Pharmacology 4
Drugs And The Kidney:
The kidneys influence drug elimination, metabolism, distribution, and absorption.  

· The kidneys affect elimination through filtration (glomeruli), secretion (tubules) and reabsorption (tubules).  

· Filtration is the primary means of elimination for beta-lactams (plus secretion), aminoglycosides (plus reabsorption, which mediates their nephrotoxicity), fluoroquinolones, vancomycin, and digoxin.  GFR is important for mediating filtration, and it is estimated by the plasma creatinine, which reflects the balance of Cr production and elimination via GFR.  GFR and plasma creatinine have an exponential relationship (non-linear).  
· In men, the creatinine clearance = (140 – age)*(lean body wt in kg) / (72*plasma Cr).    In women, the creatinine clearance is .85 times the above estimate.  Whenever you give a drug that may affect the kidney function, it’s important to have a sense of baseline GFR.  Normal serum creatinine, for example, varies greatly at baseline.  Older people have lower serum creatinine, so an elevated plasma creatinine in them might be in the ‘normal range.’  
· Aminoglycosides need to be dosed differently in patients with decreased renal function.  Loading doses should be the same, since they just need to get you to your target concentration (independent of clearance).  But, maintenance doses need to be adjusted according to the estimated GFR (estimated creatinine clearance).  For example, if the GFR is 25% of that person’s baseline, maintenance doses should be given at 25% the normal dose.    

· Demerol (meperidine) is metabolized to a neurotoxic substance (nor-meperidine), which may accumulate in cases of renal impairment.  So, it’s best not to use this drug to avoid this complication.  

· Secretion can also be important for renal drug elimination.  Probenecid blocks the renal secretion of all penicillins and cephalosporins.  It was initially developed so that penicillin could be given at lower doses and conserved.  Probenecid also blocks secretion of zidovudine (for HIV…used to reduce dose and cost of treatment) and cidofovir (for HIV or CMV…probenecid reduces its nephrotoxicity)
· Reabsorption also influences drug excretion.  Salicylates (aspirin) are reabsorbed passively through non-ionic diffusion (diffusion of non-ionic forms).  Aspirin is metabolized to salicylic acid, which is metabolized by the liver and eliminated by the kidney.  The liver quickly becomes saturated with aspirin overdose, so the kidney becomes key to eliminating salicylic acid.  This affects the half-life of the drug, so that at higher concentrations the half-life increases (the drug gets metabolized more slowly), since the liver no longer increases drug breakdown as drug levels increase.  So, with aspirin, if you double a dose, you’ll get more than double the blood level.  

· Salicylic acid is a weak acid, so at relatively low pHs, salicylate is non-ionic.  Only these uncharged particles cross and equilibrate across lipid barriers.  So, if the urine is at a low pH, more of the aspirin is uncharged and free to equilibrate with the blood.  If the urine is at a higher pH, more of the aspirin is in the charged form and is stuck in the kidney tubules to be excreted.  So with an aspirin overdose, you want the urine to be more alkaline to excrete more salicylic acid.  

· A change in urine pH of 1 indicates a 10x change in salicylic acid reabsorption.  

· Drugs can also be metabolized in the kidneys.  Vitamin D, for example, is ingested, hydroxylated at the 1 position in the liver, then hydroxylated at the 25 position in the kidney to generate the active 1,25 hydroxy-vitamin D.  Renal osteodystrophy results from 1,25 hydroxy-vitamin D deficiency.

· Imipenem is filtered into the urine and secreted by tubular cells.  Inside the renal tubules, imipenem is hydrolyzed by dihydropeptidase (DHP) to an inactive, toxic metabolite.  So if given alone, imipenem is inactive in the urine and ineffective in treating UTIs.  But, cilistatin inhibits renal DHP and prevents inactivation of imipenem.  This not only allows it to treat UTI, but also prevents accumulation of the toxic metabolite.  
· The kidneys can affect drug distribution through pH-driven partitioning of weak acids.  See the above description of non-ionic diffusion of salicylic acid.  Basic pH in the urine causes more charged acids to be present in the urine, which can help eliminate salicylic acid in cases of aspirin overdose.  It also explains salicylate toxicity in cases of acidosis.  
· The kidneys can affect drug absorption.  Elevated serum aluminum concentrations can results from use of dialysis water that is high in [Al] or oral aluminum salts that are phosphate binding.  This elevated serum aluminum can produce ‘dialysis dementia’ in which you see stuttering, altered mental status, altered cognition, seizure and death.  Procedures have been modified to prevent this.

Drugs can affect kidney function.

· Several mechanisms can produce factitious toxicity, where you see increases in serum creatinine or BUN that seem to indicate renal dysfunction, even though the kidneys are fine.  These include assay interference (ketone bodies, flucytosine, or cefoxitin lead to falsely high measures of creatinine), decreased creatinine secretion from cimetidine or pentamidine, increased creatinine release with rhabdomyolysis, or increased BUN due to corticosteroids or tetracycline.  

· Many drugs are nephrotoxic, and among them are:

· Aminoglycosides (gentamicin, tobramycin, amikacin):  These drugs are nephrotoxic and ototoxic.  They show a decreased in glomerular function late in the first week of drug treatment, or as late as one week after discontinuing the drug.  The toxicity is due to proximal tubule cell death and release of enzymes that may cause renal dysfunction.  The nephrotoxicity with aminoglycosides is non-oliguric (you urinate at normal rates), usually mild (only severe if not monitored and as renal function declines the drug accumulates faster and faster), and always reversible because the PCT cells can regenerate since the damage leaves the basement membrane intact.  At equal doses, gentamycin is more toxic than tobramycin, which is more toxic than amikacin.  Risk is increased by high doses, in females, in the elderly and with liver disease.  Normal renal function also puts you at higher risk, because a normal GFR allows lots of the drug to pass through, be retained and accumulate in PCT cells, and cause toxicity.  Accumulation in the kidney is key.  
· Aspirin and NSAIDs are nephrotoxic.  Under low flow condition, glomerular filtration pressure is maintained by angiotensin constricting the efferent arteriole and prostacyclin dilating the afferent arteriole.  NSAIDs block the action of prostacyclins and can make intra-glomerular pressure too low.  
· ACE inhibitors and Angiotensin Receptor Blockers can induce renal insufficiency by preventing the constriction of the efferent arteriole to maintain glomerular pressure.  Risk factors include decreased renal blood flow.  

· Amphotericin B (antifungal) has nearly inevitable nephrotoxicity.  The mechanisms are unclear, but it leads to vascular, glomerular and tubular damage.  Lipid formulation of the drug lead to less severe renal damage. 

· Radiocontrast dyes can induce renal insufficiency, usually on the second or third day after exposure.  Recovery may take 2 weeks, but the loss of function is occasionally permanent.  It may be due to osmotically induced or endothelin-1 mediated renal vasoconstriction.  Gadolinium (a radiocontrast dye) as shown ‘nephrogenic systemic fibrosis,’ a new syndrome characterized by ESRD on dialysis.  

· Cyclosporin has nephrotoxicity that is part of the mechanisms of action, not due to activity at another receptor/enzyme.  Because of this, you can’t reduce the toxicity without also reducing the effectiveness.
· Cisplatin nephrotoxicity depends on renal glutathione-S-transferase, which is an enzyme that normally detoxifies stuff, but in this case creates the toxic metabolite of cisplatin.  

· Cidofovir is transported into renal tubular cells through a HOAT-1 transporter.  Probenecd blocks this transport and decreases the nephrotoxicity.

· Bevacizumab is an anti-angiogensis agent that blocks the VEGF receptor.   It produces proteinuria and hypertension.  It can also cause renal thrombotic microangiopathy.  This toxicity is shown to be due to the activity of bevacizumab at the VEFG receptor.  They determined this through KO mice in which you can KO the VEGF only in podocytes, and can turn it on/off with administration of tetracycline.  

· Aristolochic acid in fangchi (a Chinese herbal therapy) produces progressive interstitial fibrosis with glomerular sparing.  It can also cause urothelial cancers.  

Diuretics:

· These are among the most commonly prescribed drugs in the US.  They generally increase urine flow by diminishing sodium chloride reabsorption.  They treat hypertension and the edema of CHF, cirrhosis, and nephrotic syndrome.  

· In order of their sites of action:  Carbonic anhydrase inhibitors act at the PCT (where 67% of Na reabsorption occurs), loop diuretics act at the thick ascending limb (25% Na reabsorbed), thiazide diuretics work at the DCT (5% reabsorbed), and K sparing diuretics work at principal cells of the cortical collecting duct (3% reabsorbed).
· Sodium balance is normally achieved through regulating extracellular fluid volume.  If you ingest extra sodium, you’ll accumulate fluid for a couple of days.  Over that time, you’ll also increased excretion, and eventually you’ll reach a steady state.  But, in the time that it took excretion to match ingestion of extra sodium, you accumulated some extra sodium and now you’ll have some extra fluid/volume too.  This is potentially problematic in hypertension. 
· So, changes in Na intake will produce a change in ECF volume.  These changes in ECF volume will result in changes in Na excretion (via baroreceptors, sympathetics, RAA system, ADH/aldosterone/ANP, and tubuloglomerular feedback) that allow you to reach a steady state in which Na intake = Na excretion.  

· Edema is when you can’t excrete sodium and you ECF volume expands.  CHF, cirrhosis, renal failure, and nephrotic syndrome can cause edema in this way.  People with edema can’t excrete Na as well (lowered renal perfusion, activates RAA system and you get increased Na reabsorption and fluid retention), so they will show increased ECF volume at lower Na intakes since their excretion can’t catch up as readily.  Thus, they’ll get edema and greater increases in mean arterial pressure at lower Na intakes.  The best initial treatment is dietary salt and fluid restriction. 
· When diuretics are first given, they increase NaCl excretion above baseline and you lose NaCl and water (decrease ECF volume).  But, after a few days, you again reach equilibrium.  This is called the braking effect.  The diuretic still acts to keep the fluid/weight off, but you’re no longer losing fluid overall.  This is good because it prevents patients from becoming severely dehydrated.  If this occurs before the desired ECF is reached, the patient is diuretic resistant.  

· Hypovolemia can result from over aggressive diuresis.  This manifests as thirst, weakness, lethargy and lightheadedness.  You may detect hypotension, increased hematocrit, or azotemia (increased BUN).  You can see these signs of intravascular volume depletion at the same time as ECF volume overload (edema).  

· Loop diuretics:  These are the most potent diuretics.  They include furosemide (lasix), bumetanide, toresmide, and ethacrynic acid (used in people with sulfa-drug allergies). There are ‘high ceiling’ diuretics, which reflects their potentcy.  They have a short half-life and steep dose-response curve.  Rebound sodium retention may reduce their efficacy, so twice daily administration may be required.  
· These act at the ascending loop of henle and block the Na/K/2Cl transporter at the apical membrane.  Since 25% of Na is absorbed here mostly by this single transporter, loop diuretics are the most potent.  The braking effect in this case is caused by stimulation of DCT cells to absorb more NaCl.  

· Loop diuretics also increase calcium excretion, so they are used in hypercalcemia.  These drugs also increase venous capacitance, so can be used to decrease pre-load and treat acute pulmonary edema.  

· Side effects include K and H loss, causing hypokalemic metabolic alkalosis (contraction alkalosis).  K absorption is inhibited by the mechanism of action.  Also, more Na delivery in the tubule lumen to the distal nephron causes more Na absorption there, which makes the lumen more negative and promotes K and H secretion.  This may also occur because decreased volume due to diuresis causes activation of RAA system, and the aldosterone increases K and H loss. 

· Other side effects include hyperuricemia (reduced uric acid clearance can cause gout), and ototoxicity (same transporter is found in the inner ear…particularly common with ethacrynic acid).  

· Thiazide diuretics:  These include hydrochlorothiazide (HCTZ), chlorthalidone, indapamide, and metolazone.  These have moderate to low effects, so they are termed ‘low ceiling’ diuretics.  They have longer half lives than the loop diuretics.  The absence of rebound sodium retention increases their efficacy when given in a single daily dose.  
· Thiazides act mostly at the distal tubule where they block Na-Cl co-transport (responsible for 5% of sodium reabsorptoin).  

· Thiazides also decrease peripheral vascular resistance, so they are very good antihypertensives.  With long term use, they can also reduce calcium excretion, so they may be used to treat nephrolithiasis (by keeping Ca out of the kidney lumen where stones form) and osteoporosis.  

· Side effects include hypokalemia metabolic alkalosis, by the same mechanism described above.  Hypokalemai is more common here, and it may be treated with K supplementation or K sparing diuretics.  Hyperuricemia (and gout) can occur.  Hyponatremia may be seen.  Hyperglycemia and hyperlipidemia may occur.  

· K-sparing diuretics:  These all have low efficacy.  They fall into two groups:  Aldosterone antagonist (spironolactone – works by inhibiting aldosterone sensitive Na/K exchangers at the basolateral surface of collecting duct principal cells) and Sodium channel blockers (amiloride, triamterene – work by blocking apical Na channels, resulting in less lumenal negativity and less K secretion…good for tx of hypokalemia).  
· Spironolactone is also good at reducing mortality in patients with CHF.  

· Amiloride is useful in reducing the nephrotoxicity of lithium, which enters cells via amiloride sensitive Na channels.  

· Both are useful in treating K wasting disorders. 

· Side effects include hyperkalemia which is potentially lethal.  Hyperkalemia occurs more commonly in patients with renal failure.   Acidosis may also occur, and hyperkalemic acidosis may mimic type IV RTA.  Spironolactone can produce gynecomastia, hirsuitism and impotence.  

· Carbonic anhydrase inhibitors and very mild, due to distal nephron compensation.  It prevents the intracellular production of H ions from carbonic acid, which normally provides the Hs for Na/H exchange.  So, you absorb less Na.  But, there are lots of other ways to absorb Na here, and lots of distal Na compensation, making these pretty weak overall.  
· CAIs can also be used for acute mountain sickness, open-angle glaucoma, and Meniere’s disease.  They may be used as a diuretic in cases of metabolic alkalosis where saline can’t be administered.  

· Side effects include hypokalemia, acidosis due to bicarbonate loss (you have a net loss of sodium bicarbonate), and teratogenesis.  

· Other diuretics:

· Nesiritide:  a beta-type peptide similar to ANP.  It causes natriuresis and vasodilatation, so it can be useful for CHF.  

· Osmotic diuretics aren’t commonly used.  They are freely filtered and not reabsorbed, so they inhibit water reabsorption.  They can be useful in treating cerebral edema by acting as an intrasvascular osmotic agent.  Hyponatremia can be a side effect.

· Loop diuretics are the most commonly used ones in severe edematous states due to their efficacy.  Thiazides can be added (they block the compensation in response to loop diuretics) in the most severe cases.  Otherwise, thiazides are used for mild edema or hypertension.  

· Drug combos:  

· Loop + thiazide = very potent

· Thiazide + K-sparing = K-sparing opposes the K lowering effects of the thiazide.  Good for HTN.

· ACE-inhibitor + thiazide = both antihypertensives, and ACE-I reduces K loss.

Pharmacology of Therapy for Asthma:

· Drugs for asthma can be classified based on their mechanism of action:  

· Anti-inflammatory drugs:  corticosteroids, nedocromil/cromolyn, monteleukast/zafirlukast, zileuton.

· Bronchodilators: beta2 agonists, ipratropium bromide, theophylline

· Or drugs for asthma can be classified by their indications:

· For acute therapy:  short acting beta2 agonists, ipratropium, theophylline, systemic steroids.

· For prophylaxis/maintenance:  inhaled steroids, long acting beta2 agonists, zafirlukast/montelukast, zileuton, nedocromil/cromolyn, theophylline,  systemic steroids 

· Beta-2 Agonists:  These drugs are structurally related to isoproterenol, a nonselective beta agonist.  

· Drugs include short acting Albuterol, Metaproterenol, Terbutaline, Isoetharine, Levalbuterol, and long acting Salmeterol and Formoterol.  

· They primarily act by relaxing smooth muscle (bronchodilate) through stimulation of adenylate cylase and increasing cAMP.  Other less important mechanisms include suppressing mediator release (histamine, LTs) from pulmonary inflammatory cells, enhanced mucociliary clearance, and decreased microvascular permeability.  

· Inhaled beta-2 agonists (albuterol) provide the fastest bronchodilator response, so they are preferred for rescue therapy.

· Their toxicity is mainly due to excessive stimulation of beta receptors with high dose treatment.  It can have CV side effects (tachycardia, palpitations, coronary artery disease, arrhythmias), CNS (anxiety, apprehension, tremor, insomnia), of metabolic (hypokalemia, hyperglycemia) effects.  

· With high doses used chronically, tolerance has been documented.  

· These are mostly administered by metered dose inhalers or nebulizers.  MDIs deliver the drug well to the site of action and minimize systemic absorption/toxicity, but they require patient coordination, understanding and compliance (don’t want people to over use them and develop tolerance).  Nebulizers deliver higher doses and don’t require coordination, but they are more expensive and may have side effects from the higher dose (these are most often used in hospitals).  

· Levalbuterol is the purified R-enantiomer of albuterol.  It’s higher affinity and more expensive, but seems to be equally effective.  It’s approved for use, but there’s not convincing evidence that it offers any advantage over the racemic albuterol.

· Salmeterol is long acting due to a lipophilic phenylalkyl side chain.  It is a beta-2 agonist but also seems to inhibit release of some inflammatory emdiators.  It starts acting in 10-20 minutes (just as fast as albuterol), and it lasts for 12 hours.  Importantly, it doesn’t fully occupy beta-2 receptors, so patients taking salmeterol for maintenance/prophylaxis can also take short acting drugs as needed for exacerbations.  Salmeterol was shown to be particularly useful against nocturnal symptoms and exercise-induced asthma.  

· Fomoterol is also long acting.  It is metabolized by cytochrome P enzymes.  It lasts 12 hours (same as salmeterol) but takes effect in 1-3 minutes.  

· With regular albuterol use, tolerance develops and you needed smaller doses on a methacholine challenge to decrease someone’s FEV1/FVC.  Tolerance develops fastest when you use these drugs frequently for long periods of time.  It can develop with salmeterol or formoterol, but this occurs more slowly than with the short acting drugs.  So you should encourage patients to use tem as little as possible so that when they need them, they’ll be maximally effective.  

· Long acting beta agonists may cause toxicity, so shouldn’t be the first choice in long term asthma treatment, according to a recent FDA advisory.  

· Cholinergic antagonists:  These drugs are structurally similar to atropine.  

· Drugs include Ipratropium and Tiotropium.  

· They act by blocking muscarinic receptors in the airway smooth muscle, inhibiting resting tone by reducing cGMP levels.  They also block sensory afferent input via the vagus that mediates reflex bronchocontriction.  So basically they bronchodilate.  

· Ipratropium is less potent than drugs like salmeterol, so it’s not used for rescue.

· Rather than being propelled by CFCs, these drugs have been changed over to being propelled by HFA (hydrofluoroalkane).  It delivers the same dose of the same drug, but requires a new prescription.

· Tiotropium is longer acting than ipratropium.  It lasts over 24 hours, but its use in asthma is off-label and it’s not really that widely used.  

· Methylxanthines:  These include theophylline, aminophylline (theophylline with a basic compound to enhance solubility), and oxtriphylline…(and caffeine and theobromine, but I don’t think they’re really used for asthma).  

· There is no unifying mechanism for methylxanthines, but they may act through inhibition of PDEs which increases cAMP/cGMP to relax smooth muscle, or they may act by antanoizing adenosine (adenosine mediates bronchoconstriction), or they may act by increasing catecholamine levels and enhancing adrenergic receptor responses.  

· In addition to bronchidilation, methylxanthines may have CNS effects (alertness, clear thought, nausea, anxiety, tremor, insomnia, seizures), CV effects (tachycardia, arrhythmia, increased contractility, reduced PVR, increased ventricular instability), skeletal muscle (reduced fatigue), diuretic effects, GI effects (increased gastric secretion), and metabolic effects (increase basal metabolic rate and free fatty acids).  

· Increasing concentrations of these drugs increases the toxicities, but they’re pretty safe at low concentrations.  

· Glucocorticosteroids:  ex: beclomethasone.  

· Inhaled steroids are only used for prevention, and are good for this because they reduce systemic exposure and systemic toxicities.  This is the foundation of treatment for persistent asthma.  

· These act by their anti-inflammatory actions, and also suppression of the release of mediators (PGD, LTs) and inhibiting phospholipase A2.  

· Side effects of inhaled steroids include local candida infections of the mouth and throat (thrush) and dysphonia (laryngeal myopathy and muscle atrophy).  Systemic doses can inhibit the HPA axis, cause bruising and purpura, may reduce growth in kids and may cause an increased risk of cataracts.  

· Systemic corticosteroids should be reserved for severe cases in which less hazardous treatments have failed.  

· Mast cell stabilizers:  Cromolyn/Nedocromil
· In addition to preventing degranulation, cromoglycate suppresses chemoattraction of inflammatory cells.  It also prevents bronchoconstriction due to bradykinin and SO2.  This may be mediated by an inhibitor effect on C-fiber sensory nerves, which may also be why it’s good for treating cough.  It can prevent cold or exercise induced asthma.  It can also inhibit both the immediate and delayed responses to triggers of asthma.  

· Nedocromil is chemically unrelated to cromoyln, but they act largely in the same way.  

· Leukotriene antagonists:  Zafirlukast, Montelukast
· These are shown to improve FEV1.  

· Montelukast is used more commonly.  It’s rapidly absorbed and lasts longer (3-5 hr half life), and it’s metabolized by P450 but doesn’t inhibit it so it has fewer drug interactions.  It also doesn’t interact with theophylline, warfarin, or prednisone, and is as effective as zafirlukast.  It also doesn’t have hepatic toxicity and has a smaller risk of Churg-Strauss vasculitis.  

· 5-Lipoxygenase Inhibitor:  Zileuton
· This is orally active, rapidly absorbed, but has a short half life.  So, it must be given 4x/day which makes it somewhat unpopular.  

· Anti-IgE antibody:  Omalizumab
· This humanized monoclonal binds IgE.  It’s labeled for patients over 12 who have moderate to severe persistent asthma with reactivity to an allergen (or else IgE wouldn’t necessarily work) and who are inadequately controlled by inhaled corticosteroids.  

· The mechanism is that the monoclonal forms complexes with free circulating IgE and prevents it from binding to mast cells or basophils.  This leads to a downregulation of IgE receptor expression on these cells, further reducing the potential for an allergic response.  

· The big drawback is that these are very expensive.  But, they can be given once every 4 weeks due to very long lasting effects.  

· The long term safety is still uncertain.

