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Endocrine System: PTH & calcium metabolism
Introduction
-
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Most of the body calcium, an estimated 99%, is stored in the bone as hydroxyapatite
crystals. Bone has an immediately available liquid pool for release, after which serum
calcium is replenished through osteoclast bone remodeling.
Serum calcium is mostly bound, 45% to albumin and another 15% to inorganic anions
such as phosphates, sulfates and citrate. The biologically active form is the free (aka
ionized) calcium (40% of total).

-

Total serum calcium is a good indicator of the ionized/free calcium. Serum calcium is
not a good indicator of calcium balance or total body calcium stores.
o Total serum calcium must be adjusted for hypoalbuminemia and changes in pH
that shift the bound to unbound calcium.

Corrected Calcium
- Serum calcium can be corrected for low albumin levels with the following formula:
Corrected calcium = Measured calcium + 0.8 (4 – serum albumin)
- Shifts in bound : free calcium due to changes in pH require direct measurement of
the ionized/free calcium level by a special probe.

-
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Serum calcium is highly regulated, normally varying <2% from its set-point.
There are 3 key hormones that regulate calcium metabolism:
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1. Parathyroid hormone (PTH): solely regulates serum calcium ,and also regulates
formation of active 1,25 (OH)2-Vitamin D (calcitriol)
2. 1,25 (OH)2-Vitamin D (calcitriol): regulates calcium absorption, hence calcium
stores
3. Fibroblast growth factor 23 (FGF 23): not well understood yet, its primary effect
is phosphorus excretion by the kidney
Parathyroid hormone: regulation and secretion
- PTH is released within seconds to minutes of any decrease in free calcium
levels through the actions of the calcium-sensing receptor (CaSR), found on
the surface of the chief cell. PTH has a half-life of 2-4 minutes.
- The CaSR has both Gq and Gi functions and the effect of hypocalcemia on
the CaSR is to decrease intracellular calcium, allowing preformed PTH in
cytoplasmic vesicles to be released into the blood.
o The CaSR is a rare example of a ligand that is as small as an ion, compared
to the protein or polypeptides required of the typical receptor
o Calcium is a common second messenger in numerous intracellular
pathways. Vesicle release of PTH induced by a decreased intracellular
calcium level is the opposite of the typical pattern (e.g. neurotransmitters,
insulin etc.)
The CaSR is exquisitely sensitive to ionic calcium levels, as
seen by the steepness of the curve in the adjacent PTHCalcium graph. Small changes in serum calcium induce rapid,
large responses in the PTH level.
The CaSR has decreased function in familial hypocalciuric
hypercalcemia (FHH). This requires a higher level of PTH to
keep serum calcium levels in the normal range.
o CaSR also regulates calcium reabsorption in the distal
nephron. In FHH, this results in increased
reabsorption (discussed below).
Lithium is used as a mood stabilizer in bipolar disorder. It
reduces the sensitivity of the CaSR, causing a clinical pattern
similar to FHH, with hypercalcemia (in 10-25%), increased PTH and hypocalciuria.
o Other metabolic effects of lithium include nephrogenic diabetes insipidus and
hypothyroidism.

The short T1/2 of PTH has
application in the surgery of
parathyroid adenomas.
Proof that the excision of a
parathyroid mass is curative
can be established during
surgery by showing a drop
in serum PTH within 10-20
minutes after excision.

-

-

-

PTH: biologic actions
-
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Kidney
o The regulation of calcium at the level of the kidney is complex and not
completely understood. There is local control, through the CaSR and systemic
control through PTH. There is reabsorption both through tubular cells
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(transcellular) via membrane transporters and around the cells (paratubular),
regulated by gap proteins, the claudins.
 Proximal convoluted tubule: most of the filtered calcium is recovered
The key idea of this long
through passive paracellular flow, driven by gradients established by the
discussion is that renal
Na/K ATPase pump and charge from the Na/H exchanger.
regulation of calcium
 Thick ascending limb: Calcium flow is again paracellular but restricted by
excretion is local, by the
claudins 16 & 18 and driven by sodium flow through the Na+/K+/2 ClCaSR, and systemic,
channel. The NaK2Cl channel is directly inhibited by the calcium-sensing
through PTH.
receptor (CaSR) and claudins indirectly by the CaSR through claudin 14.
 Distal convoluted tubule: Calcium flow is intracellular, through a calcium
channel (called TRPV5) and driven by sodium flow of both the
sodium/calcium exchanger (NCX) and a minor component from a calcium
ATPase. PTH increases all aspects of calcium resorption in the DCT.
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Gut

o A second effect of PTH on the kidney is the upregulation of 1α-hydroxylase in the
PCT. 1α-hydroxylase converts 25-(OH)Vitamin D (aka calcidiol) to its active form
1,25-(OH)2Vitamin D (aka calcitriol).
o Calcitriol increases the active transcellular absorption of calcium, mostly through
increased intracellular transportation.

Hypercalcemia and Vitamin D Toxicosis
The body stores of Vitamin D are mostly in the inactive form of 25-(OH)Vitamin D. The active form,
1,25 (OH)2Vitamin D can only be made by PTH. In the investigation of hypercalcemia, an elevated
level of 25-(OH)Vitamin D would be caused by an exogenous source, while an elevated 1,25(OH)2Vitamin D is caused by a granulomatous disease like sarcoidosis, as macrophages have
significant levels of 1α-hydroxylase.

-

Bone
o

o
o

PTH releases calcium from bone in 2 phases
 Immediate: there is a release pool in equilibrium with the extracellular fluid
(ECF)
 Delayed: sustained PTH stimulation releases calcium through bone resorption
PTH stimulates osteoblasts that then stimulate the formation of osteoclasts through
RANK-L. This interaction is regulated in turn by osteoprotogerin.
Osteoclasts resorb bone through 2 main processes:
 Type 1 collagen: proteases
 Hydroxyapatite crystals: through acid formed from carbonic anhydrase.
Alkaline Phosphatase (ALP)
This enzyme is found in all tissues, but especially the bone and biliary tree. In
the bone, it is found in osteoblasts, where it plays a key role in the mineralization of
collagen. ALP inhibits extracellular pyrophosphates (themselves inhibitors of
mineralization) and increases intracellular phosphorus. Both of these effect an
increase in calcium-phosphorus crystallization and the formation of the
hydroxyapatite crystals that give bone its hardness.
PTH stimulation of osteoblasts is always associated with an increase in serum
alkaline phosphatase.
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Drugs of osteoporosis:
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1.
2.
3.
4.

Teriparatide
Raloxifene
Denosumab
Bisphosphonates
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Summary of calcium metabolism and PTH (for discussion of diseases, see: Endocrine,
parathyroid, Hypercalcemia and Hypocalcemia):
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Serum Calcium versus Calcium Balance
Serum calcium and calcium stores are largely independent of each other. There are
fixed losses of calcium in urine and feces and so the calcium resorbed from bone in periods
of fasting must be replenished from the diet. A calcium intake that exceeds losses will be
protective of bone stores, but an excessive intake will lead to soft tissue deposits. A net
negative calcium balance does not cause hypocalcemia but rather leads to a measurable
loss of bone calcium. Many studies have shown that in post-menopausal patients, increased
dietary calcium is protective of bone calcium content.
Phosphorus
-

-

-
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Most of the body’s phosphorus is found in the hydroxyapatite crystals of bone, but
phosphorus is regulated in the proximal tubule (PCT) of the kidney.
Phosphorus is completely filtered and then reabsorbed through sodium / phosphorus
transporter channels (NPT). The number of NPCs determines the completeness of the
reabsorption by the tubule
An increase in serum phosphorus will cause the release of fibroblast growth factor 23
(FGF 23) from bone. This causes a decrease in NPTs and phosphaturia.
Increased levels of phosphorus will also decrease serum calcium due to complexing. The
drop in serum calcium will cause a rise in PTH, which also decreases the number of
NPTs.
Absorption of phosphorus from the gut and its release from bone are important in
establishing the filtered load of phosphorus, but it is the reabsorption in the PCT that
determines steady state levels.
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Endocrine System: PTH & calcium metabolism
Do You Know It?
1. If a patient is found to have a serum calcium of 8.2 mg/dL (reference range 8.6-10.1
mg/dL), would you expect to find signs of hypocalcemia on the physical examination?
Learn about calcium metabolism and PTH, including biologic actions in the kidney, gut and bone
as well as regulation and secretion of parathyroid hormone. Also covered are hypercalcemia
and vitamin D toxicosis, alkaline phosphatase, and the difference between serum calcium and
calcium stores.
2. Describe the effect of a decrease in serum calcium on the parathyroid cell.
a. Explain the pathophysiology of familial hypocalciuric hypercalcemia (FHH)

3. How does PTH maintain serum calcium within 2% of its set point?

4. What is the difference between serum calcium and calcium stores?

5. How is phosphorus regulated?

6. Draw out calcium regulation figure, including the parathyroid glands, bone, kidney and
gut.
a. Place the following diseases on the figure and describe the pathophysiology.
Disease
Pathophysiology
1 22q11 DS1
2 Familial hypocalcuria
hypercalcemia
Hyperparathyroidism
4 Early renal failure
5 Pseudohypoparathyroidism
6 Sarcoidosis
7 Hypervitaminosis D
8 Osteopetrosis
9 Osteoporosis
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