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Abstract: Parathyroid hormone (PTH) has an important role in the maintenance of serum calcium 

levels. It activates renal 1α-hydroxylase and increases the synthesis of the active form of vitamin D 

(1,25[OH]2D3). PTH promotes calcium release from the bone and enhances tubular calcium 

resorption through direct action on these sites. Hallmarks of secondary hyperparathyroidism 

associated with chronic kidney disease (CKD) include increase in serum fibroblast growth factor 23 

(FGF-23), reduction in renal 1,25[OH]2D3 production with a decline in its serum levels, decrease in 

intestinal calcium absorption, and, at later stages, hyperphosphatemia and high levels of PTH. In 

this paper, we aim to critically discuss severe CKD-related hyperparathyroidism, in which PTH, 

through calcium-dependent and -independent mechanisms, leads to harmful effects and 

manifestations of the uremic syndrome, such as bone loss, skin and soft tissue calcification, 

cardiomyopathy, immunodeficiency, impairment of erythropoiesis, increase of energy 

expenditure, and muscle weakness. 
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Key Contribution: Secondary hyperparathyroidism is a serious and common complication of 

CKD; with a negative impact on morbidity and mortality of patients on dialysis. Persistent high 

levels of PTH cause abnormalities in the cellular function of different target organs; contributing to 

several findings of the uremic syndrome. 

 

1. Introduction 

Parathyroid hormone (PTH) is a 9400 D molecular weight peptide, containing 84 amino acids 

that are secreted after cleavage from preproparathyroid hormone (115 amino acids) to 

proparathyroid hormone (90 amino acids). The active biological form is the intact PTH (1–84), whose 

half-life in the circulation is less than three minutes, and which clearance occurs mainly in the liver 

(60%–70%) and kidney (20%–30%) [1]. 

The secretion of PTH is regulated by changes of extracellular calcium through a feedback 

mainly mediated by the calcium-sensing receptor (CaSR). This receptor, a G protein-coupled 

receptor on parathyroid cells, regulates calcium-influenced PTH secretion [2]. A reduction of ionized 

calcium stimulates the PTH secretion, whereas high levels suppress the PTH release and enhance 

calcitonin secretion. 

The effects of PTH are summarized in Figure 1. In renal proximal tubular cells, PTH inhibits 

phosphate reabsorption and upregulates the 1α-hydroxylase gene, responsible for conversion of 

25-hydroxyvitamin D to the active metabolite 1,25-dihydroxyvitamin D (1,25[OH]2D3). It also 

increases calcium reabsorption by inserting calcium channels in the apical membrane of distal 

tubules and stimulating basolateral sodium-calcium transporters [3]. 
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Figure 1. Physiological actions of parathyroid hormone (PTH). PTH plays a key role in the 

maintenance of calcium levels. It stimulates bone turnover and calcium release from the skeleton. In 

renal tubular cells, PTH increases calcium reabsorption, inhibits phosphate reabsorption, and 

upregulates the 1α-hydroxylase gene, responsible for conversion of 25-hydroxyvitamin D to the 

active metabolite, 1,25[OH]2D3. It also enhances calcium and phosphate intestinal absorption by 

increasing the production of activated vitamin D. Down arrow = decrease, Up arrow = increase. 

In bone tissue, PTH influences gene expression in osteoblasts, supporting the synthesis of 

proteins required for bone formation and osteoclast differentiation. Intermittent exposure to PTH is 

antiosteoporotic and osteoanabolic via stimulation of bone formation, which is mediated by Wnt 

signaling activation. Upon binding to the frizzled receptor and co-receptors, LRP5 and LRP6, Wnt 

activates a signaling pathway, leading to translocation of beta-catenin into the nucleus, specific gene 

expression, protein synthesis, and bone formation. Extracellular regulators of Wnt signaling include 

dickkopf 1 and sclerostin, a product of the SOST gene expressed by osteocytes that inhibits Wnt 

signaling [4,5]. PTH inhibits sclerostin and, therefore, stimulates bone formation. 

Continuous exposure to PTH increases osteoclast activity, causing osteoporotic changes [6], 

mostly mediated by enhancing the production of RANKL (receptor activator of nuclear factor-κB 

ligand) and decreasing the production of osteoprotegerin (OPG), a natural decoy of RANKL, by 

osteoblasts and stromal cell. By binding to RANK (receptor activator of nuclear factor-κB), a member 

of the tumor necrosis factor family expressed by osteoclasts and their precursors, RANKL controls 

the differentiation, proliferation, and survival of osteoclasts [7]. As a result, continuous exposure to 

high levels of PTH causes bone loss, whereas intermittent exposure leads to bone mass gain. 

  



Toxins 2020, 12, 189 3 of 16 

 

2. CKD-Associated Secondary Hyperparathyroidism 

Chronic kidney disease-mineral and bone disorder (CKD-MBD) involves a broad systemic 

disorder manifested in uremic patients by disturbances in mineral and bone metabolism and 

extraosseous calcification [8]. This syndrome comprises one or a combination of the following 

conditions: vascular or other soft tissue calcification, vitamin D deficiency, abnormalities in bone 

turnover, abnormal metabolism of calcium and phosphate, an increase of levels of fibroblast growth 

factor- 23 (FGF-23) and PTH. 

The earliest abnormality that occurs with impaired kidney function is an increase in the level of 

FGF-23, a member of the family of the fibroblast growth factors which acts on phosphorus (P) 

metabolism. High FGF-23 results in increased phosphaturia, by inhibition of sodium-dependent P 

reabsorption (Na-P co-transporters IIa and IIc) [9], and deficiency of activated vitamin D, by 

inhibition of 1α hydroxylase [10]. For FGF-23 to exert its phosphaturic effect through FGF receptor, 

the klotho protein, expressed in the renal proximal tubules and parathyroid gland, is required as a 

cofactor. CKD progression is associated with a significant decrease in the expression of klotho, 

which causes high circulating levels of phosphate and vascular calcification in mice with CKD [11]. 

In addition, production of kidney calcitriol, the active form of vitamin D, decreases as CKD 

progresses. In normal conditions, calcitriol promotes intestinal absorption of calcium and 

phosphorus, and decreases the synthesis of PTH by binding to the vitamin D receptor (VDR) in the 

nucleus of the parathyroid cell. Therefore, calcitriol reduction allows an increase in the transcription 

of the PTH gene. Indirectly, it also stimulates PTH secretion due to a decrease in intestinal calcium 

absorption. Since parathyroid glands express FGF receptors and klotho [12], another mechanism 

regulating PTH secretion involves FGF-23, by reducing PTH mRNA through Klotho-dependent and 

Klotho-independent pathways [13]. However, as FGF-23 also inhibits the activity of 1α-hydroxylase, 

sustained high levels of FGF-23 are associated with an increase in PTH [10]. Calcitriol deficiency also 

influences the parathyroid set point for calcium-regulated PTH secretion and, possibly, decreases 

the expression of vitamin D and calcium receptors. Higher concentrations of calcium are needed to 

reduce PTH release in vitro from the parathyroid of uremic patients compared with healthy controls. 

Thus, renal klotho loss, hyperphosphatemia, vitamin D deficiency, and an increase in FGF-23 [12] 

are pathogenic mechanisms of hyperparathyroidism progression (Figure 2). 
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Figure 2. Pathogenic mechanisms of hyperparathyroidism progression in Chronic Kidney Disease 

(CKD). CKD progression is associated with phosphate overload, high levels of fibroblast growth 

factor- 23 (FGF-23), significant decrease in the expression of klotho, and a reduction of renal calcitriol 

production. Calcitriol deficiency influences parathyroid set point for calcium-regulated PTH 

secretion and decreases the expression of vitamin D and calcium receptors. Indirectly, calcitriol 

deficiency also stimulates PTH secretion due to a decrease in intestinal calcium absorption. Down 

arrow = decrease, Up arrow = increase. 

Secondary hyperparathyroidism (sHPT) is often observed in patients with CKD, mainly in 

those requiring dialysis therapy. PTH starts to rise when the estimated glomerular filtration rate 

(eGFR) drops to approximately 50 mL/min/1.73 m2. Further decline of renal function results in 

skeletal resistance to PTH, abnormal parathyroid growth and function. Persistent high levels of PTH 

generate an increase in FGF-23 expression and CKD osteodystrophy, favoring high bone turnover. 

This condition increases bone fragility, which may explain, at least in part, the association between 

sHPT and increased fracture risk. Furthermore, sHPT causes hyperphosphatemia, vascular and 

tissue calcification, anemia (by erythropoiesis impairment), and worse quality of life. The Dialysis 

Outcomes and Practice Patterns Study (DOPPS) has denoted that serum PTH higher than 600 pg/mL 

(63 pmol/L) is associated with a 21% increase in all-cause mortality risk [14]. 

Increased levels of FGF-23 and sHPT are closely related in the CKD setting. Whereas PTH acts 

directly on osteocytes to increase the FGF-23 expression, the FGF-23-receptor complex is 

downregulated in parathyroid glands, resulting in a loss of the ability of FGF-23 to decrease PTH 

expression. Moreover, as mentioned before, FGF-23 acts in the kidney by decreasing 1,25[OH]2D3 

synthesis, and therefore contributing to enhance PTH levels. 

Hyperphosphatemia has been recognized as an important player in the pathogenesis of sHPT 

[15]. Phosphate retention directly impairs renal 1α-hydroxylase activity, decreases 1,25[OH]2D3 

synthesis, and affects posttranscriptional events that ultimately influence PTH mRNA stability and 

hormone synthesis. As CKD progresses, high phosphate levels influence the expression of factors 

involved in cell cycle regulation and parathyroid cell proliferation [16], and promote resistance to 

the actions of calcitriol in the parathyroid glands. High phosphate levels induce progression of sHPT 
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and resistance to the effects of PTH in the bone. Moreover, it has been recently shown that phosphate 

at high concentrations acts as a noncompetitive antagonist of the CaSR, resulting in an increase of 

PTH secretion [17]. However, we should keep in mind that not only phosphate but other uremic 

toxins, such as indoxyl sulfate, are known to interfere with vitamin D metabolism and promote 

sHPT progression [18], as well as bone resistance to PTH. 

Therapeutic arsenal for the treatment of sHPT includes calcitriol and vitamin D analogs, 

calcimimetics, and phosphate binders. Parathyroidectomy (PTX) is the surgical treatment indicated 

for cases with refractory hypercalcemia/hyperphosphatemia and severe symptoms such as extra 

skeletal calcification/calciphylaxis, intractable pruritus, and bone pain. 

3. Effects of sHPT on BONE 

Chronic PTH excess and bone resorption markers are associated with abnormal cortical and 

trabecular density, and fractures [19]. Cortical bone contributes to the mechanical strength of the 

skeleton, and this compartment is more adversely affected by hyperparathyroidism than the 

trabecular bone [20,21]. A histomorphometric evaluation in primary hyperparathyroidism has 

depicted that PTH promotes periosteal resorption and intracortical porosity [22]. 

A longitudinal study of 53 patients with stages 2 to 5 CKD, including those on dialysis, has 

shown that hyperparathyroidism and high serum concentration of bone turnover markers were 

associated with significant cortical loss, detected by dual-energy X-ray absorptiometry and 

high-resolution peripheral quantitative computed tomography [23]. The association of high levels of 

PTH and cortical porosity was also shown in dialysis patients [20]. In a post hoc analysis of the BRIC 

study, we observed an increased cortical porosity, evaluated through bone histomorphometry, 

which was associated with PTH levels, but not with the trabecular bone turnover [20]. 

In contrast to this effect in the cortical compartment, chronic excess of PTH might act as an 

anabolic agent for trabecular bone, increasing trabecular number and thickness [24]. Mice with 

prenatal conditional ablation of the PTH receptor (PTHR) by homologous recombination exhibit 

decreased trabecular bone compartment and increased thickness of cortical bone during fetal 

development [25]. 

Beyond consequences of PTH excess, the association between low levels of PTH and fractures is 

also a matter of debate. A U-shaped relationship between PTH and vertebral fractures has been 

shown in dialysis patients [26]. Moreover, Coco et al. [27] demonstrated a higher risk of hip fracture 

in patients on dialysis with lower PTH (around 195 pg/mL), and Iimori et al. [28] confirmed a high 

risk of fracture in patients with PTH levels below 150 pg/mL. However, according to Danese et al. 

[29], the risks for hip and vertebral fracture are weakly associated with PTH levels among patients 

on dialysis, with the lowest risk observed around a PTH concentration of 300 pg/mL. 

Skeletal resistance to the PTH calcemic regulation further compromises the ability to maintain 

calcium levels in patients with advanced renal disease [30]. This resistance is not restricted to the 

effects of PTH on calcium release from the skeleton, but also involves the action of the hormone on 

the response of the bone cells [31]. We and others have shown increased bone expression of 

sclerostin in CKD patients [32,33], suggesting that this Wnt pathway inhibitor is related to the bone 

resistance to PTH. As a consequence, high serum PTH levels are needed to induce equivalent 

biologic responses in patients with CKD. Albeit some studies have described a down-regulation of 

PTHR in the context of CKD [34], we showed higher expression of PTHR1 in the osteocytes, mostly 

in earlier CKD stages [32]. However, this receptor activity was not evaluated in the mentioned study, 

and the current belief is that the PTHR activity might be compromised. 

Some studies suggest that the transforming growth factor β (TGF-β) has a role in bone 

remodeling, regulating the recruitment of osteoclasts and osteoblasts. Downregulation of hormones 

and cytokines, such as IGF-1, IL-11, and TGF-β1, may be associated with age-related bone loss [35]. 

In vitro studies have shown that TGF-β increases the synthesis of bone proteins by osteoblastic cells 

[36], and local injection of TGF-β under the periosteum stimulates bone formation [37]. In contrast, 

transgenic mice overexpressing osteoblast-specific truncated TGF-β receptor present an increase in 

trabecular bone mass and a decrease in bone remodeling [38]. Furthermore, mice with knockout of 
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the osteoblast TGF-β receptor develop a decrease in cortical bone and an increase in trabecular 

compartment, which is similar to the phenotype of animals expressing an active PTHR [39]. Thus, 

due to its dual effect, a fine balance of TGF-β production is required to prevent bone loss. 

Pieces of evidence indicate that PTH and TGF-β operate together to exert their biological 

activities in the bone. Higher expression of TGF-β protein has been noted in high-turnover bones of 

patients with end-stage renal disease. In uremic animals, renal FGF-23 expression correlates with 

local TGF-β expression [40]. Patients with renal osteodystrophy have significantly higher levels of 

TGF-β than those without this condition [41]. Indeed, Santos et al. [42] demonstrated a significant 

high TGF-β expression in bone of patients with sHPT, which has improved after PTX. 

PTH receptors are present in tissues unrelated to calcium homeostasis [43], but little is known 

about PTHR downregulation in the CKD context. Therefore, it is unknown whether PTH excessive 

levels, required to keep trabecular bone remodeling, might contribute to deleterious actions on 

nonclassical target organs. 

4. Effects of sHPT on Cardiovascular System 

sHPT promotes cardiovascular disease, regardless of calcium or phosphate levels [44]. There is 

some evidence of a correlation between serum levels of PTH and hypertension [45]. A study with 

1784 individuals with mild renal dysfunction or normal eGFR followed for seven years revealed that 

PTH levels were able to predict hypertension in men, even after adjustments for age, smoking, and 

body mass index [46]. In addition, a meta-analysis with six prospective cohort studies, involving a 

total of 18,994 participants, showed that increased levels of PTH may be associated with a higher risk 

of hypertension [47]. Despite the evidence linking PTH with hypertension, the unanswered question 

is whether this relationship is causal. In particular, changes in systemic calcium metabolism are 

thought to play an important role in the regulation of blood pressure. Leiba et al. [48] have described 

some cases of hypertensive end-stage renal disease patients, who had a sudden drop in blood 

pressure after PTX. Heyliger et al. [49] documented a significant decrease in both systolic and 

diastolic blood pressure in 147 patients with hypertension undergoing PTX. 

Parathyroid hyperfunction is associated with endothelial dysfunction and myocardial 

hypertrophy. In experimental studies using a rat model of CKD (5/6 nephrectomy) submitted to 

PTX, the continuous infusion of supraphysiological rates of 1–34 PTH was associated with 

myocardial hypertrophy and fibrosis along with a high myocardial expression of oxidative stress 

and inflammation markers [50]. There is an association between PTH levels, myocardial 

hypertrophy, and mortality, in patients with sHPT and in individuals from the general population 

[51]. An analysis with 2040 individuals has found that in women under 60 years and men over 59 

years, PTH was a significant predictor of left ventricular hypertrophy [51]. 

PTH stimulation on cardiomyocytes promotes an increase in synthesis and expression of 

fetal-type proteins via activation of protein kinase C and affects contractile function by inhibiting 

β-adrenoceptor-mediated effects through the same pathway [52]. Therefore, this effect of PTH might 

suppress cardiomyocyte contractility. 

Besides the aforementioned effect on cardiomyocytes, PTH acts on cardiac fibroblasts, inducing 

cardiac fibrosis in uremia [53]. As a promoter of fibroblast proliferation, TGF-β also generates 

cardiac fibrosis, as well as cardiomyocyte apoptosis and cardiac hypertrophy [54]. Beyond its role in 

bone turnover, PTH may mediate cardiovascular fibrosis and apoptosis through the TGF-β signaling 

pathway. 

PTH might indirectly induce myocardial hypertrophy by increasing FGF-23 synthesis. High 

levels of FGF-23 have also been linked to left ventricular hypertrophy and mortality in patients with 

CKD. According to Gutierrez et al. [55], high levels of FGF-23 were independently associated with 

left ventricular hypertrophy in a group of 162 patients with CKD, not on dialysis. Furthermore, an 

experimental study has shown a direct effect of FGF-23 on myocardial hypertrophy [56]. 

CKD is associated with a high prevalence of arteriosclerosis or stiffening of the arteries 

independently of the presence of significant atherosclerosis. Calcification of the intimal and medial 

layers of vessels has an important role for arterial stiffening, and it is a key feature of the arterial 
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disease in the kidney disease setting. Elevations in serum phosphate, calcium, and 

calcium-phosphate product, among other factors, are intimately involved in promoting calcification. 

Vascular calcification has been frequently documented in primary hyperparathyroidism and sHPT, 

although its pathophysiology is still a matter of debate. The question is whether there is a direct 

deleterious effect of PTH on vessels. An experimental study has shown that exposure of vascular 

endothelial cells to PTH led to decreased expression of the mRNA of OPG, a known protection factor 

of endothelial tissue [57]. However, the administration of 1–34 PTH to young mice has attenuated 

the progression of aortic valve calcification in a model of CKD [58]. Therefore, the association of 

long-term exposure of high PTH levels with vascular and valvular calcification [59] is probably 

explained by the large supply of calcium and phosphate from high bone turnover [60]. Indeed, sHPT 

is associated with an increased risk of calcific uremic arteriolopathy, also known as calciphylaxis. 

Elevations in phosphate and calcium levels compromise the vasculature, resulting in ischemic 

changes and plaque-like lesions that progress to painful skin lesions [61]. The prognosis of this 

condition is poor, and patients’ survival generally reaches one year, in the best scenario [62]. 

In summary, although the role of PTH in mediating the RANK/RANKL/OPG axis in skeletal 

and extraskeletal calcification [63] has not yet been elucidated, this hormone should be included in 

the list of mediators of the bone–vascular interaction. 

5. Effects of sHPT on CKD Progression 

A recent meta-analysis suggests an independent association between serum phosphate levels, 

kidney failure, and mortality among patients with CKD not requiring dialysis [64]. Increased levels 

of phosphate may lead to tubular injury, interstitial fibrosis, endothelial dysfunction, and vascular 

calcification via phosphate or calcium-phosphate crystals [65]. 

A retrospective cohort study with 13,772 incident patients on hemodialysis has revealed an 

association between the decline of residual kidney function and abnormalities of MBD, such as high 

levels of phosphate, intact PTH, alkaline phosphatase, and low levels of calcium [66]. It has also been 

shown that diabetic predialysis CKD patients with sHPT usually require greater healthcare resource 

utilization and experience a faster kidney disease progression with a higher risk of dialysis initiation 

or death when compared with predialysis diabetic patients with CKD but without sHPT [67]. 

6. Effects of sHPT on CKD-Related Caquexia and Energy Expenditure 

Muscle weakness is another condition possibly associated with hyperparathyroidism in 

patients with CKD, whose physiologic basis is not completely understood. Some studies using 

muscle biopsies of patients with CKD have revealed a decrease in muscle mitochondrial oxidative 

enzymes, such as citrate synthase and cytochrome c oxidase, and a decrease in the synthesis of 

contractile muscle proteins, myosin heavy chain, and mitochondrial proteins [68]. 

The diagnosis of uremic myopathy is based on clinical features and a multifactorial origin, 

caused by physical inactivity, reduced protein intake, immunological and myocellular alterations, 

inflammation, metabolic acidosis, abnormalities in insulin-like growth factor, and myostatin 

expression. Most of these mechanisms stimulate the ATP-dependent ubiquitin-proteosome system 

(UPS), one of the most important intracellular proteolysis pathways [69]. In addition, vitamin D 

deficiency is also recognized as a risk factor for CKD-related myopathy [70]. 

Experimental evidence supports the toxic effect of PTH on muscles. Animals exposed to high 

doses of PTH for four days showed muscle dysfunction, including a reduction of mitochondrial 

activity and a decrease in high-energy phosphate [71]. Gomez-Fernandez et al. [72] have described 

the weakness of the respiratory muscles in correlation with PTH levels. 

Weight loss, a common feature of advanced CKD, might be related to the excess of PTH levels. 

CKD patients with sHPT who undergo PTX present, in general, a significant magnitude of weight 

gain (more than 5% above the baseline) [73]. Interestingly, patients undergoing dialysis with sHPT 

present an increase of resting energy expenditure that reduces significantly six months after PTX 

[74]. 
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Kir et al. [75] uncovered evidence that PTH and PTH-related protein (PTHrP) signal, through 

the same receptor, work as potential mediators of body weight loss, in association with browning of 

adipose tissue and loss of muscle mass. They observed that injection of cancer cells into mice was 

responsible for increased concentration of PTHrP, with capacity to activate the uncoupling 

protein-1, inducing “browning” of white adipose tissue and energy generation. The pathway to 

browning includes PTH/PTHrP activation of protein kinase A and loss of muscle mass via the UPS. 

Deletion of PTHR abrogates the muscle atrophy and changes the regulation of thermogenic genes in 

mice with 5/6 nephrectomy. 

This finding revealed that the deletion of PTHR in animal models acts as a critical factor for 

resistance to the development of sarcopenia. A higher concentration of brown adipose tissue might 

be an important factor associated with muscle wasting in CKD by increasing energy expenditure. 

7. Effect of sHPT on Glucose Metabolism 

Glucose intolerance is another condition associated with uremia, possibly due to decreased 

insulin secretion. Some evidence suggests that PTH has a role in this event since insulin resistance 

has been noted in patients with primary hyperparathyroidism [76]. There is, however, no convincing 

evidence of such effect in uremia. 

Experimental studies in uremic animals have demonstrated an action of PTH on protein kinase 

C promoting an increase of cytosolic calcium in pancreatic islets. Excess PTH may interfere with the 

ability of the beta-cells to augment insulin secretion appropriately, affecting insulin secretion by 

calcium-dependent mechanisms [77]. Ahamed et al. [78] have documented a negative correlation 

between PTH and fasting insulin in uremic patients. Patients with severe hyperparathyroidism had 

relatively more impairment of pancreatic beta-cell function in comparison with those with mild 

hyperparathyroidism, and an intravenous dose of 1-cholecalciferol has been associated with an 

improvement of beta-cell function. 

Mak et al. [79] have shown that patients on dialysis with 1,25-(OH)2D3 deficiency and sHPT 

were glucose-intolerant and insulin-resistant. After intravenous administration of 1,25-(OH)2D3, 

there was an increase of insulin secretion and an improvement of glucose tolerance. These events 

occurred without any change in serum PTH concentration. An improvement of glucose tolerance 

and insulin secretion has been described in children with uremia after handling sHPT markers, by 

phosphate restriction and oral phosphate binders [80]. Therefore, changes in metabolism could be 

explained by a reduction of PTH, phosphate and/or FGF-23 levels, as well as by normalization of 

serum calcitriol. 

However, some studies have shown that the undercarboxylated form of osteocalcin, an 

osteoblast-specific protein, is associated with energy metabolism regulation [81]. Infusion of 

undercarboxylated osteocalcin improves glucose tolerance and insulin resistance in mice with 

insulin receptor deletion [82]. In sHPT, there is a PTH-mediated increase of carboxylated and 

undercarboxylated osteocalcin, which might lead to an increase in insulin sensitivity and energy 

expenditure [83]. Thus, these conflicting actions of PTH on glucose metabolism should be addressed 

in future studies. 

8. Effect of sHPT on Central Nervous System 

Toxic effects of PTH on the central nervous system have been suggested. The mechanism might 

involve an increase of levels of cytosolic calcium in brain synaptic terminals since the removal of 

parathyroid is capable to prevent an excess of calcium in uremic brains [84]. Guisado et al. [85] have 

shown a correlation between changes in the electroencephalogram (EEG), similar to those presented 

in the chronic uremia context, with the increase of brain calcium content. Furthermore, PTX before 

uremia induction prevented EEG abnormalities, whereas the administration of parathyroid extracts 

to healthy animals induced EEG changes similar to those observed in uremic animals. 

It has also been suggested a harmful effect of PTH on cognitive function in CKD patients. 

However, there is still weak support due to the lack of research in this area [86]. 
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9. Effect of sHPT on Hematopoietic and Immunological System 

Hyperparathyroidism aggravates hematopoietic dysfunction [87], inhibiting erythropoiesis, 

accelerating erythrocyte sedimentation rate, and increasing osmotic fragility of erythrocytes through 

Ca-ATPase stimulation [88]. Elevated levels of PTH cause fibrosis of bone marrow [89], related to the 

synergism between FGF and TGF-β action on myofibroblast transdifferentiation. A regression of 

medullary fibrosis was demonstrated one year after PTX in uremic patients, accompanied by a 

reduction in IL-1, TNF-a, TGF-β, and FGF [42]. 

Cell-mediated immunity, involving lymphocyte function, is abnormal in uremia [90]. Chronic 

exposure to PTH is associated with a reduction of T lymphocyte proliferation, cytokine production, 

and impairment of immunoglobulins production. There are some beneficial effects of PTX on the 

immunologic parameters in the sHPT context. In this regard, patients with CKD on maintenance 

dialysis followed prospectively for one year after PTX presented an improvement in serum 

immunoglobulins and complement titles. This improvement in humoral immunity after PTX occurs 

probably due to the remarkable reduction of PTH, which directly affects B-cells, and partially 

improved nutritional state [91]. Thus, abnormalities of the ‘‘uremic immunodeficiency’’ may be 

related to the degree of sHPT. 

Interestingly, T lymphocytes are essential to the PTH-mediated bone homeostasis. Some 

authors have shown the role of T lymphocytes in PTH–mediated skeleton homeostasis, suggesting 

that the immune system is essential to the bone actions of PTH. Hory et al. [92] have reported that 

transplantation of human parathyroid into athymic mice did not promote bone resorption. A 

subsequent study by Pettway et al. [93] has suggested an involvement between T cells and bone 

response to PTH. Intermittent PTH treatment could induce a faint anabolic response in the 

trabecular bone compartment of T cell-deficient mice. 

10. Conclusion 

sHPT has significant clinical implications not restricted to the pathophysiology of some mineral 

and bone metabolism disorder. There is a substantial body of evidence that supports the role of PTH 

in the pathogenesis of abnormalities in cell function, contributing to several uremic findings in 

patients with CKD by increasing intracellular calcium. The presence of PTH receptors in different 

tissues unrelated to calcium homeostasis may be the reason for such a number of nonclassical effects 

of severe sHPT. 

The diversity of toxic effects involves myocardial dysfunction, cardiac hypertrophy, muscle 

weakness, osmotic fragility of erythrocytes, glucose intolerance, and abnormalities of the immune 

system (Figure 3). Moreover, there is evidence that PTX restores some of these organ dysfunctions, 

as shown in Table 1. 
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Figure 3. PTH-related manifestations on different target organs in uremic syndrome. Some studies 

have suggested the role of PTH in uremic syndrome through calcium-dependent and independent 

mechanisms. Among several toxic actions, it has been shown an association of high levels of PTH 

with myocardial hypertrophy and cardiovascular disease, nervous system disorders, development of 

sarcopenia, progression of chronic kidney disease, hematopoietic dysfunction, reduced insulin 

secretion by pancreatic beta-cells, increase of energy expenditure, “browning” of white adipose 

tissue, and high bone turnover with significant cortical compartment loss. CKD: chronic kidney 

disease. 

Table 1. PTH-related manifestations and beneficial effects of Parathyroidectomy. 

PTH-Related Manifestations Parathyroidectomy Effects Ref. 

Hypertension 

Myocardial hypertrophy  

Blood pressure reduction 

Beneficial effect on cardiovascular mortality  

[44], 

[46] 

Abnormal bone density (mainly in 

cortical compartment) 

Improvement of bone mineral density at 

lumbar spine and femoral neck  

[19], 

[94] 

Increase of levels of cytosolic calcium in 

brain synaptic terminals  

Improvement of cognitive function 

Prevention of electroencephalogram 

abnormalities in uremic animals  

[85], 

[95] 

Hematopoietic dysfunction 

Accelerate erythrocyte sedimentation 

rate 

Increase of osmotic fragility of 

Improvement of anemia 

Regression of medullar fibrosis  

[87], 

[96] 
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erythrocytes  

Reduction of T lymphocyte 

proliferation and cytokine production 

Impairment of immunoglobulins 

production  

Improvement on serum immunoglobulins and 

complement titles  

[90], 

[91] 

Increase in all-cause mortality risk  

Improve of survival in patients with severe 

secondary Hyperparathyroidism 

Improvement of quality of life 

[14], 

[97] 

Therefore, in view of the several adverse effects of high levels of PTH, a true uremic toxin, there 

is a need for closer monitoring for its levels in patients with CKD, in order to achieve more rigorous 

and early control of sHPT. 

Funding: Drs Moyses and Elias are supported by CNPq (Conselho Nacional de Desenvolvimento Científico e 

Tecnológico). This financial support had no role in writing this review.  

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Goodman, W.G.; Salusky, I.B.; Juppner, H. New lessons from old assays: Parathyroid hormone (PTH), its 

receptors, and the potential biological relevance of PTH fragments. Nephrol. Dial. Transplant. 2002, 17, 

1731–1736, doi:10.1093/ndt/17.10.1731. 

2. Conigrave, A.D. The calcium-sensing receptor and the parathyroid: Past, present, future. Front. Physiol. 

2016, 7, 563, doi:10.3389/fphys.2016.00563. 

3. Blaine, J.; Chonchol, M.; Levi, M. Renal control of calcium, phosphate, and magnesium homeostasis. Clin. 

J. Am. Soc. Nephrol. CJASN 2015, 10, 1257–1272, doi:10.2215/CJN.09750913. 

4. Baron, R.; Kneissel, M. WNT signaling in bone homeostasis and disease: From human mutations to 

treatments. Nat. Med. 2013, 19, 179–192, doi:10.1038/nm.3074. 

5. Baron, R.; Rawadi, G. Targeting the Wnt/beta-catenin pathway to regulate bone formation in the adult 

skeleton. Endocrinology 2007, 148, 2635–2643, doi:10.1210/en.2007-0270. 

6. Jilka, R.L. Molecular and cellular mechanisms of the anabolic effect of intermittent PTH. Bone 2007, 40, 

1434–1446, doi:10.1016/j.bone.2007.03.017. 

7. Hofbauer, L.C.; Khosla, S.; Dunstan, C.R.; Lacey, D.L.; Boyle, W.J.; Riggs, B.L. The roles of osteoprotegerin 

and osteoprotegerin ligand in the paracrine regulation of bone resorption. J. Bone Miner. Res. 2000, 15, 2–12, 

doi:10.1359/jbmr.2000.15.1.2. 

8. National Kidney, F. K/DOQI clinical practice guidelines for bone metabolism and disease in chronic 

kidney disease. Am. J. Kidney Dis. 2003, 42, S1–S201. 

9. Murer, H.; Hernando, N.; Forster, I.; Biber, J. Regulation of Na/Pi transporter in the proximal tubule. Annu. 

Rev. Physiol. 2003, 65, 531–542, doi:10.1146/annurev.physiol.65.042902.092424. 

10. Silver, J.; Naveh-Many, T. FGF-23 and secondary hyperparathyroidism in chronic kidney disease. Nat. Rev. 

Nephrol. 2013, 9, 641–649, doi:10.1038/nrneph.2013.147. 

11. Hu, M.C.; Shi, M.; Zhang, J.; Quinones, H.; Griffith, C.; Kuro-o, M.; Moe, O.W. Klotho deficiency causes 

vascular calcification in chronic kidney disease. J. Am. Soc. Nephrol. JASN 2011, 22, 124–136, 

doi:10.1681/ASN.2009121311. 

12. Martin, A.; David, V.; Quarles, L.D. Regulation and function of the FGF23/klotho endocrine pathways. 

Physiol. Rev. 2012, 92, 131–155, doi:10.1152/physrev.00002.2011. 

13. Olauson, H.; Lindberg, K.; Amin, R.; Sato, T.; Jia, T.; Goetz, R.; Mohammadi, M.; Andersson, G.; Lanske, B.; 

Larsson, T.E. Parathyroid-specific deletion of Klotho unravels a novel calcineurin-dependent FGF23 

signaling pathway that regulates PTH secretion. PLoS Genet. 2013, 9, e1003975, 

doi:10.1371/journal.pgen.1003975. 

14. Tentori, F.; Blayney, M.J.; Albert, J.M.; Gillespie, B.W.; Kerr, P.G.; Bommer, J.; Young, E.W.; Akizawa, T.; 

Akiba, T.; Pisoni, R.L.; et al. Mortality risk for dialysis patients with different levels of serum calcium, 



Toxins 2020, 12, 189 12 of 16 

 

phosphorus, and PTH: The Dialysis Outcomes and Practice Patterns Study (DOPPS). Am. J. Kidney Dis. 

2008, 52, 519–530, doi:10.1053/j.ajkd.2008.03.020. 

15. Naveh-Many, T.; Rahamimov, R.; Livni, N.; Silver, J. Parathyroid cell proliferation in normal and chronic 

renal failure rats. The effects of calcium, phosphate, and vitamin D. J. Clin. Investig. 1995, 96, 1786–1793, 

doi:10.1172/JCI118224. 

16. Denda, M.; Finch, J.; Slatopolsky, E. Phosphorus accelerates the development of parathyroid hyperplasia 

and secondary hyperparathyroidism in rats with renal failure. Am. J. Kidney Dis. 1996, 28, 596–602, 

doi:10.1016/s0272-6386(96)90473-4. 

17. Centeno, P.P.; Herberger, A.; Mun, H.C.; Tu, C.; Nemeth, E.F.; Chang, W.; Conigrave, A.D.; Ward, D.T. 

Phosphate acts directly on the calcium-sensing receptor to stimulate parathyroid hormone secretion. Nat. 

Commun. 2019, 10, 4693, doi:10.1038/s41467-019-12399-9. 

18. Goto, S.; Fujii, H.; Hamada, Y.; Yoshiya, K.; Fukagawa, M. Association between indoxyl sulfate and 

skeletal resistance in hemodialysis patients. Ther. Apher. Dial. 2010, 14, 417–423, 

doi:10.1111/j.1744-9987.2010.00813.x. 

19. Nickolas, T.L.; Cremers, S.; Zhang, A.; Thomas, V.; Stein, E.; Cohen, A.; Chauncey, R.; Nikkel, L.; Yin, M.T.; 

Liu, X.S.; et al. Discriminants of prevalent fractures in chronic kidney disease. J. Am. Soc. Nephrol. JASN 

2011, 22, 1560–1572, doi:10.1681/ASN.2010121275. 

20. Araujo, M.J.; Karohl, C.; Elias, R.M.; Barreto, F.C.; Barreto, D.V.; Canziani, M.E.; Carvalho, A.B.; Jorgetti, 

V.; Moyses, R.M. The pitfall of treating low bone turnover: Effects on cortical porosity. Bone 2016, 91, 

75–80, doi:10.1016/j.bone.2016.07.009. 

21. Moe, S.M.; Chen, N.X.; Newman, C.L.; Gattone, V.H.; 2nd; Organ, J.M.; Chen, X.; Allen, M.R. A 

comparison of calcium to zoledronic acid for improvement of cortical bone in an animal model of CKD. J. 

Bone Miner. Res. 2014, 29, 902–910, doi:10.1002/jbmr.2089. 

22. Duan, Y.; De Luca, V.; Seeman, E. Parathyroid hormone deficiency and excess: Similar effects on 

trabecular bone but differing effects on cortical bone. J. Clin. Endocrinol. Metab. 1999, 84, 718–722, 

doi:10.1210/jcem.84.2.5498. 

23. Nickolas, T.L.; Stein, E.M.; Dworakowski, E.; Nishiyama, K.K.; Komandah-Kosseh, M.; Zhang, C.A.; 

McMahon, D.J.; Liu, X.S.; Boutroy, S.; Cremers, S.; et al. Rapid cortical bone loss in patients with chronic 

kidney disease. J. Bone Miner. Res. 2013, 28, 1811–1820, doi:10.1002/jbmr.1916. 

24. Parfitt, A.M. Hormonal influences on bone remodeling and bone loss: Application to the management of 

primary hyperparathyroidism. Ann. Intern. Med. 1996, 125, 413–415, 

doi:10.7326/0003-4819-125-5-199609010-00009. 

25. Lanske, B.; Amling, M.; Neff, L.; Guiducci, J.; Baron, R.; Kronenberg, H.M. Ablation of the PTHrP gene or 

the PTH/PTHrP receptor gene leads to distinct abnormalities in bone development. J. Clin. Investig. 1999, 

104, 399–407, doi:10.1172/JCI6629. 

26. Jansz, T.T.; Goto, N.A.; van Ballegooijen, A.J.; Willems, H.C.; Verhaar, M.C.; van Jaarsveld, B.C. The 

prevalence and incidence of vertebral fractures in end-stage renal disease and the role of parathyroid 

hormone. Osteoporos. Int. 2019, 1–10. doi:10.1007/s00198-019-05187-0. 

27. Coco, M.; Rush, H. Increased incidence of hip fractures in dialysis patients with low serum parathyroid 

hormone. Am. J. Kidney Dis. 2000, 36, 1115–1121, doi:10.1053/ajkd.2000.19812. 

28. Iimori, S.; Mori, Y.; Akita, W.; Kuyama, T.; Takada, S.; Asai, T.; Kuwahara, M.; Sasaki, S.; Tsukamoto, Y. 

Diagnostic usefulness of bone mineral density and biochemical markers of bone turnover in predicting 

fracture in CKD stage 5D patients--a single-center cohort study. Nephrol. Dial. Transplant. 2012, 27, 345–351, 

doi:10.1093/ndt/gfr317. 

29. Danese, M.D.; Kim, J.; Doan, Q.V.; Dylan, M.; Griffiths, R.; Chertow, G.M. PTH and the risks for hip, 

vertebral, and pelvic fractures among patients on dialysis. Am. J. Kidney Dis. 2006, 47, 149–156, 

doi:10.1053/j.ajkd.2005.09.024. 

30. Fukagawa, M.; Kazama, J.J.; Shigematsu, T. Skeletal resistance to pth as a basic abnormality underlying 

uremic bone diseases. Am. J. Kidney Dis. 2001, 38, S152–S155, doi:10.1053/ajkd.2001.27426. 

31. Iwasaki-Ishizuka, Y.; Yamato, H.; Nii-Kono, T.; Kurokawa, K.; Fukagawa, M. Downregulation of 

parathyroid hormone receptor gene expression and osteoblastic dysfunction associated with skeletal 

resistance to parathyroid hormone in a rat model of renal failure with low turnover bone. Nephrol. Dial. 

Transplant. 2005, 20, 1904–1911, doi:10.1093/ndt/gfh876. 



Toxins 2020, 12, 189 13 of 16 

 

32. Graciolli, F.G.; Neves, K.R.; Barreto, F.; Barreto, D.V.; Dos Reis, L.M.; Canziani, M.E.; Sabbagh, Y.; 

Carvalho, A.B.; Jorgetti, V.; Elias, R.M.; et al. The complexity of chronic kidney disease-mineral and bone 

disorder across stages of chronic kidney disease. Kidney Int. 2017, 91, 1436–1446, 

doi:10.1016/j.kint.2016.12.029. 

33. Boltenstal, H.; Qureshi, A.R.; Behets, G.J.; Lindholm, B.; Stenvinkel, P.; D'Haese, P.C.; Haarhaus, M. 

Association of serum sclerostin with bone sclerostin in chronic kidney disease is lost in glucocorticoid 

treated patients. Calcif. Tissue Int. 2019, 104, 214–223, doi:10.1007/s00223-018-0491-4. 

34. Picton, M.L.; Moore, P.R.; Mawer, E.B.; Houghton, D.; Freemont, A.J.; Hutchison, A.J.; Gokal, R.; Hoyland, 

J.A. Down-regulation of human osteoblast PTH/PTHrP receptor mRNA in end-stage renal failure. Kidney 

Int. 2000, 58, 1440–1449, doi:10.1046/j.1523-1755.2000.00306.x. 

35. Manolagas, S.C. Birth and death of bone cells: Basic regulatory mechanisms and implications for the 

pathogenesis and treatment of osteoporosis. Endocr. Rev. 2000, 21, 115–137, doi:10.1210/edrv.21.2.0395. 

36. Bonewald, L.F.; Dallas, S.L. Role of active and latent transforming growth factor beta in bone formation. J. 

Cell. Biochem. 1994, 55, 350–357, doi:10.1002/jcb.240550312. 

37. Noda, M.; Camilliere, J.J. In vivo stimulation of bone formation by transforming growth factor-beta. 

Endocrinology 1989, 124, 2991–2994, doi:10.1210/endo-124-6-2991. 

38. Filvaroff, E.; Erlebacher, A.; Ye, J.; Gitelman, S.E.; Lotz, J.; Heillman, M.; Derynck, R. Inhibition of TGF-beta 

receptor signaling in osteoblasts leads to decreased bone remodeling and increased trabecular bone mass. 

Development 1999, 126, 4267–4279. 

39. Qiu, T.; Wu, X.; Zhang, F.; Clemens, T.L.; Wan, M.; Cao, X. TGF-beta type II receptor phosphorylates PTH 

receptor to integrate bone remodelling signalling. Nat. Cell Biol. 2010, 12, 224–234, doi:10.1038/ncb2022. 

40. Mace, M.L.; Gravesen, E.; Nordholm, A.; Hofman-Bang, J.; Secher, T.; Olgaard, K.; Lewin, E. Kidney 

fibroblast growth factor 23 does not contribute to elevation of its circulating levels in uremia. Kidney Int. 

2017, 92, 165–178, doi:10.1016/j.kint.2017.01.015. 

41. Jiang, X.; Kanai, H.; Shigehara, T.; Maezawa, A.; Yano, S.; Naruse, T. Metabolism of transforming growth 

factor-beta in patients receiving hemodialysis especially those with renal osteodystrophy. Ren. Fail. 1998, 

20, 135–145, doi:10.3109/08860229809045096. 

42. Santos, F.R.; Moyses, R.M.; Montenegro, F.L.; Jorgetti, V.; Noronha, I.L. IL-1beta, TNF-alpha, TGF-beta, 

and bFGF expression in bone biopsies before and after parathyroidectomy. Kidney Int. 2003, 63, 899–907, 

doi:10.1046/j.1523-1755.2003.00835.x. 

43. Ritz, E.; Stefanski, A.; Rambausek, M. The role of the parathyroid glands in the uremic syndrome. Am. J. 

Kidney Dis. 1995, 26, 808–813, doi:10.1016/0272-6386(95)90448-4. 

44. Lishmanov, A.; Dorairajan, S.; Pak, Y.; Chaudhary, K.; Chockalingam, A. Elevated serum parathyroid 

hormone is a cardiovascular risk factor in moderate chronic kidney disease. Int. Urol. Nephrol. 2012, 44, 

541–547, doi:10.1007/s11255-010-9897-2. 

45. Jorde, R.; Sundsfjord, J.; Haug, E.; Bonaa, K.H. Relation between low calcium intake, parathyroid 

hormone, and blood pressure. Hypertension 2000, 35, 1154–1159, doi:10.1161/01.hyp.35.5.1154. 

46. Jorde, R.; Svartberg, J.; Sundsfjord, J. Serum parathyroid hormone as a predictor of increase in systolic 

blood pressure in men. J Hypertens 2005, 23, 1639–1644, doi:10.1097/01.hjh.0000179764.40701.36. 

47. Zhang, Y.; Zhang, D.Z. Circulating parathyroid hormone and risk of hypertension: A meta-analysis. Clin. 

Chim. Acta 2018, 482, 40–45, doi:10.1016/j.cca.2018.03.028. 

48. Leiba, A.; Cohen, M.S.; Dinour, D.; Holtzman, E.J. Severe and long-lasting hypotension occuring 

immediately after parathyroidectomy in hypertensive hemodialysis patients: A case series. J. Hum. 

Hypertens. 2013, 27, 399–401, doi:10.1038/jhh.2012.49. 

49. Heyliger, A.; Tangpricha, V.; Weber, C.; Sharma, J. Parathyroidectomy decreases systolic and diastolic 

blood pressure in hypertensive patients with primary hyperparathyroidism. Surgery 2009, 146, 1042–1047, 

doi:10.1016/j.surg.2009.09.024. 

50. Custodio, M.R.; Koike, M.K.; Neves, K.R.; dos Reis, L.M.; Graciolli, F.G.; Neves, C.L.; Batista, D.G.; 

Magalhaes, A.O.; Hawlitschek, P.; Oliveira, I.B.; et al. Parathyroid hormone and phosphorus overload in 

uremia: Impact on cardiovascular system. Nephrol. Dial. Transplant. 2012, 27, 1437–1445, 

doi:10.1093/ndt/gfr447. 

51. Saleh, F.N.; Schirmer, H.; Sundsfjord, J.; Jorde, R. Parathyroid hormone and left ventricular hypertrophy. 

Eur. Heart J. 2003, 24, 2054–2060, doi:10.1016/j.ehj.2003.09.010. 



Toxins 2020, 12, 189 14 of 16 

 

52. Schlüter, K.-D.; Piper, H.M. Cardiovascular actions of parathyroid hormone and parathyroid 

hormone-related peptide. Cardiovasc. Res. 1998, 37, 34–41, doi:10.1016/s0008-6363(97)00194-6. 

53. Amann, K.; Ritz, E.; Wiest, G.; Klaus, G.; Mall, G. A role of parathyroid hormone for the activation of 

cardiac fibroblasts in uremia. J. Am. Soc. Nephrol. JASN 1994, 4, 1814–1819. 

54. Huntgeburth, M.; Tiemann, K.; Shahverdyan, R.; Schluter, K.D.; Schreckenberg, R.; Gross, M.L.; 

Modersheim, S.; Caglayan, E.; Muller-Ehmsen, J.; Ghanem, A.; et al. Transforming growth factor beta(1) 

oppositely regulates the hypertrophic and contractile response to beta-adrenergic stimulation in the heart. 

PLoS ONE 2011, 6, e26628, doi:10.1371/journal.pone.0026628. 

55. Gutierrez, O.M.; Januzzi, J.L.; Isakova, T.; Laliberte, K.; Smith, K.; Collerone, G.; Sarwar, A.; Hoffmann, U.; 

Coglianese, E.; Christenson, R.; et al. Fibroblast growth factor 23 and left ventricular hypertrophy in 

chronic kidney disease. Circulation 2009, 119, 2545–2552, doi:10.1161/CIRCULATIONAHA.108.844506. 

56. Faul, C.; Amaral, A.P.; Oskouei, B.; Hu, M.C.; Sloan, A.; Isakova, T.; Gutierrez, O.M.; Aguillon-Prada, R.; 

Lincoln, J.; Hare, J.M.; et al. FGF23 induces left ventricular hypertrophy. J. Clin. Investig. 2011, 121, 

4393–4408, doi:10.1172/JCI46122. 

57. Rashid, G.; Plotkin, E.; Klein, O.; Green, J.; Bernheim, J.; Benchetrit, S. Parathyroid hormone decreases 

endothelial osteoprotegerin secretion: Role of protein kinase A and C. Am. J. Physiol. Ren. Physiol. 2009, 296, 

F60–F66, doi:10.1152/ajprenal.00622.2007. 

58. Shao, J.S.; Cheng, S.L.; Charlton-Kachigian, N.; Loewy, A.P.; Towler, D.A. Teriparatide (human 

parathyroid hormone (1–34)) inhibits osteogenic vascular calcification in diabetic low density lipoprotein 

receptor-deficient mice. J. Biol. Chem. 2003, 278, 50195–50202, doi:10.1074/jbc.M308825200. 

59. Linefsky, J.P.; O'Brien, K.D.; Katz, R.; de Boer, I.H.; Barasch, E.; Jenny, N.S.; Siscovick, D.S.; Kestenbaum, B. 

Association of serum phosphate levels with aortic valve sclerosis and annular calcification: The 

cardiovascular health study. J. Am. Coll. Cardiol. 2011, 58, 291–297, doi:10.1016/j.jacc.2010.11.073. 

60. Neves, K.R.; Graciolli, F.G.; dos Reis, L.M.; Graciolli, R.G.; Neves, C.L.; Magalhaes, A.O.; Custodio, M.R.; 

Batista, D.G.; Jorgetti, V.; Moyses, R.M. Vascular calcification: Contribution of parathyroid hormone in 

renal failure. Kidney Int. 2007, 71, 1262–1270, doi:10.1038/sj.ki.5002241. 

61. McCarthy, J.T.; El-Azhary, R.A.; Patzelt, M.T.; Weaver, A.L.; Albright, R.C.; Bridges, A.D.; Claus, P.L.; 

Davis, M.D.; Dillon, J.J.; El-Zoghby, Z.M.; et al. Survival, risk factors, and effect of treatment in 101 patients 

with calciphylaxis. Mayo Clin. Proc. 2016, 91, 1384–1394, doi:10.1016/j.mayocp.2016.06.025. 

62. Nigwekar, S.U.; Zhao, S.; Wenger, J.; Hymes, J.L.; Maddux, F.W.; Thadhani, R.I.; Chan, K.E. A nationally 

representative study of calcific uremic arteriolopathy risk factors. J. Am. Soc. Nephrol. JASN 2016, 27, 

3421–3429, doi:10.1681/ASN.2015091065. 

63. Hofbauer, L.C.; Brueck, C.C.; Shanahan, C.M.; Schoppet, M.; Dobnig, H. Vascular calcification and 

osteoporosis--from clinical observation towards molecular understanding. Osteoporos. Int. 2007, 18, 

251–259, doi:10.1007/s00198-006-0282-z. 

64. Da, J.; Xie, X.; Wolf, M.; Disthabanchong, S.; Wang, J.; Zha, Y.; Lv, J.; Zhang, L.; Wang, H. Serum 

phosphorus and progression of CKD and mortality: A meta-analysis of cohort studies. Am. J. Kidney Dis. 

2015, 66, 258–265, doi:10.1053/j.ajkd.2015.01.009. 

65. Neves, K.R.; Graciolli, F.G.; dos Reis, L.M.; Pasqualucci, C.A.; Moyses, R.M.; Jorgetti, V. Adverse effects of 

hyperphosphatemia on myocardial hypertrophy, renal function, and bone in rats with renal failure. Kidney 

Int. 2004, 66, 2237–2244, doi:10.1111/j.1523-1755.2004.66013.x. 

66. Lee, Y.J.; Okuda, Y.; Sy, J.; Obi, Y.; Kang, D.H.; Nguyen, S.; Hsiung, J.T.; Park, C.; Rhee, C.M.; Kovesdy, 

C.P.; et al. Association of mineral bone disorder with decline in residual kidney function in incident 

hemodialysis patients. J. Bone Miner. Res. 2019, 35, 317–325, doi:10.1002/jbmr.3893. 

67. Schumock, G.T.; Andress, D.L.; Marx, S.E.; Sterz, R.; Joyce, A.T.; Kalantar-Zadeh, K. Association of 

secondary hyperparathyroidism with CKD progression, health care costs and survival in diabetic 

predialysis CKD patients. Nephron. Clin. Pract. 2009, 113, c54–c61, doi:10.1159/000228076. 

68. Adey, D.; Kumar, R.; McCarthy, J.T.; Nair, K.S. Reduced synthesis of muscle proteins in chronic renal 

failure. Am. J. Physiol. Endocrinol. Metab. 2000, 278, E219–E225, doi:10.1152/ajpendo.2000.278.2.E219. 

69. Workeneh, B.T.; Mitch, W.E. Review of muscle wasting associated with chronic kidney disease. Am. J. Clin. 

Nutr. 2010, 91, 1128S–1132S, doi:10.3945/ajcn.2010.28608B. 

70. Molina, P.; Carrero, J.J.; Bover, J.; Chauveau, P.; Mazzaferro, S.; Torres, P.U.; European Renal, N.; Chronic 

Kidney, D.-M.; Bone Disorder Working Groups of the European Renal Association-European Dialysis 



Toxins 2020, 12, 189 15 of 16 

 

Transplant Association. Vitamin D, a modulator of musculoskeletal health in chronic kidney disease. J. 

Cachexia Sarcopenia Muscle 2017, 8, 686–701, doi:10.1002/jcsm.12218. 

71. Baczynski, R.; Massry, S.G.; Magott, M.; el-Belbessi, S.; Kohan, R.; Brautbar, N. Effect of parathyroid 

hormone on energy metabolism of skeletal muscle. Kidney Int. 1985, 28, 722–727, doi:10.1038/ki.1985.190. 

72. Gomez-Fernandez, P.; Sanchez Agudo, L.; Calatrava, J.M.; Martinez, M.E.; Escuin Sancho, F.; Selgas, R.; 

Sanchez Sicilia, L. Parathormone as a uremic toxin. Possible effect on respiratory muscle function in 

uremia. Med. Clin. 1984, 82, 395–397. 

73. Khajehdehi, P.; Ali, M.; Al-Gebory, F.; Henry, G.; Bastani, B. The effects of parathyroidectomy on 

nutritional and biochemical status of hemodialysis patients with severe secondary hyperparathyroidism. 

J. Ren. Nutr. 1999, 9, 186–191, doi:10.1053/JREN00900186. 

74. Cuppari, L.; de Carvalho, A.B.; Avesani, C.M.; Kamimura, M.A.; Dos Santos Lobao, R.R.; Draibe, S.A. 

Increased resting energy expenditure in hemodialysis patients with severe hyperparathyroidism. J. Am. 

Soc. Nephrol. JASN 2004, 15, 2933–2939, doi:10.1097/01.ASN.0000141961.49723.BC. 

75. Kir, S.; Komaba, H.; Garcia, A.P.; Economopoulos, K.P.; Liu, W.; Lanske, B.; Hodin, R.A.; Spiegelman, B.M. 

PTH/PTHrP receptor mediates cachexia in models of kidney failure and cancer. Cell Metab. 2016, 23, 

315–323, doi:10.1016/j.cmet.2015.11.003. 

76. Fadda, G.Z.; Akmal, M.; Premdas, F.H.; Lipson, L.G.; Massry, S.G. Insulin release from pancreatic islets: 

Effects of CRF and excess PTH. Kidney Int. 1988, 33, 1066–1072, doi:10.1038/ki.1988.112. 

77. Amend, W.J.; Jr.; Steinberg, S.M.; Lowrie, E.G.; Lazarus, J.M.; Soeldner, J.S.; Hampers, C.L.; Merrill, J.P. 

The influence of serum calcium and parathyroid hormone upon glucose metabolism in uremia. J. Lab. Clin. 

Med. 1975, 86, 435–444. 

78. Ahamed, N.A.; Abdul-Aziz, M.Y.; El-Bauomy, A.; Salem, T.S. Parathyroid hormone: eFfects on glucose 

homeostasis and insulin sensitivity in chronic renal failure patients on regular hemodialysis. J. Taibah 

Univ. Med. Sci. 2008, 3, 44–54, doi:https://doi.org/10.1016/S1658-3612(08)70043-X. 

79. Mak, R.H. Intravenous 1,25 dihydroxycholecalciferol corrects glucose intolerance in hemodialysis 

patients. Kidney Int. 1992, 41, 1049–1054, doi:10.1038/ki.1992.159. 

80. Mak, R.H.; Turner, C.; Haycock, G.B.; Chantler, C. Secondary hyperparathyroidism and glucose 

intolerance in children with uremia. Kidney Int. Suppl. 1983, 16, S128–S133. 

81. Wolf, G. Energy regulation by the skeleton. Nutr. Rev. 2008, 66, 229–233, 

doi:10.1111/j.1753-4887.2008.00027.x. 

82. Fulzele, K.; Riddle, R.C.; DiGirolamo, D.J.; Cao, X.; Wan, C.; Chen, D.; Faugere, M.C.; Aja, S.; Hussain, 

M.A.; Bruning, J.C.; et al. Insulin receptor signaling in osteoblasts regulates postnatal bone acquisition and 

body composition. Cell 2010, 142, 309–319, doi:10.1016/j.cell.2010.06.002. 

83. Goldenstein, P.T.; Graciolli, F.G.; Antunes, G.L.; Dominguez, W.V.; Dos Reis, L.M.; Moe, S.; Elias, R.M.; 

Jorgetti, V.; Moyses, R.M.A. A prospective study of the influence of the skeleton on calcium mass transfer 

during hemodialysis. PLoS ONE 2018, 13, e0198946, doi:10.1371/journal.pone.0198946. 

84. Fraser, C.L.; Sarnacki, P.; Arieff, A.I. Calcium transport abnormality in uremic rat brain synaptosomes. J. 

Clin. Investig. 1985, 76, 1789–1795, doi:10.1172/JCI112170. 

85. Guisado, R.; Arieff, A.I.; Massry, S.G.; Lazarowitz, V.; Kerian, A. Changes in the electroencephalogram in 

acute uremia. Effects of parathyroid hormone and brain electrolytes. J. Clin. Investig. 1975, 55, 738–745, 

doi:10.1172/JCI107984. 

86. Lourida, I.; Thompson-Coon, J.; Dickens, C.M.; Soni, M.; Kuzma, E.; Kos, K.; Llewellyn, D.J. Parathyroid 

hormone, cognitive function and dementia: A systematic review. PLoS ONE 2015, 10, e0127574, 

doi:10.1371/journal.pone.0127574. 

87. Meytes, D.; Bogin, E.; Ma, A.; Dukes, P.P.; Massry, S.G. Effect of parathyroid hormone on erythropoiesis. J. 

Clin. Investig. 1981, 67, 1263–1269, doi:10.1172/jci110154. 

88. Levi, J.; Malachi, T.; Djaldetti, M.; Bogin, E. Biochemical changes associated with the osmotic fragility of 

young and mature erythrocytes caused by parathyroid hormone in relation to the uremic syndrome. Clin. 

Biochem. 1987, 20, 121–125, doi:10.1016/s0009-9120(87)80110-8. 

89. Brickman, A.S.; Sherrard, D.J.; Jowsey, J.; Singer, F.R.; Baylink, D.J.; Maloney, N.; Massry, S.G.; Norman, 

A.W.; Coburn, J.W. 1,25-dihydroxycholecalciferol. Effect on skeletal lesions and plasma parathyroid 

hormone levels in uremic osteodystrophy. Arch. Intern. Med. 1974, 134, 883–888, 

doi:10.1001/archinte.134.5.883. 



Toxins 2020, 12, 189 16 of 16 

 

90. Klinger, M.; Alexiewicz, J.M.; Linker-Israeli, M.; Pitts, T.O.; Gaciong, Z.; Fadda, G.Z.; Massry, S.G. Effect of 

parathyroid hormone on human T cell activation. Kidney Int. 1990, 37, 1543–1551, doi:10.1038/ki.1990.147. 

91. Yasunaga, C.; Nakamoto, M.; Matsuo, K.; Nishihara, G.; Yoshida, T.; Goya, T. Effects of a 

parathyroidectomy on the immune system and nutritional condition in chronic dialysis patients with 

secondary hyperparathyroidism. Am. J. Surg. 1999, 178, 332–336, doi:10.1016/s0002-9610(99)00194-4. 

92. Hory, B.G.; Roussanne, M.C.; Rostand, S.; Bourdeau, A.; Drueke, T.B.; Gogusev, J. Absence of response to 

human parathyroid hormone in athymic mice grafted with human parathyroid adenoma, hyperplasia or 

parathyroid cells maintained in culture. J. Endocrinol. Investig. 2000, 23, 273–279, doi:10.1007/BF03343723. 

93. Pettway, G.J.; Schneider, A.; Koh, A.J.; Widjaja, E.; Morris, M.D.; Meganck, J.A.; Goldstein, S.A.; McCauley, 

L.K. Anabolic actions of PTH (1-34): Use of a novel tissue engineering model to investigate temporal 

effects on bone. Bone 2005, 36, 959–970, doi:10.1016/j.bone.2005.02.015. 

94. Chou, F.F.; Chen, J.B.; Lee, C.H.; Chen, S.H.; Sheen-Chen, S.M. Parathyroidectomy can improve bone 

mineral density in patients with symptomatic secondary hyperparathyroidism. Arch. Surg. 2001, 136, 

1064–1068, doi:10.1001/archsurg.136.9.1064. 

95. Chou, F.F.; Chen, J.B.; Hsieh, K.C.; Liou, C.W. Cognitive changes after parathyroidectomy in patients with 

secondary hyperparathyroidism. Surgery 2008, 143, 526–532, doi:10.1016/j.surg.2007.11.019. 

96. Mandolfo, S.; Malberti, F.; Farina, M.; Villa, G.; Scanziani, R.; Surian, M.; Imbasciati, E. Parathyroidectomy 

and response to erythropoietin therapy in anaemic patients with chronic renal failure. Nephrol. Dial. 

Transplant. 1998, 13, 2708–2709, doi:10.1093/ndt/13.10.2708. 

97. Goldenstein, P.T.; Elias, R.M.; Pires de Freitas do Carmo, L.; Coelho, F.O.; Magalhaes, L.P.; Antunes, G.L.; 

Custodio, M.R.; Montenegro, F.L.; Titan, S.M.; Jorgetti, V.; et al. Parathyroidectomy improves survival in 

patients with severe hyperparathyroidism: A comparative study. PLoS ONE 2013, 8, e68870, 

doi:10.1371/journal.pone.0068870. 

 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


