
Learning objectives

After reading this article you should be able to describe:

C the synthesis, secretion and regulation of thyroid hormones

C the physiological effects of thyroid hormones

C calcium and phosphate homeostasis

C the role of the parathyroid gland
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Abstract

The thyroid gland secretes thyroxine (T4) and triiodothyronine (T3) in
response to thyroid-stimulating hormone release from the anterior pi-
tuitary gland. Iodine is essential for the synthesis of thyroid hormones.
T4 and T3 increase the basal metabolic rate, heat production, and help
to maintain normal growth and development. Serum calcium levels are
under very tight control. The majority of calcium is found in bones. Cal-
cium and phosphate levels are maintained by four hormones e para-
thyroid hormone (PTH), calcitonin, vitamin D and fibroblast growth
factor 23. PTH is produced by the parathyroid glands and its secretion
is determined by serum calcium levels.
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Thyroid
Anatomy

The thyroid is a large endocrine gland which lies anterior to the

trachea, at the level of C5 to T1. It has two lobes which are

connected by a central isthmus. The average weight of an adult

thyroid is 20 g. It receives a rich blood supply from the superior

and inferior thyroid arteries.

Microscopically, the gland is composed of spherical follicles,

each of which contains a single layer of columnar cells sur-

rounded by protein-rich colloid within the lumen. Colloid con-

sists mainly of a large glycoprotein called thyroglobulin. Thyroid

hormones are synthesized and stored within the protein of

thyroglobulin.
Hormones

Hormone biosynthesis: there are two active thyroid hormones,

thyroxine (T4 or tetraiodothyronine) and 3,5,3-triiodothyronine

(T3). These are produced from the biologically inactive hor-

mones, mono-iodotyrosine (MIT) and diiodothyrosine (DIT)

which are found in the follicular thyroid gland in small quanti-

ties. T3 is formed when one molecule of MIT joins with one DIT;

T4 is formed when two DIT molecules combine. Both T3 and T4
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consist of a tyrosine molecule that is attached to a phenyl ring via

an ether linkage, and have two iodine atoms on the tyrosine ring.

However, T4 has two iodine atoms on its phenyl ring, whereas

T3 only has one (Figure 1).

Dietary iodine is essential for production of thyroid hormones,

with a recommended daily intake of 150 mg/day in adults. Foods

which are rich in iodine include seafood, dairy products and

some vegetables. Many countries add iodine to salt to maintain

adequate levels within the population’s diet.

Iodide (I�) is actively transported into thyroid follicular cells

via the sodium iodine transporter on the basolateral membrane

of the cell. The iodide is then oxidized in vesicles on the apical

cell membrane in a process catalysed by thyroid peroxidase. It

then diffuses into the colloid and becomes covalently bound to

some of the tyrosyl residues of thyroglobulin. This forms MIT

and DIT. Thyroid peroxidase then catalyses the ‘coupling’ of

these residues to form T4 from two DIT residues, and T3 from

one MIT and one DIT residues.

When the thyroid is stimulated to produce T3 and T4, colloid

droplets containing the thyroglobulin, are reabsorbed via pino-

cytosis into the follicular cells. These droplets then fuse with

lysosomes and the thyroglobulin is hydrolysed to form T4 and

T3. These hormones are released into the extracellular fluid and

then into the circulation (Figure 2).

T4 is produced solely in the thyroid gland, at a rate of 80e100

mg/day. About 20% of T3 is produced by the thyroid gland, with

a production rate of roughly 30e40 mg/day. The rest is formed by

extrathyroidal deiodination of T4 in target tissues. The liver and

kidney are the main sites at which this occurs, but some T3 is

produced in the majority of tissues. T3 is significantly more

potent than T4.

Hormone transport: T3 and T4 are relatively insoluble, therefore

are carried in the blood bound to serum binding proteins

(Table 1). These include thyroxine-binding globulin (TBG),

albumin, lipoproteins and transthyretin (TTR).

Hormone mechanism of action: thyroid hormones enter cells

through membrane transporter proteins before binding to their

receptor in the nucleus. This hormone-receptor complex interacts

with DNA resulting in the synthesis of new mRNA and protein.

There is an increase in the number of mitochondria and meta-

bolic rate increases.
Regulation of thyroid function

The production of thyroid hormones is regulated by a negative

feedback loop (Figure 3). Low circulating levels of T4 and T3
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Thyroid hormone transport in blood

Binding protein T4 (% bound) T3 (% bound)

TBG 75 80

TTR 10 5

Albumin 12 15

Lipoproteins 3

Free 0.02 0.5

Table 1
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Systemic effects of thyroid hormones

Metabolic

C Increase basal metabolic rate

C Increase oxygen consumption in all tissues

C Heat production

Lipid

C Stimulate lipolysis and b-oxidation of fatty acids

C Reduce serum cholesterol and triglycerides

Carbohydrate

C Stimulate gluconeogenesis and glycogenolysis by reducing insu-

lin sensitivity and increasing insulin metabolism

C Increase absorption from gut

Protein

C Catabolism in muscle

Cardiovascular

C Increase number and sensitivity of b-adrenergic receptors

C Increase heart rate

C Increase contractility

C Peripheral vasodilatation

Central nervous system

C Cerebellar development

C Nerve myelination: increase nerve conduction velocity

C Emotional stability

Respiratory

C Raised PaCO2 stimulates increased tidal volume and respiratory

rate

Skeletal

C Increase growth hormone secretion

Box 1
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stimulate the hypothalamus to release thyrotrophin-releasing

hormone (TRH) which acts on the anterior pituitary, resulting

in the release of thyroid-stimulating hormone (TSH). TSH stim-

ulates the thyroid to produce T4 and T3, which in turn inhibit the

release of further TRH and TSH. Thyroid function is under very

tight control as minimal alterations in T4 and T3 concentrations

result in changes to TSH secretion.
Physiological effects of thyroid hormones

Thyroid hormones affect the function of virtually every organ

system in the human body (Box 1). They are essential factors in

the regulation of basal metabolic rate and heat production

through the stimulation of ATP production for metabolic pro-

cesses and the maintenance of ionic gradients. They are also vital

for normal growth and development (Box 1).

Excess thyroid hormone production results in hyperthyroidism

and can be caused by a disease of the thyroid itself, or excess

production of TSH. A deficiency of thyroid hormones results in
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hypothyroidism and can be caused by disease of the hypothala-

mus, pituitary or thyroid glands, or, as a result of iodine deficiency.

Parathyroids
Anatomy

The parathyroid glands are bean-shaped structures which weigh

around 35 mg each. There are four glands, two on each side,

which sit on the posterior surface of the thyroid gland at the

superior and inferior poles. Blood is supplied mainly via

branches of the inferior thyroid arteries.

The glands are made up of two main types of cell:

� chief cells contain large numbers of Golgi apparatus and

endoplasmic reticulum; they secrete parathyroid hormone

(PTH)

� oxyphil cells are larger and fewer in number; their function

is relatively unknown.
Hormones

PTH is an 84 amino-acid polypeptide with a key role in the

regulation of serum calcium and phosphate levels. It has a short
� 2017 Published by Elsevier Ltd.
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half-life of roughly 5 minutes. Secretion is determined by serum

ionized calcium which acts on a sensitive calcium-sensing re-

ceptor (CaSR) on the surface of the cells of the parathyroid

glands. Activation of this G-protein coupled receptor results in

inhibition of PTH release and a reduction in serum calcium

levels. The relationship between serum ionized calcium levels

and PTH is an inverse sigmoidal curve (Figure 4).

The main actions of PTH are as follows.

Bone: PTH brings about a biphasic action on serum calcium

levels. Initially there is an increase in serum calcium levels

within minutes as PTH binds to osteocytic membrane pumps.

This pumps calcium ions from the fluid which lies between the

osteoclasts and osteoblasts (in the osteocytic membrane that

overlies the bone matrix) into the extracellular fluid.

The second, slower, phase occurs over the next few days and

acts preferentially on cortical bone. Mature osteoclasts lack PTH

receptors, therefore PTH binds to receptors on osteoblasts, which

causes a release of cytokines. These promote an increase in the

number and activity of mature osteoclasts. New research sug-

gests that PTH may also bind directly to immature osteoclast

precursor cells, promoting differentiation.

Renal: PTH acts on the thick ascending loop of Henle and the

distal convoluted tubule to promote fast calcium reabsorption. It

also acts on the sodium-phosphate cotransporter in the luminal

membrane of the proximal, and distal, convoluted tubules to

inhibit reabsorption of phosphate.

Gastrointestinal (GI): PTH stimulates the synthesis of 1a-

hydroxylase in the proximal tubules of the kidney. This enzyme

catalyses the conversion of calcidiol (25-hydroxyvitamin D), to

its active metabolite calcitriol (1,25-dihydroxyvitamin D). This

enhances GI absorption of calcium and phosphate. PTH also
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reduces the activity of an enzyme, 24-hydroxylase, that is

responsible for the inactivation of calcitriol.

Calcium and phosphate homeostasis

Over 99% of total body calcium is stored in bone. Normal serum

calcium levels are 2.2e2.6 mmol/litre and are under very tight

control. Approximately 40% of calcium within the blood is

bound to proteins, with a further 10% bound to simple molecules

such as bicarbonate, citrate and phosphate. It is only the un-

bound, ionized portion of calcium which is active.

The body is unable to maintain its supply of calcium without a

recommended daily dietary intake of roughly 1 g. The gut is only

able to absorb 35% of this calcium and further GI losses occur

through mucosal surface sloughing and bile secretion. This re-

sults in a net absorption of approximately 20% (0.2 g). 150 mg of

calcium is lost each day in urine, however, 99% of filtered cal-

cium is reabsorbed in the renal tubules so this only represents a

1% loss. Daily bone turnover is estimated to be about 0.5 g each

day but this is continuously being balanced under the influence

of homeostatic mechanisms.

Calcium has many functions, including:

� haemostasis

� structural integrity of bones

� enzyme co-factor

� acetylcholine release at neuromuscular junction

� muscle contraction

� neurotransmitter and second messenger.

Phosphate is an important intracellular and renal buffer.

Approximately 85% is contained within bones as calcium

phosphate. Calcium and phosphate must therefore be deposited

and resorbed from bone together. Normal plasma phosphate

levels are maintained at 2.5e4.5 mg/dl.

Gut absorption of phosphate is much more efficient than

that of calcium, with 80e90% of dietary intake being absorbed.
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Serum levels are maintained primarily by alterations in the renal

excretion of phosphate.
Hormonal control of homeostasis

There are four main hormones involved in the regulation of

calcium and phosphate homeostasis. The role of PTH has already

been discussed. The other hormones involved are calcitonin,

vitamin D and fibroblast growth factor 23.
Calcitonin is a 32 amino acid polypeptide, which is synthesized

and released by the parafollicular (C cells) in the thyroid. It has a

short half-life of about 10 minutes. Its actions are opposite to

those of PTH, therefore it inhibits calcium resorption from bone

and the resorption of calcium and phosphate in the kidney.

However, its effects appear to be limited as patients who undergo

thyroidectomies do not require calcitonin replacement therapy.
Vitamin D describes fat-soluble steroid-like compounds, such as

ergocalciferol (vitamin D2) and cholecalciferol (vitamin D3). The

active form of vitamin D (1a,25-dihydroxyvitamin D3) is

formed when ultraviolet radiation from sunlight converts 7-

dehydrocholesterol to previtamin D. This undergoes thermal

ionization which results in the formation of cholecalciferol. This

binds to a binding protein in the skin and is then transported into

the plasma. On reaching the liver, cholecalciferol is converted to

25-hydroxyvitamin D3 (25-OH-D3). This is further converted to

the active metabolite 1a,25-dihydroxyvitamin D3 (1,25-(OH)2-D3)

by the enzyme 1a-hydroxylase within the mitochondria of the

renal cortex.

This active metabolite causes the resorption of calcium from

bone, active reabsorption of calcium and phosphate from the gut,
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and increased calcium reabsorption in the kidney (at the expense

of phosphate).

Fibroblast growth factor 23: osteoclasts release this in response

to increased calcitriol levels in the plasma. It acts on the sodium

ephosphate cotransporter in the proximal tubule of the kidney to

promote the excretion of phosphate by preventing its reabsorp-

tion. It also suppresses the action of 1a-hydroxylase, thereby

preventing the conversion of vitamin D to its active form.

It remains unclear what stimulates the release of fibroblast

growth factor 23 as serum levels do not seem to alter in relation

to serum phosphate levels.

Calcitriol exerts a negative feedback action on the parathyroid

glands which results in reduced production and secretion of PTH.

This in turn reduces the conversion of calcidiol to calcitriol (see

above). It also has a direct inhibitory effect on 1a-hydroxylase in

the kidney. A
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