Rose and Post CH 6 – Madden

Questions:

1. What is the net effect of IP3? How does it do this? Is this action short or sustained?
     



2. What is the effect of DAG? Is this action short or sustained?


    

3. ADH is synthesized in the _______________and _________________nuclei in the ___________________.  It is released from the _______________________. 



4. Name the 2 major receptors for ADH. List their primary actions.




5. List the functions of ADH.







6. List the stimuli for ADH release:




7. Where is the primary site of aldosterone action?
    







Questions with answers:

1. What is the net effect of IP3? How does it do this? Is this action short or sustained?
     Answer: 
· Elevation of cytosolic calcium concentration  this calcium binds to calmodulin and causes phosphorylation
· Causes release of intracellular calcium stores from the ER
· Increases extracellular calcium uptake
· SHORT DURATION

2. What is the effect of DAG? Is this action short or sustained?
    Answer:
· Activates protein kinase C
· Sustained affects on cell activity

3. ADH is synthesized in the _______________and _________________nuclei in the ___________________.  It is released from the _______________________. 
     Answer: supraoptic, paraventricular, hypothalamus, posterior pituitary.

4. Name the 2 major receptors for ADH. List their primary actions.
     Answer:
     2 major receptors:
· V1
· Vasoconstriction
· Enhance prostaglandin release
· V2
· Mediate anti-diuretic response

· A third receptor, the V3 or V1b receptor, appears to mediate the effect of ADH on the pituitary, facilitating the release of ACTH.
5. List the functions of ADH.
     Answer:
· Augment the water permeability of the luminal membranes of the cortical and medullary collecting tubules 
· Na+ reabsorbtion and K+ secretion
· Increase vascular resistance via activation of V1 receptors
· Stimulates the production of prostaglandins  Particularly prostaglandin E2 and prostacyclin
· ACTH release
· Release of vWF and VIII  via V2 receptors

6. List the stimuli for ADH release:
     Answer:
· Hyperosmolality
· Reduced effective circulating volume

7. What is the primary site of aldosterone action?
    Answer: 
· Acts mainly in the distal nephron  connecting segment and collecting   tubules


Summary:

Effects of hormones on renal function:

Hormones synthesized in the kidney:
· Calcitriol
· Kinins
· Prostagalndins
· Erythropoietin

Mechanism of hormone action:
· Most hormones have their affect by activating specific cellular proteins via phosphorylation or synthesis of new proteins
· This is done by affecting adenyl cylcase, guanyl cyclase, phosphatidyl inositol
· Or in the case of steroids  affect RNA transcription
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Adenyl cyclase:
· Hormone binds to receptor on cell
· Hormone-receptor complex then affects activation of guanine nucleotide regulatory protein (G protein)
· Gs
· Gi
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· On the other hand, activation of Gi results in diminished adenylyl cyclase activity and a reduction in cellular cyclic AMP levels.
·  Like Gx, Gi also dissociates into α, β, and γ subunits.
Guanlyl cyclase:
· Similar pathway
· formation of cyclic GMP
· leads to phosphorylation of specific cell proteins
· Mediates the actions of:
· ANP
· Nitroprusside
· Nitroglycerine
· This receptor has intrinsic cyclase catalytic domain (therefore no Gs or Gi)
· ANP:
· Stimulates the formation of cGMP
· Leads to closing of Na+ channels in the luminal membrane of the inner medullary collecting duct

PIP turnover:
· Turnover of membrane lipids
· Hormone (ATII, Norepi)binds to receptor  activation of a G protein  stimulate membrane bound phospholipase C  this promotes breakdown of a membrane lipid (phosphatidylinositol) into 2 compounds  IP3 and DAG
· IP3 
· Acute effects of the hormone
· Causes release of intracellular calcium stores from the ER
· Increases extracellular calcium uptake
· *** net effect is elevation of cytosolic calcium concentration***
· This calcium binds to calmodulin leading to phosphorylation of specific cell proteins and the physiologic effects of the hormone
·  The calcium effects are SHORT LIVED
· DAG
· Sustained effects of the hormone
· *** activates protein kinase C ****
· this compound causes the desired changes in cell activity
· Note: arachidonic acid is attached to DAG and may be released from it in response to PLA2 (PLA2 is hormonally activated)
· This may explain how ADH release increases local prostaglandin production, and in part how prostaglandins affect ADH
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RNA Transcription:
· Steroid hormones:
· Aldosterone
· Calcitriol
· Cortisol
· ALL RESULT IN NEW PROTEIN SYNTHESIS
· Hormones are lipid soluble  diffuse across cell membranes  bind to cytosolic receptors
· Hormone-receptor attachment  unmasking of DNA binding site on receptor
· Hormone receptor complex migrates to the nucleus and bind to specific sites near genes that are responsible for the physiologic effects of that hormone
· Subsequent steps include mRNA and rRNA transcription and the synthesis of new proteins
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ADH and WATER balance:
· Human form called arginine vasopressin
· Synthesized in the supraoptic  and paraventricular nucleus in the hypothalamus
· Secretory granules containing ADH migrate down the axons of the supraopticohypophyseal tract into the posterior lobe of the pituitary, where they are stored and subsequently released after appropriate stimuli
· Note: Some of the secretory granules produced in the paraventricular nuclei enter the cerebrospinal fluid or the portal capillaries in the median eminence 
· Median eminence ADH probably accounts for the observation that lesions of the posterior pituitary or supraopticohypophyseal tract below the median eminence do not usually lead to permanent diabetes insipidus, since ADH produced in the hypothalamus still has access to the systemic circulation
· Metabolized rapidly by the liver and kidney
· T ½ in circulation is 15-20min
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Actions of ADH:
List the functions of ADH.
· Augment the water permeability of the luminal membranes of the cortical and medullary collecting tubules 
· Na+ reabsorbtion and K+ secretion
· Increase vascular resistance via activation of V1 receptors
· Stimulates the production of prostaglandins  Particularly prostaglandin E2 and prostacyclin
· ACTH release
· Release of vWF and VIII  via V2 receptors


1. Augment the water permeability of the luminal membranes of the cortical and medullary collecting tubules, thereby promoting water reabsorption via osmotic equilibration with the hypertonic interstitium
· Primarily occurs in the principal cells
· 2 major receptors:
· V1
· Vasoconstriction
· Enhance prostaglandin release
· V2
· Mediate anti-diuretic response

· Activation of adenylyl cyclase by ADH via the V2 receptor initiates a sequence of events in which a protein kinase is activated, leading to preformed cytoplasmic vesicles that contain unique water channels
· The principal ADH-sensitive water channel, called aquaporin-2, is normally stored in the cytosol; and under the influence of ADH, it moves to and fuses with the luminal membrane, thereby allowing water to be reabsorbed down the favorable osmotic gradient.


· A third receptor, the V3 or V1b receptor, appears to mediate the effect of ADH on the pituitary, facilitating the release of ACTH.
2. Reabsorption of Na+ and excretion of K+
· The rate of distal urinary flow is normally an important determinant of the rate of K+ secretion and subsequent excretion
· The stimulation of K+ secretion allows ADH to regulate water transport without interfering with that of K+

       3. Vascular resistance
· Increase vascular resistance via activation of V1 receptors
· Via PIP turnover
· Really gets ramped up during states of volume depletion; general basal effect is pretty low (as BP is generally maintained by RAAS and the sympathetic NS)


       4.  Stimulates the production of prostaglandins 
· Particularly prostaglandin E2 and prostacyclin
· Occurs in a variety of cells within the kidney, including those in the thick ascending limb, collecting tubules, medullary interstitium, and glomerular mesangium
· The prostaglandins that are produced then impair both the antidiuretic and vascular actions of ADH
· Reduction in ADH generation of cAMP
· These findings have suggested that a short negative feedback loop may be present in which ADH enhances local prostaglandin production, thereby preventing an excessive antidiuretic response. 
· It is of interest, however, that the effect of ADH on prostaglandin synthesis is mediated by the V1, not the antidiuretic V2, receptors.
· Activation of the V1 receptors promotes phosphatidylinositol turnover, leading to the formation of diacylglycerol, from which arachidonic acid, the precursor of the prostaglandins, can be releasedvia activation of phospholipase A2
· The major function of the ADH-prostaglandin relationship may involve the regulation of renal hemodynamics. ADH, acting via the V1 receptors, is a systemic and renal vasoconstrictor. The local production of prostaglandins by the kidney (particularly the glomeruli) minimizes the increase in renal vascular resistance, thereby maintaining renal perfusion.
5. Affects on ACTH release
· ADH is cosecreted with corticotropin releasing hormone (CRH) from single neurons in the paraventricular nuclei and promotes the secretion of ACTH by corticotropes in the pituitary via activation of V3 receptors.
· Cortisol has an inhibitory effect on the secretion of both CRH and ADH from the paraventricular nuclei. 
· Adrenal insufficiency removes this inhibitory effect, leading to a persistent rise in ADH release.
· The associated impairment in water excretion can result in water retention and hyponatremia, a common electrolyte disorder in patients with cortisol deficiency 
6. Release of vWF and VIII
· ADH, acting through the V2 receptors, also can stimulate the release of factor VIII and von Willebrand factor from vascular endothelium.

CONTROL OF ADH SECRETION:
· Major stimuli for ADH release:
· Hyperosmolality
· Reduced effective circulating volume
· In general, the plasma sodium concentration is the primary osmotic determinant of ADH release, since Na+ salts are the major effective extracellular solutes
· Glucose may cause ADH release in uncontrolled diabetes (as it acts as an effective osmole)
· Osmoreceptors
· Located in the hypothalamus
· These cells are permeable to water (via water channels) and change in cell size (as the cell tries to equilibrate with plasma based on osmolality [ie. down the concentration gradient that exists between the plasma and cell]) results in stimulation or inhibition of ADH release

· The osmotic threshold for thirst has been reported to be either 2 to 5 mosmol/kg higher than or roughly equivalent to that for ADH release

· Non-osmotic ADH release:
· In response to decreased effective circulating volume
· Parasympathetic afferents in the carotid sinus baroreceptors are of primary importance 
· Changes in the rate of afferent discharge from these neurons affect the activity of the vasomotor center in the medulla and subsequently the rate of ADH secretion by the cells in the paraventricular nuclei
· Other:
· Nausea (humans)
· Stress (humans)
· Pregnancy (humans)
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ALDOSTERONE:
· Aldosterone in the zona glomerulosa, and glucocorticoids (particularly cortisol), androgens, and estrogens in the zona fasciculata and reticularis.
· 17α-hydroxylase, the enzyme necessary for cortisol and androgen synthesis. More importantly, the final steps in the conversion of corticosterone to aldosterone, the addition of an hydroxyl group at the 18-carbon position and its subsequent oxidation to an aldehyde, occur only in the zona glomerulosa
· These two reactions are mediated by a single multifunctional cytochrome P450 enzyme called aldosterone synthase
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Actions of aldosterone:
· Acts mainly in the distal nephron  connecting segment and collecting tubules (mainly on principal cells)
· Reabsorption of Na+ and Cl- 
· excretion of K+ and H+

· Diffuses into tubular cytosol then binds with a receptor  moves to the nucleus  binds to nuclear chromatin  enhances mRNA and rRNA  new protein synthesis

Reabsorption of Na+ and Cl- 

· Aldosterone stimulates ionic transport in these cells by increasing the number of open Na+ and K+ channels in the luminal membrane as well as the activity of the Na+-K+-ATPase pump in the basolateral membrane
· The aldosterone-induced elevation in luminal Na+ permeability promotes Na+ diffusion into the tubular cell; this Na+ is then returned to the systemic circulation by the Na+-K+-ATPase pump.
· The movement of Na+ through its channel is electrogenic in that it creates a lumen-negative potential difference. 
· Electroneutrality is maintained in this setting either by passive Cl- reabsorption via the paracellular pathway or by K+ secretion from the cell into the lumen. 
· Na+ reabsorption also enhances K+ secretion by a second mechanism: The transport of reabsorbed Na+ out of the cell by the Na+-K+-ATPase pump increases K+ entry across the basolateral membrane. The ensuing rise in cell K+ concentration permits continued K+ secretion, which is the primary determinant of urinary K+ excretion

Excretion of K+ and H+
· Intercalated cells
· Their main function in normal conditions is H+ secretion via H+-ATPase pumps in the apical membrane; they do not contribute to net Na+ reabsorption
· Aldosterone also indirectly stimulates H+ secretion in the cortex via its effect on Na+ reabsorption in the principal cells. The associated generation of a lumen-negative potential creates a favorable electrical gradient for H+ accumulation in the lumen 
· These effects of aldosterone are probably permissive, since there is little evidence that acid-base balance directly influences aldosterone release

Other:
· Aldosterone reduces the concentration of Na+ and raises that of K+ in colonic and salivary secretions and in sweat

CONTROL OF ADLOSTERONE SECRETION:

· Major stimuli of aldosterone secretion:
· ATII
· Hyperkalemia (or elevations in plasma K+)
· Direct effect on the glomerulosa

· Other stimuli:
· ACTH
· Hyponatremia

· Angiotensin II and hyperkalemia act on the zona glomerulosa, promoting the conversion of cholesterol to pregnenolone and, more importantly, of corticosterone to aldosterone via stimulation of aldosterone synthase


· Aldosterone secretion is suppressed by ANP


RAAS:
· Remember ATII primarily works in the proximal tubule
· Remember aldosterone work in the cortical and papillary collecting tubules

ACTH:
· Released from the ANTERIOR PITUITARY
· Enhances glucocorticoid and androgen synthesis
· Causes a transient rise in aldosterone
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· K+ secretion is highly dependent upon the rate of sodium and water delivery to the cortical collecting tubule 
· K+ balance can influence Na+ reabsorption in the thick ascending limb of the loop of Henle (and perhaps the proximal tubule)


ANP:
· Released from myocardial cells in the atria and in some cases the ventricles,
· Most of the physiologic actions of ANP appear to be mediated by attachment to specific receptors on the cell membrane, with subsequent activation of guanylyl cyclase and the formation of cyclic GMP
· ANP has two major actions: 
· It is a direct vasodilator, lowering the systemic blood pressure
· Increases urinary Na+ and water excretion.
· 
***** Thus net effects are natriuriesis and decreased blood pressure*******

· ANP directly increases the GFR and reduces Na+ reabsorption; the natriuretic action appears to be primarily due to the inhibition of sodium reabsorption in the medullary collecting tubule.
· The rise in GRF induced by ANP is associated with little or no change in renal blood flow, suggesting that ANP produces both afferent arteriolar dilation and efferent arteriolar constriction
· The direct tubular effect appears to be mediated by a cyclic GMP-dependent protein kinase, which closes the Na+ channels through which luminal Na+ normally enters the cell

· May also do the following:
· Reduce basal renin release
· Inhibit ATII and K+ induced aldosterone secretion
· Diminish response to ADH

· ANP is primarily released from the atria in response to volume expansion, which is sensed as an increase in atrial stretch.
· There is also evidence that the carotid and renal baroreceptors contribute to ANP release by sending afferent signals back to the brain

BNP:
· Is a natriuretic hormone that is homologous to ANP. 
· It was initially identified in the brain but is also present in the heart, particularly the ventricles. 
· The circulating concentration of BNP is less than 20 percent of that of ANP in normal subjects but can equal or exceed that of ANP in patients with congestive heart failure.
· The physiologic role of this hormone remains to be determined. 
· The infusion of BNP to normal volunteers suggests that the compound has natriuretic activity similar to that of ANP.
· In addition, it may be responsible for the cerebral salt-wasting syndrome that can accompany severe neurologic injury, as with subarachnoid hemorrhage



PROSTAGLAINDINS:
· Derived from the metabolism of arachidonic acid, with the initial step being catalyzed by the cyclooxygenase (COX) enzyme
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· Produced at a variety of sites within the kidney, including glomerular and vascular endothelium, the medullary and to a lesser degree the cortical collecting tubule cells, and the renomedullary interstitial cells.
· In general:
· The tubules primarily synthesize PGE2
· The glomeruli produce both PGE2 and prostacyclin
· Renal prostaglandins have minimal systemic effects as they are rapidly metabolized in the pulmonary circulation
· 2 isoforms:
· COX-1, which is expressed in most tissues, but variably
· COX-2, which is usually undetectable in most tissues but is increased during states of inflammation
· Thromboxane is similar to the prostaglandins in that its rate of production is relatively low in normal subjects and inhibition of its synthesis has little effect on renal functions
· Thromboxane can, however, cause vasoconstriction and mesangial contraction, and may contribute to the fall in glomerular filtration rate and increase in protein excretion frequently seen in glomerular disease
· COX-2 is constitutively expressed at low levels in the kidney.
· Its effect on renal function in adults is unclear; however, it appears to have a major role in renal development, as animals with deletion of the COX-2 gene have dysplastic tubules and immature glomeruli.
·  By comparison, mice without the COX-1 enzyme gene have minimal renal abnormalities.
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· Renal prostaglandins are primarily vasodilators
· EXCEPT PGF2a and Thromboxane  these are vasoconstrictors
· Renal PGs play no real role in normal basal renal blood flow
· Synthesis of renal PGs is enhanced by vasoconstriction from:
· ATII
· Norepi
· Vasopressin (via V1 receptor)
· Endothelin
· Each of these hormones activates phosphatidylinositol turnover, leading to the formation of diacylglycerol, which contains arachidonic acid at position 2. The latter can then be released from diacylglycerol by the action of phospholipase A2. 
· The ensuing prostaglandin-induced vasodilation partially counteracts the neurohumoral vasoconstriction, thereby minimizing the degree of renal ischemia
· The net clinical effect is that nonselective NSAIDs do not impair renal perfusion in normal subjects, but can lead to reversible renal ischemia and renal insufficiency in a variety of disease states, particularly hypovolemic disorders in which angiotensin II and norepinephrine secretion are increased
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· Patients with marked sodium retention (and higher levels of angiotensin II, norepinephrine, ADH, and renal prostaglandins) often have a relatively large reduction in the glomerular filtration rate if NSAIDs are given

· Vasodilatory activity of renal prostaglandins  lowers SVR
· Therefore blocking this may increase BP
· This would be bad in a hypertensive patient or a patient with cardiac disease

· RENIN SECRETION
· The stimulation of renin secretion induced by baroreceptors in the afferent glomerular arteriole and by the macula densa cells in the early distal tubule appears to be mediated in part by locally produced prostaglandins.
· These responses are blocked by an NSAID; as a result, prostaglandin synthesis inhibition can lead to hyporeninemic hypoaldosteronism (since angiotensin II is the major stimulus to aldosterone secretion) and an impairment in urinary K+ excretion

· ANTAGONISM OF ADH
· ADH increases production of renal prostaglandins
· These prostaglandins antagonize the effects of ADH
· NSAID administration may block PG production and thus remove inhibition of ADH  therefore you may get increased effects of ADH (may result in water retention)

· Sodium excretion:
· Renal prostaglandins also may have a natriuretic effect, via reduced Na+ reabsorption in the thick ascending limb and in the collecting tubules
· The medulla normally has a very low PO2, due in part to countercurrent exchange of oxygen 
· This relative hypoxia is exacerbated when renal perfusion is diminished in hypovolemic states. 
· By diminishing NaCl reabsorption in the thick ascending limb, prostaglandins reduce the energy requirement of these cells, thereby allowing them to better tolerate the decrease in oxygen delivery



HORMONAL REGULATION OF CALCUM AND PHOSPHATE BALANCE
· Of the plasma Ca2+:
· 40 % is bound to albumin
· 15 % is complexed with citrate, sulfate, or phosphate
· 45 % exist as ionized Ca2+

· Plasma phosphorus, in comparison, consists of phospholipids, ester phosphates, and inorganic phosphates
· The latter are completely ionized, circulating primarily as HPO42- or H2PO-4 in a ratio of 4 : 1 at a plasma pH of 7.40

Parathyroid hormone (PTH):
· Secreted from the parathyroid glands in response to a decrease in the plasma concentration of ionized Ca2+
· This change is sensed by a specific Ca2+-sensing protein in the cell membrane of the parathyroid cells

· PTH acts to increase the plasma Ca2+ concentration in three ways:

1. In the presence of permissive amounts of vitamin D, it stimulates bone resorption, resulting in the release of calcium phosphate

2. It enhances intestinal Ca2+ and phosphate absorption by promoting the formation within the kidney of calcitriol (1,25- dihydroxycholecalciferol), the major active metabolite of vitamin D 

3. It augments active renal Ca2+ reabsorption

· These effects are reversed by a small elevation in the plasma Ca2+ concentration, which lowers PTH secretion.

· PTH effects on phosphate:
· Tends to increase phosphate entry into the extracellular fluid by its effects on bone and intestinal absorption.
· PTH also reduces proximal tubular phosphate reabsorption, resulting in enhanced excretion. 
· The urinary effect usually predominates in patients with relatively normal renal function, as PTH tends to lower the plasma phosphate concentration.
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Renal calcium and phosphate handling:
· Mediated by activation of specific adenylyl cyclase systems
· In the proximal tubule and the early cortical distal nephron, including the cortical thick ascending limb, the distal tubule, and the connecting segment
· PTH diminishes the proximal reabsorption of phosphate by decreasing the activity of the type II Na+-phosphate cotransporter in the luminal membrane
· The stimulatory effect of PTH on Ca2+ reabsorption occurs primarily in the early cortical distal nephron, particularly the distal tubule and connecting segment

· NOTE: hypoparathyroidism, a disorder in which both PTH and calcitriol levels are reduced
· With this disorder even when you give vitamin D  you may increase the serum calcium some, however there is still a deficiency on PTH so there is still a defect in reabsorption
· Too much vitamin D (in an attempt to continue to raise serum calcium) may lead to large amounts of calcium in the urine and urinary stone formation
Acid base balance:
· PTH also may contribute to the regulation of acid-base balance in the presence of an acid load. 
· A fall in extracellular pH stimulates PTH secretion, and the ensuing increase in phosphate excretion can appropriately enhance net acid excretion by buffering secreted H+ ions.
·  PTH also minimizes the fall in pH by a second mechanism, promoting bone buffering of the excess acid 

Vitamin D:
· Fat-soluble steroid 
· Present in the diet and also can be synthesized in the skin from 7-
· dehydrocholesterol in the presence of ultraviolet light
· The hepatic enzyme 25-hydroxylase places a hydroxyl group in the 25 position of the vitamin D molecule, resulting in the formation of 25-hydroxyvitamin D or calcidiol
· Calcidiol produced by the liver enters the circulation and travels to the kidney, bound to vitamin D-binding protein. 
· In the kidney, tubular cells contain two enzymes (1α-hydroxylase and 24α-hydroxylase) that can further hydroxylate calcidiol, producing 1,25-dihydroxyvitamin D (calcitriol), the most active form of vitamin D, or 24,25-dihydroxyvitamin D, an inactive metabolite.
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· The formation of calcitriol is primarily stimulated by PTH and hypophosphatemia in an attempt to maintain Ca2+ and phosphate balance.
· The responsiveness of this system can be modulated by changes in the plasma Ca2+ concentration in that hypercalcemia impairs and hypocalcemia promotes PTH-induced calcitriol production.2
· Excessive stimulation is prevented by the rise in plasma Ca2+ itself and by negative feedback regulation of the 1α-hydroxylase via binding of calcitriol to the vitamin D receptor
· Phosphate depletion tends to raise and phosphate loading to lower renal calcitriol production
· Calcitriol is degraded in part by being hydroxylated at the 24-position by a 24-hydroxylase. The activity of the 24-hydroxylase gene is increased by calcitriol (which therefore promotes its own inactivation) and reduced by PTH (thereby allowing more active hormone to be formed)

· Actions of Vitamin D:
· The main action of calcitriol is to enhance the availability of calcium and phosphate both for new bone formation and for the prevention of symptomatic hypocalcemia and hypophosphatemia. 
· This is primarily achieved by increases in bone resorption, intestinal absorption, and renal tubular Ca2+ reabsorption
· Calcitriol enhances the PTH-induced stimulation of both bone resorption and distal reabsorption
· Calcitriol regulates the plasma Ca2+ concentration in one other way—by binding to receptors in the parathyroid gland, leading to a decrease in further PTH production and release
· In patients with chronic renal failure, calcitriol deficiency appears to be an important determinant of the associated secondary hyperparathyroidism

How to correct calcium for albumin:
· The measured plasma Ca2+ concentration should be increased by 0.8 mg/dL for each 1.0 g/dL fall in the plasma albumin concentration 
· If, for example, the plasma concentration of Ca2+ is 7.5 mg/dL and that of albumin is 2.0 g/dL (roughly 2.0 g/L less than normal), then the corrected plasma Ca2+ concentration would be 7.5+(2× 0.8) or 9.1 mg/dL, which is normal.


	

	Figure 6-20 Physiologic sequence of events following the development of hypocalcemia. Because of the PTH interaction with vitamin D, the end result is a rise in the plasma Ca2+ concentration, with little or no change in the plasma phosphate concentration. (Redrawn from deLuca H, Am J Med 58:39, 1975. Used with permission.)
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	Figure 6-21 Sequence of events following the stimulation of calcitriol formation by hypophosphatemia. The net effect is an increase in the plasma phosphate concentration with only a slight increase in the plasma Ca2+ concentration. Both the latter change and a direct inhibitory effect of calcitriol probably contribute to the decline in PTH release in this setting. (Redrawn from DeLuca H, Am J Med 58:39, 1975. Used with permission.)



Calcium and phosphate metabolism in renal failure:
Phosphate balance and secondary hyperparathyroidism:
· With the initial fall in GFR, there is a reduction in filtered phosphate load and subsequent phosphate excretion 
· This leads to hyperphosphatemia
· *** This is important in the development of secondary hyperparathyroidism***
· this mechanism is incompletely understood
· Progressive renal failure is associated with a marked increase in circulating PTH levels that correlates roughly with the degree of decline in GFR
· Theory is that phosphate retention acts by diminishing the renal production of calcitriol. 
· This will then lead to hyperparathyroidism both by lowering the plasma Ca2+ concentration and by removing the inhibitory effect of calcitriol on PTH secretion
· With this condition, advanced stages  high PTH levels continue to liberate Ca and P from bone, however its ability to promote phosphate excretion is overcome by severely reduced GFR (therefore more phosphate is being liberated and less is being excreted, so the patient becomes progressively hyperphosphatemic)
· Initially the high PTH is protective against severe hyperphosphatemia as it promotes increased P excretion in the kidney; this system fails as GFR continues to decline
· Classic sign of renal hyperparathyroidism:
· Combination of marked hyperphosphatemia and a normal or low-normal plasma Ca2+ concentration
· Treatment:
· Dietary phosphate restriction
· Phosphate binders
· Correction of calcitriol deficiency is another important component of therapy in patients with hyperparathyroidism; the goal here is to suppress PTH production
· Calcitriol should not be given unless the plasma phosphate concentration has been controlled, since the calcitriol-induced increase in intestinal phosphate absorption can exacerbate underlying hyperphosphatemia 
· Careful monitoring for hypercalcemia


***REMEMBER THAT NORMALLY, CALCITRIOL SUPRESSES PTH PRODUCTION (this is a feedback mechanism; sensed by calcitriol receptors in the parathyroid glands***
Note: Any phosphate binder should be given with meals to impair the absorption of dietary phosphate

CATECHOLAMINES:
· Released from the sympathetic nerves and the adrenal medulla
· Influence renal function, as adrenergic innervation has been identified in the renal vasculature and in the proximal tubule, loop of Henle, and distal tubule
· Renal sympathetic activity tends to be increased in states of effective circulating volume depletion
· Enhanced sympathetic activity also increases Na+ reabsorption, an effect that may contribute to the compensatory renal Na+ retention seen with volume depletion.

            Three factors may participate in this response: 

1.  Direct stimulation of proximal and loop Na+ transport, which is primarily mediated by stimulation of the α1-adrenergic receptors

2. Altered peritubular capillary hemodynamics, resulting from the increase in arteriolar resistance 

3. Activation of the renin-angiotensin-aldosterone system by the β1-adrenergic receptors


· NOTE: The α2-adrenergic receptors produce an opposite response, increasing Na+ and water excretion
· This is why dexmedetomidine causes natriuresis/diuresis via decreased Na reabsorption and deceased permeability of the collecting duct to water

DOPAMINE:
· Catecholamine
· Synthesized in the proximal tubule from circulating L-dopa, via the enzyme L-amino acid decarboxylase
· Dopamine generally has renal effects opposite to those of norepinephrine and epinephrine. 
· At lower concentrations, it is a renal vasodilator that acts at the interlobular arteries and both the afferent and efferent arterioles
· Both a direct effect of dopamine and increased release of prostacyclin may contribute to this decrease in vascular resistance
· The combined afferent and efferent dilation results in a marked increase in renal blood flow with a much lesser or no elevation in GFR, since the reduction in efferent tone will tend to diminish the intraglomerular pressure
· At higher concentrations, however, dopamine can induce vasoconstriction, a response that may be mediated by activation of α-adrenergic receptors
· Tends to reduce proximal Na+ reabsorption
· The net effect is that the administration of dopamine to patients can lead to a natriuresis as well as an increase in renal perfusion


KININS:
· Hormones produced in the kidneys
· Like the prostaglandins, they are vasodilators that may act to minimize renal ischemia in hypovolemic states in which angiotensin II and norepinephrine secretion are increased
· Secretion of the enzyme kallikrein by the cells in the distal tubule and connecting segment starts the process of the formation of kinins
· Result in:
· Decreased Na+ reabsorbtion
· Antagonism of ADH
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ERYTHROPOIETIN:
· Glycoprotein growth factor 
· Is the primary stimulus to erythropoiesis
· Promoting the terminal differentiation of erythroid colony-forming units (CFU-E) into normoblasts and then erythrocytes.
· Produced by the kidney and to a much lesser degree (less than 10 percent) by the liver
· Decreased oxygen delivery, most often due to anemia or hypoxemia, is the primary stimulus to erythropoietin release
· An undetermined sensor in the kidney figures this out
· It is suspected that oxygen binding to the sensor suppresses EPO production
· Deoxygenated states tell the sensor to signal the production of a new protein that binds to the active site of the enhancer region of the EPO gene, resulting in increased EPO production
· One of these is hypoxia-inducible factor-1, the activity of which is essential for enhanced EPO production
· EPO in CKD:
· Anemia is common in this setting and is due primarily to reduced renal EPO production, a presumed reflection of the reduction in functioning renal mass


ENDOTHELIN:

ETs are produced by most cell types in the kidney and have a wide variety of biologic actions. The most important are:

1. Regulation of vascular resistance 
2. Modulation of fluid and electrolyte transport 
3. Regulation of cell proliferation and extracellular matrix accumulation.

Regulation of vascular tone:
· Vasoconstrictors
· Most ETs in the renal vasculature are released by endothelial cells and act on neighboring vascular smooth muscle. 
· Endothelial cell ET-1 release is stimulated by other vasoconstrictors, thrombogenic agents, and inflammatory cytokines, and is reduced by vasodilators (particularly nitric oxide) and anticoagulants


NITRIC OXIDE:
· In the blood vessel wall, basal and calcium-agonist-stimulated release of NO largely accounts for the bioactivity of endothelium-derived relaxing factor (EDRF).
· In the kidney, as well as in other solid organs, physiologic concentrations of NO function as a tonic vasodilator, working essentially instantaneously
· NO, a molecular gas, is formed by the action of one of three isoforms of nitric oxide synthase (NOS)
· eNOS – endothelium
· nNOS- neuronal
· iNOS – macrophages
· All three enzymes, which are cytochrome P450-like proteins, facilitate the addition of the guanidino nitrogen of the amino acid arginine to molecular oxygen, producing NO and water.
· NO is a paracrine mediator
· The most recognized cellular target of NO is heme-containing soluble guanylate cyclase. The stimulation of this compound enhances the synthesis of cyclic GMP (cGMP) from guanosine triphosphate (GTP), increasing the cytosolic levels of cGMP. 
· The effects of NO can be enhanced by inhibiting the breakdown of cGMP, a process catalyzed by a family of phosphodiesterases

· NOTE: superoxide radical + NO = peroxynitrite

· Important actions of NO in the kidney:
· 1. Regulation of renal hemodynamics 
· 2. Modulation of fluid and electrolyte transport 
· 3. Regulation of damage in response to injury

· Renal hemodynamics:
· eNOS is expressed to a variable extent in endothelial cells of the afferent arteriole, glomerulus, and efferent arteriole.
· Endothelial-derived NO plays a major role in maintaining arteriolar dilation by participating in the paracrine control of renal glomerular vascular resistance and mesangial cell tone
· Solute and water transport:
· NO appears to play a role in the moment- to-moment homeostatic control of renal sodium excretion and extracellular fluid volume.
· 1. Intrarenal NO synthesis is increased during periods of enhanced salt intake, thereby facilitating renal sodium excretion. The administration of NO donors also augments sodium elimination. 
· 2. By comparison, acute or chronic blockade of NO synthesis (with NOS inhibitors) impairs urinary sodium excretion, even at concentrations that do not affect renal glomerular or systemic hemodynamics. As an example,  chronic administration of a NOS inhibitor in humans results in a 40 percent reduction in the fractional excretion of sodium 
· NO inhibits sodium entry in the cortical collecting duct, Na-H exchange in the proximal tubule, and Na-K-ATPase activity in varied nephronal segments.
· NO also impairs the responsiveness of the collecting tubule to ADH, facilitating the excretion of water
· Tubuloglomerular feedback:
· NO synthesized by nNOS in the macula densa blunts the tubuloglomerular feedback (TGF) response in which increasing sodium chloride delivery to the macula densa lowers the glomerular filtration rate to maintain distal flow at a relatively constant level
· Role in kidney injury:
· The function of endothelial-derived NO as a tonic vasodilator as well as its ability to inhibit platelet activation and adhesion may help minimize injury in glomerulonephritis
· NO generated by mesangial and tubular epithelial cells may exacerbate damage, due in part to the ability of these cells to induce the expression of iNOS in response to inflammatory stimuli.
· Although mesangial cells do not express appreciable amounts of any of the NOS isoforms under basal conditions, they can be induced to express iNOS
· With inflammatory stimuli, increased levels of NO may enhance injury by suppressing eNOS (resulting in vasoconstriction) and directly causing epithelial cell damage.
· Cellular injury is most likely due to the formation of peroxynitrite from NO and superoxide radical.

SIADH:
· Primary excessive secretion of ADH results in increased water reabsorption in the collecting tubules.
· Characterized by water retention, hypoosmolality, and hyponatremia.

Primary hyperaldosteronism:
· Is associated with enhanced K+ and H+ secretion in the cortical collecting tubule, resulting in hypokalemia and metabolic alkalosis. 
· The initial Na+ and water retention also promote the development of hypertension; however, fluid retention lasts for only a few days, due to aldosterone escape

PTH:
· PTH increases bone resorption, the urinary excretion of phosphate, and renal calcitriol synthesis. 
· As a result, hypercalcemia and a normal or diminished plasma phosphate concentration are produced by the primary hypersecretion of PTH
· In contrast, hypoparathyroidism leads to hypocalcemia (which is in part due to the associated calcitriol deficiency) and hyperphosphatemia.

Calcitriol:
· Increases the availability of calcium and phosphate primarily by increasing their rate of intestinal absorption and their release from bone. 
· Consequently, calcitriol deficiency is characterized by hypocalcemia and hypophosphatemia;
· Lack of calcitriol may also be associated with rickets in children and osteomalacia in adults, since adequate levels of calcitriol, calcium, and phosphate are necessary for normal bone mineralization.
Vitamin D excess (due to the chronic intake of high doses of vitamin D or to a granulomatous disease) typically leads to increased intestinal Ca2+ absorption, enhanced bone resorption, hypercalciuria, and, in some cases, hypercalcemia.
· The changes in Ca2+ balance induced by prolonged ingestion of vitamin D are primarily due to calcifediol, the 25-hydroxylated precursor of calcitriol. The hepatic synthesis of calcifediol is substrate-dependent and not physiologically regulated; as a result, increased vitamin D intake can lead to a marked increase in calcifediol production.This compound is less active but, in this setting, is able to promote the development of hypercalcemia. In comparison, there is no large increase in calcitriol synthesis, because of the inhibitory effects of the rise in the plasma Ca2+ concentration and the associated reduction in PTH release.
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Figure 6-1 Schematic representation of the adenylyl cyclase-cyclic AMP system. Activation begins when a stimulatory hormone.
(H,) combines with its receptor (R,). The hormone-receptor complex interacts with the regulatory protein G, allowing It to take
up guanosine triphosphate (GTP). This activated form of G, then stimulates adenylyl cyclase. This step is followed sequentially by
the formation of cyclic AMP, activation of  protein kinase, phosphorylation of cell proteins, and the physiologic effects of the
hormone. Other hormones (H,) inhibit adenyly cyciase by binding to their receptor (R) and then activating an innibitory
reaulatorv protein (G
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Figure 6-2 Schematic representation of the phosphatidylinositol pathway. The combination of a hormone with its receptor (R)
leads to activation of a stimulatory regulatory protein (Gy) with a subsequent increase in activity of membrane-bound
phospholipase C. This enzyme results in the breakdown of a membrane lipid, phosphatidylinositol 4,5-biphosphate (PIP,), into
two compounds: inositol 1,4,5-triphosphate (IP;) and diacylglycerol (DAG). The former mediates the acute action of the hormone
by inducing the release of calcium from stores in endoplasmic reticulum; the latter is responsible for the sustained hormone

effect by activating protein kinase C, leading to the phosphorylation of cell proteins.




image5.png
Extracellular Hormone

fluid
cell
Hormone-
recepior
complex
Physiologic Induced
effects protcins

Figure 6-3 Model for the mechanism of action of steroid hormones, such as aldosterone and calcitriol. The hormone enters the
cell by diffusion and combines with a specific receptor in the cytosol. The active hormone-receptor complex, which unmasks the
DNA binding site on the receptor, then migrates to the nucleus where it interacts with specific genes, leading to RNA transcription
and the eventual production of new proteins that are responsible for the physiologic actions of the hormone.
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Figure 6-4 Diagram of the mammalian hypothalamus and pituitary gland showing pathways for the secretion of antidiuretic
hormone (ADH). The hormone is formed in the supraoptic and paraventricular nuclei, transported in granules along their axons,
and then secreted at three sites: the posterior pituitary gland, the portal capillaries of the median eminence, and the
cerebrospinal fiuid (CSF) of the third ventricle. (Adapted from Zimmerman EA, Robinson AG, Kidney Int 10:12, 1976. Reprinted
by permission from Kidney International.)
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Table 6-2 Factors influencing ADH secretion

Stimuli

Hyperosmolality
Hypovolemia

Stress, e.g., pain

Nausea

Pregnancy

Hypoglycemia

Nicotine

Morphine

Other drugs (see Table 23-3)

Inhibitors

Hypoosmolality
Hypervolemia
Ethanol
Phenytoin
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Figure 6-11 Schematic pathways of adrenal steroid biosynthesis. The numbers at the arrows refer to specific enzymes: 17a
equals 170-hydroxylase; 3 equals 3p-hydroxysteroid dehydrogenase; 21 equals 21-hydroxylase; 11B equals 11B-hydroxylase;
18 refers to a two-step process resulting in the addition of an aidehyde at the 18-carbon position. The last reactions occur only in

‘the zona glomerulosa, which is the site of aldosterone secretion.
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How these factors interact to allow Na* and K* excretion to be regulated independently is summarized in Table 6-3. Effective circulating
volume depletion, for example, activates the renin-angiotensin-aldosterone system. This response appropriately reduces Na* excretion
by increasing reabsorption both in the proximal tubule (via angiotensin 1) and in the distal nephron (via aldosterone). K* excretion, on
the other hand, is not importantly affected in this setting; 4® the increase in proximal reabsorption reduces distal fluid delivery, thereby

counteracting

the stimulatory effect of aldosterone. This explains why untreated patients with heart failure or cirrhosis (who are effectively volume-
depleted due to systemic vasodilatation; see Chap. 16) do not spontaneously develop K* wasting and hypokalemia, even though
aldosterone secretion is frequently elevated.
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Table 6-3 Interrelationships between aldosterone and Na* and K* balance

A Urinary
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Table 6-4 Renal actions of the prostaglandins and possible complications with
nonsteroidal anti-inflammatory drugs

Effect of prostaglandins

Maintain renal blood flow and
glomerular filtration rate by
ameliorating angiotensin I and
norepinephrine-induced renal
vasoconstriction

Antagonize systemic vasoconstriction

Increase the secretion of renin

Antagonize water-retaining effect of
antidiuretic hormone (ADH)

May increase sodium excretion in
states of effective volume depletion

Possible drug complication

Acute renal failure in conditions associated

withincreased release of renal vasoconstrictors
(Table 6-5)

May raise the blood pressure in hypertensive
patients treated with a diuretic or B-adrenergic
blocker; can worsen cardiac output in heart failure
due to increased afterload

Hyperkalemia due to hyporeninemic
hypoaldosteronism, primarily in patients with renal
insufficiency

Can potentiate effect of ADH, possibly promoting
the development of hyponatremia

May promote more intense sodium retention; can
impair response to diuretics
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Table 6-5 Conditions associated with nonsteroidal anti-inflammatory drug induced,
hemodynamically mediated acute renal failure

True volume depletion (vomiting, diarrhea, diuretic therapy)
Congestive heart failure

Hepatic cirrhosis

Glomerular diseases, including the nephotic syndrome and lupus nephritis
Hypercalcemia, which directly induces renal vasoconstriction
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Figure 6-18 Effect of PTH on Ca?* and phosphate metabolism. The net effect is an increase in the plasma Ca?* concentration
with no change or a decrease in the plasma phosphate concentration.
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If, for example, hypocalcemia does occur, there is a direct stimulus to PTH secretion and the subsequent formation of calcitriol (Fig. 6-
20). PTH increases calcium phosphate release from bone and urinary phosphate excretion, whereas calcitriol augments intestinal
caicium phosphate absorption. Both hormones also reduce urinary Ca2* excretion.25 The net effect is an increase in the plasma Ca2*
concentration with little change in the plasma phosphate concentration. This sequence is reversed with hypercalcemia or a high-Ca*
diet, as both PTH secretion and calcitriol production are diminished.
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The normal plasma phosphate concentration, measured in the laboratory as the plasma inorganic phosphorus concentration (i.e., the
concentration of phosphorus contained in the inorganic phosphates), is 2.5 to 4.5 mg/dL. In the presence of dietary phosphate
restriction or hypophosphatemia, there is increased gene expression and synthesis of new Na*-phosphate cotransporters, thereby
enhancing proximal phosphate reabsorption.2%* In addition, calcitriol synthesis is directly enhanced, increasing intestinal calcium
phosphate absorption (Fig. 6-21). The ensuing small rise in the plasma Ca2* concentration and perhaps a direct inhibitory effect of
calcitriol suppress PTH secretion, reducing calcium phosphate release from bone and further lowering urinary phosphate excretion. The
net effect of these adaptations is virtual abolition of phosphate excretion in the urine (unless hypophosphatemia is due to phosphate
wasting) and an increase in the plasma phosphate concentration toward normal. This response is achieved with only a slight increment.
in the plasma Ca?* concentration.
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Table 6-1 Mechanism of action of major hormones affecting renal function

Adenylyl cyclase
Prosphatidylinositol RNA transcription
turnover (steroid hormones)
Stimulate Inhibit
Vasopressin (V2) Vasopressin (V1)
Parathyroid Prostaglandins Angiotensin II
hormone alpha?-Adrenergic Norepinephrine (a;- Aldosterone
B-Adrenergic Angiotensin I adrenergic) Calcitriol
Prostaglandins (tubular effect) Parathyroid

(vascular effect) hormone
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Adenylyl Cyclase

Some of the responses mediated by adenylyl cyclase begin by attachment of the hormone to its specific receptor on the basolateral
membrane of the tubular cell. This hormone-receptor complex then affects the activation state of a guanine nucleotide regulatory
protein, such as the stimulatory (G;) or inhibitory (G) proteins (Fig. 6-1).127:8 G, for example, has three components, alpha (a), bet
(B), and gamma (y), with the a subunit normally binding guanosine diphosphate (GDP) in the inactive state. Binding of hormone to its
receptor causes the a subunit to release GDP, take up intracellular guanosine triphosphate (GTP), and at least partially dissociate fror
the B-y subunit. This G,-GTP complex is able to activate adenylyl cyclase, leading to the conversion of adenosine triphosphates (ATP)
into cyclic adenosine monophosphate (AMP).

The generation of cyclic AMP is followed sequentially by activation of a protein kinase (due to binding of cyclic AMP to a regulatory
subunit on the kinase)?, phosphorylation of specific cell proteins (by the transfer of phosphate from intracellular ATP to the protein),
and the physiologic effects of the hormone. Hormone activity is eventually shut off by a GTPase intrinsic to the a molecule

that hydrolyzes bound GTP.! The B -y subunit may also be an important regulator of these processes.'!
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