Phosphorus
· General
· Roles
· Phospholipids in cell membrane
· Hydroxyapatite in bone
· Nucleic acids
· Phosphoproteins involved in mitochondrial oxidative phosphorylation 
· Energy for essential metabolic processes
· Stored in phosphate bonds of ATP 
· Second messengers
· Cyclic adenosine monophosphate (cAMP)
· Urinary buffer and majority of titratable acidity 
· Distribution
· Circulates in both organic and inorganic forms, 10-20% inorganic is protein bound
· Remainder as free anion or complexed 
· Both available for ultrafiltration by the renal glomeruli
· Major intracellular anion
· 80-85% body stores are hydroxyapatite in bone, 15% in soft tissue, ECF <1% of total 
· Intestinal absorption 
· Absorption is linear function of intake 
· Occurs via two mechanisms 
· Passive diffusion is principal route
· Paracellular pathway 
· Primary mechanism in jejunum and ileum
· Active mucosal phosphate transport 
· Sodium dependent 
· Carrier mediated process
· Increased by calcitriol 
· Probably only important during dietary phosphorus deficiency 
· Both mechanisms present in duodenum 
· Renal handling
· Adjust tubular reabsorption of filtered phosphate to maintain zero balance 
· Normally 80-90% of filtered phosphate is absorbed by renal tubules
· Renal dysfunction most common cause of hyperphosphatemia (besides young age)
· Absorption
· Proximal renal tubule
· Apparently, no reabsorption in thin or thick ascending loop of Henle 
· Reabsorption mechanism in distal convoluted tubule uncertain 
· Inhibited in proximal tubule by saline volume expansion
· Crosses luminal membranes by sodium brush border sodium phosphate cotransporters 
· Main transport protein in proximal tubules: type IIa sodium phosphate cotransporter
· Three sodium and one divalent phosphate across luminal membrane
· Promotes luminal electronegativity
· Luminal entry is rate-limiting step
· Target for mechanisms that alter phosphate reabsorption
· PTH 
· most important regulator of renal phosphate transport
· Decrease tubular transport maximum for P reabsorption in proximal tubule 
· Growth hormone
· Increases proximal renal tubular reabsorption 
· Partially accounts for increased phosphorus in immature animals
· Insulin and thyroxine
· Increase proximal tubular reabsorption
· Calcitonin and atrial natriuretic peptide 
· Inhibit proximal tubular phosphate reabsorption
· ACTH
· High doses of ACTH and glucocorticoids increase renal phosphate excretion
· Acid base
· Metabolic acidosis
· Acutely does not affect renal reabsorption 
· Chronic results in decreased proximal tubular transport
· Possibly mediated by glucocorticoids
· Respiratory acidosis 
· Decreases proximal tubular reabsorption
· Respiratory alkalosis 
· Increases reabsorption 
· Volume expansion 
· Increases urinary phosphate excretion
· Causes natriuresis because of sodium-phosphorus cotransporter
· Phosphatonins
· Increase renal loss of phosphorus 
· Fibroblast growth factor-23 (FGF-23) increased in humans with chronic renal failure
· Hypophosphatemia
· Clinical effects
· Blood cells
· Erythrocytes
· Decreased erythrocyte concentration of ATP leading to fragility
· Hemolysis When serum concentration 1.0 mg/dL 
· Decreased 2,3-DPG so less oxygen delivery to tissues 
· Leukocytes have impaired chemotaxis, phagocytosis and bacterial killing
· May promote sepsis
· Platelets
· Shortened survival time, impaired clot retraction, thrombocytopenia, megakaryocytosis in bone marrow 
· Neuromuscular 
· Weakness and pain second to rhabdomyolysis 
· Vomiting, anorexia, nausea second to ileus
· Metabolic encephalopathy
· Impaired central nervous system handling of glucose and ATP production
· Impairment of cardiac contractility 
· Proximal tubular bicarbonate wasting, reduction in titratable acidity, impaired renal ammoniagenesis
· Serious acid base disturbances do not occur in phosphate deprived dogs
· Causes
· Translocation/maldistribution from extracellular to intracellular fluid
· Administration of carbohydrate load (i.e. 5% dextrose) common cause
· Mechanical ventilation and hypophosphatemia
· Insulin administration
· Shifts phosphorus
· Makes hypophosphatemia more likely in DKA
· Increased loss (decreased renal reabsorption)
· Can produce moderate hypophosphatemia, but clinical signs more related to hypercalcemia
· Primary hyperparathyroidism, inconsistently causes hypophosphatemia 
· Fractional excretion of phosphorus increased in some dogs 
· Vitamin D deficiency 
· Hypocalcemia leading to increased PTH 
· Fanconi syndrome
· Decreased phosphorus reabsorption, but serum concentration normal
· May be caused by metabolic or membrane defects affecting sodium transport
· Phosphaturia may be because of natriuresis 
· Diuretics 
· Proximally acting diuretics (carbonic anhydrase inhibitors)
· May increase renal excretion by their effects o proximal tubular sodium reabsorption
· Decreased intake (decreased intestinal absorption)
· Vomiting and malabsorptive diseases can cause phosphate loss
· Rarely cause hypophosphatemia in dogs/cats
· Canine malabsorptive diseases
· Hypocalcemia second to hypoalbuminemia, but serum phosphorus typically normal
· Ingestion of phosphate binding agents 
· Treatment
· Correct underlying condition responsible for it
· Anticipate it
· Total parenteral nutrition, DKA, patients receiving phosphate binders
· When to supplement
· NO
· Asymptomatic with low concentrations, but without depletion
· Serum P > 1.8 mg/dL and unlikely to decrease further (hyperparathyroidism)
· YES
· Asymptomatic patients at risk for depletion/symptoms 
· DKA cat with P of 1.6 mg/dL
· Patients with clinical signs 
· Risks of IV supplementation
· Hypocalcemia, soft tissue calcification, renal failure, tetany, hyperphosphatemia
· How to supplement
· Enteral best if appropriate 
· Feeding skim or low-fat milk, buffered laxative
· NOT appropriate route in vomiting patients +/- diarrhea
· Parenteral 
· Administration of sodium phosphate, potassium phosphate
· Use of glucose phosphate also reported
· Based on serum electrolyte concentrations
· Rates
· Administered as CRI 0.01-0.06 mmol/kg/hr (DiBart vs max of 0.03 mmol/kh/hr in Plumb’s)
· Measure phosphorus levels every 6-8 hours
· More aggressive doses have been demonstrated in humans 
· Hyperphosphatemia
· Clinical effects
· Decreases serum calcium concentration to maintain calcium phosphate product
· Magnitude of hypocalcemia related to rate at which serum phosphorus increases
· Soft tissue mineralization (calciphylaxis)
· If occurs in hypercalcemic patient 
· Risk increases when [Ca] x [Pi] > 60-70
· Acute hyperphosphatemia 
· Associated with acute renal failure
· Phosphorus may have direct toxic effect on renal tubular cells
· Causes 
· Primarily causes by decreased renal excretion
· Early chronic renal failure
· Hyperphosphatemia does not usually occur
· Compensatory increase in phosphate excretion by remnant nephrons 
· Mediated by effects of PTH 
· When GFR decreases to 20% of normal or less, compensatory mechanism is exhausted and hyperphosphatemia occurs
· Renal secondary hyperparathyroidism
· Hyperphosphatemia inhibits renal 1a – hydroxylase present in renal tubules
· This inhibits conversion of 25-hydroxycholecalciferol to calcitriol
· Less intestinal absorption of calcium leading to low serum iCa levels
· Stimulates PTH secretion
· Increased renal excretion of phosphate and release of calcium and phosphorus from bone
· Chronic renal failure 
· Most common cause of hyperphosphatemia in adult dogs and cats
· Progressive decrease in GFR 
· Leads to decreased filtered load of phosphate 
· Failure of compensatory mechanisms
· Progression on renal tubular destruction 
· Reduction in enzyme 1a-hydroxylase
· Calcitriol not available to inhibit PTH secretion 
· Harder or increased PTH concentrations to increase calcium levels
· Acute renal failure
· Insufficient time for compensatory mechanisms to develop 
· Uroabdomen/urethral obstruction
· Urine reabsorption from abdominal cavity
· Decreased GFR from intratubular pressure 
· Hypoparathyroidism and acromegaly 
· Translocation may also be responsible
· Tumor lysis syndrome
· Tissue trauma or rhabdomyolysis 
· Hemolysis 
· Acidosis
· Breakdown of ATP to AMP and inorganic phosphate 
· Increased intake
· Intravenous administration 
· Increased absorption in GI tract
· Hypertonic enemas or oral administration of sodium phosphate 
· Vitamin D
· Increases intestinal absorption of phosphorus and calcium 
· Treatment 
· Parenteral 
· Volume expansion with saline 
· Dilutes ECF phosphate
· Enhances renal phosphate excretion in dehydrated patients
· Increasing GFR increases filtered load of phosphate
· Natriuresis impairs phosphate reabsorption in proximal tubule 
· Glucose and insulin (if necessary)
· Promotes phosphorus entry into cells
· Rarely necessary 
· Enteral
· Phosphorus restriction in diet
· Oral phosphate binders to decrease intestinal absorption 
· MOA
· Cation in binder combines with dietary phosphate to produce insoluble and nonabsorbable phosphate compounds 
· Magnesium compounds not ideal because cause diarrhea and limited ability to excrete magnesium in renal failure = risk of hypermagnesemia  

Magnesium
· Roles
· Important in mitochondria during oxidative phosphorylation and anerobic glucose metabolism 
· Intracellular roles
· Synthesis and degradation of DNA
· Binding of ribosomes to RNA
· Adenine nucleotide synthesis
· Synthesis and production of intracellular second messengers (e.g. cyclic AMP)
· Cofactor with ATP as driving force for intracellular ion pumps such as:
· Na-K ATPase
· Helps maintain intracellular potassium concentrations
· HCO3 ATPase
· Ca ATPase
· Stimulates sequestration of calcium into endoplasmic and sarcoplasmic reticula
· Regulation of cytoplasmic calcium concentrations
· Distribution
· Not well documented in veterinary patients
· Studies in humans show
· 99% in intracellular stores, 2/3 stored in bone, 20% in muscles
· Extracellular magnesium present in three forms
· Ionized or free form 55%
· Protein bound (20-30%)
· Less affected by changes in albumin concentration
· Complexed form (15-25%)
· Gastrointestinal handling
· Primary site of absorption is ileum
· Jejunum and colon contribute to net absorption
· Two pathways in ileum, for absorption
· Unsaturable passive paracellular
· Occurs through tight junctions between epithelial cells 
· Driving forces:
· Transepithelial magnesium concentration gradient
· Generally favors absorption of magnesium
· Influenced by intraluminal ionized magnesium concentration
· Transepithelial voltage gradient
· Formed by salt and water absorption and tight junction permeability to magnesium 
· Salt and water reabsorption from gut significantly influence magnesium absorption
· Saturable active transcellular 
· Renal handling
· Proximal tubule 
· 80% of total serum magnesium filtered by glomerulus into proximal tubule 
· 10-15% is reabsorbed here
· Occurs via passive and unsaturable mechanisms, appears to be paracellular 
· Loop of Henle
· Majority of magnesium absorption 
· 60-70% reabsorbed in cortical thick ascending loop of Henle 
· Occurs via paracellular pathway through tight junctions between renal epithelial cells 
· Principle driving force
· Electropositive luminal environment
· Changes in transepithelial voltage influence magnesium absorption
· Influenced by movement of sodium and chloride from lumen to interstitium 
· Increase in salt movement from lumen increase electrical potential and facilitate magnesium absorption 
· Movement through tight junction occurs due to solvent drag from salt and water movement 
· Hormones that increase magnesium absorption
· PTH, calcitonin, glucagon, ADH, aldosterone and insulin
· Conditions/substances that decrease calcium absorption
· Prostaglandin E2, hypokalemia, hypophosphatemia, acidosis 
· Cation-sensing receptor (CASR)
· Senses extracellular calcium and magnesium concentrations at basolateral membrane
· Coupled with intracellular inhibitory G proteins
· Inhibit and neutralize effects of above hormonal influences 
· Activations decreases salt absorption (sodium, magnesium and calcium)
· Distal convoluted tubule
· Site that determines final magnesium excretion
· Reabsorbs 10-15% of filtered magnesium
· Can reabsorb as much as 70-80% of magnesium delivered from thick ascending limb
· Reabsorption through active transcellular routes
· Energy requiring saturable process
· Dependent on favorable transepithelial concentration and voltage gradients 
· Principle entry through transient receptor protein TRPM6
· Increased magnesium conservation
· PTH, glucagon, ADH, insulin, aldosterone, 1,25-dihydroxycholecalciferol, prostaglandin E2, beta agonists, increased sympathetic stimulation via renal nerve
· Complex and interrelated 
· CASR
· Also found in DCT
· Reabsorption decreased by hypokalemia, hypophosphatemia and acidosis 
· Magnesium deficiency
· Manifestations 
· Cardiovascular system 
· Intracellular and extracellular magnesium play a role in cardiac excitability, contraction, and conduction via calcium regulation
· Cofactor for Ca ATP ase
· Shunts calcium back into sarcoplasmic reticulum following contraction cycle 
· Potentially acts as a calcium channel blocker for some membrane bound calcium channels
· Regulation of cardiac conduction electrophysiology
· Cofactor for ionic pumps that:
· Move sodium out of the cell
· Potassium back into cell
· Calcium out of cell (or back into sarcoplasmic reticulum)
· Also acts to prevent leakage of potassium out of cells 
· Gating mechanism to control intracellular calcium movement (as described above)
· Arrythmias
· Intracellular calcium overload during ischemic events
· Implicated as cause of ventricular arrythmias 
· Magnesium may limit intracellular calcium overload acting as antiarrhythmic
· Arrythmias in which magnesium deficiency has been implicated (in humans)
· Atrial fibrillation 
· Supraventricular tachycardia
· Torsades de pointes 
· Ventricular ectopy
· ventricular tachycardias 
· toxic digitalis arrythmias 
· peripheral vasculature 
· effects generated through role in calcium cycling in smooth muscle of vessels 
·  higher intracellular magnesium concentrations produce relaxing/vasodilatory effect 
· Lower intracellular magnesium concentrations vasoconstriction effect
· Potentially contributes to causes of systemic hypertension
· Neuromuscular system 
· In general: magnesium depletion leads to increased neuronal excitability 
· Enhanced neuromuscular transmission
· Believed to increase chances of calcium binding to prejunctional acetylcholine vesicles
· Increased release of acetylcholine in cleft
· Increased likelihood of muscle contraction
· Other proposed contributors to neuromuscular effects:
· Increased excitatory neurotransmitter release
· Decreased inhibitory neurotransmitter release
· Production of inflammatory neuropeptides (substance P)
· Magnesiums influence on many second messengers
· In small animals neuromuscular signs of hypomagnesemia are rare
· In large animals: grass tetany 
· Electrolytes 
· Hypokalemia
· During magnesium deficiency concurrent loss of intracellular potassium and decreased re-entry of potassium into cell
· Reports of refractory hypokalemia until magnesium corrected 
· Proposed mechanisms
· Magnesium as cofactor for Na-K ATPase 
· Net loss of potassium outside of cell
· Decreased function of Na-K-Cl contransport
· Decreased potassium re-entry into cells
· Apparent role of intracellular and extracellular magnesium in preventing potassium leakage from cells through potassium channels 
· Potassium influence on magnesium reabsorption in kidneys
· Hypokalemia results in decreased magnesium reabsorption in DCT
· Hypocalcemia 
· Most likely cause is renal loss combined with decreased liberation from bone
· Chronic hypomagnesemia may also impair skeletal response to PTH
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· Diagnosis of magnesium deficiency 
· Assessment of ionized and total in various tissues (blood)
· Main method of magnesium transport from ingestion, urinary retention ad movement between intracellular stores
· Ionized magnesium equilibrates rapidly across membrane 
· Extracellular measurements may be reflective of intracellular stores
· How reflective is blood sample of total body stores?
· Total serum and ionized magnesium serum concentrations only represent ~ 1.3% of total body concentrations
· May not be that accurate
· When compensating, patients draw on serum concentrations thus may have low serum concentrations 
· This redistribution may also happen in acute pancreatitis and myocardial infarctions 
· Assessment of magnesium handling 
· Not well established in veterinary medicine
· Assumes normal renal function and handling
· Renal magnesium handling
· Magnesium retention
· Normal values not established in veterinary medicine
· Administration of magnesium  
· Patients at risk or that should be evaluated for hypomagnesemia
· Anorexic for multiple days
· Suspected gastrointestinal or renal losses
· Refractory hypokalemia or hypocalcemia despite appropriate supplementation
· Patients in heart failure with ventricular arrythmias and receiving loop diuretics or digitalis
· Diabetic patients, particularly DKA 
· Improved speed of correction of metabolic and electrolyte disturbances when supplemented with magnesium
· May improve insulin sensitivity (suggested in humans)
· Safety of supplementing 
· Required dose several times over normal therapeutic dosing to produce negative effect
· Patient with impaired renal function most at risk for adverse effects
· Impaired ability to excrete or clear
· Hypermagnesemia 
· Less clinically significant in veterinary medicine 
· Causes 
· Renal insufficiency 
· Iatrogenic overdose (no reported in small animal)
· Association with medication administration?
· 11 cats receiving methylprednisolone acetate
· Mildly elevated serum magnesium levels
· 50 dogs with MMVD receiving spironolactone and ACE inhibitor
· Mild increase in serum magnesium, not clinically relevant 
· Symptoms reported in human medicine
· Loss of deep tendon reflexes
· Weak respiratory musculatorue
· Mild to moderate ypotension
· Electrophysiologic derangements of cardiac conduction 
· Cutaneous flushing
· Magnesium administration to anesthetized normal dogs
· Adverse cardiovascular effects not reached until plasma levels > 12.2 mEq/L
· Reached after cumulative infusion of 1 to 2 mEq/kg of magnesium
· Dangerous arrhythmias and hypotension at cumulative doses of 3.9 mEq/L
· Death occurred at doses of 5.9 to 10.9 mEq/kg

Albumin
· General overview
· Synthesized in liver
· Most abundant plasma protein
· Molecular weight of ~66 kDa
· Roles
· Maintenance of oncotic pressure and blood volume
· Acid/base buffering
· Antioxidant functions
· Transport of numerous substances
· Fatty acids
· Bilirubin
· Ions (Ca and Mg)
· Drugs
· Hormones
· Vitamins
· General renal handling
· Importance
· Hypoalbuminemia in renal disease has been associated with increased mortality 
· Pathway through kidney
· Filtered in glomeruli
· Major source of urinary albumin
· Tubular reabsorption
· Glomerular filtration
· Determined aby permeability of glomerular barrier
· Pore size of the glomerular basement membrane is about 4 nm and negatively charged
· Albumin relatively large with diameters of 14 and 3.6 nm (roughly) and charge of -15 (species dependent)
· Given relatively large size and negative charge glomerular sieving coefficient should be relatively low
· Concentration in filtrate normally about 10 mg/L or 0.02% of plasma albumin concentration (50 g/L)
· Large volume of fluid filtered daily, total protein filtered is not negligible 
· Reabsorption
· Occurs in proximal tubule, most effective in early segment
· Pinocytosis/endocytosis
· [bookmark: _GoBack]Filtered protein bind specific receptors on luminal membrane (megalin and cubilin?) 
· Requires energy
· The site then invaginates to form and endosome
· Endosome then fuses to lysosomes to form endolysosome
· Proteins are digested into amino acids
· The amino acids leave endolysosomes ad cross the basolateral membranes by facilitated diffusion
· Normal excretion is 100 mg/day 
· Process not overwhelmed in health, but any large increase in filtered protein can cause large excretion of protein
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Gastrointestinal
Reduced intake/starvation /malnutrition

Malabsorption syndromes
Short bowel syndrome.
Gastric bypass surgery
Colonic neoplasia
Familial or inherited

Renal
Diabetes mellitus /diabetic ketoacidosis
Diuretics (except potassium-sparing agents)
Osmotic agents (including hyperglycemia)
Intrinsic renal causes of diuresis
Postobstructive
Polyuric acute failure
Hyperaldosteronism
Hyperthyroidism

Renal tubular acidosis.

Concurrent clectrolyte disorders
Hypokalemia
Hypercalcemia/hyperparathyroidism
Hypophosphatcmia

Drugs
Gentamycin
Carbenicillin

Postrenal transplantation
Familial or inherited

Miscellaneous
Excessive loss from

Sweat

Lactation
Redistribution

‘Acute myocardial infarction

Acute pancrearitis

Insulin

Catecholamine excess
Idiopathic




