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foreword


Hormones are fun. When I tell people I am an endocrinologist (a hormone specialist), some look at me blankly. If I’m feeling frivolous, I explain that it’s to do with ‘sex and all that sort of thing’. However, there is much more to hormones than sex, although reproduction would be impossible without them. Hormones regulate our growth, our appetite, the onset of puberty, the digestion of food and sleep patterns; they affect many other important aspects of our lives including our immune response and mental health. If hormone levels are abnormally decreased or increased, this can result in a range of different symptoms.


A pain in the chest often indicates that something is not right with the heart and breathlessness may similarly be caused by a condition in the heart or lungs. However, the symptoms of hormonal problems are often slow in onset and rather vague, so diagnosis may take months or even years. The world of endocrinology is very complex, affecting all areas of the body.


I have been an endocrinologist for over forty years. During this time there have been huge advances in the way we understand hormones and their actions, as well as how we diagnose and treat people with hormone diseases. The human body’s endocrine system was the last system in the body to be discovered (c. 1902). This is not surprising when you consider that it is quite unlike other systems, for example the circulatory or nervous system. These are both distinct anatomical structures that fulfil certain functions. In contrast, you cannot see hormones. They circulate in the blood causing noticeable effects on various tissues. Thus oestrogen from the ovaries at puberty causes breast development and testosterone from the testes will eventually lead to hair growth on the face and other areas. This is the fundamental aspect of hormones. They are made in one part of the body and in most instances travel round in the blood affecting other parts.


Hormonal abnormalities can be problematic. Appetite is hormonally regulated, and obesity and other weight issues can be the result of hormonal and genetic abnormalities. Fluctuating levels of testosterone affect libido in both men and women, while problems with insulin sensitivity are often behind the increasingly prevalent disease of diabetes. However, treating people with hormonal abnormalities can be extremely rewarding. People with thyroid hormone deficiencies have an improved quality of life when treated, while those suffering a growth hormone deficiency can attain a normal stature with the right treatment. Some women cannot get pregnant for various hormonal reasons; by adjusting these levels they can conceive, with huge importance for their future lives.


This brings me to Meet Your Hormones. A highly illustrated and engaging book, it sets out to explain clearly and accurately what hormones are, how they work and what they do, and just how diverse the roles are that different hormones play. Drawing on the latest scientific research, the information is presented in an accessible manner with images illustrating the topics both imaginatively and memorably. The book features practical ways in which you can often help your hormones to help you, making the book both empowering and useful. It also looks at the most recent and significant medical research in the field of endocrinology, highlighting how important hormonal balance is for our wellbeing and pointing at what the future holds. I think you will enjoy reading this book, which besides its important scientific base is very well presented. I certainly hope so.


Professor John Wass





chapter
one



WHAT YOUR HORMONES DO FOR YOU


Consider the most complicated transport intersection imaginable, where the paths of pedestrians, bicycles, automobiles, trains and even boats interconnect. It is multi-dimensional, dynamic and heavily used. Luckily, at the core of this intersection, a network of traffic lights controls the flow of traffic, keeping it moving while also preventing collisions. Now, what would happen if those traffic lights failed? There would be chaos. Your hormones are like the traffic lights of your body.


This chapter introduces you to hormones, the chemical signals that help coordinate the interaction of the different cells, organs and even entire systems in your body, from the daily cycles of eating, exercising and sleeping through to the lifelong cycles of growing, puberty and ageing. It explains what hormones are, how they work, who discovered them and how they interact with other systems in the body.
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A 3D model of the peptide hormone insulin showing its molecular structure.









WHAT IS A HORMONE?


When you move your arm, a nerve impulse is sent from your brain to the muscles in your arm through a series of nerves. While the contraction of a muscle cell is very physical, other cellular activities that need regulation, such as metabolism, are chemical in nature. Therefore a second communication pathway, known as the endocrine system, is needed. This brings about changes in the body using chemical signals called hormones.
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Hormones coordinate actions throughout the body in the same way that commands given over a loudhailer coordinate the actions of a crowd of people.





Hormones are often referred to as messengers, but this implies that they contain information that must be ‘read’ by the recipient. However, this is not the case: hormones contain no data. A hormone is an organic chemical which is released by living cells; it then travels through the bloodstream to trigger physiological changes in other living cells. What these changes are depends not only on the hormone, but on the type of cell it encounters.




HOW DO HORMONES WORK?


Hormones, like all biological molecules, have a defined molecular shape and only bind to specific receptors on their target cells. Cells are therefore only affected by a hormone if they have the right receptor for it, but an individual cell may be a target for more than one type of hormone.


When the hormone binds to its receptor, this triggers a chain of events that result in changes in the cell. For example, the cell membrane may become more permeable to glucose or it may start to produce new proteins. A hormone may even trigger a cell to secrete another hormone (such as growth hormone-releasing hormone which triggers the release of growth hormone).


Some hormones have a similar effect on all cells. For example, Thyroid hormones and Overactive thyroid causes all cells to use more oxygen. Other hormones may have very different effects, depending on the target cells. For example, oxytocin causes muscle contractions in the uterus, but is also responsible for affirming social bonds in the brain.
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Hormone receptors can be located on the surface of a cell (transmembrane) or inside a cell (intracellular).








WHERE ARE HORMONES MADE?


Hormones are made and secreted by specialized cells within glands or organs of the endocrine system. Not all of the cells within these glands or organs secrete hormones, but those that do are usually capable of secreting more than one hormone. These cells are stimulated to produce hormones based on input they receive from the nervous system (nerve signals), as well as from other endocrine glands.


HOW DO THEY MOVE?


Once a hormone is secreted by the cell, it travels in the surrounding fluid and crosses through capillary walls into the bloodstream, to be transported to its target location in the body. The fact that the hormones are simply released from endocrine glands into the surrounding tissue distinguishes these glands from other types of glands in the body, such as salivary or sweat, which secrete their fluids through specialized tubes or ducts.






THE HISTORY OF HORMONE DISCOVERY


Although hormones were only discovered in the 20th century, their effects had been studied for many centuries before that. Physicians had recorded their observations of diseases, disorders and changes in the body, which only later were realized to be hormonal in nature.


By the end of the 19th century, scientists were aware that some organs produce substances that affect other areas of the body. This knowledge had been put to use for centuries without any clear understanding of the mechanisms involved. For example, testosterone and its effect on vocal chords were not known, yet boys were castrated to preserve their high-pitched singing voices as early as AD 400. Scientists suspected that ‘internal secretions’ were responsible for some of these effects and they began experimenting with the extracts of different organs.


DISCOVERY OF THE FIRST HORMONE


The early days of hormone discovery were dominated by the approach of removing organs from animals to see how they fared without them. Scientists then ground those organs up to create an extract which was injected back into the animal in order (hopefully) to restore function. More often than not these early scientists also experimented on themselves with these ‘extracts’. In 1889 a Mauritian-born doctor went so far as to inject himself with the extracts of dog and guinea pig testicles, hoping to find the fountain of youth. Needless to say, he did not.


In 1895 scientists began to experiment with adrenal gland extracts taken from cattle. By 1901 Jokichi Takamine, a biochemist, had identified and isolated adrenaline (also known as epinephrine) and found that it alleviated the symptoms of asthma by opening up the airways. Adrenaline was the first hormone to be discovered, though the term was not coined for another four years.
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Oxytocin, or the ‘love hormone’, is just as important in building trust and friendship behaviours in other mammals as it is in humans.






NEW COMMUNICATION PATHWAY


Only one year after Takamine’s discovery, the physiologists Ernest Starling and William Bayliss injected an extract from the wall of the small intestine into the bloodstream. This caused the pancreas to secrete digestive juices. The more extract they injected, the more pancreatic juices were produced. Starling and Bayliss had discovered the hormone ‘secretin’, which proved a pivotal discovery in physiology. It revealed a new pathway of communication within the body that travelled through the blood rather than along nerves. Until then, it was thought that communication to the organs was only possible through nerves. Hormones are now known to be chemical signals that offer a far-reaching, widespread method of communication.




What’s in a name


The word ‘hormone’ comes from the Greek word ormao, which means ‘to excite’ or ‘to arouse’. Other names were suggested over the years, including autocoid (Greek for ‘self cure’) and chalone (meaning ‘to relax’). For whatever reason, these terms were never adopted by the scientific community. To be fair, having an ‘autocoidal’ teenager does not exactly roll off the tongue.
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Endocrinology is the study of hormones and their actions.







[image: image]


Ernest Starling (1866–1927), British physiologist.









CONSTRUCTING HORMONES


Hormones are chemical structures built from the atoms common to all living things, such as carbon, nitrogen, hydrogen and oxygen. Hormones vary widely in size – from multiples of ten (oestrogen is composed of 53 atoms) to many hundreds (insulin is composed of 777). As a comparison, a single living cell contains around one trillion atoms.
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The atoms that make up hormones resemble building bricks, in that the bonds holding them together can be broken and the ‘bricks’ reused for new structures. Living cells are like ‘master builders’, continually adapting molecules to find new, biologically useful molecules.





Hormones evolved in the simplest of organisms. At some point during evolutionary history a single-celled bacterium secreted a chemical into its surrounding environment. In itself this was not terribly noteworthy: cells excrete chemical waste all the time. On the other hand, what was significant, was that another single-celled bacterium responded to that chemical; it started to do something different as a result.


This oversimplifies a sequence of extraordinary evolutionary events that occurred, leading to bacteria using chemical signals to communicate with each other. These chemical signals help to coordinate bacterial activities such as division, secretion of toxins or even organization into large, harmonized groups known as biofilms. They can be used to communicate within the same species, or indeed among different species of bacteria.


As multi-celled organisms evolved, cells maintained this ability to secrete chemicals to help coordinate actions between cells – except that now they were working within the same organism rather than different ones. As a result, all living things – from bacteria to blue whales – use chemical signalling to coordinate cellular actions (although not all of these signals are considered to be hormones).



TWEAKING DESIGNS


Human hormones are largely just a variation of more simple chemical signals used by single-celled organisms. As organisms evolve, mutations in the genome can bring about small changes in a hormone’s structure. Although these changes can build up over evolutionary time, aspects of the design are conserved. These conserved structural elements make it possible to trace the molecular origins of a hormone, such as insulin, back to single-celled eukaryotes.


DRIVERS OF EVOLUTION


As well as evolving themselves, hormones can drive evolution. Mutations that change how a hormone functions, its structure, how it is transported and received by its target cells can result in significant changes. Especially when you consider that hormones shape every aspect of how an organism looks, functions and interacts with its environment. Some of these changes may be detrimental to the organism, leading to death or decreased rates of survival, and are therefore naturally eliminated from future generations. Others may offer some type of advantage that sends an organism and its descendants down a new evolutionary path.




Plant hormones are known as phytohormones









WHAT TYPES OF MOLECULES ARE HORMONES?


Hormones are organic molecules (made from atoms) and can therefore be classified by their structure – the basic design elements that they all share. It is the structure of the molecule that hormone receptors recognize and bind to, so it is essential for normal hormone function. The structure also affects how the hormone is transported and how it interacts with its target cells.


PEPTIDE AND PROTEIN HORMONES


The majority of hormones are made up of chains of amino acids (a type of molecule) connected by chemical bonds and known as peptides. A peptide hormone can consist of just three amino acids linked together or of more than one hundred amino acids, also linked together. However, when a chain reaches 30 amino acids or more, they are generally called protein hormones. Some of the amino acids in a chain carry an electrical charge; they can thus be attracted or repelled by other links on the chain. This causes the chain to ‘kink’ in different ways, just as a chain of magnetized links would. In so doing it creates a 3D structure that is very important to how the protein functions and interacts with other molecules, including receptors. These hormones are often produced in an inactivated (prohormone) form first and are activated when needed.
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Amino acids are the organic building blocks of life. They link together to make chains known as peptides. Multiple peptides can bond together to form proteins.
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Insulin is a protein hormone made up of two peptide chains linked together, with a total of 51amino acids.






STEROID HORMONES


The next most common group of hormones are the steroids. These hormones are all made from lipid (fat) – mainly cholesterol. They therefore have a characteristic structure in common, which is a series of carbon ‘rings’. Slight changes to the structures attached to these rings can create a whole new hormone.
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Oestrogen and testosterone are both steroid hormones that share the characteristic carbon ring structure. Testosterone is produced by making some slight changes to the oestrogen molecule.
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Noradrenaline (norepinephrine) is a variation on the tyrosine structure, which places it in the amine group of hormones.






AMINES


The third group of hormones, amines, is based on the structure of the amino acid tyrosine, so they are also sometimes called ‘tyrosine derivatives’ or ‘amino acid’ hormones.



FAT LOVERS VS WATER LOVERS


A hormone’s affinity (or aversion) to fat or water affects how it is transported through the blood. It also influences how it interacts with its target cells. Hormones can generally be categorized as being fat lovers/water haters (lipophilic/hydrophobic) or water lovers/fat haters (hydrophilic/lipophobic).




[image: image]


All molecules, including hormones, sit somewhere along a spectrum between hydrophilic and lipophilic. Where a molecule falls on this spectrum is known as its solubility. A molecule that is not entirely soluble in water, for example, may be more of a ‘water liker’ than a ‘water lover’.





A hormone’s preference for water or fat is largely dependent on its structure. Steroids, being lipid based, are all fat lovers, while most of the peptide and protein hormones are water lovers. Amine hormones, on the other hand, are divided between the two. Those that are produced by the thyroid, for example, thyroxine, are lipophilic-like steroids, while the remainder are hydrophilic-like peptide and protein hormones.



WHERE THEY WORK


Hormones can also be classified into groups (autocrine, paracrine, endocrine, exocrine) based on where they take action. A single hormone may span two or more categories – for example, it might have autocrine as well as paracrine effects.




Exocrine hormones


More commonly known as pheromones, exocrine hormones cause changes in cells of other organisms, either of the same species or different species. The steroid androstadienone is a pheromone found in male sweat; it causes an increase in levels of cortisol (a hormone released when a person is stressed or excited) among potential suitors.
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HOW HORMONES ARE MADE


Hormones are produced by specialized cells within glands or organs from the endocrine system: the hypothalamus, pineal and pituitary glands (all located in the brain), as well as the thyroid, parathyroids, adrenal glands, reproductive glands (ovaries and testes) and the pancreas. However, other organs that are not traditionally considered part of the endocrine system also contain specialized, hormone-producing cells. Specialized cells in the intestine, for example, produce secretin; this helps to regulate water absorption in the gut which (ideally) keeps waste moving along smoothly. All these cells must build and store one or more different hormones and secrete them when they receive the right signal.
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Three types of stimuli operate in different ways to release hormones and keep the mechanism of the body functioning smoothly: (1) hormonal stimuli are slow and have a long-lasting effect; (2) humoral stimuli are like the body’s thermostat and other gauges, stimulating hormone production as required to keep everything in balance; (3) nerve impulses quickly stimulate hormone release.






TRIGGERING SECRETION


Cells are stimulated to secrete hormones through one of three pathways: hormonal, humoral and neural. As the name suggests, hormonal stimuli are chemical in nature – for example, cells in the thyroid are stimulated to produce the hormones triiodothyronine and thyroxine when the anterior pituitary gland releases thyroid-stimulating hormone. Humoral stimulation is from a ‘sensor’ associated with the endocrine gland itself. For example, cells in the parathyroid gland have calcium-sensing receptors on their surface to enable them to detect calcium levels in the blood. If levels are low, these cells will release parathyroid hormone (PTH), which affects a number of target cells in the body in order to increase calcium levels. Neural stimuli generate a rapid release of hormone. For example, secreting cells in the adrenal medulla are stimulated by nerve impulses to release both adrenaline (epinephrine) and noradrenalaine (norepinephrine); these prepare the body for the ‘fight or flight’ response by, for example, increasing heart rate.


BUILDING A HORMONE


Hormone-secreting cells do not wait until they receive a stimulus to start building hormones. Instead it is an ongoing process, in which cells constantly construct different useful molecules – a process known as biosynthesis. This broadly involves either modifying simple molecules or combining them with other simple molecules in order to create larger, more complex molecules. The blueprint for constructing all the simple molecules exists within the cells’ DNA.


SECRETION


Once a hormone has been built, it may temporarily be stored in a special compartment within the cell until it is needed. When the secreting cell receives the signal to release its hormone, the compartment moves to the cell’s plasma membrane. Here the hormone molecules are released through a process known as exocytosis.
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Exocytosis is an energy-requiring process that transports elements such as hormones from inside the cell to outside. The membrane of the transporting vesicle fuses with the plasma membrane of the cell in order to release its contents.









HOW HORMONES WORK


Hormones cause large-scale changes by affecting many cells, often in different parts of the body, at the same time. How effective a hormone may be depends on its concentration levels in the blood as well as how receptive its target cells are to its presence. The following pages describe how hormones are transported through the body to their target cells, how they bring about change within these cells and the different types of changes triggered by hormones.


TRANSPORTATION


After a hormone has been secreted from a cell, it travels through the fluids surrounding the cell to the nearest capillary. The hormone molecules are small enough to pass through the capillary wall and so enter the bloodstream. The amount of hormone secreted into the bloodstream depends on the strength and duration of the stimulus received by the secreting cell.


Nearly 50 per cent of your blood is actually water. However, fat-loving hormones (steroids and thyroid hormones) are not particularly happy in this environment; they need some help from transport proteins that circulate in the blood. These proteins bind to the hormones, essentially ‘covering up’ the hydrophobic ends of the hormones with their own water-loving structure. This enables the hormones to move more easily through this aqueous environment.


Some transport proteins are highly specific. Sex hormone-binding globulin (SHBG), for example, binds only with the sex hormones testosterone and oestrogen. Other transport proteins, such as albumin, will bind to any hydrophobic hormone. Generally the more specific the bond, the tighter it is, and so the further the transport protein will carry the hormone.
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Some hormones are given an ‘express lane’ within the body to ensure they reach their target cells without getting caught up in the busy ‘traffic’ of the circulatory system.






DIRECT TRANSPORT ROUTES


As soon as hormones enter the bloodstream they are not only diluted, but are at risk of being broken down through the body’s natural metabolic pathways (see half-life). As a result humans (along with other animals) have evolved a couple of direct transport routes. These ensure some of the more important hormones reach their destinations without getting lost in the circulatory (blood) system. The first of these direct routes is between the hypothalamus and the anterior pituitary (part of the pituitary gland that regulates processes such as growth and reproduction). Known as the hypothalamic-hypophyseal portal circulation, this route ensures that the hormones secreted by the hypothalamus (such as growth hormone) reach the anterior pituitary undiluted.


The second direct route is called the hepatic portal circulation. It carries blood directly from the gastrointestinal tract and spleen to the liver via the portal vein, hence its name. This fast lane goes direct to the liver, meaning that the two hormones responsible for regulating blood sugar levels, insulin and glucagon, are sent express to the major organ involved in storing and releasing glucose. After reaching the liver the hormones continue to circulate through the rest of the body.




The body of a person weighing 68kg (150lb) contains around 5 litres (10.5 pints) of blood.






TWO TYPES OF MESSENGER


Hormones are divided into two types: those that act as primary messengers, where the hormone itself travels directly into a cell to create a response, and those that bind to a receptor on the target cell’s surface, causing the cell to release proteins (known as secondary messengers) to create a response.


PRIMARY MESSENGERS


Unlike water-loving hormones, fat-loving hormones (such as steroids and thyroid hormones) are more than happy to cross the lipid membrane in order to enter the cell. As a result, receptors for these hormones are found within the target cells – either in the cytoplasm or in the nucleus. The hormone travels into the cell where it binds to the receptor, triggering actions directly and requiring no intermediary proteins.
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Secondary messengers act like an emergency response system, triggering a series of actions to come to your aid.






SECONDARY MESSENGERS


Some hormones need secondary messengers to cause changes in a cell. A good analogy is the emergency response system. If you phone for an ambulance, the dispatcher does not arrive at your door to take you to hospital. Instead your call triggers a series of actions that brings an ambulance to your home. The dispatcher is the secondary messenger who makes things happen, but it is your call that triggered those actions.


Peptide, protein and some amine hormones need the assistance of secondary messengers since they do not enter the cell themselves. Instead receptors for these hormones protrude from the target cell’s membrane. These hormones are unable to cross the lipid environment of the membrane, which is lipophobic (fat-insoluble). They therefore rely on other proteins inside the cell – the secondary messengers – to bring about changes within it.


When the hormone binds to the receptor, the bonds that form change the receptor’s shape. This new configuration causes the receptor to ‘bump’ into a nearby protein, which releases some energy. This energy enables the protein to travel within the membrane (rather than through it) and to interact with an enzyme that is also embedded in the membrane. The activated enzyme helps to make a new molecule. This in turn activates proteins – the secondary messengers – within the cell, and these ultimately cause changes in the cell to take place.


This system of secondary messengers is efficient, in that one hormone molecule bound to a single receptor can trigger the release of several secondary messengers. This is the same as a single emergency call dispatching more than one paramedic to the scene of an accident – it would be very inefficient if you had to place a separate call for every paramedic.




The more receptors a cell has to a particular hormone, the more sensitive it is to that hormone.






TAKING EFFECT


Whether the bound hormone, known as the hormone-receptor complex, acts directly on the target cell or through secondary messengers, its ultimate goal is to cause changes within the cell. This is achieved by activating or deactivating specific genes within the cell’s DNA. In the case of steroids and thyroid hormones, the hormone and its receptor bind to specific sequences of DNA associated with the target gene. These sequences are known as hormone response elements. Peptide and protein hormones, by contrast, rely on secondary messengers to bind with the DNA.


This changes how the gene is read – it may cause specific proteins to be produced or perhaps prevents them from being made. If you think of DNA as the recipe book required by a cell to make all the molecules needed to carry out daily functions, then the activity of hormones essentially changes which ‘recipes’ the cell uses and/or how big a batch of the recipe it makes.


The effects that hormones have on cells can be broadly categorized into the three groups below:
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Not a sex thing


Although testosterone and oestrogen are traditionally thought of as male and female hormones respectively, hormones are not gender specific. Men and women produce all the same hormones, just in different quantities. Testosterone and oestrogen are equally important to both females and males.
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Compared to women, men have far lower levels of oestrogen circulating in their blood. However, there are very high levels of oestrogen in a man’s seminal fluid, thought to help prepare the woman’s uterus for the implantation of a fertilized egg.
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