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1 Chemical messengers and the 
cell membrane

Higher organisms are composed of a multitude of cell types; each possessing specialized 
physiological functions. Their harmonious co-existence is only possible if they can 
communicate with each other; i.e. if they can exchange information concerning their 
respective needs. Cell signalling can result either from direct interaction of a cell with 
its neighbour (juxtacrine signalling) or from the exchange of small molecules, i.e. 
‘chemical messengers’.

These chemical messengers will only induce physiological responses in those cells 
which contain specifi c recognition proteins, i.e. ‘receptors’. As a general defi nition, 
receptors carry out two distinct functions:

First they recognize the structure of one or several chemical messengers, which 
results in messenger–receptor binding.

Next the messenger–receptor complex is able to generate a ‘signal’, which 
modulates specifi c metabolic pathways in the cell, resulting in a physiological 
response such as contraction or relaxation of muscle cells.

Based on their mode of transportation and their range of action, the chemical 
messengers can be divided into three major classes: hormones, neurotransmitters and 
local chemical mediators (Figure 1).

1.1 Endocrine signalling by hormones

Endocrine glands (or nerve endings for neurohormones) secrete hormones into 
the blood stream. They can be transported to almost any part of the body. For the 
hormones, receptors may thus be located in or on cells from distant tissues. Typical 
examples are: adrenaline which is secreted by the chromaffi n cells of the adrenal 
medulla and which acts on a great number of tissues in the body and insulin which is 
secreted by the pancreatic β-cells and which acts on the liver and the adipose tissue. 
Since hormones are diluted in the bloodstream, they need to remain active at low 
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concentrations (usually � 10�8M). According to their site of production, common 
vertebrate hormones can be divided into: pituitary, hypothalamic, thyroid, parathyroid, 
digestive, pancreatic, placental, gonadal, adrenal cortical, adrenal medullary, liver, 
kidney, cardiac and pineal hormones (Table 1, Figure 2).

The brain exerts a profound effect on the endocrine system via the pituitary gland 
(hypophysis), which hangs by a short stalk from the hypothalamus (i.e. part of the 
brain, Figure 3). It comprises two major portions:

The posterior pituitary gland is an extension of the nerve tissue of the hypothalamus. 
It secretes antidiuretic hormone and oxytocin into the bloodstream.

The anterior pituitary gland is a glandular tissue. Its hormones are secreted in 
response to releasing neurohormones secreted by the hypothalamus (these are 
carried by the bloodstream in the direction of the anterior pituitary gland). Involved 
(neuro)hormones are listed in Table 2. The pituitary hormones then stimulate their 
target cells in the body to make other low molecular weight hormones. The end 
products of these cascades feedback-inhibit hormone production at hypothalamic 
and/or pituitary levels (Figure 4).

Most peptide hormones are synthesised as preprohormones and must be processed 
further to produce the fi nished hormone. The synthesis of insulin in the pancreatic 
β-cells constitutes a typical example (Figure 5). The fi rst peptide synthesised is 
‘preproinsulin’. The fi rst 23 amino acids of this protein (i.e. the pre-piece) are very 
hydrophobic and are required for the penetration of the protein into the endoplasmic 
reticulum. The pre-piece is rapidly cleaved off in the endoplasmic reticulum, to form 
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Figure 1 Signalling by hormones, neurotransmitters and local chemical mediators Reprinted 
from Seeley et al., Anatomy and Physiology, 5th edn., © (2000), McGraw-Hill, with permission 
from the McGraw-Hill Companies.
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Hormone Origin and structure Major functions

ADRENAL CORTICAL HORMONES

GLUCOCORTICOIDS Steroids; cortisol and 
corticosterone

Diverse effects on infl ammation 
and protein synthesis

MINERALOCORTICOIDS Steroids; aldosterone Maintenance of salt balance

ADRENAL MEDULLARY HORMONES

ADRENALINE 
(EPINEPHRINE)

Derived from tyrosine Glycogenolysis, lipid 
mobilization, smooth muscle 
contraction, cardiac function

NORADRENALINE 
(NOREPINEPHRINE)

Derived from tyrosine lipid mobilization, arteriole 
contraction

LIVER HORMONES

ANGIOTENSIN II Peptide (eight amino 
acids) 

Responsible for essential hyper-
tension (also indirectly via 
release of aldosterone from 
adrenal cells)

KIDNEY HORMONES

CALCITROL [1,25-(OH)2-
vitamin D3]

Derived from 7-
dehydrocholesterol

Maintenance of calcium and 
phosphorous hoemostasis

PANCREATIC HORMONES

INSULIN Disulfi de bonded 
dipeptide (21 and 30 
amino acids)

Produced by β−cells of the 
pancreas, increases glucose 
uptake and utilization, 
increases lipogenesis, general 
anabolic effects

GLUCAGON Peptide (29 amino acids) Produced by α-cells of 
the pancreas, increases 
lipid mobilization and 
glycogenolysis to increase 
blood glucose levels

PANCREATIC 
POLYPEPTIDE

Peptide (36 amino acids) Increases glycogenolysis, 
regulation of gastrointestinal 
activity

SOMATOSTATIN Peptide (14 amino acids 
form)

Inhibition of glucagon and 
somatotropin release

Table 1 Examples of hormones involved in major physiological control of body functions 
(Zubay, 1993).

ENDOCRINE SIGNALLING BY HORMONES
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‘proinsulin’, a 9000 dalton protein. Proinsulin is then transported in small vescicles to 
the golgi apparatus. Here, it is packaged into secretory granules along with enzymes 
that are responsible for its conversion to insulin. This involves folding, disulfi de bond 
formation and cleaving of the extra piece in the middle of the proinsulin chain to pro-
duce the 5600 dalton, two-chain insulin molecule. This conversion begins in the golgi 
complex, continues within the secretory granules and is nearly complete at the time of 
secretion (Figure 5B).

Several hormones are not secreted in their active (i.e. receptor binding and stimulating) 
form. They need to be further processed on their way to, or even within, their target 
cells. As an example, the peptide hormone angiotensin II is one of the most potent 
vasoconstrictors known and large quantities of angiotensin II appear in the bloodstream 
as a response to a drop in the arterial pressure. Its synthesis constitutes an example of 
the complex interplay between different extracellular factors (Figure 6). The kidneys 
will start to release renin in the bloodstream when the arterial pressure falls. Renin 
itself is an enzyme that splits the end off angiotensinogen (a plasma proteins that is 
secreted by the liver), to release a decapeptide, angiotensin I. Within a few seconds, two 

Figure 2 Localization of major endocrine glands in the human (both male and female gonads, 
testis and ovaries are shown).
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Hormone Origin and structure Major functions

SOMATOSTATIN Peptide (14 and 28 amino 
acids)

Inhibits GH and TSH secretion

THYROTROPIN-
RELEASING FACTOR

Peptide (three amino acids) Stimulates TSH and prolactin 
secretion

PITUITARY HORMONES

OXYTOCIN Peptide (nine amino acids) Uterine contraction, causes 
milk ejection in lactating 
females, responds to 
suckling refl ex and estradiol, 
lowers steroid synthesis in 
testes

VASOPRESSIN Peptide (nine amino acids) Blood pressure regulation, 
increases H2O readsorption 
from distal tubules inkidney

MELANOCYTE-
STIMULATING 
HORMONE

α peptide (13 amino acids)
β peptide (18 amino acids)
γ peptide (12 amino acids)

Pigmentation

CORTICOTROPIN (ACTH) Polypeptide (39 amino 
acids)

Stimulates cells of adrenal 
gland to increase steroid 
synthesis and secretion

LIPOTROPIN β peptide (93 amino acids)
γ peptide (60 amino acids)

Increases fatty acid release 
from adipocytes

THYROTROPIN (thyroid-
stimulating hormone)

α chain (96 amino acids)
β chain (112 amino acids)

Acts on thyroid follicle cells to 
stimulate thyroid hormone 
synthesis

GROWTH HORMONE Protein (191 amino acids) General anabolic stimulant, 
increases release of insulin-
like growth factor-I, cell 
growth and bone sulfation

PROLACTIN Protein (197 amino acids) Stimulates differentiation of 
secretory cells of mammary 
gland and stimulates milk 
synthesis

LUTEINIZING HORMONE α chain (96 amino acids)
β chain (121 amino acids)

Increases ovarian progesterone 
synthesis, testosterone 
synthesis

FOLLICLE-STIMULATING 
HORMONE

α chain (96 amino acids)
β chain (120 amino acids)

Ovarian follicle development 
and ovulation, increases 
estrogen production and 
spermatogenesis

Table 2 (Continued)
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promote normal functioning of several organ systems. Digestion will be effi cient 
and the heart will beat at a normal resting rate.

Neurons that transmit impulses to other cells do not actually touch them (Figure 8). 
To pass on information, neurotransmitters need to be secreted by axonal terminals of 
neurons. The small gap or space between the axon of one neuron and:

The dendrites or cell body of the next neuron is called the synapse (or synaptic 
cleft).

Muscle or gland cells is called the neuroeffector junction.

The receptors for neurotransmitters are present on the membrane from the 
innervated cells and may also be present on the nerve endings themselves (where, as 
‘autoreceptors’, they are implicated in the autoregulation of neurotransmitter release).

The target cells for neurotransmitters are no more than 50 nm away from the nerve 
terminal (i.e. the width of a typical synaptic cleft). Diffusion of neurotransmitters over 
such small distances takes only a short period of time, so that this type of messenger is 
capable to induce cellular responses almost instantaneously (e.g. skeletal muscle cells 
may contract and relax again within milliseconds in response to the neurotransmitter 
acetylcholine). In contrast, the hormones may be required to travel over quite some 
distance before reaching their target cells, and this delays the onset of the responses. 
Another difference between neurotransmitters and hormones is that the concentration 
of the neurotransmitters may become fairly high in the synaptic cleft (�10�4 M, due 
to the small volume of the synaptic cleft and the resulting limited dilution). Therefore, 
there is no need for neurotransmitters to be active at low concentrations.

Small molecule neurotransmitters

A fi rst series of neurotransmitters consist of small molecules (Table 4). They consist of 
acetylcholine, amino acid derivatives (biogenic amines), amino acids themselves and 
even molecules (ATP, adenosine) that were initially thought to be strictly cytoplasmic 
constituents. As an example, dopamine is synthesized within the dopaminergic neuron 
(Figure 9). This synthesis starts with the amino acid tyrosine (obtained from the diet or 
from liver phenylalanine), which is converted to L-dopa by tyrosine hydroxylase (TH) 
in the presence of tetrahydrobiopterin as a cofactor. In other neurones and in chomaffi n 
cells of the adrenal medulla, dopamine can further be transformed into noradrenaline/
norepinephrine (neurotransmitter � hormone) and adrenaline/epinephrine (hormone). 
Dopamine, noradrenaline and adrenaline contain a catechol (o-dihydroxyphenyl) 
group and are therefore denoted as ‘catecholamines’ (Figure 9). Tyrosine hydroxylase 
is the rate-limiting enzyme in all catecholamine-secreting cells in the body. Those cells 
which are stained immunocytochemically for tyrosine hydroxylase are thus identifi ed 
as those producing either dopamine or the other catecholamines noradrenaline and 
adrenaline.
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Chemical messengers have varying degrees of hydrophobicity (Table 6). This will 
profoundly affect their release from the cells in which they are produced, as well as 
their transport to the receptor.

A limited number of hormones are lipophilic compounds with low-molecular weight: 
the steroid and thyroid hormones and also retinoic acid and the active metabolite of 
vitamin D3. Steroid hormones are derived from cholesterol (Figure 18). They are 
synthetized mainly by endocrine glands such as the gonads (testis and ovary), the 
adrenals and (during gestation) by the fetoplacental unit.

They all possess the backbone from cholesterol and, at fi rst sight, their structures 
seem to be pretty much alike. However, they show up to be quite different molecules, 
when we look at their three-dimensional representation. Accordingly, each steroid 
hormone can be recognized by a specifi c receptor. With respect to their biological 
function, one can distinguish between:

Female sex steroids: the estrogens (e.g. estradiol) and progestins (e.g. progesteron) 
are secreted by the ovaries (depending on the stage of the ovarian cycle).

Male sex steroids: androgens (e.g. testosteron) are produced in the testis and adrenals.

Corticosteroids (e.g. the mineralocorticoid aldosterone and glucocorticoid 
cortisol) are produced in the adrenals.

These hormones are hydrophobic enough to freely diffuse across the membrane of the 
endocrine cells (Figure 19A). Since they cannot be stored in these cells, their secretion 
can only be modulated by factors which control their synthesis. For example, the trans-
formation of cholesterol into pregnenolon (the fi rst step in the synthesis of all steroid 
hormones, and occurring in the mitochondria) is under tight external control. Because 
of their limited solubility in water, hydrophobic hormones are attached to transport 
proteins (e.g. thyroid binding globulin for thyroid hormones, cortisol-binding globulin 
for cortisol, etc.) during their journey in the bloodstream. They can diffuse across the 
plasma membrane of every cell, but only target cells (i.e. those cells that possess the 
required receptor) will respond. The lifetime of these hormones is also exceptionally 
long; steroids persist in the blood for hours and thyroid hormones even for days. This 
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Structure Hormone Neurotransmitter Local messenger

Small and 
hydrophobic

Steroids, thyroid 
hormones, vitamin 
D, retinoic acid

NO•, eicosanoids

Small polar/charged e.g. adrenalin e.g. dopamin e.g. histamine
Large polar/charged e.g. insulin e.g. enkephalins e.g. growth factors

Table 6 Examples of second messengers which stimulate release of local messengers for 
effect transmisson.

HYDROPHOBICITY: EFFECT ON RELEASE AND TRANSPORT OF MESSENGERS
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by measuring the drug-induced physiological responses in vivo or in intact tissues or 
organs. The last decades have, however, been characterized by the development of 
biochemical techniques such as radioligand binding and cell-based functional assays 
to investigate drug–receptor interactions. This allows the fast screening of the affi nity 
of newly synthesized drugs for the receptor, or receptors, of interest. Sections B and C 
only deal with competitive antagonists. Alternative types of ‘antagonism’ (i.e. inverse 
agonists, allosteric and insurmountable antagonists) will be discussed later.

LIGAND–RECEPTOR INTERACTIONS




