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Introduction: Endothelial dysfunction commonly occurs in chronic kidney disease (CKD) patients and increases the risk for cardiovascular disease. Among CKD patients, biomarkers involved in the pathogenesis of CKD-mineral bone disorder (CKD-MBD), such as phosphorus, parathyroid hormone, and fibroblast growth factor 23, are associated with endothelial dysfunction. We investigated whether these biomarkers induce endothelial dysfunction in CKD patients with normal phosphorus levels.

Methods: This cross-sectional study examined CKD patients with normal phosphorus levels; patients with an estimated glomerular filtration rate (eGFR) <15 or who were under dialysis were excluded. Iontophoresis with laser doppler flowmetry (ILDF) and peripheral arterial tonometry were performed to assess endothelial function in 85 patients. Pearson's correlation coefficient, multiple regression, and mediation analyses were performed to examine the association between CKD-MBD biomarkers and endothelial dysfunction.

Results: Endothelial dysfunction was observed in all subjects with a low response to ILDF and 27% of subjects according to peripheral arterial tonometry. Acetylcholine (Ach)-induced ILDF was significantly associated with eGFR (r = 0.22, P = 0.04), intact parathyroid hormone (iPTH; r = −0.46, P < 0.01), and VCAM-1 (r = −0.36, P < 0.01). The reactive hyperemia index (RHI) was significantly related to phosphorus levels (r = 0.32, P < 0.01) and iPTH (r = −0.39, P = 0.02). After adjusting for eGFR, iPTH and VCAM-1 remained independent factors for predicting endothelial dysfunction measured using Ach-induced ILDF. In addition, iPTH and phosphorus levels were independent predictors for endothelial dysfunction measured using RHI in the eGFR-adjusted model. Mediation analyses showed that the individual indirect effects of iPTH were significantly affected ILDF and RHI.

Conclusion: Serum levels of phosphorus and iPTH are associated with endothelial dysfunction, even in CKD patients with normal phosphorus levels.
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INTRODUCTION

Endothelial dysfunction is a multifactorial and complex disorder that contributes to the development of cardiovascular disease, and it is the leading cause of death in chronic kidney disease (CKD) patients (1). Research on the development and progression of endothelial dysfunction is currently lacking, and more studies are needed to improve cardiovascular outcomes in CKD patients.

Over the past half a century, researchers have focused on the relationship between conventional cardiovascular risk factors and cardiovascular events in CKD patients. However, CKD patients present with unique cardiovascular challenges, and thus the need to explore non-traditional risk factors in this patient population has emerged. It has recently been reported that hyperphosphatemia, such as that occurring in CKD-mineral bone disease (CKD-MBD), may be a risk factor for the accelerated onset of cardiovascular disease in CKD patients (2–7).

A recent double-blind crossover interventional trial found that the acute elevation of serum phosphorus provoked endothelial dysfunction in CKD patients (8). In addition, a clinical trial found increased post-prandial serum phosphorus and significantly decreased flow-mediated dilation in 11 healthy men with a high-phosphorous diet. In an in vitro experiment, high phosphorus levels inhibited nitric oxide (NO) production, resulting in increased reactive oxygen species release and endothelial NO synthase inactivation via conventional protein kinase C, ultimately leading to impaired vasodilation. Based on these results, most advanced CKD patients are prescribed oral phosphate binders to lower their serum level of phosphorus; nonetheless, cardiovascular mortality in CKD patients remains high (9).

Meanwhile, EndoPAT is a useful device to assess endothelial dysfunction in clinical research as the test is easy to perform, not operator-dependent, and with comprehensive automatic analysis. The EndoPAT measures plethysmographical changes of vascular pressure in the finger by detecting arterial pulsation, and translates the signal into peripheral arterial tone. Several studies have shown the efficacy of peripheral artery tonometry (PAT) for assessing the endothelial function of peripheral vessels (10, 11). Peripheral tissue perfusion using laser Doppler flowmetry (LDF) accompanied by iontophoresis of acetylcholine and sodium nitroprusside, a well-known technology for estimation of perfusion and use in functional testing of endothelium-dependent microvascular reactivity (12). LDF provides a continuous record of the microvascular blood flow and is therefore an excellent method to measure microvascular blood flow changes and microvascular perfusion. Microvascular reactivity is a sensitive marker for endothelial dysfunction in superficial vessels (13).

Therefore, we investigated whether a normal phosphorus level can cause endothelial dysfunction and how the major factors involved in mineral metabolism, including serum phosphorus, parathyroid hormone (PTH), and fibroblast growth factor 23 (FGF23) levels, affect endothelial dysfunction in CKD patients, using EndoPAT and iontophoresis with LDF.



METHODS


Study Design

This was a single-center, cross-sectional study. From January 2018 to December 2020, 85 patients with non-dialysis CKD were recruited from the outpatient clinic at the Ewha Womans University Mokdong hospital in Seoul, Korea. To be included in the study, patients were required to be aged between 18 and 65 years, have CKD stage 1–4, and have a normal reference serum level of phosphorus (2.3–4.5 mg/dL) for at least 3 months prior to enrollment. Patients with New York Heart Association class III/IV heart failure, acute myocardial infarction, severe peripheral arterial disease, decompensation in the past 3 months, malignancy in the past 5 years, hepatic insufficiency, acute infectious disease in the last 30 days, or who were pregnant or breastfeeding were excluded. Enrollment information and past medical history data were obtained from patient medical records. To evaluate endothelial function, iontophoresis with laser doppler flowmetry (ILDF) and EndoPAT-2000 (Peripheral Artery Tonometer; Itamar Medical, Israel) analysis were performed after the patients had fasted for at least 8 h. Each subject was instructed to avoid food, drugs, tobacco, alcohol, coffee, and tea 10 h prior to the test. The study protocol was approved by the hospital's ethics committee (IRB no. ECT12–02A-28) and written informed consent was obtained from all subjects prior to participation in the study. All clinical investigations were conducted in accordance with the 2013 Declaration of Helsinki.



Iontophoresis With Laser-Doppler Flowmetry (ILDF)

Laser-doppler flowmetry is a non-invasive method used to determine endothelial dysfunction according to skin microvasculature function (14), and it is based on diffusion and refraction of laser beam light (15). LDF measures cutaneous blood perfusion using the Doppler shift principle, which is caused by moving red blood cells scattering light (16). Iontophoresis employs electrically repulsive forces to deliver a locally applied drug through the skin for therapeutic and diagnostic purposes (17). When coupled with LDF, iontophoresis enables the detection of changes in skin blood flow in response to vasoactive drug administration. The materials and techniques used for ILDF in the present study are in accordance with previous research (18). Briefly, during an acclimating period, patients sat in a comfortable chair for 20 min in a temperature-controlled room (22–24°C). Afterwards, an alcohol-soaked cotton pad was used to clean the skin of the forearm, and two drug delivery chamber electrodes (PF 383; Perimed, Järfälla, Sweden) were attached for delivering acetylcholine (Ach) and sodium nitroprusside (SNP) onto the skin. The drug-delivery electrodes (PF 384; Perimed) were attached 10 mm from the volar aspect of each drug delivery chamber to provide the current needed for Ach and SNP delivery. The two paired drug delivery chambers and drug delivery electrodes were located to the forearm at a distance of 10 cm. Then, 0.05 mL each of 1% solutions of Ach and SNP were injected into the anodal and cathodal chambers to measure endothelial-dependent and endothelial-independent responses, respectively (19). Next, the laser-Doppler probe (PF 408; Perimed) was connected to the LDF (PF 4001; Perimed) and fixed within the drug chamber to explore the same small area of skin. Laser-Doppler output was recorded continuously using arbitrary perfusion units (PU). After recording 5 min of stable baseline perfusion, Ach and SNP dose-response curves were obtained with stepwise current applications (20). Ach was delivered in six doses at 0.1 mA for 20 s each, followed by another two doses at 0.2 mA for 20 s each with a 180 s interval between the two successive doses. The absolute maximal response was defined as the flow rate reached after the last drug delivery. To eliminate baseline variability, the blood flow responses to locally delivered Ach and SNP were expressed as ratios of response PU to baseline PU; if the ratio was <100, it was classified as endothelial dysfunction.



Measuring Peripheral Microvascular Function Using the EndoPAT-2000

The EndoPAT-2000 is a non-operator-dependent, non-invasive device used to assess microvascular function. It records post-ischemic reactive hyperemia, known as the peripheral arterial tone signal, using plethysmographic probes placed on the index finger of each hand. Prior to taking measurements, the patients were instructed to rest in a supine position for a minimum of 20 min in the same room where ILDF was performed. Each recording consisted of 5 min of baseline measurements, 5 min of occlusion measurements, and 5 min of post-occlusion measurements (hyperemic period). The occlusion pressure was at least 60 mmHg above the patient's systolic blood pressure (200–230 mmHg). Occlusion of the brachial artery was performed on the non-dominant upper arm. After 5 min of inflation the cuff was deflated, which induced reactive hyperemia. During this hyperemic period, flow measurements were recorded and the response to reactive hyperemia was calculated automatically by the software system. A reactive hyperemia index (RHI) was created using the post- and pre-occlusion values and normalized to measurements from the contralateral arm, which served as a control for non-endothelial-dependent systemic effects (10). An RHI value <1.67 was used as a cut-off value to diagnose endothelial dysfunction (11).



Biochemical Analysis

Venous blood samples were collected from each patient prior to measuring endothelial function after overnight fasting (at least 8 h). Standard laboratory tests included complete blood cell counts and routine blood chemistry, including serum albumin, creatinine, triglycerides, total cholesterol, low density lipoprotein (LDL) cholesterol, and uric acid, activated vitamin D were collected using automated techniques. Values of estimated GFR (eGFR) were calculated with a new equation proposed by investigators at the Chronic Kidney Disease Epidemiology (CKD-EPI) Collaboration. Baseline phosphate levels were measured with an ammonium molybdate assay on the Olympus AU1000 auto-analyzer (normal range: 2.5–4.5 mg/dL). Intact PTH (iPTH) was measured using a radioimmunometric assay (normal range: 15–65 pg/mL; Scantibodies, Santee, CA, USA). Serum VCAM-1 levels were quantified using an ELISA kit designed to quantitatively measure the human soluble VCAM-1 concentration in serum (Human sVCAM-1 Immunoassay; R&D systems, Minneapolis, MN). Plasma FGF23 concentrations were measured using an ELISA assay (concentration detection range: 3–800 pg/mL) with a commercial reagent (Kainos Laboratories, Tokyo, Japan). The serum VCAM-1 and plasma FGF23 concentrations were measured twice and then averaged.



Statistical Analysis

Because FGF23, VCAM-1, and the values from vascular measurements were not normally distributed, these variables were logarithmically transformed before further analysis. Variables correlated with endothelial dysfunction were evaluated by a univariate linear regression analysis and variables found to be significant, including eGFR, sex, albumin, and hemoglobin, were further analyzed with a multivariate stepwise linear regression analysis. The SPSS statistical package for Windows was used for all analyses (ver. 20.0; SPSS Inc., Chicago, IL, USA). A P-value of < 0.05 was considered statistically significant.

Mediation analyses were performed, when appropriate, based on the multivariate regression results to assess the hypothesized associations between PTH and endothelial dysfunction. Specifically, the mediation analysis was performed when the exposure was significantly correlated to the mediator or endothelial dysfunction, or when mediator was significantly related to endothelial dysfunction. Indirect effects and confidence intervals were estimated by bootstrapping with 5,000 resamples using the PROCESS Statistical Package for SPSS (PROCESS ver. 2 and SPSS version 27.0; SPSS Inc.). Statistically significant mediation was considered established when the indirect effect was significantly different from zero.




RESULTS


Baseline Characteristics

Characteristics of the CKD patients are listed in Table 1. Of the 85 patients included in the study, 57.6% (n = 49) were males. The mean age was 49.5 years and the mean body mass index was 24.5 kg/m2. The etiology of CKD in this study included hypertension (18.8%), diabetes mellitus (12.9%), and glomerulonephritis (40.0%). Hypertension was the most common comorbidity during the CKD management follow-up period (56.5%), followed by dyslipidemia (32.9%), and diabetes mellitus (17.5%). Most patients were taking either angiotensin-converting enzyme inhibitors (15.3%) or angiotensin receptor blockers (63.5%) without concurrent use of angiotensin blockade. Approximately half of the patients were taking a statin (44.7%) and a calcium carbonate was prescribed for three patients for calcium supplement.


Table 1. Baseline characteristics.
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Biochemical and Vascular Assessments

The biochemical and vascular assessments are presented in Table 2. The average serum phosphorus concentration was 3.5 ± 0.4 mg/dL, range 2.5 −4.5 mg/dL and corresponding mean eGFR was 62.5 mL/min/1.73 m2, ranging from 15.6 to 120.9 mL/min/1.73 m2. The average of intact PTH, log transformed FGF 23, and log transformed VCAM-1 were 62.1 ± 40.8 pg/mL, 4.7 ± 1.7, 5.9 ± 0.3, respectively.


Table 2. Biochemical and vascular assessment.
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On the day of vascular assessment, the average systolic blood pressure and diastolic pressure were 122.8 ± 14.4 and 74.2 ± 9.9 mmHg, respectively. For the endothelial function test, endothelial dysfunction was observed in all subjects as the ratio of their response PU to baseline PU value measured according to Ach-induced ILDF <100. The log-transformed responses to Ach- and SNP-induced iontophoresis and RHI values were 13.2 ± 9.1, 11.5 ± 6.2, and 2.2 ± 0.6, respectively. Endothelial dysfunction, defined as an RHI value <1.67, was detected in 23 patients (27%).

A scatter plot of the relationship between eGFR and PTH, serum phosphorus, log FGF 23, and log VCAM-1 is shown in Figure 1. As eGFR decreased, phosphorus (r = −0.32, P = 0.003) and iPTH (r = −0.631, P < 0.001) significantly increased, although serum phosphorus levels were within normal limits (Figure 1A). Log VCAM-1 was negatively correlated with eGFR (r = −0.405, P < 0.001), while the change in FGF 23 was not significant.


[image: Figure 1]
FIGURE 1. Scatter plot of the relationships between eGFR and iPTH; phosphorus (A), and Log FGF23; Log VCAM-1 (B). Phosphorus, iPTH, and Log VACM-1 were correlated with eGFR significantly (r = −0.32. p = 0.003 for phosphorus; r = −0.631, p < 0.001 for PTH; r = −0.405, p < 0.001 for Log VACM-1. There was no significant trend of Log FGF 23 in relation to eGFR (B).




Associations Between Phosphorus, iPTH, FGF23, VCAM-1 and Endothelial Function Assessments (Table 3)

In the crude model, eGFR (r = 0.22, P = 0.043), iPTH (r = −0.46, P = 0.005), and log-transformed VCAM-1 (r = −0.36, P = 0.005) were correlated with log-transformed Ach-induced iontophoresis. NSP-induced iontophoresis was not significantly correlated with serum phosphorus, iPTH, FGF23, or VCAM-1, however, serum phosphorus (r = 0.32, P = 0.003) and iPTH (r = 0.39, P = 0.016) were correlated with RHI.


Table 3. Crude association between phosphorus, iPTH, FGF23, VCAM-1 and endothelial function assessments by Pearson correlation.
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Associations Between iPTH, Serum Phosphorus, and RHI (Table 4)

When adjusted for eGFR, iPTH (β = 0.006, SE = 0.003, P = 0.048) and serum phosphorus (β = 0.464, SE = 0.173, P = 0.009) were significant predictors for RHI. Potential cofounders such as age, hypertension, diabetes, and covariants including, sex, serum albumin level, and hemoglobin, significant in the univariate analysis (Supplementary Table 1), were adjusted in model 2. iPTH remained statistically significant after the multiple regression analysis (β = 0.008, SE = 0.003, P = 0.017).


Table 4. Associations of PTH and phosphorus with endoPAT by multiple linear regression analyses.
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Associations Between iPTH, Serum Phosphorus, and Ach-Induced Iontophoresis (Table 5)

Similarly, when adjusted by eGFR, iPTH (β = −0.006, SE = 0.003, P = 0.026) and VCAM-1 (β = −0.581, SE = 0.226, P = 0.013) remained significant predictors for Ach-induced iontophoresis in model 1. After adjusting for potential cofounders (age, diabetes) and covariants, including eGFR, history of hypertension and dyslipidemia, use of beta blockers, and hemoglobulin level, that were significant in the univariate analyses (Supplementary Table 1), VCAM-1 remained statistically significant in model 2 (β = −0.218, SE = 0.092, P = 0.039).


Table 5. Associations of PTH and VCAM-1 with Acetylcholine-induced iontophoresis* (ratio of response to baseline) by multiple linear regression analyses.
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Mediation Analysis

The results of the mediation analysis are summarized in Figure 2. We divided the patients into two groups according to mean log-transformed Ach-induced iontophoresis (ratio of response to baseline) and the RHI cutoff value and defined the lower of the two as endothelial dysfunction. Because FGF23 and serum phosphorus were not associated with RHI and Ach-induced iontophoresis values, respectively, we did not test whether FGF23 and serum phosphorus showed any mediation in each endothelial dysfunction assessment. Instead, we tested whether serum phosphorus, iPTH, and eGFR had mediation or residual direct effects on endothelial function assessed by RHI and ILDF. Because phosphorus elevation was fundamentally linked with a decrease in eGFR, eGFR was included as an independent variable in the mediation analysis. In addition, phosphorus and iPTH, which remained significant in the multivariate analysis (Tables 4, 5), were replaced alternatively as independent and mediator variables in each model to yield direct and mediational effects. As a result, the direct effect of eGFR was not significant for endothelial dysfunction measured using RHI and ILDF (Figures 2A,E). There were no direct effects for serum phosphorus and iPTH on endothelial dysfunction measured using RHI (Figures 2B,C), however, there was a significant mediation effect for iPTH (Figure 2C).
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Figure 2. (A–G) Mediation analyses of the associations between variables including eGFR, phosphorus, PTH, and endothelial dysfunction determined by EndoPAT and laser doppler iontophoresis. Path models and mediation analyses describe mediation of the association between variables and endothelial dysfunction through endothelial-related biomarkers individually. Path effects are reported as Odds-ratio scale of natural log-transformed values of biomarkers.


For endothelial dysfunction measured using Ach-induced iontophoresis, eGFR's indirect effect mediated by iPTH and VCAM-1 was significant, as opposed to eGFR's direct effect (Figures 2E,F), and iPTH significantly mediated the effect of VCAM-1 on endothelial dysfunction (Figure 2G).




DISCUSSION

In the present study, we showed that eGFR is inversely correlated with both serum phosphorus levels and PTH, although serum phosphorus levels were within normal limits (Figure 1). It is well-established that as eGFR declines, serum phosphorus is retained and PTH rises. Even in the early stages of CKD, phosphorus retention stimulates FGF23 and PTH secretion, which in turn suppresses renal phosphate reabsorption and magnifies renal phosphate excretion. Notably, there was a positive correlation between PTH and phosphorus levels when PTH was elevated and phosphorus was within normal limits. Limited information on overall mineral metabolism, such as whether PTH was well-maintained prior to recruitment, might have had a confounding effect on our interpretation of the relationship between PTH and phosphorus. However, we found that both iPTH and phosphorus were associated with endothelial dysfunction despite phosphorus being within a normal reference range. Similarly, a previous study found that newly diagnosed hypertensive patients with normal renal function showed a vasodilating response to Ach in the forearm that was inversely and independently related to serum phosphorus levels, even when serum phosphorous was within normal limits. In that study, a group with phosphorus levels 3.9–4.2 mg/dL had a 1.7-fold greater chance of having endothelial dysfunction than those with levels of 2.7–3.9 mg/dL (21). In an observational study of healthy Korean patients with normal renal function, a lower concentration of serum phosphorus (within the normal range) was associated with reduced calcification of the coronary artery (22). Taken together, these results suggest that even a relatively high serum level of phosphorus within the normal range could be a risk factor for cardiovascular disease.

In the current study, we observed that as eGFR decreased, increased iPTH and phosphorus were related to endothelial dysfunction (Table 3). Both iPTH and phosphorus were associated with endothelial dysfunction measured using RHI, and the relationships remained even after an adjustment for covariates, including eGFR (Table 4). iPTH was significantly related to Ach-induced ILDF even after eGFR was adjusted (Table 5). However, when adjusted for eGFR and the other significant covariates in each model, the independent association between iPTH and Ach-induced ILDF disappeared, whereas the association between iPTH and RHI remained. This discrepancy may be due to the varied contribution of iPTH to each measurement of endothelial dysfunction, or the interplay between iPTH and CKD-MBD-related biomarkers.

Next, we investigated how iPTH mediates other CKD-MBD biomarkers to assess endothelial dysfunction. Although both phosphorus and iPTH were associated with endothelial dysfunction in the eGFR-adjusted model, the strength of the association between both phosphorus and iPTH with endothelial dysfunction was reduced in the multiple factors-adjusted model. However, the mediation analysis showed that iPTH mediated the associations between eGFR, phosphorus, and endothelial dysfunction. The association between VCAM-1 and endothelial dysfunction was mediated by iPTH as well. Taken together, iPTH served as a major regulator in endothelial dysfunction, either directly or indirectly, which suggests that iPTH mediates the association between CKD-MBD biomarkers and endothelial dysfunction.

Meanwhile, FGF23 is a phosphaturic hormone produced by osteocytes and osteoblasts in response to hyperphosphatemia. Recent studies indicate that increased FGF23 levels are associated with hindered NO bioavailability in the endothelium and impaired endothelium-dependent vasodilation (23, 24). Unfortunately, the effect of FGF23 on endothelial dysfunction was not verified in the present study, probably because eGFR was not correlated with FGF23. In a previous study, normophospahtemic CKD patients treated with calcium acetate and sevelamer hydrochloride in both arms showed decreased serum levels of FGF23 over a treatment period of 6 weeks (25). Because these findings were not attributed to the serum level of phosphorus, serum calcium was suggested to be another determinant for FGF23 based upon its correlation with FGF23 independent of phosphorus in primary hyperparathyroidism (26). In our study, calcium and phosphorus levels were not correlated, and data on these and the corresponding FGF23 levels prior to enrollment were limited. Thus, further studies on the factors controlling FGF23 production are warranted.

Regarding methodologic considerations, iontophoresis with Ach and SNP combined with laser doppler perfusion measurements have been used to assess cutaneous microcirculation and have been validated in several clinical studies. Previous studies have demonstrated that the response to Ach-dependent iontophoresis is impaired in patients with type 1 diabetes (27) and in patients with an increased risk for coronary heart disease (28, 29). Ach-induced vasodilation depends on the presence of intact vascular endothelium, whereas SNP acts directly on vascular smooth muscle cells, which are known as endothelium-dependent and endothelium-independent vasodilation, respectively. In particular, Ach-induced vasodilation is mediated by the generation of NO, prostaglandins, and endothelial-derived hyperpolarizing factors. Thus, endothelial dysfunction can be evaluated by comparing Ach- and SNP-induced vasodilation. Ach and SNP can be administered transdermally by iontophoresis and increases in perfusion can be quantified using LDF.

In agreement with previous studies in which CKD and PTH implicated impaired NO-mediated vasodilation, our results indicate that eGFR and elevated iPTH and VCAM-1 are related to a decrease in Ach-induced vasodilation (Table 3). Endothelium-derived relaxing factors, mainly NO production, are suppressed in patients and animals with CKD (30–33). Indeed, the renal synthesis of the NO precursor L-arginine is reduced in CKD patients (34). Furthermore, the transport of L-arginine into endothelial cells and the shunting of this amino acid into other pathways, such as those involving arginase, contribute to the reduced availability of this NO precursor. Regarding iPTH, in vivo study showed chronic renal insufficiency is associated with reduced endothelial nitric oxide synthase expression and reduced NO generation, an effect that is reversed by parathyroidectomy (35). Another in vitro study investigated the effect of high levels of iPTH on the proliferation of endothelial cells using the serum of 15 patients with secondary hyperparathyroidism (SHPT), 10 patients with CKD 5 without SHPT, and 15 healthy volunteers (36). The study found that the proliferation of human umbilical vein endothelial cells was inhibited by the serum obtained from SHPT patients and CKD 5 patients without SHPT, and the inhibitory effects of the SHPT serum were the most marked when the synthesis of NO was significantly decreased. In the present study, we confirmed that PTH induced endothelial-dependent endothelial dysfunction using ILDF. Further studies will be needed to clarify whether NO, prostaglandins, or endothelial-derived hyperpolarizing factors are involved in the mechanism by which PTH induces endothelial dysfunction.

VCAM-1 is considered an endothelial-specific biomarker and an important adhesion molecule that is upregulated during endothelial activation (37). Because decreased NO activity and increased endothelial expression of the VCAM-1 gene are functionally interrelated (38), we expected that VCAM-1 would be related to decreased Ach-induced vasodilation. In terms of SNP-induced vasodilation, any factors involved in mineral metabolism were not associated with SNP-induced vasodilation, which is consistent with previous studies (14, 15, 39).

The digital vascular response to reactive hyperemia is predominantly dependent on NO-mediated vasodilation in healthy subjects (40) and is attenuated in patients with coronary microvascular endothelial dysfunction (11). In the present study, as expected, serum phosphorus and iPTH were correlated with RHI in our crude model. After adjusting for multiple significant factors, only iPTH remained significantly associated with RHI.

Taken together, our data suggest that ILDF and EndoPAT-2000 measurements appear to analyze different aspects of vascular function in selected vascular beds and vessel sizes. Thus, we suggest cautiously that biomarkers of mineral metabolism, such as serum phosphorus and iPTH, involve impaired vasodilation based on different vascular beds and vessel sizes. Finally, our data confirm that endothelial dysfunction is a multifactorial and complex disorder that occurs in CKD patients with an arbitrarily set normal range of serum phosphorus levels.

Our study had some limitations that should be considered. Given its small patient population and cross-sectional design, the causal relationships in the present study cannot be determined. In addition, the assessments were only performed once and were not based on a time series. Furthermore, regarding the calcium-PTH-vitamin D axis, vitamin D deficiency is a pivotal change in CKD-MBD, in which vitamin D receptors are expressed in the vascular endothelium. Vitamin D deficiency in CKD patients has been suggested to be independently associated with impaired FMD (41) and vitamin D supplementation improves endothelial dysfunction in such patients (42, 43). In the present study, the lack of data on vitamin D levels may confound our observed effects on endothelial dysfunction. Another limitation is that there was no objective reference for defining endothelial dysfunction assessed by ILDF, particularly in CKD patients. We used an arbitrary ratio of responses to baseline perfusion units to describe blood volume changes (18, 44). Because ILDF is non-invasive and has high reproducibility with an intra-assay variation coefficient of <6% (45), it is considered appropriate for evaluating microvascular function. Finally, to isolate and clarify the effect of serum phosphorus levels and iPTH on endothelial function, while currently available statistical methods were used, our results are insufficient to fully explain the complex effects of CKD-MBD biomarkers on endothelial dysfunction in CKD patients. Despite these limitations, this is the first study to investigate the effects of CKD-MBD biomarkers on microvascular function in CKD patients with normal serum phosphorus levels.

In conclusion, a normal reference range of serum phosphorus levels and corresponding elevated PTH values is associated with endothelial dysfunction in non-dialysis CKD patients. Further studies are needed to determine whether adjusting phosphorus levels is necessary in CKD patients.
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