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Abstract

:

Phosphorus is essential for all living organisms. It plays an important role in maintaining biological functions, such as energy metabolism, cell membrane formation, and bone mineralization. Various factors in the intestine, kidneys, and bones regulate the homeostasis of the inorganic phosphate (Pi) concentration in the body. X-linked hypophosphatemia (XLH), the most common form of hereditary hypophosphatemic rickets, is characterized by an impaired mineralization of the bone matrix, hypertrophic chondrocytes with hypophosphatemia, and active vitamin D resistance in childhood. Phosphate-regulating gene with homologies to endopeptidases on the X chromosome was recognized as the responsible gene for XLH. XLH is classified as fibroblast growth factor 23 (FGF23)-related hypophosphatemic rickets. The enhanced FGF23 stimulates renal phosphate wasting by downregulating sodium-dependent Pi cotransporters, NaPi2a and NaPi2c proteins, in the proximal tubules. Recently, transmembrane protein (Tmem) 174 has been identified as a novel regulator of phosphate transporters. This review introduces the role of Tmem174 in the Pi homeostasis in the body.
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1. Introduction


Phosphorus is available in many foods in both organic and inorganic forms [1,2,3,4]. Organic phosphate is naturally present in foods, whereas inorganic phosphate (Pi) is added to processed foods. The absorption rate is approximately 60% for organic phosphate and approximately 90% for inorganic phosphate [2,3].



In adults, approximately 85% of the body’s phosphorus is stored in the bones and teeth, with an additional 10% found in skeletal muscle. Phosphorus accounts for about 1% of body weight. Pi is an essential nutrient for several biological functions, including intracellular signal transduction, cell membrane formation, function, and energy exchange in the body [5]. The regulation of blood Pi levels depends on the coordinated activity of three major organs: intestines, kidneys, and bones. Furthermore, a transport system is necessary to transfer Pi across hydrophobic cell membranes to achieve these functions [5].



Intestinal Pi absorption, bone formation, and renal Pi reabsorption maintain phosphorus balance. Factors such as dietary phosphorus amount, active vitamin D (1,25(OH)2D), parathyroid hormone (PTH), and fibroblast growth factor 23 (FGF23) regulate Pi absorption/reabsorption [5]. Low Pi diets increase intestinal and renal Pi reabsorption. Active vitamin D stimulates intestinal Pi absorption. In contrast, a high Pi diet promotes the secretion of PTH from the parathyroid gland and FGF23 from the bone. In the kidney, PTH binds to PTH receptors, and FGF23 binds to alfa-Klotho and FGF receptor 1 to inhibit Pi resorption and stimulate urinary Pi excretion. In addition, FGF23 inhibits 1-α-hydroxylase (cyp27b1) expression and decreases active vitamin D synthesis by increasing 24-hydroxylase (cyp24a1) expression, thereby inhibiting intestinal Pi absorption.



As mentioned above, bone acts as a reservoir of Pi. Pi can be resorbed from bone into the extracellular space to maintain blood Pi level [6,7]. The release of phosphate into the blood from bone resorption is thought to play a role in supporting the amount of substrate needed to sustain ATP turnover in skeletal muscle and help maintain the high rate of muscle protein synthesis and turnover [6]. This intestinal–kidney–bone–parathyroid pathway contributes to regulating blood Pi levels [5].



The blood Pi concentration regulates the intracellular Pi in various tissues. Energy metabolism factors, such as adenosine triphosphate/nicotinamide adenine dinucleotide, are thought to contribute to Pi regulation. In this regard, hormones such as insulin and glucagon regulate the tissue transfer of Pi, thereby affecting the blood Pi concentration. Furthermore, the circadian rhythm of the blood Pi concentration has been reported to be regulated by renal nicotinamide adenine dinucleotide metabolism, which is dependent on food intake [8,9,10]. Pi absorption/reabsorption and movement of Pi into and out of the cells are promoted by increasing or decreasing the expression levels of Pi transporters localized at cell membranes.




2. Phosphate Transporter Classification in the Body


To date, 65 solute carrier (SLC) families are identified as being highly expressed in critical metabolic organs contributing to homeostasis by regulating the transmembrane transportation of nutrients and metabolites (http://slc.bioparadigms.org/ accessed on 19/08/2023) [11]. The SLC20, 34, 37, and 53 families are involved in the inorganic monophosphate transport (Table 1).



The SLC20 family of transporters includes PiT1 (SLC20A1) and PiT2 (SLC20A2). These proteins were initially described as a family of cell surface receptors for the gibbon ape leukemia virus and murine amphotropic retrovirus and are distributed throughout the body [5].



The SLC20 family of transporters includes PiT1 (SLC20A1) and PiT2 (SLC20A2). These proteins were initially described as a family of cell surface receptors for the gibbon ape leukemia virus and murine amphotropic retrovirus and are distributed throughout the body [5].



The SLC34 family of transporters includes NaPi2a (SLC34A1), NaPi2b (SLC34A2), and NaPi2c (SLC34A3). NaPi2a and NaPi2c mainly play a role in renal Pi reabsorption, whereas NaPi2b plays a role in intestinal Pi absorption and in several organs, including the lung and placenta [5,10].



The SLC37 family includes four proteins, SLC37A1–4. In the SLC37 family, SLC37A4 is known as glucose-6-phosphate transporter 1 (G6PT1) that is strongly expressed in the liver, kidney, and hematopoietic progenitor cells [12,13,14,15]. SLC37A4 is a glucose-6-phosphate (Glc-6P)/Pi exchanger that is required to transport Glc-6P into the endoplasmic reticulum. Gene mutations of SLC37A4 cause the glycogen storage disease non-1A type. However, whether SLC37 is involved in Pi homeostasis in the cells and body remains unclear.



SLC53A1 (xenotropic and polytropic retrovirus receptor 1, XPR1) is thought to be a Pi exporter and is ubiquitously expressed. Several studies have reported a correlation between altered XPR1 expression/function and placental calcification, familial brain calcification, and Fanconi syndrome [16,17,18,19,20,21]. However, how XPR1 is also involved in regulating Pi metabolism in cells and the body is unclear. Furthermore, XPR1 localization in the small intestine and kidney is still unknown.



Previous studies have demonstrated that the SLC34 family regulates blood Pi levels, whereas the SLC20 family is involved in bone and tissue calcification [5,10,18]. Further studies are needed to investigate the role of other molecules.




3. Pi Transporters and Disease


Defects in SLC34A1 cause Fanconi syndrome and infantile hypercalcemia [22], and defects in SLC34A2 cause alveolar microlithiasis, an autosomal recessive genetic disease resulting in calcium phosphate stones in the alveoli [23,24,25,26,27]. NaPi2b is expressed in a broader range of organs and cells than NaPi2a and NaPi2c [5]. However, no abnormal blood Pi and calcium levels have been reported in patients with this gene mutation. Defects in SLC34A3 cause hypophosphatemic rickets with hereditary hypercalciuria [28,29,30,31]. Defects in SLC20A2 are involved in idiopathic basal ganglia calcification [32,33], and XPR1 is associated with primary familial brain calcification [34].



The average Pi concentration in the blood is 2.5–4.5 mg/dL in adults, and proper bone calcification occurs when maintained at this level [4,35,36,37]. Infants have a 50% higher blood phosphate concentration than adults, and children have a 30% higher concentration [4,38]. This is likely because phosphate-dependent processes play a crucial role in growth. Blood Pi levels below 2.5 mg/dL (hypophosphatemia) are associated with rickets and renal stone disease, whereas Pi levels above 4.5 mg/dL (hyperphosphatemia) increase the risk of vascular calcification [4,35,36]. Various factors contribute to abnormal Pi metabolism [35,36]. FGF23 overactivity causes hypophosphatemia, and conversely, a decreased FGF23 activity causes hyperphosphatemia [18,35,36]. The primary target of the phosphaturic factor FGF23 is NaPi2a and NaPi2c in the kidney [18,35,36,39,40].



The main relationship between phosphate metabolism and α-Klotho is that membrane-bound α-Klotho acts as a co-receptor for FGFR. In the absence of Klotho, the FGF23 signaling pathway becomes disrupted, leading to hyperphosphatemia. In α-Klotho mutant mice, the expression of NaPi2a and NaPi2c is upregulated at both the transcriptional and protein levels [41]. On the other hand, in the small intestine of α-Klotho mutant mice, NaPi2b is transcriptionally suppressed but its protein expression is increased [41]. In α-Klotho knockout (KO) mice, an increase in the expression of NaPi2a and NaPi2c, or specifically an upregulation of NaPi2c expression, has been reported [42,43,44]. In the small intestine of α-Klotho KO mice, there is an observed increase in the expression of Pi transporters, not only NaPi2b, but also PiT1, PiT2, and NaPi2c mRNA levels [42]. The exact mechanism underlying these differences in Pi transporter expression between α-Klotho mutant mice and α-Klotho knockout mice remains unclear.



The direct relationship between Pi transporters NaPi2a, NaPi2b, and membrane-bound α-Klotho has also been reported in electrophysiological studies using Xenopus oocytes [45]. When NaPi2a or NaPi2b and full-length α-Klotho (membrane form) were expressed in oocytes, the electrophysiological phosphate transport activity was significantly inhibited. Furthermore, α-Klotho has been detected not only as a membrane-bound form, but also as a soluble protein secreted into blood, urine, and cerebrospinal fluid. The secreted soluble form of α-Klotho has been reported to function as a hormone with various roles, including antioxidant stress, anti-inflammatory, and anti-aging effects, in different tissues [46]. The relationship between the secreted form of α-Klotho and NaPi2a has been investigated through studies using opossum kidney (OK) cells and brush border membrane vesicles (BBMVs) [47]. In these studies, recombinant α-Klotho was added to either OK cells or BBMV to examine the expression and Pi transport activity of NaPi2a. The results indicated that the secreted form of α-Klotho directly induced the endocytosis of NaPi2a, leading to a decrease in phosphate transport activity. These reports suggest that α-Klotho may regulate NaPi2a or NaPi2b directly, independent of FGF23 or active vitamin D signaling. However, the direct relationship between the expression and functional activity of NaPi transporters and α-Klotho has not been fully elucidated yet.



Chronic kidney disease (CKD) leads to hyperphosphatemia due to inadequate Pi excretion by the kidneys. In addition, the mineral dysregulation associated with CKD induces a pathological accumulation of Pi, leading to vascular calcification (VC) [48]. PiT-1 and PiT-2 Pi transporters are involved in developing vascular calcification caused by hyperphosphatemia during CKD [46,49]. VC is a severe complication of hyperphosphatemia, causing cardiovascular morbidity and mortality. In previous studies, PiT-1 and PiT-2 have been reported to regulate vascular smooth muscle cell (VSMCs) depolarization, Ca2+ influx, oxidative stress, and calcium changes. Recently, the uptake of Pi into mitochondria via the mitochondrial phosphate carrier protein (PiC), which SLC25A3 encodes in humans, has been revealed as a critical molecular mechanism mediating pathological calcification changes and superoxide generation in mitochondria [50].



Therefore, treating hyperphosphatemia in patients with CKD and dialysis is essential because hyperphosphatemia affects patient outcomes. The target of hyperphosphatemia treatment is intestinal Pi absorption. Intestinal NaPi2b, PiT1, and PiT2 inhibitors have been developed [51,52,53]. EOS789, a pan-Pi transporter inhibitor, inhibits Pi absorption in the intestine through a distinct mechanism compared to Pi binders, with low absorption, minimal body accumulation, and potential for inhibiting Pi transport inhibition at low doses [38,39,40,41]. Additionally, drugs that inhibit NaPi2a are specifically developed to treat hereditary and acquired hyperphosphatemia [54,55].




4. A Novel Regulator of Phosphate Metabolism


Previous studies on patients with X-linked hypophosphatemia (XLH) and a murine model of XLH (Hyp mice) classified XLH as FGF23-related hypophosphatemic rickets [35,36]. Enhanced FGF23 stimulates renal Pi wasting by downregulating the Na+-dependent Pi cotransporters, NaPi2a and NaPi2c, in the proximal tubules [56,57,58]. Downstream signaling from FGF23 disrupts the binding of NaPi2a by phosphorylating NHERF1 or Ezrin, allowing it to enter the clathrin-coated vesicle system and induce endocytosis and reducing NaPi2a protein expression [5,59]. This NaPi2a regulatory mechanism is rapid and may be responsible for the rapid response that is essential for the regulation of blood Pi levels [5]. This regulation of NaPi2a degradation has not been observed for NaPi2c. Not all of this mechanism has been clarified.



Recently, transmembrane protein (Tmem) 174 has been reported as a novel regulator of NaPi2a degradation [60]. Tmem174 was identified as a molecule associated with slc34a1 and slc34a3 gene expression through in silico analysis. Tmem174 had already been identified, but its function details were unclear [49,50,51]. The mRNA sequences of human (NM_153217), rat (NM_00102429), and mouse (NM_026685.2) were reported in the NCBI database. The Tmem174 protein consists of 243 amino acids and has two transmembrane domains (Figure 1A). Mouse Tmem174 mRNA was significantly higher in the kidney than in other tissues (Figure 1B), and the protein is localized to the apical membrane of the renal proximal tubules (Figure 1C) [60]. However, the Tmem174 function and role have not been clarified. Tmem174 knockout mice fed with standard mouse chow showed an oversecretion of PTH and FGF23 despite normal Pi levels in the blood and urinary Pi excretion (Figure 2A–D) [60]. Renal NaPi2a expression was not suppressed, although NaPi2c expression was markedly reduced in Tmem174 knockout mice compared with wild-type (WT) mice (Figure 2E). Tmem174 binds to NaPi2a, but not to NHERF1 without NaPi2a, and Tmem174 deficiency is limited to the control function of NaPi2a [60]. Tmem174 KO mice were shown to lead to PTH/FGF23 resistance in renal NaPi2a. For example, vitamin D administration for Hyp mice restores serum Pi levels by causing FGF23 resistance to NaPi2a/NHERF1 [45,46]. In Tmem174 KO mice, dietary Pi loading caused marked hyperphosphatemia and high levels of FGF23 compared to WT mice [48]. These abnormal blood Pi and FGF23 levels in Tmem174 KO mice might be due to disrupted NaPi2a internalization.



Tmem174 KO mice had an enhanced FGF23 induction from bone [48]. High serum FGF23 levels cause the abnormal bone morphology observed in the Hyp mice, but Tmem174 KO mice did not show them. The reason may be that Tmem174 KO mice do not develop hypophosphatemia. Further detailed studies are needed to elucidate the function of Tmem174 in bone physiology. Tmem174 in the kidney is a novel regulator of Pi metabolism that plays a demanding role in regulating NaPi2a protein expression and PTH and FGF23 secretion, which are important for regulating blood Pi levels. However, how Tmem174 is involved in NaPi2a degradation and how it is involved in PTH and FGF23 secretion are still unclear. A detailed analysis of this new network linking the kidneys (Tmem174), bones (FGF23), and parathyroid glands (PTH) is still being conducted. Around the same time, Tmem174 was discovered by Miyazaki-Anzai et al. using RNA-seq and RT-qPCR analysis as a new Pi homeostasis regulator interacting with NPT2A [61]. Their analysis of knockout mice yielded results similar to our report but showed vascular calcification in Tmem174 knockout mice. However, in our analysis, no vascular calcification was observed in the knockout mice. The predicted role of Tmem174 in regulating plasma Pi concentrations is summarized in Figure 3.




5. Conclusions


Since identifying Pi transporters in the late 1990s, extensive research has focused on clarifying the underlying mechanisms regulating blood Pi levels and NaPi transporters. Pi plays a variety of important functions in the body. Thus, the regulating mechanisms of Pi transporters in energy production, signal transduction, and cell differentiation and proliferation are important areas of focus for future research. Understanding the role of Tmem174 may help treat hypophosphatemia, including XLH, and other diseases associated with abnormal Pi metabolism.
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Figure 1. Tissue expression and renal localization of mouse transmembrane protein 174 (Tmem174). (A) The Tmem174 protein has 243 amino acids and is putatively 2 transmembrane domains. (B) Real-time PCR of Tmem174 mRNA levels in several wild-type (WT) mice tissues. Internal control was glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Values are indicated as mean ± standard error (SE). (C) Tmem174 (green), DAPI (blue), and Villin (red) immunofluorescence staining in kidney sections of WT mice. Sections were prepared from mouse kidneys embedded in an optimal cutting temperature compound and frozen. 1B and 1C are modified by Sasaki et al. [60], and there are no issues with copyright. 
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Figure 2. Characterization of Tmem174 knockout mice fed standard mouse chow. (A) Plasma Pi, (B) urinary Pi excretion, (C) plasma intact PTH, and (D) serum intact FGF23 levels of male Tmem174 knockout mice fed standard mouse chow. Values are presented as mean ± SE. a’ p < 0.01 vs. Tmem174+/+ mice. b’ p < 0.01 vs. Tmem174+/− mice. (E) Immunoblotting analysis of NaPi2 transporters protein expression in Tmem174+/+ and Tmem174−/− mice (8-week-old mice, n = 5 each). A 20 μg brush border membrane vesicle was loaded in each lane. Actin was used as an internal control. Values are presented as mean ± SE. #’ p < 0.01. All figures are modified from Sasaki et al. [60], and there are no issues with copyright. 
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Figure 3. Summary: The putative role of Tmem174 in the regulation of plasma Pi concentrations. Phosphaturic hormones, PTH, and FGF23 are secreted in response to Pi load and act on the kidney to promote Pi excretion. The NaPi2a/NHERF1 complex is predicted to play an important role in regulating PTH and FGF23 responsiveness by modulating NaPi2a localization levels at the apical membrane of the proximal tubule in response to Pi deficiency or excess by Tmem174. The figure is modified from Sasaki et al. [60], and there are no issues with copyright. 
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Table 1. Phosphate transporters in SLC family.
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