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The Parathyroid Gland

The parathyroid glands, first discovered by the Uppsala anatomist Ivear
Sandstrom, appear as a pair of inferior and a pair of superior “bumps” on the dor-
sal side of the thyroid in adults [1]. The superior and inferior parathyroid glands
are found in symmetrical positions in 80% and 70% of subjects, respectively.
The parathyroid glands develop from the third and fourth pharyngeal pouches in
humans between the fifth and twelfth weeks of gestation [2].

Normal adult parathyroid glands have a characteristic light yellow or
red-brownish color and a soft consistency. Most glands are oval or bean-shaped,
round, elongated, and bloated, and are multi lobulated. The normal gland size is
2-5 mm and weighs below 60 mg [3-5]. Autopsy studies revealed that 3-6% of
normal individuals without hyperparathyroidism had fewer than four parathyroid
glands and more than four glands were present in 2.5-6.7% of normal subjects,
a condition called supernumerary glands. Supernumerary glands are defined as
glands weighing more than 5 mg and located distant from the normal position and
are usually found located in the thymus. Supernumerary glands occur in more than
10% of patients with multiple endocrine neoplasia (MEN) type 1 or secondary
hyperparathyroidism (SHPT) [4-10].
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The inferior thyroid artery primarily supplies the parathyroid glands, which
is the primary vascular supply to both upper and lower parathyroid glands in
76-86% of subjects [11]. The parathyroid glands located low in the mediasti-
num may be supplied by a thymic branch of the internal mammary artery or by a
branch of the aortic arch.

Physiology of the Parathyroid Glands

The main function of the parathyroid glands is to produce parathyroid hormone
(PTH). PTH is one of three key hormones modulating calcium and phosphate
homeostasis; being the other two calcitriol (1,25-dihydroxyvitamin D) and fibro-
blast growth factor 23 (FGF23) [12].

PTH is synthesized as a 115-amino acid polypeptide called pre-pro-PTH,
which is cleaved within parathyroid cells at the amino-terminal portion, first to
pro-PTH (90 amino acids) and then to PTH (84 amino acids). The 84-amino acids
form is the stored, secreted and biologically active hormone. The biosynthetic
process is estimated to take less than one hour while the secretion by exocytosis
takes place within seconds after induction of hypocalcemia. Once secreted, PTH
is rapidly cleared from plasma through uptake mainly by the liver and kidney:
1-84 PTH is cleaved into active amino- and inactive carboxyl-terminal fragments
that are then cleared by the kidney. Intact PTH has a plasma half-life of two to
four minutes while the carboxyl-terminal fragments have half-lives that are 5-10
times greater [13].

PTH Functions

The principal function of PTH is to maintain the extracellular fluid calcium con-
centration within a narrow normal range. The hormone acts directly on bone and
kidney and indirectly on the intestine through its effects on synthesis of 1,25
OH2D to increase serum calcium concentration; in turn, PTH production is closely
regulated by the concentration of serum ionized calcium (Fig. 1).

In particular the increase in PTH release raises serum calcium concentration
toward normal ranges in three ways:

— increased bone resorption, which occurs within minutes after PTH secretion
increases

— increased intestinal calcium absorption mediated by increased production of
calcitriol, the most active form of vitamin D, which occurs at least a day after
PTH secretion increases

— decreased urinary calcium excretion due to stimulation of calcium reabsorption
in the distal tubule, which occurs within minutes after PTH secretion increases.
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On a more chronic basis, PTH also stimulates the conversion of calcidiol
(25-hydroxyvitamin D) to calcitriol in renal tubular cells, thereby stimulating
intestinal calcium absorption as well as bone turnover. Calcitriol inhibits PTH
secretion through an indirect negative feedback which consists in its positive
action on calcium levels; it also has a direct inhibitory action on PTH biosynthesis
and parathyroid cell proliferation [14].

Skeletal Actions of PTH

PTH acts on bone, the main reservoir of calcium, to release calcium in two differ-
ent phases [15]. The immediate effect of PTH is to mobilize calcium from skele-
tal stores that are readily available and in equilibrium with the extracellular fluid.
Secondly, PTH stimulates the release of calcium and phosphate by activation of
bone resorption.

It is known that osteoblasts and not osteoclasts express PTH receptors,
so osteoblasts are the main target for bone remodeling. However, osteoclasts
are indirectly activated in this process [16]. In fact, under PTH stimulation,
pre-osteoblasts mature into bone-forming osteoblasts that produce collagen and
subsequently mineralize matrix [17]. Since the remodeling unit is always coupled,
once pre-osteoblasts are stimulated, they release cytokines that can activate osteo-
clasts resulting in bone resorption.

Thus, osteoclast formation requires an interaction with osteoblasts, which
may depend upon cell to cell contact or regulators of osteoclast formation such
as RANK (the receptor activator of nuclear factor kappa-B), osteoprotegerin, and
RANK ligand (RANKL) [18]. PTH, then, can increase osteoclasts in number and
activity indirectly through its effects on RANKL and osteoprotegerin [19].
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New evidences suggest that PTH can actually bind osteoclasts through a dif-
ferent and incompletely characterized PTH receptor with specificity for the
carboxyl-terminal region of PTH (C-PTHRs) [16].

The net effect of PTH on bone can vary according to the severity and chronic-
ity of the PTH excess. Chronic exposure to high serum PTH concentrations, typi-
cal of primary or secondary hyperparathyroidism, results in net bone reabsorption,
whereas intermittent administration of recombinant human PTH (both full-length
1-84 or a 1-34 amino acids fragment) has been seen to stimulate bone formation
more than resorption. Moreover, specific elements of the PTH molecule seem
essential for bone anabolism. PTH fragments 1-31 and 1-34 retain all of the bio-
logic activity of the intact peptide; while amino-terminal truncation of the first
two amino acids of PTH eliminates most of the cyclic adenosine monophosphate
(cAMP) signaling, a pathway that seems important for the anabolic effect of PTH
on bone [20, 21].

Renal Actions of PTH

PTH stimulates calcium and phosphate reabsorption in the kidney and promotes
the activation of calcidiol to calcitriol leading to an increase of intestinal calcium
absorption and ultimately calcium blood levels.

Reabsorption of calcium—Filtered calcium is reabsorbed by a great part of
the nephron. The mechanisms by which it is reabsorbed and their regulation, vary
according to the function of location along the nephron. Most filtered calcium is
reabsorbed passively in the proximal tubule due to the favorable electrochemical
gradients created by sodium and water reabsorption. In contrast, calcium transport
is actively regulated in the distal nephron according to the needs of the organism.
This takes place in the cortical thick ascending limb of the loop of Henle (cTAL),
as well as in the distal convoluted tubule (DCT) and adjacent connecting segment
(a small segment between the distal tubule and cortical collecting tubule). PTH
acts at both cTAL and DCT in the distal tubule to stimulate calcium reabsorption.
Thus, if PTH secretion falls appropriately after an increase in serum ionized cal-
cium, the ensuing fall in tubular calcium reabsorption and the increase in calcium
excretion will contribute to restoring normocalcemia. High serum calcium itself
also contributes to the calciuresis, acting via the CaSR [22, 23].

Reabsorption of phosphate—PTH, along with fibroblast growth factor 23
(FGF23), is a key hormonal determinant of serum phosphate concentration.
It inhibits mostly proximal but also distal tubular reabsorption of phospho-
rus. This effect is primarily mediated by decreased activity, internalization and
degradation of the Npt2A and Npt2C, sodium-phosphate cotransporters in the
luminal membrane of the proximal tubules that mediate tubular reabsorption of
phosphate.
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Synthesis of calcitriol—PTH stimulates the synthesis of 1-alpha hydroxylase
in the proximal tubules and, therefore, the conversion of calcidiol to calcitriol.
Approximately 50 percent of patients with primary hyperparathyroidism show
high serum calcitriol concentrations as a result of this action of PTH. PTH also
decreases the activity of a 24-hydroxylase that inactivates calcitriol. This is an
extremely important action of PTH in maintaining calcium homeostasis in states
of vitamin D deficiency.

Other Actions of PTH

The possibility that PTH acts on other tissues has been raised in the attempt to
explain certain clinical manifestations of primary and secondary hyperparath-
yroidism. Some experimental studies have found effects of PTH on the intes-
tine, liver, adipose tissue, cardiovascular function, and neuromuscular function.
Impaired glucose tolerance and alterations in lipid metabolism reminiscent of
the metabolic syndrome have been described in hyperparathyroidism. Similarly,
patients with primary hyperparathyroidism have an increased incidence of hyper-
tension, left ventricular hypertrophy, and neuromuscular abnormalities. In addi-
tion, chronic excess of PTH, along with the associated elevations in the level of
FGF23, has been implicated in the pathogenesis of vascular calcification and
hypertension in patients with CKD [24, 25]. These atypical effects of PTH may
be mediated by differing PTH moieties and/or differing PTH receptors [16].
Moreover, the extent to which these abnormalities improve after parathyroidec-
tomy varies considerably, and whether they are actually directly caused by PTH
excess is uncertain.

PTH Regulation and Pathophysiology of Secondary
Hyperparathyroidism

PTH secretion is primarily regulated by extracellular calcium, along with extracel-
lular phosphate, calcitriol, and fibroblast growth factor 23 (FGF23).

Extracellular calcium—The relationship between the serum calcium concen-
tration and PTH secretion is described by an inverse, sigmoidal curve, based on
studies of calcium-regulated PTH secretion both in vivo and in vitro [13, 26]. In
normal individuals, a decrease in serum ionized calcium concentration of as little
as 0.1 mg/dL (0.025 mmol/L) produces a large increase in serum PTH concentra-
tion within minutes; conversely, an equally small increase in serum ionized cal-
cium rapidly lowers the serum PTH concentration. Particularly, PTH secretion
steeply increases to a maximum value of five times the basal rate of secretion as
calcium concentration falls from normal to the range of 1.9-2.0 mmol/L (7.5—
8.0 mg/dl, measured as total calcium).
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Parathyroid cells have many methods of adapting to increased needs for PTH
production. The first most rapid (within minutes) being the secretion of preformed
hormone in response to hypocalcemia. The second, within hours, are the changes
in gene activity and increased PTH-mRNA are induced by sustained hypocalce-
mia. Finally, protracted challenge leads within days to cellular replication to
increase glad mass.

The change in calcium concentration is perceived by an exquisitely sensitive
calcium-sensing receptor (CaSR) on the surface of parathyroid cells.

When activated by a small increase in serum ionized calcium, the
calcium-CaSR complex acts via one or more guanine nucleotide-binding (G)
proteins through second messengers, to inhibit PTH secretion and decrease renal
tubular reabsorption of calcium by the CaSR’s actions on parathyroid and kid-
ney, respectively. Conversely, the effect of deactivation of the receptor by a small
decrease in serum ionized calcium concentration is to stimulate PTH secretion and
enhance renal tubular reabsorption of calcium.

Calcium regulates not only the release but also the synthesis and degradation
of PTH, in all its molecular forms. During hypocalcemia, intracellular degradation
of PTH decreases, and a greater proportion of PTH 1-84 is secreted in relation
with other molecular species of the hormone. In comparison, during hypercalce-
mia, intracellular degradation of intact PTH increases and reduces the availability
of biologically active PTH 1-84 for secretion; consequently, mostly biologically
inactive carboxyl-terminal fragments of PTH are secreted during hypercalcemia
[12, 14, 27]. The ionized fraction of blood calcium is the most important deter-
minant of hormone secretion. Magnesium may influence hormone secretion in
the same direction as calcium. As a matter of fact, severe intracellular magnesium
deficiency impairs PTH secretion. However, it is unlikely that physiologic varia-
tion in magnesium concentration affects PTH secretion.

Extracellular phosphate—Phosphate, like calcium, acts as an extracellular
ionic messenger. Hyperphosphatemia, as well as extracellular calcium, calcitriol and
FGF23, modulates many parameters of parathyroid function by stimulating PTH
secretion, probably in large part by increasing PTH-mRNA stability and promoting
parathyroid cell growth [28, 29]. These responses may be mediated, partially by the
induction of hypocalcemia owing to the increase in serum phosphate concentration.

However, small elevations in serum phosphate concentrations may not be suf-
ficient to lower serum calcium concentration to a level that stimulates PTH secre-
tion. In addition, there is increasing evidence that hyperphosphatemia, regardless
of calcium and calcitriol serum concentrations, directly stimulates PTH synthesis
as well as parathyroid cellular proliferation in patients with advanced renal fail-
ure (the most common cause of hyperphosphatemia) [28, 29]. The nature of the
putative phosphate-sensing mechanism is unknown, however, it has been recently
demonstrated that phosphate can bind the CaR and interfere with the physiological
inhibitory effect of calcium on PTH secretion (ref).

Calcitriol—Vitamin D is synthesized in the skin, or may be ingested in the diet,
and is transported to the liver, where it is metabolized to form 25-hydroxyvitamin
D (Fig. 2). 25-hydroxyvitamin D is the main storage form of vitamin D and is the
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substrate for the enzyme 1a-hydroxylase, which converts it into 1,25-dihydroxyvita-
min D, the major circulating active metabolite of vitamin D. 1,25-dihydroxyvitamin
D is responsible for the effects of vitamin D on calcium and phosphorus metabo-
lism, the maintenance of bone health, and the regulation of the parathyroid glands
[30, 31]. Parathyroid cells contain vitamin D receptors, and the PTH gene contains a
vitamin D-response element. Calcitriol, by binding to the vitamin D receptor, inhib-
its PTH gene expression and, therefore, PTH synthesis [32]. Calcitriol also inhibits
parathyroid cell proliferation. Some of the actions of calcitriol on parathyroid func-
tion are related to its ability to increase the expression of the CaSR.

FGF23—Fibroblast growth factor-23 (FGF23) is a 251-amino-acid pro-
tein (molecular weight: 26 kDa) that was found to be synthesized and secreted
by osteocytes and osteoblasts [33]. FGF23 binds to and activates FGFR1, which
is functional only if co-expressed with the Klotho transmembrane protein, as
a Klotho-FGF receptor complex. When stimulated by phosphate increase and
calcitriol elevation, FGF23 directly increases urinary fractional excretion of
phosphate (FePi) in the proximal tubule by reducing the expression of type II
sodium-phosphate cotransporters (NPT2a and NPT2c) and, indirectly it reduces
phosphate absorption in the gut by suppressing 25-hydroxyvitamin D-la-
hydroxylase (1a-hydroxylase) activity.
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Fig. 2 Beneficial effects of VDR activation. Vitamin D actions require vitamin D activation to
its hormonal form, 1,25-dihydroxyvitamin D, by renal and extrarenal la-hydroxylases to bind
and activate the vitamin D receptor (VDR). Upon activation, ligand-bound VDR acts as a tran-
scription factor to regulate the expression of genes involved in vitamin D maintenance of mineral
homeostasis, skeletal health, renal and cardiovascular protection
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Fig. 3 FGF23 functions

In addition to its phosphaturic action, FGF23 exerts direct actions on parathy-
roid glands, inhibiting PTH synthesis and secretion [34] (Fig. 3). Therefore, PTH,
calcitriol, and FGF23 all participate in maintaining both calcium and phosphate
homeostasis.

Klotho

The Klotho gene encodes a single transmembrane protein belonging to glycosi-
dase family 1 and is mainly expressed in the renal tubules [35, 36]. The Klotho
protein forms a constitutive complex with several FGF receptor isoforms,
such as FGFR1c, 3c, and 4 and markedly increases the specificity of FGFR for
FGF23. That is, Klotho functions as a co-receptor for FGF23 [37]. The fact
that FGF23 requires Klotho as a co-receptor is demonstrated by the finding that
Klotho-deficient mice and FGF23-deficient mice have the same phenotype [38].
Extremely high serum FGF23 concentrations do not have adverse effects on
Klotho-deficient mice, indicating that Klotho is required for FGF23 signaling [39].

Klotho is not a kidney-specific protein: Klotho mRNA is also expressed at
high levels in the parathyroid gland, whereas it is barely expressed in the thyroid
gland, intestinal tract, and liver. Immunohistochemical analyses have confirmed
the specific localization of Klotho to the parathyroid gland and have also shown
the presence of FGFR1 and FGFR3 in parathyroid tissue. These results provide
further evidence that the parathyroid gland is the target organ of FGF23, due to
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the presence of FGFR-Klotho receptor complexes. Klotho is also expressed in
other organs such as the brain, but it is particularly present in the distal convo-
luted tubules, in the proximal convoluted tubules and in the inner medullary col-
lecting duct of the kidney [40]. In the kidney Klotho binds to the FGF receptor
(FGFR) which in turn binds to FGF23 leading to the formation of a Klotho/FGFR/
FGF23 complex with subsequent activation of FGF23 signal trasduction. Klotho
is required to convert different types of FGFR (FGFR1c, FGFR3c, FGFR4) into
specific receptors for FGF23, increasing the affinity for it and not for other FGFs
[41, 42].

There is also a soluble circulating form of Klotho which can still bind FGFRs
but also functions as a humoral factor with pleiotropic activities including regu-
lation of oxidative stress, growth factor signaling, and ion homeostasis [43].
Soluble Klotho can be generated in two ways: the extracellular domain of trans-
membrane Klotho can be shed by secretases and released into the circulation as
cleaved Klotho; alternatively secreted Klotho can be generated by alternative tran-
script splicing. Interestingly soluble Klotho can bind to FGFR-FGF23 to form the
active receptor complex but it seems to prevent high FGF23-induced effects [44].
In physiological conditions the kidney is the main responsible for the maintenance
of Klotho homeostasis: it produces and releases cleaved Klotho and it also clears
it from the blood through transcytosis in renal tubules. In patients with chronic
kidney disease (CKD), as expected, Klotho levels are much lower than in healthy
people and Klotho mRNA expression in the kidney decreases as GFR declines.

Klotho indirectly regulates PTH production through modulation of plasma lev-
els of FGF23, active vitamin D and phosphate. In addition, membrane Klotho may
have a direct effect on PTH production and release. Quantitative RT-PCR experi-
ments have shown that Klotho mRNA is expressed at high levels in the parathy-
roid gland, whereas it is barely expressed in the thyroid gland, intestinal tract, and
liver. Immunohistochemical analyses have confirmed the specific localization of
Klotho to the parathyroid gland and have also shown the presence of FGFR1 and
FGFR3 in parathyroid tissue. These results provide further evidence that the par-
athyroid gland is the target organ of FGF23, due to the presence of FGFR-Klotho
receptor complexes. In physiological conditions FGF23 directly decreases PTH
production and it also increases Klotho in the parathyroid gland, which facili-
tates its suppression of PTH production. Moreover, high vitamin D levels increase
Klotho expression, which in turn promotes phosphaturia and suppresses 1,25
Vitamin D production [45].

Parathyroid Resistance to PTH and FGF23 Action in CKD

During CKD, the decrease in nephron number should activate the FGF23/aKlotho
endocrine axis [46]. FGF23 is strictly involved in renal phosphate handling. When
nephronic mass and GFR decrease, serum phosphate load on nephrons increases.
Even in normo-phosphatemic CKD patients a positive phosphate balance occurs.
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To counterbalance a phosphate overload, both FGF23 and PTH increase. Probably,
CKD is the most common cause of chronically elevated serum FGF23 levels [47];
circulating FGF23 levels increase in parallel with the progressive fall in GFR and
they can reach high and maladaptive concentrations in ESRD patients [48].

Klotho deficiency plays a major role in these responses. Klotho mRNA expres-
sion decreases progressively with GFR impairment, defining a reduction in serum
klotho levels, starting from CKD stage 1. Serum Klotho reduction precedes sero-
logical elevation of FGF23, PTH and P. The progressive reduction of Klotho
expression in renal and parathyroid tissue defines a FGF23 resistance state and an
improvement in FGF23 synthesis [49].

Ben-Dov et al. reported Klotho expression in the parathyroid gland and showed
that FGF23 significantly reduces PTH gene expression and PTH secretion by acti-
vating the mitogen-activated protein kinases (MAPK) pathway [50] or secondly
through the Klotho-independent phospholipase C gamma (PLCy)-dependent acti-
vation of the nuclear factor of activated T-cells (NFAT) cascade [51]. Experimental
stimulation of activated FGF23 resulted in a rapid reduction in PTH expression
and decreased PTH secretion. The decrease in serum PTH levels induced by
FGF23 is partially reversed by MEK inhibition, indicating that the MAPK path-
way is important for the suppression of PTH secretion by parathyroid FGF23-
Klotho receptor complex signaling. FGF23 inhibits vitamin D metabolism,
reduces serum phosphorus levels, and acts directly on the parathyroid gland
to lower serum PTH levels. Thus, FGF23 targets the parathyroid gland and is
involved in endocrine control signaling between bone cells and the parathyroid
gland. Paradoxically, despite very high serum FGF23 levels in dialysis patients,
PTH does not necessarily decrease [52, 53]. When FGF23 is administered to nor-
mal rats for 2 consecutive days, PTH mRNA significantly decreases in the para-
thyroid gland. However, in uremic rats with hyperparathyroidism, administration
of FGF23 does not reduce PTH mRNA levels [27]. In vitro, the hyperplastic para-
thyroid gland secretes more PTH than the normal gland, but the addition of a sig-
nificantly higher concentration of FGF23 does not reduce PTH secretion.

Galitzer et al. showed that rats with chronic kidney disease (CKD) are resistant
to FGF23 in the parathyroid gland, indicating that CKD correlates with the down-
regulation of parathyroid Klotho and FGFR expression and FGF23 signaling [13].
PTH mRNA expression is known to be increased in CKD rats. Then, as CKD pro-
gresses into secondary hyperparathyroidism, Klotho and FGFR protein and mRNA
levels decrease. In experiments investigating the response to FGF23 in the par-
athyroid gland of CKD rats, FGF23 administration did not decrease PTH expres-
sion in rats with advanced CKD at 6 weeks. Thus, Klotho and FGFR mRNA levels
decrease in the parathyroid glands of CKD rats and Klotho and FGFR expression
decrease in cultured glands in vitro. These results indicate that the increase in PTH
expression in secondary hyperparathyroidism and the decrease in Klotho and FGFR
expression are related to the resistance of the CKD rat parathyroid gland to FGF23.

Patients with secondary hyperparathyroidism maintain high serum PTH con-
centrations, but patients with uremia show extremely high FGF23 levels. To
clarify the mechanism of resistance to FGF23 in uremic patients, Komaba et al.
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investigated the expression of Klotho and FGFR in hyperplastic parathyroid tissue
by immunohistochemistry [54]. Klotho and FGFR levels are significantly reduced
in the hyperplastic parathyroid glands of uremic patients, when compared to nor-
mal tissues. These trends are more pronounced in tissues with advanced disease,
accompanied by nodular hyperplasia.

These results answered some of the questions regarding the mechanism
whereby serum PTH levels are resistant to extremely high serum FGF23 levels.
Furthermore, it was shown that decreased levels of the Klotho-FGFR complex in
the hyperplastic parathyroid gland may contribute to this resistance mechanism.
This could explain the emergence of frameworks of SHPT. Despite its direct
inhibitory action on the parathyroid, FGF23 also contributes to the progression of
secondary hyperparathyroidism via reduction of renal calcitriol synthesis and sub-
sequent decrease in active intestinal calcium and phosphate absorption [55].
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