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Topics to prepare for the lesson.
1. Functional structure of the autonomic nervous system (sympathetic, parasympathetic, and metasympathetic).
2. Structure of the autonomic reflex arc.
3. Centers that regulate visceral functions.
4. Mechanism of hormone activity.
s. Pituitary hormones. Functional relationship between hypothalamus and pituitary gland in the regulation of the hormonal system.
6. Functional axis: hypothalamus-pituitary gland-thyroid.
7. Thyroid and parathyroid hormones. Their functional significance.
8. Functional axis: hypothalamus-pituitary gland-adrenal cortex. Adrenal hormones, their functional significance.
9. Epiphysis hormones, their functional significance.
10. Pancreatic hormones, their functional significance.
Functional axis: hypothalamus-pituitary gland-gonads.
12. Hormones of reproductive glands. Their functional significance.
13. Placental hormones.
14. Self-regulatory mechanisms of neurohormonal relationships in the body.
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   Autonomic nervous system: functional differences from somatic nervous system, features of sympathetic and parasympathetic divisions, their effects, the mechanism of transmission of excitations in the autonomic ganglia and on the functional organ (types of receptors, mediators). 
  Under normal conditions, the internal organs are autonomous in their activities, i.e. they do not obey the will of a person. At their wish, people can not change, for example, the work of the liver, kidneys or stomach. In addition to the fact that the internal organs work independently of consciousness, their activity is continuous, even during sleep. In contrast, the activity of the striated musculature is controlled by consciousness, i.e. it is arbitrary. 
 Based on these differences, the French anatomist Bichat in the 17th century divided the nervous system into two parts. The part of it that innervates the internal organs, is called vegetative (autonomic), and the part that innervates the striated muscles, is called animal. At the end of the 19th century, Langley identified two main parts in the autonomic nervous system: sympathetic department and the parasympathetic department. The autonomic nervous system (ANS) has its own centers, afferent and efferent conductors, different from the animal (somatic) nervous system, although many afferent parts are common. 
Typical structural difference between ANS and SNS is the presence of two peripheral neurons - preganglionic and postganglionic, which is an analog of a motor neuron placed on the periphery, outside the spinal cord. In the sympathetic ANS, this neuron is located in the ganglion; in the parasympathetic ANS, it is located intramurally, in the wall of the innervated organ. 
In recent years, in addition to these two departments of the ANS, another one has been distinguished - the metasympathetic, or enteric ANS, represented by a complex of intramural nerve formations in the intestine. It provides complex coordination of the smooth muscle elements of the intestine in the organization of its motility and peristalsis. As part of the enteric (metasympathetic) NS, there are both sensitive, inset, and motor neurons, and various short reflex arcs are closed between them. 
There are a number of characteristic differences in the structure and functions of the autonomic and somatic NS:
1. Presence of preganglionic and postganglionic neurons in the reflex arc of the ANS. 
2. Cutting of the anterior roots of the spinal cord causes various changes in the efferent part of the somatic and autonomic arch. In the somatic system, cutting causes the motor neuron body to disconnect from its axon, which leads to the degeneration of the latter and the development of deep trophic disorders and functional disorders in the tissues of the innervated organ. 
Cutting of the anterior roots has less effect on the organs innervated by the ANS, since only the preganglionic fiber undergoes degeneration. The direct innervation of the tissues is not disturbed. The organs continue to work, their trophism is not disturbed. However, it is necessary to take into account that the mechanisms that coordinate the activities of various internal organs fall out, the work of the body is decentralized, it begins to work independently, regardless of the influence of the overlying centers. However, these mechanisms continue to receive impulses from the autonomic ganglia and they support the work of the organs. That is why Langley called it autonomic nervous system. 
3. The next significant difference between the ANS and the SNS is in the features of the exit of fibers from the brain. Somatic fibers exit from each segment of the stem and the spinal cord. Autonomic fibers are selectively concentrated in some parts: cranial, thoracolumbal and sacral. The cranial part, in turn, consists of the midbrain and bulbar parts. 
4. There are also differences in the distribution of autonomic and somatic nerves on the periphery. Somatic fibers have a strict segmental distribution, autonomic fibers do not. Most organs have a dual autonomic innervation (sympathetic and parasympathetic or enteric). 
5. ANS fibers differ from SNS fibers with a smaller diameter and the speed of excitation. ANS fibers have a diameter of 8-5 microns and a speed of 1-3 m/s. SNS fibers: 12-14 microns; 70-120 m/sec, respectively. 
6. The excitability of somatic nerves is higher than that of autonomic nerves: their chronaxia is 0.1-0.8 msec., whereas that of autonomic nerves is 1.0-2.0 msec. Due to the lower excitability and lower rate of excitation, ANS reactions are slower and more inert than SNS reactions. 
 7. A special role in the functions of the ANS is played by the so-called axon reflexes and short autonomic reflexes. Axon reflexes differ from true ones in that they do not transmit excitation from the receptor neuron to the effector neuron. They can occur if the axons of pre- and postganglionic neurons intertwine so that one branch innervates one organ, and the other innervates another organ or another part of the organ. Axon-reflex origin has, for example, vasodilation in the area of inflammation or mechanical (chemical) skin irritation (for example, with mustard plaster). Short autonomic reflexes close directly between the type 1 and type 2 Dogiel cells. 
 8. The phenomenon of large-scale multiplication is characteristic of ANS. A single preganglionic fiber is able to form synapses on many ganglionic neurons. In this case, a ratio of 1:32 is achieved between the number of pre - and post-ganglion fibers. 
ANS centers. The lowest centers belonging to the central part of the ANS are the parasympathetic nuclei of the cranio-bulbar and sacral divisions represented by clusters of cell bodies of efferent neurons of the parasympathetic NS (the axons of which extend to the periphery as a part of 3,7,9, and 10 pairs of cranial and 1-4 sacral nerves). The lower centers of the ANS also include the Yakubovich sympathetic center, located in the spinal cord from 1-2 thoracic to 2-4 lumbar segments. The spinal and cranial autonomic centers are connected to the suprasegmental centers. Thus, there are nuclei, on which a number of autonomic functions depend in the hypothalamus. 
The hypothalamus plays a huge role in the activity of the ANS. It is a center that integrates autonomic processes under the regulatory control of the cortical centers, with which it has extensive connections. The nuclei of the hypothalamic region, which currently number 32 pairs, are divided into 3 groups: anterior, middle and posterior. The anterior group is related to the regulation of the parasympathetic NS, and the posterior group is related to the sympathetic one. Thus, electric shock irritation applied to the hypothalamic nuclei of the posterior group leads to the appearance of signs related to the excitation of the sympathetic part of the ANS: dilation of the pupils, increased activity of the pilomotors, increased heart rate, increased blood pressure, inhibition of motor activity of the gastrointestinal tract, etc. On the contrary, irritation applied to the hypothalamic nuclei of the anterior group is accompanied by the signs indicating a predominant excitation of the parasympathetic part of the ANS: the rhythm of heartbeats slows down, the time of excitation through the heart increases, the tone and peristalsis of the gastrointestinal tract increases, there is a contraction of the muscles in the bladder, etc. 
  Under normal conditions, the hypothalamus regulates the ANS by means of descending efferent pathways starting from these groups of nuclei. 
In addition to direct nervous influences on the activity of internal organs, the hypothalamus can also affect them in a humoral way. The latter is made possible by the neurosecretory effects of the hypothalamus on the pituitary gland. In the process of neurosecretion, tiny granules appear in the perinuclear zone of the neuron, which, as they accumulate, occupy the entire body of the cell, spreading into its processes. Due to the presence of these granules in the neurons connecting the supraoptic nucleus with the pituitary gland, this tract was called neurosecretory. In the pituitary stalk, in addition to nerve fibers, there are numerous blood and lymphatic vessels, through which the circulation of neurosecretes is carried out. 
If we take into account the fact that in addition to extensive connections with the overlying centers, many of the hypothalamus nuclei are sensitive to the slightest fluctuations in the internal environment, it becomes clear the exclusive role of the hypothalamus as a formation in which the nervous and humoral links are integrated in a single process of regulation. 
      

A special place among the nerve formations involved in the regulation of the ANS functions belongs to the cerebellum. The cerebellum is the highest suprasegmental organ that regulates both somatic and autonomic functions (autonomic provision of muscle movements) The role of the cerebral cortex in the regulation of autonomic functions is proved not only by the ability to arbitrarily change breathing, but also by the presence of conditioned reflex reactions on the part of internal organs. However, under normal conditions, the regulation of their activity is carried out without the participation of the cerebral cortex. 
Functions of the autonomic nervous system. I. P. Pavlov formulated three types of functional effects that NS can have on tissues and organs: 1. starting or correcting (leads to an active state of an organ or changes its function); 2. vasomotor (consists in the fact that by changing the lumen of the vessels, the blood supply to this organ increases or decreases); 3. trophic (the course of tissue metabolism changes). In this case, favorable conditions are created for the work of the body. Against the background of an improved functional state, the trigger nerve effect has a greater effect. It is believed that all three types of influences are inherent in the ANS, with an emphasis on the second and third, while the SNS has a predominantly triggering function. The first function in the ANS is more corrective than the trigger function. 
 One of the distinctive properties of the ANS is its more active release of mediators and their greater specific weight in the transmission of excitation to the tissues. All the fibers of the ANS are divided into adrenergic and cholinergic, which secrete norepinephrine or acetylcholine at their endings, respectively. Recently, so-called peptidergic fibers (a mediator of the peptide nature) have also been found. It is shown that parasympathetic fibers are all cholinergic.  Sympathetic preganglionic fibers are cholinergic, postganglionic fibers are adrenergic. However, there are exceptions. Thus, the peripheral sympathetic fibers that innervate the sweat glands, the medulla of the adrenal glands, and the heart vessels are cholinergic. Sympathetic effects are more time-consuming and capture vast areas. 
Parasympathetic effects are more short-term and more local, because cholinesterase is more active than monoamine oxidase, which destroys norardrenaline. 
       Universal character of sympathetic innervation. Sympathetic system innervates all internal organs. In addition, it innervates different parts of the central nervous system: its fibers are separated from the prevertebral ganglia and are sent through the posterior roots to the spinal cord, passing up and down there. They also reach the brain and innervate its departments. Striated muscles receive sympathetic innervation too. Both muscle fibers that drive the skin hair (pilomotors) and the sweat glands receive sympathetic branches. All the receptors that perceive one or another stimulus are also equipped with sympathetic branches. In addition, the blood vessels everywhere have sympathetic innervation, and, consequently, the autonomic nerves penetrate into all organs together with the vessels (especially this applies to the sympathetic fibers that spread along the periarterial nerve plexuses). What is the meaning of so much sympathetic innervation? 
The autonomy of the ANS. Langley gave such a name to autonomic nervous system for a good reason. Experiments have shown that if the spinal cord is completely removed from the animal, then, despite complete immobility, autonomic functions (digestion, work of the glands, kidneys, etc.) continue to be carried out, and with good care, such animals can live for quite a long time. Consequently, ganglia of the ANS to some extent can independently serve the needs of the body. This independence is also manifested in the form of so-called local reflex arcs that function in the internal organs independently of the central nervous system (heart, gastrointestinal tract). 
Such local reflex arcs are manifested, for example, in the tension of the intestinal wall when a lump of food enters its cavity. Similarly, the secretory response occurs. This is the work of the enteric nervous system of the intestine located in the Auerbach and Meissner nerve plexuses. 
Visceral and axon reflexes play a significant role in the activity of internal organs. These reflexes can also be viscero-motor and viscerosensory. Examples of a viscero-motor reflex are: the tension of the rectus abdominis muscle when internal organs are affected, irritation of the peritoneum in abdominal bleeding, etc. The sensitive endings in the peritoneum send impulses that pass to the branches of the sympathetic nerves coming into contact with the muscles of the abdominal wall, which is strained and remains in this position for a long time. An example of a viscerosensory reflex is reflected pain in the skin when certain internal organs are affected. 
Relationship between the sympathetic and parasympathetic NS. In some cases, the effects of the sympathetic and parasympathetic NS are opposite. This has led some scientists to speak of an antagonism between these departments of the NS. Thus, it is known that the sympathetic nerves stimulate the activity of the heart, and the vagus slows it down, the sympathicus slows down the activity of the smooth muscles of the intestine, and the parasympathicus stimulates it. However, it should be remembered that such "antagonistic" relations are not always and not everywhere. In a number of organs, functional antagonism is absent. Thus, it is impossible to speak about the antagonistic relations of the sympathetic nerves, which dilate the pupil, and the parasympathetic nerves, which narrow it. In this case, both types of fibers have a stimulating effect, but on different muscles. Even when the organ has both sympathetic and parasympathetic innervation, antagonism is often absent. Thus, for the salivary glands, the secretory for the liquid phase is the parasympathicus, and for the enzymes - the sympathicus. 
 PHYSIOLOGY OF THE ENDOCRINE SYSTEM AND NEUROENDOCRINE RELATIONS
. Endocrine system and hormones. Functional significance of hormones. Hormones as information carriers. Hormones as elements of regulatory systems.  Functional classification of hormones.  The mechanism of their action.
Endocrine system and hormones.  The biological role of the endocrine system is closely related to the role of the nervous system. These two systems jointly coordinate the function of other organs and organ systems, often separated by a considerable distance. A distinctive feature of the endocrine system is that it exerts its influence through a number of substances - hormones. 
Functional significance of hormones. Hormones regulate the basic functions of the body:
1) reproduction (menstrual cycle, ovulation, spermatogenesis, pregnancy, lactation);
2) growth and development of the body (sexual differentiation, secondary sexual characteristics, growth rate);
3) homeostasis, i.e. preservation of the internal environment (volume of extracellular fluid, blood pressure, electrolyte balance, regulation of the ionic composition of plasma, in particular, the level of calcium, maintenance of energy reserves, for example, in the form of fat);
[image: image1]   4) energy release (accumulation, distribution and release of calories, heat production);
[image: image2]   5) behavior (food and water consumption, sexual behavior, mood);
[image: image3]   6) adaptation of the activity of physiological systems (the ability of organs and organ systems to change their activity depending on the need for it).
 

Hormones are only a part of the signaling molecules, the identified number of which is currently large. A general idea of the hormones that perform signaling functions is presented in the table.
 There is a significant difference between signaling by hormones and neurotransmitters. It consists in the fact that different hormones are used to communicate between different endocrine cells with different target cells. At the same time, different nerve cells can use the same mediator to communicate with different target cells without the damage to specificity. Hormones as elements of regulatory systems are divided into two groups. The first group includes epinephrine, norepinephrine, aldosterone, ADH, and some others.  The rate of their secretion and concentration in the plasma undergo significant fluctuations, adapting to the changing situation. These hormones act as the controlling elements of the regulatory system. The rate of hormone secretion maintains a regulated variable – the concentration of glucose in the blood, the osmotic pressure of the blood, or some other physiological parameter, which normally remains at a constant level (depending on the specific hormone). Monitoring of the system is carried out by specific receptors (glucose receptors, osmoreceptors, etc.), which send information about deviations of the regulated variable from the "set value" in the form of action potentials to the "central controller" of the system. Deviations from the set value can be caused by various shifts, such as changes in the rate of oxidative processes or water consumption, etc.  The controller, in turn, sends a signal in the nervous or hormonal form to the endocrine gland, as a result of which its secretory activity increases or decreases. If necessary, the corresponding shift of the set value can occur. 
In the other group, hormone concentrations are normally maintained at a constant level. The most typical example of this group of hormones is thyroxine. Here, the concentration of the hormone itself is a regulated variable. In these cases, a constant concentration level of the hormone over time is necessary for the correct implementation of various functions (for example, permissive effect). However, under special conditions (for example, during prolonged exposure to the cold), the rate of secretion and plasma concentration of even these hormones can change due to a shift in the set value.
Functional classification of hormones. Based on functional criteria, there are three groups of hormones. 
   1) Hormones that directly affect the target organ; these hormones are called effector hormones. 
  2) Hormones, the main function of which is to regulate the synthesis and release of effector hormones; these hormones are called tropic, or glandotropic (i.e., having a tropic effect on the glands). An example is the thyroid-stimulating hormone. 
  3) Hormones secreted by nerve cells in the hypothalamus; these hormones regulate the synthesis and release of hormones (mainly tropic) of the  prepituitary gland. Such hormones are called releasing hormones or, if they have the opposite effect, inhibitory hormones. It is through hormones belonging ​to this group that the endocrine system is connected to the central nervous system, forming the neuroendocrine system of regulation.
Mechanism of hormone activity.  According to modern concepts, the action of hormones is based on the stimulation or inhibition of the catalytic function of certain enzymes in the cells of target organs. This effect can be achieved by: 
[image: image4] - activation (or inhibition) of existing enzymes, and this effect is mediated by cyclic adenosine monophosphate( сAMP), which acts as a "second intermediary" (the first is the hormone itself) (Fig. 73); 
[image: image5] - an increase in the concentration of certain enzymes in the cells of target organs ("enzyme induction") at the expense of increased rate of enzyme biosynthesis through gene activation; [image: image6]changes in the permeability of cell membranes, also achieved through cAMP.
However, for many hormones, there is still no complete and convincing explanation of their mechanisms. Action of hormones is explained on the basis of hormone-specific receptors of cell membranes. 
Inactivation. If hormones function as elements of regulatory circuits, it is natural that they should not accumulate in the body. Accumulation is hindered by both chemical changes in hormones in the effector organs – inactivation, and excretion in the urine. Some hormones are also inactivated in other organs (especially the liver). ​Moreover, the action of certain hormones can be blocked due to the secretion of hormones that have an antagonistic effect.
Cascade effect.  For hormones produced by the glands in very small amounts, a disproportionately large quantitative effect is characteristic. This is due to the fact that hormones act through a number of stages, and at each of them their effect is enhanced. This mechanism is called cascade amplification. For example, this action is characteristic of hormonal control over the glucose conversion to glycogen.
In many cases, there is a self-regulation of the level of hormones in the blood. It is based on the presence of feedforward and feedback connections (i.e. direct and inverse connections) in the system that produces the hormone (Fig. 73).
 

5-2. General principles of endocrine gland regulation. Hypothalamic-pituitary system. Functions of the prepituitary gland.  Functions of the posterior pituitary gland.        
The pituitary gland is an endocrine organ in which three glands are combined simultaneously, corresponding to its departments (lobes).
The anterior lobe of the pituitary gland is called  prepituitary gland. According to morphological criteria, this gland is of epithelial origin and contains several types of endocrine cells.​ The posterior lobe of the pituitary gland, or posterior pituitary gland, is formed in embryogenesis as a protrusion of the ventral hypothalamus and has a common neuroectodermal origin with it. Spindle cells (pituicytes) and axons of hypothalami​c neurons are localized in the neurohypophysis. The third or intermediate lobe of the pituitary gland, as well as the anterior lobe of epithelial origin, is practically absent in humans, but is clearly expressed, for example, in rodents, small and large cattle (Fig. 76). In humans, the function of the intermediate pituitary lobe is performed by a small group of cells in the anterior part of the posterior lobe, embryologically and functionally related to the prepituitary gland. 
Functions of the prepituitary gland.  The structure of the anterior pituitary lobe is represented by 8 types of cells, of which the main secretory function is inherent in chromaphilic cells of 5 groups. Thus, five main types of hormones are synthesized and secreted in the prepituitary gland: corticotropin, gonadotropins (follitropin and lutropin), thyrotropin, prolactin and somatotropin. The first three provide pituitary regulation of the peripheral endocrine glands (the adrenal cortex, sex glands, and thyroid gland), i.e. they are involved in the implementation of the pituitary control pathway. For the other two hormones (somatotropin and prolactin), the pituitary gland acts as a peripheral endocrine gland, since these hormones themselves act on the target tissues. Secretion of prepituitary gland hormones is regulated with the help of hypothalamic neuropeptides brought by the blood through the portal system of the pituitary gland. Regulatory neuropeptides are called "liberins" if they stimulate the synthesis and secretion of prepituitary gland hormones, or "statins" if they stop the hormonal production in the prepituitary gland. Not all pituitary hormones have statins, although somatostatin can inhibit the production of not only somatotropin, but also other hormones.
Regulation of secretion and physiological effects of corticotropin. Corticotropin secretion occurs in constantly pulsating bursts with a clear daily rhythm. The highest concentration of the hormone in the blood is observed in the morning, and the lowest from 10pm to 2 am. Feedforward and feedback connections regulate the secretion. Feedforward connections are triggered by corticoliberin of the hypothalamus, and feedback connections are triggered by the content of corticotropin in the pituitary blood and the level of the adrenal cortex hormone cortisol in the systemic circulation. Feedback connection has a negative orientation and is closed both at the level of the hypothalamus (suppression of corticoliberin secretion) and the pituitary gland (inhibition of corticotropin secretion). Corticotropin production increases dramatically when the body is exposed to strong stimuli, such as cold, pain, physical exertion, emotions, as well as under the influence of hypoglycemia (low blood sugar).
Physiological effects of corticotropin are divided into adrenal and extrarenal. The adrenal action of the hormone is the main one and consists in stimulating (through the adenylate cyclase-cAMP and Ca2+ systems) the bundle zone cells of the adrenal cortex that secrete glucocorticoids (cortisol and corticosterone).
Extrarenal action of corticotropin consists of the following effects: 
[image: image7]- lipolytic effect on adipose tissue, 
[image: image8]- increased secretion of insulin and somatotropin, 
   - hypoglycemia due to stimulation of insulin secretion, 
[image: image9]increased deposition of melanin with hyperpigmentation due to the affinity of the hormone molecule with melanotropin.
Excessive amount of corticotropin is accompanied by the development of hypercorticism with a predominant increase in the secretion of cortisol by the adrenal glands and is called Itsenko-Cushing's disease. The main manifestations are typical of excessive amount of glucocorticoids. Corticotropin​ deficiency leads to glucocorticoid insufficiency with pronounced metabolic​ shifts and a decrease in the body's resistance to environm​ental influences.
Regulation of secretion and physiological effects of gonadotropins. Secretion of gonadotropins from specific granules of pituitary cells is clearly cyclical in both men and women. Both follitropin and lutropin are formed and secreted by the same cells. Their secretion is activated by a single gonadoliberin of the hypothalamus. The effect of the latter on the secretion of both follitropin and lutropin, or both gonadotropins together, depends on cyclic changes in the content of sex hormones in the blood – estrogens, progesterone and testoteron (negative feedback connection). The main inhibitory effect on the production of follitropin is provided by the feedback mechanism of the testes hormone inhibin. Prolactin inhibits the secretion of gonadotropins by the  prepituitary gland; the release of lutropin is also inhibited by glucocorticoids.
Gonadotropins act through the adenylate cyclase-cAMP system. They mainly influence sex glands, and not only the formation and secretion of sex hormones, but also functions of the ovaries and testes. Lutropin causes ovulation and the growth of the corpus luteum in the ovaries, stimulates the Leydig cells in the testes. It is a key hormone for stimulating the formation and secretion of sex hormones: estrogens and progesterone in the ovaries, and androgens in the testes. For the optimal development of the gonads and the secretion of sex hormones, the synergic action of follitropin and lutropin is necessary, so they are often combined under the single name gonadotropins.
Regulation of secretion and physiological effects of thyrotropin. Thyrotropin is glycoprotein hormone of the prepituitary gland. It is secreted continuously, with clear fluctuations during the day, while the maximum content in the blood falls on the hours preceding sleep. Thyrotropin secretion is stimulated by hypothalamic thyroliberin, and is suppressed by somatostatin. According to the mechanism of negative feedback, regulation is carried out by the content of thyroid hormones in the blood (triiodothyronine and tetraiodothyronine), the secretion of which is enhanced by thyrotropin. Feedback closure is possible both at the level of the hypothalamus (suppression of the production of thyrooliberin) and the pituitary gland (suppression of the secretion of thyrotropin). They inhibit the secretion of thyrotropin and glucocorticoids. Thyrotropin is secreted in increased amounts when the body is exposed to a low temperature, while other effects (trauma, pain, anesthesia) inhibit the secretion of the hormone.
Under the influence of thyrotropin in the cells of the thyroid follicles, all types of metabolism change, iodine uptake accelerates and thyroglobulin and thyroid hormones synthesize. Thyrotropin increases the secretion of thyroid hormones by activating the hydrolysis of thyroglobulin. By increasing the synthesis of RNA and protein, thyrotropin causes an increase in the mass of the thyroid gland. Excessive secretion of thyrotropin leads to the appearance of goiter, hyperthyroidism with the effects of an excess of thyroid hormones (thyrotoxicosis), bulbous eyes (exophthalmos), which is collectively called "Graves' disease".
Regulation of secretion and physiological effects of somatotropin. Somatotropin is secreted by the prepituitary gland cells continuously and in bursts after 20-30 minutes with a distinct daily rhythm. The secretion is regulated by the hypothalamic neuropeptides somatoliberin and somatostatin. Increased secretion of somatotropin occurs during deep sleep in its early stages (folk wisdom says: "one grows when he sleeps"), after muscle exertion, and under the influence of injuries and infections. Vasopressin and endorphin stimulate the production of somatotropin, as well as changes in metabolism. Thus, hypoglycemia activates the secretion of somatoliberin and somatotropin, and hyperglycemia inhibits it. Excess of amino acids and a decrease in free fatty acids in the blood activate the secretion. These effects act ​through special receptor neurons of the hypothalamus, which ​perceive changes in blood chemistry and are involved in the regulation of metabolism.
The physiological effects of somatotropin are associated with its effects on metabolism, most of which are mediated by special humoral factors (hormones) of the liver and bone tissue, called somatomedins (from the word mediator – mediator). Since the effects of somatomedins on metabolism are very similar to those of insulin, they are often also called insulin-like growth factors. These effects are manifested, in particular, in facilitated utilization of glucose in tissues, activating protein and fat synthesis in them. Thus, somatotropin causes hyperglycemia due to the breakdown of glycogen in the liver and muscles and inhibition of glucose utilization in the tissues, due to increased secretion of glucagon by the Langerhans pancreatic islands. Somatotropin also increases secretion of insulin by the Langerhans pancreatic islands, both due to its direct stimulating effect and due to hyperglycemia. At the same time, somatotropin activates liver insulinase, an enzyme that destroys insulin, and causes insulin resistance in tissues. Stimulated insulin secretion combined with its destruction and suppression can lead to diabetes mellitus, which is called pituitary by origin. The pituitary gland also shows its effects in the metabolism of lipids. The hormone has a permissiveeffect on catecholamines and glucocorticoids, which results in stimulation of adipose tissue lipolysis, an increase in the level of free fatty acids in the blood, excessive formation of ketone bodies in the liver (ketogenic effect), and even fatty infiltration of the liver. Insulin resistance in the tissues may also be associated with these shifts in fat metabolism.
Excessive secretion of somatotropin (if it occurs in early childhood) leads to the development of gigantism with proportional development of the limbs and trunk. In adolescence and adulthood, there is an increase in the growth of epiphyseal areas of the skeleton, which are areas with incomplete ossification. This phenomena is called acromegaly​. The hands and feet, nose, and chin grow. With congenital somatotropin deficiency, dwarfism is formed, which is called pituitary nanism. 
Regulation of secretion and physiological effects of prolactin. The synthesis and secretion of prolactin by the prepituitary gland is regulated by the hypothalamic neuropeptides: inhibitor prolactostatin and stimulant prolactoliberin. 
The main target organ of prolactin is the mammary gland, where the hormone stimulates the development of specific tissue and lactation, exerting its effect after binding to a specific receptor with the help of a secondary intermediary cAMP. In the mammary glands, prolactin affects the processes of milk formation, not its release. At the same time, the hormone stimulates the synthesis of protein – lactalbumin, as well as fats and carbohydrates of milk. When regulating the growth and development of the mammary glands, the synergists of prolactin are estrogens, but when lactation has already begun, estrogens change the sign of action, being antagonists of prolactin. Prolactin secretion is stimulated reflexively by the act of sucking. In addition to the effect on the mammary glands, prolactin has a number of other effects in the body. It helps to maintain the secretory activity of the yellow body in the ovaries and the formation of progesterone. Prolactin is one of the regulators of water-salt metabolism of the body. By reducing the excretion of water and electrolytes, it enhances the effects of aldosterone and vasopressin, stimulates the growth of internal organs, erythropoiesis, promotes the appearance of the maternal instinct. In addition to enhancing protein synthesis, prolactin increases the formation of fat from carbohydrates, contributing to postnatal obesity.
Functions of the posterior pituitary gland.  The neurohypophysis does not form, but only accumulates and secretes neurohormones of the supraoptic and paraventricular nuclei of the hypothalamus – vasopressin and oxytocin. 
Vasopressin secretion is provided by its synthesis in hypothalamic neurons and is regulated by three types of stimuli: 
[image: image10]  - shifts in osmotic pressure and sodium content to the blood, perceived by the interoceptors of blood vessels and the heart (osmonatrio -, volumo - and mechanoreceptors), as well as directly by hypothalamic neurons that perceive a shift in the concentration of sodium in the blood and the microenvironment of cells; 
[image: image11]  - activation of the hypothalamic nuclei during emotional and pain stress, and physical exertion 
[image: image12]  - placental hormones and angiotensin 2, both contained in the blood and formed in the brain.
Regulation of secretion and physiological effects of vasopressin. The effects of vasopressin are implemented through binding the peptide in target tissues to two types of receptors-V-1 and V-2. Stimulation of V-1 receptors (located in the blood vessel ​wall) through the secondary mediators inositol-3-phosphate and calcium-calmodulin causes vasoconstriction, which corresponds to the hormone name "vasopressin". This effect is poorly expressed in physiological conditions due to low concentrations of the hormone in the blood. Binding to V-2 receptors in the distal renal tubules via the secondary intermediary cAMP causes an increase in the permeability of the tubule wall to water, its reabsorption and concentration of urine, which corresponds to the second name of vasopressin: "antidiuretic hormone". Vasopressin as a neuropeptide enters both the cerebrospinal fluid and the axons of the extrahypothalamic system in other parts of the brain, which ensures its participation in the formation of thirst and drinking behavior​, in the neurochemical mechanisms of memory.
Lack of vasopressin is manifested by a sharply increased urine output of low specific gravity, which is called diabetes insipidus​, and an excess of the hormone leads to water retention in the body.
Regulation of secretion and physiological effects of oxytocin. Synthesis of oxytocin in hypothalamic neurons and its secretion by the neurohypophysis into the blood is stimulated by reflex when the stretch receptors of the uterus and the mechanoceptors of the nipples of the mammary glands are irritated. It increases the secretion of estrogens. The main effects of oxytocin are the stimulation of uterine contractions durin​g childbirth, the contraction of the smooth muscles of the ducts in the mammary glands, which causes the release of milk, as well as the regulation of water-salt metabolism and drinking behavior. Oxytocin, along with liberins, is one of the additional factors regulating the secretion of prepituitary gland hormones.​
 Functions of the adrenal cortex. Regulation of secretion and physiological effects of mineralocorticoids. Regulation of secretion and physiological effects of glucocorticoids. Functions of the adrenal medulla
The adrenal cortex, which occupies 80% of the entire gland by volume, consists of three cellular zones: the outer glomerular zone, which forms mineralocorticoids, the middle bundle zone, which forms glucocorticoids, and the inner mesh zone, which produces sex steroids in a small amount. 
Regulation of secretion and physiological effects of mineralocorticoids.  In humans, the only mineralocorticoid entering the bloodstream is aldosterone. Since aldosterone regulates the content of Na+ and K+ ions in the blood, the feedback is regulated by the direct effects of ions, especially K+ on the glomerular zone.​ The mechanism of aldosterone, as well as all steroid hormones, consists in a direct effect on the genetic apparatus of the cell nucleus with the stimulation of the synthesis of the corresponding RNA, activation of the synthesis of cation-transporting proteins and enzymes, as well as increasing the permeability of the membranes for amino acids.
The main physiological effects of aldosterone are to maintain the water-salt exchange between the external and internal environment of the body. One of the main target organs of the hormone is the kidneys, where aldosterone causes increased reabsorption of sodium in the distal tubules, trapping it in the body and increasing the excretion of potassium in the urine. Under the influence of aldosterone, there is an accumulation of chlorides and water  in the body, an increased excretion of H+ and ammonium, an increase in the volume of circulating blood, and a shift in the acid-base state towards alkalosis. Acting on the cells of blood vessels and tissues, the hormone promotes the transport of sodium and water into the intracellular space.
Mineralocorticoids are vital hormones, but injection of hormones can prevent the death of the body after the removal of the adrenal glands. Mineralocorticoids increase inflammation and immune system responses. Their excess leads to a delay in the body of sodium and water, edema and hypertension, loss of potassium and hydrogen ions, to disorders of the excitability of the nervous system and myocardium. The lack of aldosterone ​in humans is accompanied by a decrease in blood volume, hypotension, and inhibition of the excitability of the nervous system.
Regulation of secretion and physiological effects of glucocorticoids.  The cells of the bundle zone secrete two main glucocorticoids into the blood of a healthy person: cortisol and corticosterone, and cortisol is secreted about 10 times more. The secretion of glucocorticoids occurs continuously with a clear daily rhythm, with maximum levels observed in the morning, and minimum levels in the evening and at night. 
Glucocorticoids directly or indirectly regulate almost all types of metabolism and physiological functions. In general, metabolic shifts can be reduced to the breakdown of proteins and lipids in the tissues, after which the metabolites enter the liver, where glucose is synthesized from them, which is used as an energy source. Hormones have catabolic and antianabolic effects on protein metabolism, which leads to a negative nitrogen balance.​ Protein breakdown occurs in muscle, connective and bone tissues, the level of albumin in the blood decreases, and the permeability of cell membranes for amino acids decreases. The hormones themselves stimulate triglyceride catabolism and inhibit the synthesis of fat from carbohydrates. However, due to hyperglycemia and increased insulin secretion, fat synthesis increases and it is deposited in the upper torso, neck and face. Hyperglycemia under the influence of hormones occurs due to the increased formation of glucose in the liver from amino acids (gluconeogenesis) and suppression of its utilization by tissues. 
Glucocorticoids cause a decrease in the number of lymphocytes, eosinophils and basophils in the blood, an increase in ​sensory sensitivity and excitability of the nervous system, and, like mineralocorticoids, it also causes sodium and water retention with loss of potassium. Hormones are involved in the formation of stress, they increase the body's resistance to excessive stimuli, suppress vascular permeability and inflammation (therefore they are called adaptive and anti-inflammatory). They have anti-allergic effects due to the catabolism of protein in the lymphoid tissue and the suppression of immune responses.
An excess of glucocorticoids that is not associated with the increased corticotropin secretion described above is called Itsenko-Cushing syndrome. Its main manifestations are similar to Itsenko-Cushing's disease, however, due to feedback, an excess of glucocorticoids inhibits corticotropin secretion and excessive pigmentation.​ Manifestations of the effects of increased hormone secretion include: muscle weakness, osteoporosis, a tendency to diabetes, hypertension, sexual dysfunction, lymphopenia, peptic stomach ulcers, mental changes, predisposition to infections. Glucocorticoid deficiency causes hypoglycemia, decreased adrenoreactivity of the cardiovascular system, slowing of the heart rate, hypotension, neutropenia,eosinophilia and lymphocytosis, and decreased resistance to infections.
The physiological effects of adrenal androgens are manifested as stimulation of epiphyseal cartilage ossification, increased protein synthesis (anabolic effect) in the skin, muscle and bone tissue; these hormones also participate in the formation of sexual behavior in women. These hormones are the precursors of the main androgen of the testes-testosterone and can be converted into it during metabolism in the tissues. Androgens of the adrenal glands contribute to the development of male pattern of hair distribution, and their excess in women leads to virilization, i.e., the manifestation of male traits (Fig. 78). An early excess of androgens leads to the premature appearance of secondary sexual characteristics in boys and virilization of the female genitals. Disorders of the secretion of androgens of the adrenal cortex are called adrenogenital syndromes.
Functions of the adrenal medulla.  The medulla of the adrenal glands contains chromaffin cells; they are named this way because of the selective color of chromium. At their core, they are postganglionic neurons of the sympathetic nervous system, however, unlike typical neurons, the adrenal cells synthesize more epinephrine​, rather than norepinephrine (the ratio in humans is 6: 1). In addition, they accumulate the secret in the granules; after receiving a nerve stimulus, they immediately release hormones into the blood.
Chromaffin cells are part of the body's overall neuroendrocrine cell system, or APUD system, i.e., the system of uptake and decarboxylation of amines and their precursors.​ This system includes the neurosecretory cells of the hypothalamus, the cells of the gastrointestinal tract (enterinocytes) that produce intestinal hormones, Langerhans pancreatic islands and the K-cells of the thyroid gland.
Although the adrenal gland secretes significantly more epinephrine, yet at rest, the blood contains four times more norepinephrine, as it enters the blood from the sympathetic endings. The secretion of catecholamines into the blood by chromaffin cells is carried out with the obligatory participation of Ca2+, calmodulin and a special protein synexin.
Catecholamines are called hormones of urgent adaptation to the action of super-threshold environmental stimuli. The physiological effects of catecholamines are due to differences in the adrenoreceptors (alpha and beta) of cell membranes: epinephrine has a greater affinity for beta-adrenoreceptors, and norepinephrine  for alpha-adrenoreceptors. 
 Epinephrine causes powerful metabolic effects in the form of increased glycogen breakdown in the liver and muscles (due to phosphorylase activation), as well as suppression of glycogen synthesis, inhibition of glucose consumption by tissues, which generally leads to hyperglycemia.​ Epinephrine causes the activation of fat breakdown, the mobilization of fatty acids in the blood and their oxidation. All these effects are the opposite of the action of insulin, so epinephrine is called a counterinsular hormone. Epinephrine increases the oxidative processes in the tissues and increases their oxygen consumption.
Thus, both corticosteroids and catecholamines provide activation of adaptive defense reactions of the body and their energy supply, non-specifically increasing resistance to adverse environmental influences.​
 The thyroid gland: regulation and transport of iodinated hormones, the role of iodinated hormones and calcitonin. Functions of the parathyroid glands. 
 Regulation of the secretion and physiological effects of thyroid hormones. Feedback connections in the thyroid function are regulated by the level of thyroid hormones in the blood, which suppresses the secretion of thyrooliberin by the hypothalamus and thyrotropin by the pituitary gland. The intensity of the secretion of thyroid hormones affects the volume of their synthesis in the gland (local positive feedback). There is also a direct nervous regulation of the thyroid gland by the autonomic nervous system, but it plays a smaller role than thyrotropin.
The transport of triiodothyronine-T3 and thyroxine (tetraiodothyronine) - T4 in the blood is carried out with the help of special proteins, but in the protein-bound form, hormones are not able to enter effector cells. Usually, ​after binding to the receptor on the surface of the cell membrane, the hormone-protein complex dissociates, after which the hormone penetrates into the cell. The intracellular targets of thyroid hormones are the nucleus and organoids (mitochondria).
Thyroid hormones are involved in the regulation of metabolism and physiological functions in the body. 
Excessive production of thyroid hormones is called hyperthyroidism. At the same time, there are characteristic metabolic (increased basal metabolism, hyperglycemia, hyperthermia, weight loss) and functional manifestations of increased sympathetic tone. 
Congenital thyroid hormone deficiency due to hereditary defects or iodine deficiency in the mother's body disrupts the growth and development of the skeleton, tissues and organs, especially the central nervous system, which leads to mental retardation ("cretinism"). 
Acquired thyroid insufficiency occurs due to various reasons: iodine deficiency in water and food, impaired production of thyrotropin by the pituitary gland, mechanical and chemical damage to the thyroid tissue. It manifests itself in slowing down the oxidative processes and reducing the basal metabolism, hypoglycemia, a drop in the excitability of the nervous system and mental activity, a decrease in body temperature, the accumulation of glycosaminoglycans and water in the subcutaneous fat and skin (hypothyroidism, myxedema or mucosal edema).
Regulation of secretion and physiological effects of calcitonin. Calcitonin is a peptide hormone produced in the parafollicular K-cells of the thyroid gland, it is also formed in the thymus and in the lungs .               
Calcitonin is one of the hormones that regulate calcium and the regulation of its secretion is carried out by the level of ionized calcium in the blood due to feedback connections. Calcitonin secretion is stimulated with a significant increase in blood calcium; normal physiological fluctuations in calcium concentration have little effect on calcitonin secretion. ​Neuropeptides and peptide hormones of the gastrointestinal tract, especially gastrin, have a powerful regulatory effect on calcitonin secretion. Increased calcitonin secretion after oral calcium intake is due to the release of gastrin.
Calcitonin exerts its effects after interaction with the receptors of target organs (kidney, gastrointestinal tract, bone tissue) through the secondary mediators cAMP and cGMP. The hormone reduces the level of calcium in the blood by facilitating mineralization and suppressing ​the loss of calcium in bone tissue, as well as by reducing the reabsorption of calcium in the kidneys. 
Functions of the parathyroid glands.  In addition to calcitonin, parathormone, which is formed in the parathyroid (parathyroid) glands in all vertebrates (starting from amphibians) participates in the regulation of calcium and phosphate metabolism. The parathyroid glands are paired formations that are closely adjacent to the thyroid gland. Sometimes there are two separate glands on each side. Parathyroid hormone is a small peptide weighing 8,500 daltons.
Parathyroid hormone and calcitonin act antagonistically. Parathyroid hormone causes an increase in the level of calcium in the plasma. This effect is achieved by stimulating the activity of osteoclasts, so that calcium and phosphate cations are released from the bone, while increasing the reabsorption of calcium in the kidneys. With sufficient levels of vitamin D, parathyroid hormone also increases the absorption of calcium in the intestine (Figure 80).
The regulation of calcitonin and parathyroid hormone secretion is carried out directly by the level of ionized calcium. A constant level of calcium is especially important for the normal functioning of excitable structures. Even a small decrease in its level in the blood increases the excitability of the neuromuscular system, accompanied by tonic contractions of skeletal muscles. That is why the removal of the parathyroid glands, accompanied by a decrease in the concentration of calcium in the plasma, leads to seizures. 
 The activity of endocrine tissues in organs with non-endocrine functions. Endocrine functions of the pancreas. Endocrine functions of the sex glands. Endocrine function of the placenta. Endocrine functions of the kidneys
 Endocrine functions of the pancreas.  The endocrine function in the pancreas is performed by clusters of cells of epithelial origin, called Langerhans pancreatic islands and constituting only 1-2 % of the mass of the pancreas. 
The main regulator of insulin secretion​ is d-glucose of the incoming blood, which activates a specific adenylate cyclase in beta cells; adenylate cyclase is used to synthesize a secondary mediator cAMP. Through this intermediary, glucose stimulates the release of insulin into the blood from specific secretory granules. Duodenal hormone gastric inhibitory peptide (GIP) increases the response of beta cells to the action of glucose. Through non-specific glucose-independent cAMP pool, Ca2 + ions stimulate insulin secretion. The autonomic nervous system also plays a role in the regulation of insulin secretion. The vagus nerve and acetylcholine stimulate insulin secretion, while the sympathetic nerves and norepinephrine, via alpha-adrenoceptors, suppress insulin secretion and stimulate the release of glucagon. Delta cell hormone, somatostatin, is a specific inhibitor of insulin production. This hormone is also formed in the intestine, where it inhibits the absorption of glucose and thereby reduces the response of beta cells to a glucose stimulus. The formation of peptides in the pancreas and intestines that are similar to brain peptides, such as somatostatin, is a strong argument in favor of the view that there is a single APUD system in the body. Glucagon secretion is stimulated by a decrease in blood glucose, gastrointestinal hormones (GIP, gastrin, secretin, cholecystokinin-pancreoximin), and a decrease in Ca2+ions in the blood. Insulin, somatostatin, blood glucose and Ca2+ inhibit the secretion of glucagon. The cells of the gastrointestinal tract that produce hormones are a kind of sensors for early warning of the cells of the pancreatic islands about the intake of food substances into the body, which require the participation of pancreatic hormones for utilization and distribution.​ 
 Insulin affects all types of metabolism, it promotes anabolic processes, increasing the synthesis of glycogen, fats and proteins by inhibiting the effects of numerous counterinsular hormones (glucagon, catecholamines, glucocorticoids and somatotropin). 
The effect of insulin on carbohydrate metabolism is manifested in: 
- increased permeability of the membranes in the muscles and adipose tissue for glucose; 
 - activation of glucose utilization in cells; 
- increased phosphorylation processes;
​- suppression of breakdown and stimulation of glycogen synthesis; 
- inhibition of gluconeogenesis;
- activation of glycolysis processes; 
- hypoglycemia.
The effect of insulin on protein metabolism is: 
- increases the permeability of membranes for amino acids; 
- enhances the synthesis of mRNA; 
- activates amino acid synthesis in the liver; 
- increases the synthesis and suppression of protein breakdown.
The main effects of insulin on lipid metabolism:
- stimulation of the synthesis of free fatty acids from glucose; 
- stimulation of triglyceride synthesis; 
- suppression of fat breakdown; 
- ​oxidation of ketone bodies in the liver.
Endocrine functions of the sex glands. The sex glands (testes and ovaries), along with the function of gamete formation, contain cells that synthesize and secrete sex hormones. At the same time, the endocrine function is inherent in both cells specialized for internal secretion (Leydig cells of the testes, yellow body cells of the ovaries) and cells involved in the processes of gametogenesis (Sertoli cells of the testes, granulosa cells of the ovaries). Both the testes and the ovaries synthesize both male hormones (androgens) and female sex hormones (estrogens), which are cholesterol – derived steroids.
Endocrine function of the testes.  The main structure of the testis, where the formation and maturation of gametes occurs, is the convoluted seminal tubules. The basal membrane is covered from the inside with Sertoli process cells and spermatogenic epithelial cells located between them, the inner layer of which is made up of spermatogonia.​ Sertoli cells, (along with providing the process of maturation of spermatids, the absorption of their cytoplasm residues during the transformation of spermatids into spermatozoa), perform secretory and endocrine functions. Their secretory function is to release fluid into the lumen of the tubule, in which sperm floats. 
Leydig cells​ are the main producers of male sex hormones, mainly testosterone. Hormone production by the testes is mainly regulated by the lutropin, which specifically regulates the secretory activity of Leydig cells and the production of testosterone, and partly by follitropin, which changes the activity of Sertoli cells and their production of estrogens and inhibin. The functional activity of Sertoli and Leydig cells is also regulated by the exchange of hormones between them through the lymph.
Endocrine function of the ovaries.  Hormone-producing granulosa cells of the follicles are similar in origin and function to Sertoli cells of the testes, but their function is regulated not only by pituitary follitropin, but also (to a greater extent) by lutropin. The main hormone of granulosa is estradiol, which is formed from the precursor of testosterone. In a smaller amount, granulea forms estrone, from which estriol is formed in the liver and placenta. Granulosa cells also produce small amounts of progesterone, which is necessary for ovulation, but the main source of progesterone is the cells of the corpus luteum, regulated by pituitary lutropin.
The secretory activity of these endocrine cells is characterized by a pronounced cyclicity associated with female menstrual cycle. The latter ensures the integration in time of various processes necessary for the reproductive function – periodic preparation of the endometrium for implantation of a fertilized egg, egg maturation and ovulation, changes in secondary sexual characteristics.
Estrogens are necessary for the processes of sexual differentiation in embryogenesis, puberty and the development of female sexual characteristics, the establishment of the female menstrual cycle, the growth of muscle and glandular epithelium, the uterus, and the development of mammary glands. As a result, estrogens are inextricably linked with sexual behavior, with ovogenesis, the processes of fertilization and implantation of the egg, the development and differentiation of the fetus, and the normal birth act. Estrogens retain nitrogen, water and salts in the body, providing a general anabolic effect, although weaker than androgens.
Progesterone is a hormone of pregnancy preservation (gestagen), as it weakens the readiness of the muscles of the uterus to contract. In low concentrations, the hormone is also necessary for ovulation. Large amounts of progesterone produced by the corpus luteum inhibit the secretion of pituitary gonadotropins. Progesterone has a pronounced antialdosterone effect, so it stimulates natriuresis.
 Endocrine function of the placenta. The placenta is so closely related to the mother and fetus that it is customary to speak about the "mother-placenta-fetus" or "fetoplacental complex". Thus, the synthesis of estriol in the placenta occurs not only from the mother's estradiol, but also from dehydroepiandrosterone, formed by the fetal adrenal glands. By the excretion of estriol in the mother's urine, one can even judge the viability of the fetus. The effect of progesterone in placenta is mainly local​. The time interval between fetal births in twins is associated with placental progesterone.
Endocrine function of the thymus. The thymus (thymus gland) is the central organ of the immune system, providing the production of specific T-lymphocytes. Along with this, thymocytes secrete hormonal factors into the blood, which have not only effects on the differentiation of T cells with the provision of immunocompetence (thymosin, thymopoietin), but also a number of general regulatory effects. These effects extend to the synthesis of cellular receptors to mediators and hormones, to the stimulation of the destruction of acetylcholine in neuromuscular synapses, the state of carbohydrate and protein metabolism, as well as calcium metabolism, the functions of the thyroid and sex glands, the effects of glucocorticoids, thyroxine (antagonism) and somatotropin (synergy). In general, the thymus gland is considered as an organ of integration of the immune and endocrine systems of the body.
Endocrine functions of the kidneys. There is no specialized ​endocrine tissue in the kidneys, but a number of cells have the ability to synthesize and secrete biologically active substances that have all the properties of typical hormones. Kidney hormones are: 
1. calcitriol - the third calcium-regulating hormone, 
2. renin - the initial link of the renin-angiotensin-aldosterone system, 
3. erythropoietin - a hormone that regulates erythropoiesis and hemoglobin synthesis. 
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