
HORMONAL REGULATION

Hormones: Diverse structures 
for diverse functions



Every process in a complex organism is regulated by one or 
more hormones: 

– maintenance of blood pressure, blood volume, and electrolyte 
balance;

– embryogenesis; 
– sexual differentiation, development, and reproduction;
– hunger, eating behaviour, digestion, and fuel allocation.

The coordination of metabolism in mammals is achieved by 
the neuroendocrine system. 

Individual cells in one tissue sense a change in the 
organism’s circumstances and respond by secreting a 
chemical messenger that passes to another cell in the same 
or different tissue, where it binds to a receptor molecule 
and triggers a change in this second cell.



In neuronal signalling, the chemical messenger 
(neurotransmitter; acetylcholine) may travel only a fraction 
of a micrometer, across the synaptic cleft to the next 
neuron in a network. 

In hormonal signalling, the messengers − hormones − are 
carried in the bloodstream to neighbouring cells or to 
distant organs and tissues; they may travel a meter or more 
before encountering their target cell.

These two chemical signalling mechanisms are remarkably 
similar. 

Epinephrine and norepinephrine, serve as neurotransmitters 
in certain synapses of the brain and smooth muscle and as 
hormones that regulate fuel metabolism in liver and 
muscle.



The discovery and purification of hormones requires a 
bioassay

A physiological process in one tissue depends on a signal 
that originates in another tissue. 

Insulin, was first recognized as a substance that is produced 
in the pancreas and affects the volume and composition of 
urine.

Once a physiological effect of the putative hormone is 
discovered, a quantitative bioassay for the hormone can be 
developed.

In the case of insulin, the assay consisted of injecting extracts 
of pancreas (a crude source of insulin) into experimental 
animals deficient in insulin, then quantifying the resulting 
changes in glucose concentration in blood and urine.



To isolate a hormone, the biochemist fractionates extracts 
containing the putative hormone, with the same 
techniques used to purify other biomolecules, and then 
assays each fraction for hormone activity. 

Once the chemical has been purified, its composition and 
structure can be determined.

Hormones are extremely potent and are produced in very 
small amounts. 

Obtaining sufficient hormone to allow its chemical 
characterization often involves biochemical isolations on 
a heroic scale.



When purified and characterized thyrotropin-releasing 
hormone (TRH) from the hypothalamus, processed about 
20 tons of hypothalamus from nearly two million sheep.

TRH proved to be a simple derivative of the tripeptide
Glu–His–Pro.

Once the structure of the hormone was known, it could be 
chemically synthesized in large quantities for use in 
physiological and biochemical studies.

Radioimmunoassay (RIA) revolutionized hormone 
research by making possible the rapid, quantitative, and 
specific measurement of hormones in minute amounts.



The structure of thyrotropin-releasing hormone (TRH)

Purified from extracts of hypothalamus, TRH proved to be a 
derivative of the tripeptide Glu–His–Pro. 

The side-chain carboxyl group of the amino-terminal Glu forms an 
amide (red bond) with the residue’s -amino group, creating 
pyroglutamate, and the carboxyl group of the carboxyl-terminal Pro 
is converted to an amide (red −NH2).



Hormone-specific antibodies are the key to the 
radioimmunoassay.

Purified hormone, injected into rabbits, elicits antibodies 
that bind to that hormone with very high affinity and 
specificity. 

When a constant amount of isolated antibody is incubated 
with a fixed amount of the radioactively labelled 
hormone, a certain fraction of the radioactive hormone 
binds to the antibody.



Radioimmunoassay (RIA)

A low concentration of radiolabelled hormone (red) is incubated with (1) 
a fixed amount of antibody specific for that hormone or (2) a fixed 
amount of antibody and various concentrations of unlabeled hormone 
(blue). 

In the latter case, unlabeled hormone competes with labelled hormone 
for binding to the antibody; the amount of labelled hormone bound 
varies inversely with the concentration of unlabelled hormone present.



Radioimmunoassay (RIA)

A radioimmunoassay for adrenocorticotropic hormone (ACTH). 

A standard curve of the ratio [bound] to [unbound radiolabelled
ACTH] vs. [unlabeled ACTH added] is constructed and used to 
determine the amount of (unlabelled) ACTH in an unknown 
sample.



If, in addition to the radiolabelled hormone, unlabelled 
hormone is also present, the unlabeled hormone 
competes with and displaces some of the labelled 
hormone from its binding site on the antibody.

This binding competition can be quantified by reference to 
a standard curve obtained with known amounts of 
unlabelled hormone. 

The degree to which labelled hormone is displaced from 
antibody is a measure of the amount of unlabelled 
hormone in a sample of blood or tissue extract.



Hormones act through specific high-affinity cellular 
receptors

All hormones act through highly specific receptors in hormone-
sensitive target cells, to which the hormones bind with high 
affinity.

Each cell type has its own combination of hormone receptors, 
which define the range of its hormone responsiveness.

Two cell types with the same type of receptor may have different
intracellular targets of hormone action and thus may respond 
differently to the same hormone. 

The specificity of hormone action results from structural 
complementarity between the hormone and its receptor; this 
interaction is extremely selective, so structurally similar 
hormones can have different effects. 

The high affinity of the interaction allows cells to respond to very 
low concentrations of hormone.



The intracellular consequences of hormone-receptor 
interaction are of at least six general types: 

1. a change in membrane potential results from the opening or 
closing of a hormone-gated ionchannel;

2. a receptor enzyme is activated by the extracellular hormone; 
3. a second messenger generated inside the cell acts as an 

allosteric regulator of one or more enzymes;
4. a receptor with no intrinsic enzyme activity recruits a soluble 

protein kinase in the cytosol, which passes on the signal; 
5. an adhesion receptor on the cell surface interacts with 

molecules in the extracellular matrix and conveys 
information to the cytoskeleton;

6. a steroid or steroidlike molecule causes a change in the level 
of expression (transcription of DNA into mRNA) of one or 
more genes.



Water-soluble peptide and amine hormones (insulin and 
epinephrine, for example) act extracellularly by binding 
to cell surface receptors that span the plasma membrane. 

When the hormone binds to its extracellular domain, the 
receptor undergoes a conformational change analogous 
to that produced in an allosteric enzyme by binding of an 
effector molecule. 

The conformational change triggers the downstream 
effects of the hormone.



Two general mechanisms of 
hormone action 

The peptide and amine 
hormones are faster acting 
than steroid and thyroid 
hormones.



A single hormone molecule, in forming a hormone-
receptor complex, activates a catalyst that produces many 
molecules of second messenger, so the receptor serves 
not only as a signal transducer but also as a signal 
amplifier. 

The signal may be further amplified by a signalling 
cascade, a series of steps in which a catalyst activates a 
catalyst, resulting in very large amplifications of the 
original signal.

Water-insoluble hormones (steroid, retinoid, and thyroid 
hormones) readily pass through the plasma membrane of 
their target cells to reach their receptor proteins in the 
nucleus.



With this class of hormones, the hormone-receptor 
complex itself carries the message; it interacts with DNA 
to alter the expression of specific genes, changing the 
enzyme complement of the cell and thereby changing 
cellular metabolism.

Hormones that act through plasma membrane receptors 
generally trigger very rapid physiological or biochemical 
responses.



The thyroid hormones and the sex (steroid) hormones 
promote maximal responses in their target tissues only 
after hours or even days.

In general, the fast-acting hormones lead to a change in the 
activity of one or more preexisting enzymes in the cell, 
by allosteric mechanisms or covalent modification. 

The slower-acting hormones generally alter gene 
expression, resulting in the synthesis of more or less of 
the regulated protein(s).



Hormones are chemically diverse

Mammals have several classes of hormones, 
distinguishable by their chemical structures and their 
modes of action. 

Peptide, amine, and eicosanoid hormones act from outside 
the target cell via surface receptors.

Steroid, vitamin D, retinoid, and thyroid hormones enter 
the cell and act through nuclear receptors.

Hormones can also be classified by the way they get from 
the point of their release to their target tissue. 



Endocrine (from the Greek endon, “within,” and krinein, 
“to release”) hormones are released into the blood and 
carried to target cells throughout the body.

Paracrine hormones are released into the extracellular 
space and diffuse to neighbouring target cells.

Autocrine hormones are released by and affect the same 
cell, binding to receptors on the cell surface.



Peptide hormones:

Peptide hormones may have from 3 to 200 or more amino acid 
residues. 

They include the pancreatic hormones insulin, glucagon, and 
somatostatin, the parathyroid hormone, calcitonin, and all 
the hormones of the hypothalamus and pituitary. 

These hormones are synthesized on ribosomes in the form of 
longer precursor proteins then packaged into secretory
vesicles and proteolytically cleaved to form the active 
peptides.

Insulin is a small protein with two polypeptide chains, A and 
B, joined by two disulfide bonds.



It is synthesized in the pancreas as an inactive single-chain 
precursor, preproinsulin, with an amino-terminal “signal 
sequence” that directs its passage into secretory vesicles.

Proteolytic removal of the signal sequence and formation of 
three disulfide bonds produces proinsulin, which is stored in 
secretory granules in pancreatic  cells. 

When elevated blood glucose triggers insulin secretion, 
proinsulin is converted to active insulin y specific proteases, 
which cleave two peptide bonds to form the mature insulin 
molecule.



Mature insulin is formed from its larger precursor preproinsulin by 
proteolytic processing. 

Removal of a 23 amino acid segment (the signal sequence) at the amino 
terminus of preproinsulin and formation of three disulfide bonds produces 
proinsulin. 

Further proteolytic cuts remove the C peptide from proinsulin to produce 
mature insulin, composed of A and B chains.

Insuline



In some cases, prohormone proteins yield a single peptide 
hormone, but often several active hormones are carved out 
of the same prohormone. 

Pro-opiomelanocortin (POMC) is a spectacular example of 
multiple hormones encoded by a single gene. 

The POMC gene encodes a large polypeptide that is 
progressively carved up into at least nine biologically 
active peptides.

The concentration of peptide hormones within secretory
granules is so high that the vesicle contents are virtually 
crystalline; when the contents are released by exocytosis, a 
large amount of hormone is released suddenly.



Proteolytic processing of the proopiomelanocortin (POMC) precursor

The initial gene product of the POMC gene is a long polypeptide that 
undergoes cleavage by a series of specific proteases to produce ACTH, 
- and -lipotropin, -, -, and -MSH (melanocyte-stimulating 
hormone), CLIP (corticotropin-like intermediary peptide), -endorphin, 
and Met-enkephalin. 

The points of cleavage are paired basic residues, Arg–Lys, Lys–Arg, or 
Lys–Lys.



Catecholamine hormones:
The water-soluble compounds epinephrine (adrenaline) and 

norepinephrine (noradrenaline) are catecholamines, 
named for the structurally related compound catechol. 

They are synthesized from tyrosine.
Tyrosine → L-DOPA→ Dopamine → Norepinephrine →

Epinephrine

Catecholamines produced in the brain and in other neural tissues 
function as neurotransmitters, but epinephrine and 
norepinephrine are also hormones, synthesized and secreted 
by the adrenal glands.

Catecholamines are highly concentrated within secretory
vesicles and released by exocytosis, and they act through 
surface receptors to generate intracellular second messengers.



Eicosanoids:
The eicosanoid hormones (prostaglandins, thromboxanes, 

and leukotrienes) are derived from the 20-carbon 
polyunsaturated fatty acid arachidonate.



They are not synthesized in advance and stored; they are 
produced, when needed, from arachidonate enzymatically
released from membrane phospholipids by phospholipase
A2.

The enzymes of the pathway leading to prostaglandins and 
thromboxanes are very widely distributed in mammalian 
tissues; most cells can produce these signals, and cells of 
many tissues can respond to them through specific plasma 
membrane receptors.

Paracrine hormones, secreted into the interstitial fluid and 
acting on nearby cells.



Steroid hormones:
The steroid hormones (adrenocortical hormones and sex 

hormones) are synthesized from cholesterol in several 
endocrine tissues.

They travel to their target cells through the bloodstream, 
bound to carrier proteins.



More than 50 corticosteroid hormones are produced in the 
adrenal cortex by reactions that remove the side chain from 
the D ring of cholesterol and introduce oxygen to form keto
and hydroxyl groups.

The steroid hormones are of two general types. 

Glucocorticoids primarily affect the metabolism of carbo-
hydrates; mineralocorticoids regulate the concentrations of 
electrolytes in the blood.

Androgens and estrogens are synthesized in the testes and 
ovaries.

All steroid hormones act through nuclear receptors to change 
the level of expression of specific genes, they also have more 
rapid effects, mediated by receptors localized in the plasma 
membrane.



Vitamin D hormone:
Calcitriol (1,25-dihydroxycholecalciferol) is produced from 

vitamin D by enzymecatalyzed hydroxylation in the liver 
and kidneys.

Vitamin D is obtained in the diet 
or by photolysis of 7-dehydro-
cholesterol in skin exposed to 
sunlight. 

Calcitriol works in concert with 
parathyroid hormone in Ca2+

homeostasis, regulating [Ca2+] 
in the blood and the balance 
between Ca2+ deposition and 
Ca2+ mobilization from bone.



Retinoid hormones:
Retinoids are potent hormones that regulate the growth, survival, 

and differentiation of cells via nuclear retinoid receptors. 

The prohormone retinol is synthesized from vitamin A, 
primarily in liver, and many tissues convert retinol to the 
hormone retinoic acid (RA).

All tissues are retinoid targets, as all cell 
types have at least one form of nuclear 
retinoid receptor.

RA regulates the synthesis of proteins 
essential for growth or differentiation.

Excessive vitamin A can cause birth 
defects.



Thyroid hormones:

The thyroid hormones T4 (thyroxine) and T3

(triiodothyronine) are synthesized from the precursor 
protein thyroglobulin. 

Up to 20 Tyr residues in thyroglobulin are enzymatically
iodinated in the thyroid gland, then two iodotyrosine
residues condense to form the precursor to thyroxine. 

When needed, thyroxine is released by proteolysis. 

Condensation of monoiodotyrosine with diiodotyrosine
produces T3, which is also an active hormone released by 
proteolysis.



The thyroid hormones act through nuclear receptors to
stimulate energy-yielding metabolism, by increasing the 
expression of genes encoding key catabolic enzymes.



Hormone release is regulated by a hierarchy of 
neuronal and hormonal signals

What regulates the level of each hormone?

The central nervous system receives input from many 
internal and external sensors − signals about danger, 
hunger, dietary intake, blood composition and pressure, for 
example − and orchestrates the production of appropriate 
hormonal signals by the endocrine tissues.

The hypothalamus, a small region of the brain, is the 
coordination centre of the endocrine system; it receives and 
integrates messages from the central nervous system. 

In response to these messages, the hypothalamus produces 
regulatory hormones (releasing factors) that pass directly to 
the nearby pituitary gland, through special blood vessels 
and neurons that connect the two glands.



The major endocrine systems 
and their target tissues

Signals originating in the central nervous 
system (top) pass via a series of relays to 
the ultimate target tissues (bottom).

In addition to the systems shown, the thymus, 
pineal gland, and groups of cells in the 
gastrointestinal tract also secrete hormones. 

Dashed lines represent neuronal connections.



The posterior pituitary produce the short peptide 
hormones oxytocin and vasopressin, which then move 
down the axon to the nerve endings in the pituitary, 
where they are stored in secretory granules to await the 
signal for their release.

The anterior pituitary responds to hypothalamic 
hormones carried in the blood, producing tropic 
hormones, or tropins.

These relatively long polypeptides activate the next rank of 
endocrine glands, which includes the adrenal cortex, 
thyroid gland, ovaries, and testes.



These glands in turn secrete their specific hormones, which 
are carried in the bloodstream to the receptors of cells in 
the target tissues.

For example, corticotropin-releasing hormone from the 
hypothalamus stimulates the anterior pituitary to release 
ACTH, which travels to the zona fasciculata of the adrenal 
cortex and triggers the release of cortisol.

Cortisol, the ultimate hormone in this cascade, acts through 
its receptor in many types of target cells to alter their 
metabolism.



The carboxyl-terminal residues are 
glycinamide, −NH−CH2−CONH2 (ami-
dation of the carboxyl terminus is 
common in short peptide hormones). 

These two hormones, identical in all but 
two residues (shaded), have very 
different biological effects. 

Oxytocin acts on the smooth muscles of 
the uterus and mammary gland, causing 
uterine contractions during labour and 
promoting milk release during lactation. 

Vasopressin (also called antidiuretic
hormone) increases water reabsorption
in the kidney and promotes the 
constriction of blood vessels, thereby 
increasing blood pressure.

Two hormones of the 
posterior pituitary gland



Summary for „Hormones: Diverse Structures for 
Diverse Functions” I.

• Hormones are chemical messengers secreted by certain 
tissues into the blood or interstitial fluid, serving to 
regulate the activity of other cells or tissues.

• Radioimmunoassay (RIA) and ELISA are two very 
sensitive techniques for detecting and quantifying 
hormones.

• Hormonal cascades, in which catalysts activate catalysts, 
amplify the initial stimulus by several orders of 
magnitude, often in a very short time (seconds).



• Nerve impulses stimulate the hypothalamus to send specific 
hormones to the pituitary gland, thus stimulating (or 
inhibiting) the release of tropic hormones. The anterior 
pituitary hormones in turn stimulate other endocrine 
glands (thyroid, adrenals, pancreas) to secrete their 
characteristic hormones, which in turn stimulate specific 
target tissues.

• Peptide, amine, and eicosanoid hormones act outside the 
target cell on specific receptors in the plasma membrane, 
altering the level of an intracellular second messenger.

• Steroid, vitamin D, retinoid, and thyroid hormones enter 
target cells and alter gene expression by interacting with 
specific nuclear receptors.

Summary for „Hormones: Diverse Structures for 
Diverse Functions” II.


