Figure 4. qPCR analysis: Phosphate-regulation markers. The graphs above show the 

temporal expression profiles of two phosphate-regulation genes (FGF23 and Phex). Note 

that the black line indicates the profile with phosphate restricted diet while the dotted line 

with a normal diet.  

 

The expression levels of HIPPO signaling pathway markers including TAZ, mmp16, and 

CTGF were investigated (Figure 5). In the control group, the expression of TAZ was 

markedly increased, when it reached to its highest level at day 5 (~4.5 folds higher than 

the Pi), was decreased closer to a baseline at days 7-10, while in the Pi group, the 

expression remained at a minimum level throughout the time points tested. The 

expression of mmp16 in the control group exhibited a higher baseline level than the Pi 

group with a highest peak at day 14, while in the Pi group, the expression remained a 

higher baseline similar to that of the control with no distinct peak of the expression 
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throughout the time points tested. The expression of CTGF in the control group was 

markedly increased at its highest level at day 7 (~2.3 folds higher than the Pi), followed 

by a decrease closer to the baseline at day 10. In the Pi group, the initial expression level 

at day 3 was ~2 folds higher compared to the control, however, the expression decreased 

at day 5 and remained at a minimum level thereafter. 

The results indicate that phosphate restriction markedly inhibited the expression 

levels of HIPPO signaling pathway markers used in this study.  
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Figure 5. qPCR analysis: HIPPO signaling pathway markers. The graphs above show 

the temporal expression profiles of three HIPPO signaling pathway-associated genes 

(Taz, mmp16 and CTGF). Note that the black line indicates the profile with phosphate 

restricted diet while the dotted line with a normal diet.  

 

The expression levels of hypoxia markers including hypoxia-inducible factor 1-alpha 

(Hif1α) and prolyl 4-hydroxylase subunit alpha-2 (p4ha2) were investigated (Figure 6). 

In the control group, the expression of Hif1α showed multiple peaks at day 3, 7, 14 and 

35, while the Pi group showed one large peak at day 7. The expression of p4ha2 in the 

control group exhibited increased expression at day 3, followed by decreased expression 

at day 7, that then increased again at day 10, and decreased closer to a zero baseline 

thereafter. The Pi group showed expression at day 3 that was higher than that of the 

control (~2 folds higher than the control), the expression was then markedly decreased 

closer to a zero baseline, and increased to exhibit a broader peak at days 7-18, and was 

decreased closer to a zero baseline at days 21 and 35. 

The results indicate that phosphate restriction showed a differential effect on the 

hypoxia markers tested, i.e. the expression of Hif1α was modestly inhibited, while that of 

p4ha2 appeared to be slightly enhanced.   
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Figure 6. qPCR analysis: Hypoxia markers. The graphs above show the temporal 

expression profiles of two hypoxia-associated genes (Hif1α and p4ha2). Note that the 

black line indicates the profile with phosphate restricted diet while the dotted line with a 

normal diet.   

 

Histological analysis: Safranin-O staining 

Histological examinations of mouse femur with a normal diet (control; left 

panels) and a phosphate restricted diet (Pi; right panels) at day 10 (upper panels) and day 

21 (lower panels) after bone fracture were shown in Figure 7. Sections were stained with 

safranin-O where cartilage/chondrocytes are stained in bright red, while bone is stained in 

pale blue.  

The image from the control group at day 10 after bone fracture demonstrated that 

the callus tissues were occupied with more cartilage matrices (Figure 7, upper left panel) 
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as compared to the Pi group that showed disorganized chondrocyte zones occupied with 

more hypertrophic chondrocytes (Figure 7, upper right panel). 

At day 21 after bone fracture, only a few areas with safranin-O positive 

chondrocyte zones were observed in the control group, and the majority of the callus 

tissue was stained in pale blue/blue, indicating active primary bone formation takes place 

(Figure 7, lower left panel). In the Pi group, most of the safranin-O positive areas 

disappeared and were replaced with the areas with primary bone tissues stained in pale 

blue (Figure 7, lower right panel). 
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Figure 7. Histological examination of mouse femur during fracture healing at day 10 

and 21.  Mice with a normal diet (control) or phosphate restricted diet (Pi) were 

subjected to bone fracture and their femur samples were collected at day 10 and day 21 

after the fracture. Sections were prepared to visualize the transverse plane of the femur 

and stained with safranin-O and fast green.  Scale bar = 100 µm (magnification = 10 X). 

 

Histological analysis: Picro-sirius red staining  

The effect of phosphate restricted diet on collagen organization/maturation during 

bone fracture healing was examined by picro-sirius red staining at the light microscopic 

level. The images of mouse femur with a normal diet (control; Figure 8, left panels) and a 

phosphate restricted diet (Pi; Figure 8, right panels) at day 10 (Figure 8, upper panels) 

and day 21 (Figure 8, lower panels) after bone fracture are shown. Sections were stained 

with picro-sirius red to investigate the organization and directionality of collagen 

matrices and the extent of collagen matrix maturation where mature matrices are 

visualized in bright orange/red, while immature matrices in green/yellow.  

At day 10, the organization of collagen matrix in the control group was uniform 

and colored mainly in red/bright orange (Figure 8, upper left panel), while in the Pi 

group, the collagen matrix was less organized and colored in pale red, yellow and green 

(Figure 8, upper right panel).   

At day 21, the organization of collagen matrix in the control group became more 

organized, showing more uniform collagen fibers with directionality with dark red/bright 

orange color (Figure 8, lower left panel). In the Pi group, the collagen matrix showed 
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discontinuous directionality with thinner collagen fibers colored in red/bright orange 

(Figure 8, lower right panel). These results indicate that phosphate restriction inhibits the 

organization and maturation of collagen matrix during bone fracture healing process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Collagen matrix organization and maturation analyses of mouse femur 

during fracture healing at day 10 and 21. Mice with a normal diet (control) or 

phosphate restricted diet (Pi) were subjected to bone fracture and their femur samples 

were collected at day 10 and day 21 after the fracture. Sections were prepared to visualize 

	

Day 10 (Control) Day 10 (Pi) 

Day 21 (Control) Day 21 (Pi) 
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the transverse plane of the femur and stained with picro-sirius red. The images were 

taken under a polarized microscope. Scale bar = 50 µm (magnification = 20 X). 

 

Immunohistochemical analyses 

Type I collagen staining 

The qPCR analysis showed the temporal upregulation of Col1a2 gene during 

fracture healing in the phosphate restricted group (Figure 3). The immunohistochemical 

analysis using anti-collagen type I antibody was therefore performed using the mouse 

femur sections with a normal diet and phosphate restricted diet at day 10 and day 21 after 

bone fracture. 

At day 10, in the control group, an intense immunoreactivity was observed in the 

area adjacent to the cluster of hypertrophic chondrocytes, indicating active bone 

formation takes place (Figure 9, upper left panel). On the other hand, in the Pi group, the 

extent of immunoreactivity in the area adjacent to the cluster of hypertrophic 

chondrocytes was much lesser than the control (Figure 9, upper right panel). 

At day 21, in the control group, an immunoreactivity was observed on the surface 

and within the newly formed bone matrices (Figure 9, lower left panel), while in the Pi 

group, immunoreactivity observed was limited to the surface of bone matrices (Figure 9, 

lower right panel). 
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Figure 9. Immunohistochemical analysis with anti-collagen antibody during 

fracture healing at day 10 and 21. Mice with a normal diet (control) or phosphate 

restricted diet (Pi) were subjected to bone fracture and their femur samples were collected 

at day 10 and day 21 after the fracture. Sections were prepared to visualize the transverse 

plane of the femur and immunostained with anti-collagen type I antibody. Scale bar = 50 

µm (magnification = 20 X). 

 

CTGF staining 
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The qPCR analysis showed the temporal upregulation of CTGF during fracture 

healing in the control group (Figure 5). The immunohistochemical analysis using anti-

CTGF antibody was therefore performed using the mouse femur sections with a normal 

diet and phosphate restricted diet at day 10 and day 21 after bone fracture. 

At day 10, in both of the control and Pi groups, no immunoreactivity was 

observed in the area adjacent to the cluster of hypertrophic chondrocytes (Figure 10, 

upper panels).  

At day 21, in the control group, an immunoreactivity was observed within the 

several types of cells including osteoblasts, osteocytes and endothelial cells (Figure 10, 

lower left panel), while in the Pi group, weaker immunoreactivity was limitedly found 

within a very few osteoblasts and endothelial cells (Figure 10, lower right panel). 
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Figure 10. Immunohistochemical analysis with anti-CTGF antibody during fracture 

healing at day 10 and 21. Mice with a normal diet (control) or phosphate restricted diet 

(Pi) were subjected to bone fracture and their femur samples were collected at day 10 and 

day 21 after the fracture. Sections were prepared to visualize the transverse plane of the 

femur and immunostained with anti-CTGF antibody. Scale bar = 50 µm (magnification = 

20 X). 
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DISCUSSION 

 

Study findings 

The current study was conducted to investigate whether the HIPPO and hypoxia 

signaling pathways are associated with the fracture healing process with dietary 

phosphate restriction. To test this hypothesis, the effect of dietary phosphate restriction 

was examined on the expression of a targeted set of genes during the callus tissue 

formation, which focused on collagen matrix organization and maturation, and protein 

expression pattern of HIPPO and hypoxia markers during bone fracture healing. 

As it is well accepted that coordinated cellular activities of several different cell types 

including immuno-inflammatory cells, chondroprogenitors, osteoprogenitors, 

chondrocytes, osteoblasts, and osteoclasts are all involved in the fracture healing process, 

the pattern of gene expression in the healing callus tissues is state-dependent, and thus the 

gene expression profile reflects the differentiation of these cell types.  

Given that the endochondral healing process mirrors the developmental events 

within the skeleton, it is not surprising that the genetic profile partly resembles that 

observed in the hypertrophic program of growth plate chondrocytes. Aggrecan (ACAN) 

is a major cartilage extracellular matrix protein (Baldwin, Reginato, & Prockop, 1989) 

associated with hypertrophic chondrocyte differentiation. The temporal upregulation of 

ACAN gene expression was found in both control and Pi groups, although the time point 

of the highest expression was slightly different (control at day 7, while Pi at day 10) and 

its expression level was similarly decreased to almost a base-line at day 21 (Figure 3). 
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This expression pattern is consistent with the current histological finding that both control 

and Pi groups showed a notable increase in cell volume accompanied by hypertrophic 

chondrocytes and safranin-O positive matrices at day 10 (Figure 7, upper panels). 

Furthermore, at day 21, both control and Pi groups showed a decrease in safranin-O 

positive areas (Figure 7, lower panels). It is unclear as to why the peak expression of 

ACAN in the Pi group was higher than the control (Figure 3), as the previous reports 

showed a lower peak expression in the Pi than that of the control (Noguchi et al., 2018; 

Wigner et al., 2010).   

There is also an overlay of genetic characteristics related to osteoblast 

differentiation, which is pertinent to both developmental long bone formation and 

endochondral healing process leading to the conversion of cartilaginous callus into 

woven bone. Notably, osteogenic markers including type I collagen, BSP, and BGLAP 

are detected. Both BSP and BGLAP are considered non-collagenous proteins synthesized 

by skeletal-associated cell types including chondrocytes and osteoblasts (Ducy & 

Karsenty, 1995; Fisher, McBride, Termine, & Young, 1990). The current data 

demonstrated that BGLAP expression in the control was markedly increased at day 14 

and day 21, while in the Pi group, the extent of peak expression was generally suppressed 

(Figure 3). This is consistent with the previous report that BGLAP gene expression was 

upregulated at day 14 in the control group, while that was generally inhibited in the Pi 

group (Wigner et al., 2010). On the other hand, the expression of BSP in the Pi group 

showed a bi-phasic pattern and the peak expression was higher than the control (Figure 

3), indicating that phosphate restriction affects the late osteoblast differentiation.  
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The extracellular matrix of connective tissue is a complex composite material 

with insoluble fibers, microfibrils, and a variety of soluble proteins and glycoproteins.  

The most major proteins of the extracellular matrix are the members of the collagen 

superfamily, and among them, type I collagen is the most abundant type of collagen, 

representing the principal fibrillar component of many tissues including bone. Type I 

collagen is a hetero-trimer consisting of two identical α1 chains (a product of the Col1a1 

gene) and one α2 chain (a product of the Col1a2 gene). Previously, after 14 days of bone 

fracture, the type I collagen-expressing cells were decreased in the Pi group as compared 

to the control, suggesting that the phosphate restriction impairs osteoblast differentiation 

(Wigner et al., 2010). As in Figure 3, the current data of Col1a2 gene expression showed 

that at day 14, the expression of Col1a2 in the Pi was lower than that of the control, 

consistent with the previous report. However, the peak expression was much higher in the 

Pi than that of the control observed at day 7. Taken together with these osteogenesis 

marker results, the impairment of osteoblast differentiation by phosphate restriction may 

be a stage-dependent phenotype. Interestingly, the higher gene expression data of Col1a2 

expression did not appear to correlate with the picro-sirius red staining data (Figure 8) 

and collagen immunohistochemical staining data (Figure 9). It is difficult to describe the 

quantity of collagen stained with picro-sirius red, thus it is difficult to compare the 

amount of collagen between control and Pi groups at day 10 (Figure 8, upper panels). 

However, as the picro-sirus staining data demonstrated a more disorganized collagen 

fibril pattern and poorer collagen maturation in the Pi group as compared to the control at 

both days 10 and 21, this strongly suggests that phosphate restriction led to the 
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impairment of collagen fibril structure, serving as a poor platform for bone fracture 

healing and re-mineralization. The anti-collagen type I antibody used in this study is 

raised against the C-terminal propeptide of the pro-α2 chain. This suggests that the 

intense immunoreactivity in the control at day 10 is due to the detection of cleaved C-

terminal pro-α2 chain fragments embedded within the extracellular matrix. The higher 

gene expression of Col1a2 (Figure 3) with poorer immunoreactivity of collagen staining 

(Figure 9) in the Pi group at day 10 raises a possibility that the cleavage of C-terminal 

propeptide region may be inhibited, i.e. phosphate restriction could decrease the 

expression of collagen processing enzymes, such as BMP1, mTLL1, and mTLL2 

proteinases (Kessler, Takahara, Biniaminov, Brusel, & Greenspan, 1996; S. W. Li et al., 

1996; Scott et al., 1999).  

Mammalian homologs of TAZ and YAP (Yes Associated Protein) are 

transcriptional cofactors (Kanai et al., 2000; Sudol et al., 1995). The YAP/TAZ complex 

is downstream of the HIPPO signaling pathway mediating crucial cellular functions such 

as cell differentiation, proliferation and apoptosis. Murine homolog of TAZ was 

molecularly cloned and it was shown that highest expression was observed in calvaria 

and skin by RT-PCR (Cui, Cooper, Yang, Karsenty, & Aukhil, 2003). According to the 

same report, TAZ interacted with Runx2, a master regulator of osteoblast differentiation 

(Ducy, Zhang, Geoffroy, Ridall, & Karsenty, 1997; Komori et al., 1997), and co-

expression of TAZ with Runx2 enhanced Runx2-mediated activation of BGLAP reporter 

gene, indicating the importance of TAZ function in osteogenesis. YAP and TAZ were 

reported to regulate the mitochondrial size by controlling its fusion and fission (Nagaraj 
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et al., 2012; von Eyss et al., 2015), indicating the role of HIPPO pathway in 

mitochondrial metabolism. This notion is well coincided with the recent report that 

during bone fracture healing, phosphate restriction altered the mitochondrial oxidative 

phosphorylation (Hussein et al., 2023). The current study, therefore, investigated the 

effect of phosphate restriction on several YAP/TAZ target genes (Figure 5), by 

examining the expression levels of CTGF and MMP16 (Vanyai et al., 2020). The 

temporal upregulation of TAZ at day 5 in the control was observed, strongly correlating 

with the upregulation of CTGF at day 7 and MMP16 at day 14 (Figure 5), respectively. 

However, the expression of TAZ was generally suppressed by phosphate restriction, 

consistent with the data that CTGF and MMP16 upregulation were not observed. These 

data suggest that the temporal upregulation of TAZ could be crucial for its target gene 

expression and impairment of TAZ upregulation by phosphate restriction may account 

for abnormal fracture healing. CTGF was first identified in endothelial cells and 

fibroblasts (Bradham, Igarashi, Potter, & Grotendorst, 1991; Uhlen et al., 2015), and then 

was detected in many tissues including bone (Safadi et al., 2003). The 

immunohistochemical data using anti-CTGF antibody showed the temporal protein 

expression at day 21 in the control, but not Pi group, further confirming the notion that 

CTGF, a TAZ-target gene, expression was suppressed by phosphate restriction (Figure 

10).     

During bone fracture healing, the areas adjacent to the injured site by bone 

fracture have the lower partial pressure of oxygen due to disrupted vascular circulation, 

which is consistent with the concept that hypoxia is a crucial chondrogenesis inducer 
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(Provot et al., 2007). In addition, prolyl 4-hydroxylase, a collagen post-translational 

enzyme, is a target gene of Hif1α (Bentovim, Amarilio, & Zelzer, 2012). The data 

showed that the expression of Hif1α was modestly inhibited, while that of p4ha2 

appeared to be slightly enhanced. This suggests that the gene expression of p4ha2 could 

be regulated not only by Hif1α but also by another molecular mechanism. P4ha2 is one of 

the α subunit isoforms of the 2-oxoglutarate-dependent dioxygenases with a α2-β2 

tetramer composition (Koski et al., 2017). Furthermore, as p4ha2 knockout mice show 

only a minor phenotype, p4ha1 is most likely capable of compensating for a loss of p4ha2 

activity (Aro et al., 2015). 

 

Conclusion and future directions 

In conclusion, the current study supports the hypothesis that dietary phosphate 

restriction inhibits HIPPO and hypoxia signaling pathways during the bone fracture 

healing process. Furthermore, our data also suggested that dietary phosphate restriction 

likely modifies the quality of callus extracellular matrix organization and maturation 

during the bone healing process. 

Our study can be further extended to the following studies. (1) As our data 

showed that phosphate restriction could decrease the quality of callus extracellular matrix 

organization and maturation, it is reasonable to speculate that this phenotypic change 

could be the result of altering the regulation of collagen modifying enzymes. Therefore, 

we could examine the expression of collagen processing enzymes, such as BMP1, 

mTLL1, and mTLL2 proteinases. To further extend such a study, it would be intriguing 
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to investigate the expression of collagen modifying genes and gene products, such as the 

collagen proteinases, prolyl-hydroxylases, lysyl hydroxylases and lysyl oxidases, during 

the course of bone fracture healing. The outcomes of such studies may bring a novel 

mechanistic insight into the role of dietary phosphate restriction in regulating the callus 

collagen matrix quality. (2) Our data showed the dramatic decrease of HIPPO signaling 

pathway gene expressions in the Pi group as compared to the control group. To further 

confirm our results, we could examine more YAP/TAZ target genes including CYR61, 

ANKRD1, REG, AXL, and MYC (Zarka, Hay, & Cohen-Solal, 2021). (3) Our data 

showed the differential expression patterns of hypoxia signaling pathway gene 

expressions between control and Pi groups. To further confirm our results, we could 

examine more hypoxia-related and Hif1α target genes including ENO1, BHLHB2, and 

BNIP3 (Benita et al., 2009). 
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