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Introduction: Serum phosphate plays an important role in bone mineralization and might be a risk factor for many bone diseases. Patients with T2D usually have low serum phosphate level due to diet control, osmotic diuresis, and insulin stimulation. Current studies have discussed the linear association between serum phosphate and bone mineral density (BMD).

Objective: We aimed to analyze both the linear and non-linear correlations between serum phosphate and BMD in patients with type 2 diabetes (T2D).

Methods: We included 1,469 patients with T2D and obtained their basic information, laboratory measurements, and BMD data. Multivariate adjusted linear regression was used to analyze the linear associations, and we applied a two-piecewise linear regression model using a smoothing function to examine the non-linear association.

Results: No linear correlation was found between serum phosphate and BMD in patients with T2D. In women with T2D, we found a non-linear correlation between serum phosphate level and femur neck or total hip BMD. When serum phosphate was <1.3 mmol/L, it was positively associated with femur neck and total hip BMD, whereas when phosphate was >1.3 mmol/L, it was negatively associated with femur neck BMD.

Conclusions: In men with T2D, serum phosphate level was not associated with BMD. However, in women with T2D, we found a non-linear correlation between serum phosphate and femur neck or total hip BMD.
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INTRODUCTION

Over the past few years, the incidence of diabetes has increased significantly in both developed and developing countries. According to the 2018 study, the global prevalence of diabetes is about 8.8% (1). Diabetes as a chronic disease, is manifested by typical clinical polydipsia, polyuria, and more food and weight loss, and could cause many serious short-term and long-term complications, including myocardial infarction, diabetic retinopathy, neuropathy, making diabetes a growing global health concern (2). Studies have shown that in patients with type 2 diabetes (T2D), the incidence of osteoporosis and the risk of fracture are significantly increased and usually have poor prognosis (3, 4), which leads to an increased burden to the family and society. Finding the risk factors of osteoporosis in T2D is of great significance. Bone mineral density could be affected by various factors. Studies have already proved that factors including age, body mass index (BMI), smoking, alcohol use, diabetes, other endocrine diseases like parathyroid diseases, kidney function, liver function, blood pressure, Vitamin D, and growth factors levels are all the risk factors of low bone mass (5–7).

A study has shown that the serum phosphorus level was significantly lower in patients with T2D than in controls, which suggested a disorder of phosphorus metabolism in T2D (8). We speculate that there might be a correlation between this phosphorus metabolism disorder and bone metabolism disorder. In mammalian systems, phosphorus is a key element in multiple physiological processes, especially in bone mineralization (9). Phosphorus is mainly absorbed from the intestines (10) and exists in the form of inorganic phosphate (P-3) in living organisms. Serum phosphate concentration increases within hours after absorption (11). Eighty-five percent of phosphate is stored as hydroxyapatite in bones and teeth, whereas only 14 and 1% remain in intracellular and extracellular fluids, respectively, (12).

Maintenance of phosphate homeostasis is centered on the regulation of phosphate handling by the bones, intestines, and kidneys. In the skeleton, phosphate complexes with calcium and is stored as hydroxyapatite crystals, and plays an important role in bone matrix mineralization (13). The rate of bone remodeling is partly dependent on the concentration of phosphate and calcium. Without these elements, mineralization will be impaired, leading to the formation of poorly mineralized bone, which results in osteomalacia or rickets (9).

Serum phosphate seems to play a key role in bone mineralization and formation, and phosphate disorder might cause many bone diseases and fractures. In recent years, the correlation between serum phosphate level and bone mineral density (BMD) in different populations has been widely studied. A cohort study in 2017 found that serum phosphate was negatively associated with BMD in postmenopausal women, but not in men (14). Another study based on two population-based cohorts reported a negative relationship between phosphate and lumbar spine BMD in men and no association between phosphate and femur neck BMD in both sexes (15). The inverse association between serum phosphate and total body BMD in men was also found by Clarke et al. (16).

Among all the studies, only one Chinese retrospective study was conducted in patients with T2D, which showed that BMD was not correlated with serum phosphate (17). Furthermore, almost all related studies only discussed the linear correlation. Therefore, we conducted our study based on the population with T2D and aimed to clarify both the linear and non-linear correlations between serum phosphate and total lumbar, femur neck, and total hip BMDs. The null hypothesis of our study is that serum phosphate level is irrelevant to BMD.



MATERIALS AND METHODS

Study Population

This study was a retrospective and cross-sectional study based on consecutively selected T2D patients who hospitalized in the Endocrinology Department of Zhongshan Hospital between October 2009 and January 2013. All participants were older than 18 years with definite T2D diagnosis based on the American Diabetes Association's Standards of Medical Care in Diabetes (18). They all denied recent intake of calcium tablets, diphosphonate, vitamin D, or other drugs that might influence bone metabolism or serum phosphate level. We excluded those who had heart failure, renal, or hepatic insufficiency, serious cardiovascular disease, malignant tumor, or other endocrine diseases. Disabled patients or those bed-ridden for a long period were also excluded. Our study finally included 1,469 patients with T2D (866 men and 603 women). We used individual questionnaires to determine the medical and personal history and other relevant information of each participant. Our study was approved by the ethics committee of Zhongshan Hospital, Fudan University (Approval No. B2017-172R).



Basic Information

All participants voluntarily provided their personal and family information, and they all received a comprehensive physical examination in our hospital. We measured the blood pressure of each participant after a 30-min rest and in sitting position. We measured the height and weight of each patient in the morning after urination and before breakfast. The measurements were conducted more than once, and the average value was used. The duration of diabetes was calculated in the unit of years from the initial T2D diagnosis to the time we collected their basic information and obtained blood samples. The treatment of diabetes included oral hypoglycemic drugs, insulin injection, both hypoglycemic drugs and insulin, or none. Smoking history, alcohol intake history, disease history, and family history were defined as never or ever.



Laboratory Measurements

During hospitalization, the serum samples of each participant were collected at 6 A.M after overnight fasting. The assays of these samples were performed within 4 h at room temperature. Serum phosphate concentration was tested by molybdenum blue method. The test sensitivity was 0.01 mmol/L and the coefficient of variation is <4.0%.

We also evaluated the blood cell counts, indexes of hepatic function, renal function, blood electrolytes, glucose, and lipid metabolism, and bone turnover markers, and others.



BMD Measurement

According to the International Society for Clinical Densitometry guidelines, we used dual-energy X-ray absorptiometry (Hologic-Discovery, USA) to measure the BMD of each patient at three different sites: total lumbar, femur neck, and total hip.



Statistical Analysis

In men and women with T2D, both linear and non-linear correlations between serum phosphate level and BMD were analyzed separately. Chi-square test was used to analyze categorical variables, which were expressed as numbers and proportions. Continuous variables were expressed as mean and standard deviation (SD). One-way analysis of variance was used for normally distributed continuous variables, and Kruskal-Wallis test was used for skewed continuous variables.

We used multivariate adjusted linear regression and T-test to analyze the linear associations between each SD in serum phosphate and BMD. We calculated the regression coefficient and corresponding 95% confidence intervals (CI). Adjusted model I was adjusted for age, body mass index (BMI), treatment for diabetes mellitus (DM), alcohol intake, smoking, and hypertension. Adjusted model II was adjusted for age, BMI, hypertension, systolic blood pressure, diastolic blood pressure, diabetes duration (years), treatment for DM, smoking, alcohol intake, family history of DM, fasting blood glucose (FBG; mmol/L), BUN (mmol/L), Cr (μmol/L), eGFR (MDRD; ml/min/1.73 m2), Ca (mmol/L), ALT (U/L), AST (U/L), ALP (U/L), 25(OH)D, mmol/L and PTH, pg/ml. A P < 0.05 was considered statistically significant.

We further examined the non-linear association between serum phosphate level and BMD. A smoothing function and a piecewise-linear regression model were applied, and we also adjusted age; treatment of DM; diabetic duration(y); smoking; drinking; family history of DM; BMI; hypertension; systolic blood pressure; diastolic blood pressure; FBG, unit; Cr, μmol/l; BUN, mmol/l; eGFR (MDRD), mL/min/1.73 m2; Ca, unit; ALT, U/L; AST, U/L; ALP, U/L; 25(OH)D, mmol/L, and PTH, pg/ml.

We used R packages (http://www.r-project.org) and Empower® (R) (www.empowerstats.com, X&Y Solutions Inc., Boston, MA, USA) for the statistical analyses.




RESULTS

Characteristics of Participants

Our study finally included 1,469 patients with T2D (866 men and 603 women). Table 1 describes the distribution of relevant covariates. The mean age of all participants was 56.88 years, and the mean diabetes duration was 7.142 years. The mean BMD values were 0.966, 0.758, and 0.902 g/cm2 at total lumbar, femur neck, and total hip, respectively. We separately described the characteristics of the patients by sex and found several differences between them. The average age of the women was higher than that of the men. Diabetes duration in women was longer, but the mean HbA1c level was lower than that in men. The percentage of alcoholic drinkers and smokers in men was much higher than in women. More men have family history of diabetes, whereas more women have high blood pressure.


Table 1. Patient characteristics, stratified by sex.

[image: Table 1]



Linear Association Between Serum Phosphate and BMD

In the crude model, we found a positive association between serum phosphate and femur neck or total hip BMD in men with T2D (Table 2). With a 1-SD increase in serum phosphate level, femur neck BMD increased by 0.0102 g/cm2 (P = 0.045939, 95% CI = 0.0002–0.0203) and total hip BMD increased by 0.0108 g/cm2 (P = 0.047924, 95% CI = 0.0005–0.0210). However, after adjusting for age, BMI, blood pressure, diabetes duration, treatment for DM, smoking, alcohol intake, family history of DM, BUN, Cr, eGFR, FBG, Ca, ALT, AST, ALP, PTH, and 25(OH)D, this positive correlation disappeared. No association between serum phosphate level and BMD was found in the crude or multivariate-adjusted models in women.


Table 2. Multivariate regression for effect of serum phosphate level on total lumbar, femur neck, and total hip BMD.
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Non-linear Association Between Serum Phosphate and BMD

As shown in Figure 1, there might be some non-linear association between serum phosphate and BMD. We further applied a two-piecewise linear regression model (Table 3). Phosphate was found to be non-linearly correlated with femur neck and total hip BMD after multivariate adjustment in women. When phosphate was <1.3 mmol/L, serum phosphate was positively correlated with femur neck and total hip BMD. With a 1-SD increase in phosphate, femur neck BMD increased by 0.1259 g/cm2 (P = 0.0164, 95% CI = 0.0235–0.2282) and total hip BMD increased by 0.1303 g/cm2 (P = 0.0199, 95% CI = 0.0211–0.2395). However, when phosphate was >1.3 mmol/L, we found a negative relationship between serum phosphate level and BMD at the femur neck and total hip. A 1-SD increase in phosphate was correlated with a −0.1385 g/cm2 (P = 0.409, 95% CI = −0.2708, −0.0016) decrease in femur neck BMD. However, in men with T2D, we found no non-linear correlation between serum phosphate level and total lumbar, femur neck, or total hip BMD.


[image: Figure 1]
FIGURE 1. Multivariate adjusted smoothing spline plots of the total lumbar, femur neck, and total hip BMDs by serum phosphate. Red dotted lines represent the spline plots of phosphate and blue dotted lines represent the 95% confidence intervals of the spline plots. Adjusted for age; treatment of DM; diabetic duration(y); smoking; drinking; family history of DM; BMI; hypertension; systolic blood pressure; diastolic blood pressure; FBG, mmol/L; Cr, umol/l; BUN, mmol/l; eGFR(MDRD), mL/min/1.73 m2; Ca, mmol/L; ALT, U/L; AST, U/L; ALP, U/L; 25(OH)D, mmol/L, and PTH, pg/ml.



Table 3. Non-linear association between serum phosphate level and BMD.
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DISCUSSION/CONCLUSION

In this cross-sectional study, no linear correlation between serum phosphate and BMD was found both in men and women with T2D. However, our study, for the first time, reported a non-linear correlation between serum phosphate level and BMD. In women with T2D, we found a positive association between serum phosphate level and femur neck or total hip BMD with serum phosphate level <1.3 mmol/L (P < 0.05), but when the serum phosphate level was >1.3 mmol/L, the association became negative (P < 0.05). Thus, we can reject our null hypothesis. The normal range of blood phosphate is 0.90–1.34 mmol/L, according to the test standard of Zhongshan Hospital. Combined with our findings, we can conclude that maintaining a relatively high blood phosphate level, but still within the normal range, might be beneficial to BMD, whereas a serum phosphate increase above the upper limit might have a negative effect on bone health. These conclusions suggested an ideal serum phosphate level (1.3 mmol/L) for women and help us set an appropriate target value for phosphate-reducing treatment. Moreover, women with too high or too low serum phosphate should monitor their bone mineral density more frequently in order to avoid osteoporotic fractures. However, in men with T2D, no non-linear correlation was found. The different results we found between men and women patients may be partly because of the different characteristics of these two groups. The average age of the women was higher and their diabetes duration was longer, but the mean HbA1c level was lower than that in men. Smoking, drinking history, hypertension history, and family history of diabetes also have remarkable differences in men and women.

Previous studies reported a negative relationship between serum phosphate level and BMD in both postmenopausal women and men (14, 16). However, another study based on two population-based cohorts, found that such a relationship varies at different sites. According to this study, serum was only inversely related to lumbar spine BMD in men, but no relationship with the femur neck was found in either sex. This study also discussed the association between serum phosphate and fracture risk and suggested a potential threshold of serum phosphate (men: 1.1 mmol/L, women: 1.2 mmol/L), above which fracture risk was increased (15), which is consistent with the results of our study. Both animal studies and clinical studies have found an association between phosphorus intake and BMD. Koyama et al. (19) found that a Pi-high diet significantly reduced both BMD and bone mass in wild-type mice. In human subjects, phosphorus intake exceeded the recommended dosage had an independent and adverse effect on bone mass (20). A Chinese study of T2D patients reported that BMD was not correlated with serum phosphate, but this study did not analyze the possible non-linear correlation (17).

Serum phosphate level may directly affect bone metabolism. Inorganic phosphate is an essential element for the development of osteogenic cells, not only because it is an integral component of apatite crystal but also because it can affect the production rate of the bone matrix. A positive relation exists between the plasma phosphate level and the rate of skeletal growth and/or mineralization. (21) Phosphate was also essential for osteoblast differentiation and extracellular matrix mineralization and played a vital part in the mutation of growth plate and the formation of secondary ossification center (22). Thus, phosphate deprivation interfers with normal osteoblastic function, which in turn influences the process of mineralization.

Animal studies reported that calcium alone is insufficient for bone development in growing rats. At equivalent levels of calcium supplementation, the calcium phosphate salts promoted significantly greater body weight gain, femur weight, tensile strength, bone ash, bone mineralization, bone density, calcium, and phosphorus deposition, and calcium utilization (23). According to animal studies, a high-phosphate diet disturbed phosphate homeostasis, increased bone resorption, and reduced bone mineralization (19, 24, 25).

There might be many other mechanisms underlying the association between phosphate and BMD. High plasma phosphate concentrations can induce the synthesis of FGF-23 (26). FGF-23 binding to its receptor, participates in 1-hydroxylation of 25(OH)D, and induce inactivation of 1,25(OH)2D, which finally influence bone metabolism (27, 28). High-P diet-induced elevated PTH secretion leads to an increase in RANKL expression, which enhances osteoclastic bone resorption. Clinical studies also proved the positive association between PTH levels and bone turnover (29, 30) as well as the negative correlation between PTH and BMD (31). Thus, we adjusted 25(OH)D and PTH when analyzing the independent effect of serum phosphate on bone mineral density.

Compared with the general population, patients with T2D have a disorder of phosphorus metabolism. The low serum phosphate level in T2D may be due to diet control and inadequate phosphorus intake. Hyperglycemia leads to osmotic diuresis, and with the increase of urine sugar excretion, the excretion of calcium and phosphorus in the urine increases correspondingly, resulting in calcium and phosphorus loss (32, 33). Poor control of glucose level will lead to large doses of insulin and transfer of phosphorus from the extracellular compartment to the intracellular compartment, which finally leads to low serum phosphate (34). Meanwhile, low phosphorus can lead to increased insulin resistance and decreased insulin sensitivity (35, 36). As is known, the incidence of osteoporosis and the risk of fracture were significantly increased in T2D (3, 4). According to our study and other studies mentioned above, this increase may be partly explained by the disorder of phosphorus metabolism.

Our study, for the first time, reported a non-linear association between serum phosphate level and BMD. Studies proved that with a 1-SD decrease in BMD, the risk of vertebral and non-vertebral fractures increased 1.7–3 times (37, 38), which suggested BMD is an extremely useful parameter for classifying persons who are susceptible to osteoporotic fractures (39). In combination of our findings, patients maintaining an appropriate blood phosphate level might have higher BMD and lower fracture risk, while patients with too high or too low serum phosphate will be more vulnerable to osteoporotic fractures. Besides, we conducted our study in a large sample size of Asians with T2D and we adjusted for various possible confounding factors for the accuracy and reliability of the conclusion. However, our study has some limitations. First, the blood samples were collected only once, which may have caused measurement errors. Second, we used dual-energy X-ray absorptiometry to measure the BMD value, which cannot separately measure trabecular and cortical BMDs. Third, some key variables could not be further detected, because this study is cross-sectional, and this may have affected the selection of confounding factors. Some important confounding factors might have been neglected, such as dietary habits, phosphate, and other micronutrients intake, physical activity, previous fractures, FGF-23 level, and for women, the menopausal status and estrogen level, which might have also influenced our study results. Thirdly, this is a cross-sectional study, which means the causal relationship between serum phosphate levels and BMD cannot be proven. Lastly, our study only discussed the association between serum phosphate and BMD, and the association with other bone-related indicators, such as bone metabolic markers and fracture risks, still needs to be further explored in future articles.

In conclusion, in patients with T2D, serum phosphate level was not linearly correlated with BMD. However, in women with T2D, we found a non-linear correlation between serum phosphate and femur neck and total hip BMDs. When the phosphate level was <1.3 mmol/L, the serum phosphate level was positively associated with femur neck and total hip BMDs. However, when the phosphate level was >1.3 mmol/L, we found a negative correlation between serum phosphate level and BMD at femur neck.
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