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The urinary system
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Vander’s Renal Physiology U’

Anatomy of the nephron
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Renal Pathophysiology: The Essentials,
Rennke and Denker

Approximate relationships of body water
compartments to total body weight
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Total Body Water for 70 kg Man

(60% or 42 Liters)

Extracellular Water
(13 0r141)
Electrolyte Intracellular Water Interstitial Blood
(mmolil) (2/30r281) (3140r10.51) (1/40r3.51)

Na 25
K 45

Mg 05
ca 0.01
a 2
HCO, 6 [2s5]
Phos 14 1.2
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Reabsorption and secretion by major tubular
segments
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The 3 basic renal processes
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Glomerular filtration barrier
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Relationship between glomerular arteriolar resistance,
glomerular filtration rate (GFR), and renal plasma flow (RPF)

Efferentiarteriole]

Atterentiarteriolel rentiarteriole’

Intrarenal mechanisms for autoregulation of the GFR under
decreased perfusion pressure and reduction of the GFR by drugs
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Effect of reducing renal artery pressure on
glomerular filtration rate (GFR)
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Exogenous Filtration Markers for Estimation ot
of Glomerular Filtration Rate Con
on

Marker

Inulin Continuous IV Gold standard
infusion

lothalamate  Bolus IV Can be administered as
injection or radioactive compound with
subcutaneous iodine 125 ("**) as the tracer
injection or in nonradioactive form, with

assay using HPLC methods. In
radioactive form, potential
problem of thyroid uptake

of '¥1. lothalamate is secreted,
leading to overestimation

of GFR

¥ Tc-DTPA Bolus IV injection  Dissociation of *"Tc leads to TC'S?"“‘ DTPA
plasma protein binding and e
underestimation of GFR

“Cr-EDTA Bolus IV injection  10% lower clearance than inulin

lohexol Bolus IV injection  Low incidence of adverse effects;

comparable to inulin; expensive

and difficult to perform assay I

The clearance of inulin is equal to the
glomerular filtration rate
Concentration
i of inulin in
plasma = 4 mg/L
L L

S

F—

|

Volume of fluid

fitered (GFR) =7.5 L/h
Concentration of

inulin in filtrate =4 mg/L
Total inulin filtered = 30 mg/h

|NO REABSORPTION OF INULIN
| NO SECRETION OF INULIN

Total inulin excreted = 30 mg/h
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Clinical Estimation of Glomerular Filtration Rate

Inulin (or a radioisotope such as iothalamate)
1. Able to achieve a stable plasma concentration
2. Freely filtered at the glomerulus

3. Notreabsorbed, secreted, synthesized, or metabolized by
the kidney

Filtered inulin = excreted inulin
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Comparison of Creatinine, Urea, and Cystatin C as Filtration Markers
Cystatin €
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Mardling by tiney Fitered, secrered, and excretad in  Fiftered. reabsorbed, and excrwied  Fitaved, reabiorbad, and
wine in wrine anasokzes
Exvacenal elimination Yes; increases at reduced GFR s increases a1 reduced GFR Bresminary exigence of inoexses
ot reduced GFt
Use In Estimating Equations for GIR
Demographe and [Age. gendec. and race; reated to Mot apgiicatie Age. gencer
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Assay
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Normal plasma creatinine concentration
(adults)

Creatinine is a breakdown product of creatine phosphate in
muscle

* 0.8to1.3 mg/dLin men
* 0.6 to 1.0 mg/dLin women

(smaller muscle mass and therefore a lower rate of
creatinine production)




1. Equation from the Modification of Diet in Renal Disease
study®

Estimated GFR (mL/min per 1.73 m?) =
1.86 x (pc) 1154 o (age) 0203

ultiply by 0.742 for women
Multiply by 1.21 for African Americans
2. Cockcroft-Gault equation
Estimated creatinine clearance (mL/min) =
(140-age)xbody weight (kg)
72xP,_ (mg/dL)

Multiply by 0.85 for women

“Equation is available in hand-held calculators and in tabular form.
Source: Adapted from AS Levey et al: Am J Kidney Dis 39: S1,
2002, with permission.

https://www.kidney.org/professionals/KDOQI/gfr_calculator m

Factors Affecting Serum Creatinine Concentration
| Factors Effect on Creatinine MechsniumComement |
Age Decreas Reduced creatinie generation caused by age related dedine i muscie mass
Female gender Decrease Reduced Creatinive generation caused by reduced muscle mass
| mace. |
African American Increase Higher creatinine generation caused by higher average musche mass in Atricen
Americars; nt knowen haw muscie mas in other races comgares with that
of African American or Chucmian
| owe |
Vegetarian Decrease Decrease in reatine genraticn
Ingestion of cooked meats and Increase. Transient increase in creatinine generation, although this may be blunted by
reatinne woplements transent increase in GF
| 2ody Habitus |
Muscuar Increase Increases musce generation caused by increased musde mass andier increased
feotein intake
Malnutration, musce wasting. Decrease Reduced creatinire generstion caused by reduced muscle mans andior reduced
amputation seotein intace
Ceesity No dunge Excess mans is 181, not muscle mass, and does not contritte 1 incressed
eatnine generation
| Medications
Trimetropeim, cimetxcine, fibric acd Increase Reduced tubular secretion of creatinine
erroativen othar than gemficars
Keto acids, some cephalotporns Increase Interference with allkaline picrate assay for creatinine

Transporting solute and water from the tubular
lumen to the peritubular capillary
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Relationship between true GFR and plasma creatinine
concentration in patients with glomerular disease

Plasma creatinine (mgiL)

.
o3, 40 1.4 mg/dL
R Ty ------------- upper limit of “normal”
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Renal water handling in maximum antidiuresis

A 100% = o

65%
CORTEX

7%| 500

Vasa 10% g Y0

1 £>900 >6%

2000 1200

<1%

Maximum antidiuresis I

Osmolarity of the tubular fluid and the percentage of filtered
water remaining at different sites along the tubule

1400 b= 25% <1%

Osmolarity (mOsmiL)

Proximal tubule Henle's loop g Cortical Medullary
collecting collecting

Distal convoluted tubule  dUct duct
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Some organic anions actively secreted by the
proximal tubule

Endogenous substances Drugs
Bilesalts — Acetazolamide
Fotyacds
Hippurates iz s S Ethacrynaxe s
Hydroxybenzoates . S
Oxalate __Penicillin
Prostaglandins ... .Probenedd
Urate N . Saccharin

Salicylates

Sulfonamides
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Renal water handling in maximum diuresis
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Transtubular sodium reabsorption and ion transport in
the proximal tubule
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Some organic cations actively secreted by the
proximal tubule

Endogenous substances Drugs
Acetylcholine Atropine
Choline Isoproterenol
Creatinine Cimetidine
Dopamine 7Meperidine
Epinephrine Morphine
Guanidine Procaine
Histami Quinine

Serotonin Tetraethyl ammonium

Norepinephrine

Thiamine
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e lon transport in the thick ascending limb of the
Countercurrent multiplication by loop of Henle P ascencing
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Transport mechanisms involved in sodium chloride
and calcium reabsorption in the distal tubule

oo Perutasar capary

Major transport pathways for sodium and chloride in
thick ascending limb cells within the loop of Henle
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Trans”?rt path“,'ays af'd h°"“°"a,| facmrs_ald“tem"?’ A,NP' Major Sensors and Effectors of the Osmoregulatory

ADH—involved in sodium, potassium, and water handling in d Vol R I path

the collecting ducts an olume Regulatory Pathways

e e—— = _ Osmoregulation I Volume Regulation |
What is sensed Plasma osmolality Effective tissue perfusion
Sensors Hypothalamic Macula densa
osmoreceptors Afferent arteriole
Atria

Carotid sinus

Effectors Antidiuretic hormone | Renin-angiotensin-aldosterone

Atrial natriuretic peptide (ANP)
ANP-related peptides
Norepinephrine

| Antidiuretic hormone |

What is affected  Urine osmolality Urinary sodium
Thirst/Water Intake Thirst

__A

Principal cell




Hypothalamus and pituitary gland showing pathways
for the secretion of ADH
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T WMEN INTERSTITIUM
W0  co,
¥
Carbonic
a’n‘hydvafe A'[P
HCO, <« HeO, [ ™ ‘Q'
_C>,> cl - ATP
bicarbonate < K
-
B ?CI
®
\

19-12-16

Mechanism of action of vasopressin (ADH) on
the collecting duct

Lumen Cells Interstitium
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Predominant collecting tubule mechanisms in Type A
intercalated cells for the secretion of hydrogen ions
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Major Sensors and Effectors of the Osmoregulatory
and Volume Regulatory Pathways

I e T —

What is sensed Plasma osmolality Effective tissue perfusion

Sensors Hypothalamic Macula densa
osmoreceptors Afferent arteriole
Atria
Carotid sinus
Effectors Antidiuretic hormone | Renin-angiotensin-aldosterone
Atrial natriuretic peptide (ANP.

ANP-related peptides
Norepinephrine
Antidiuretic hormone

What is affected  Urine osmolality Urinary sodium
Thirst/Water Intake Thirst
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Juxtaglomerular apparatus and macula densa in
tubuloglomerular feedback
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Classes of diurectics

Class Mechanism

Major site affected

Inhibit secretion of hydrogen  Proximal tubule
ions, which causes less
reabsorption of bicarbonate

Carbonic anhydrase

and sodium

Loop diuretics Inhibit Na, K, 2Cl cotransporter  Thick ascending limb of
in luminal membrane Henle’s loop

Thiazides Inhibit Na,Cl cotransporterin  Distal convoluted tubule

luminal membrane

Potassium-sparing Inhibit action of aldosterone  Cortical collecting duct

diuretics*

Block sodium channels in
Collecting-duct system
luminal membrane

__A
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Control of renin secretion -

1| Renal sympathetic nerve
ACtvEy sEmulatos feni
secretion trom granular cols.

Changes n systemic

biood pressure detorm

membrances of granuiar cels

10 stimulate release of renin.

~ Granular
cels

Tubular NaCl concentration #
Macula densa cells swell N
Renin release %

MOmBranes 1o sUmuIalo roioase of
chemical messengers that reduce
renin secretion

3]Osmotic strelch in response 1o
[changes in NaCl delivery deform

Predominant sites and mechanisms of action of
clinically important diuretic drugs

Thiazides

Loop diureti ©
Carbo-anhydrase inhibitors 0op dluretics
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Characteristics of Major Classes of Diuretics

Percent

Site of Action and Filtered Na
Transporter Inhibited  Excreted

Loop Thick ascending limb of  35-40%
)l diuretics loop of Henle; compete
for chloride site on
Thiazide luminal Na*-K*-2CI-
| cotransporter
Thiazide- Distal tubule; 5-8%

type diuretics  compete for chloride
site on luminal Na-Cl

cotransporter
Potassium Collecting tubules; 2-3%
sparing close luminal sodium
diuretics channels

__A



Normal contributions of tubular segments to
renal hydrogen ion balance

Proximal tubule
Reabsorbs most filtered bicarbonate (normally about 80%)*

Distal convoluted tubule and collecting-duct system
Reabsorbs virtually all remaining filtered bicarbonate as well as any secreted

Bicarbonate (Type A intercalated cells)”

Produces titratable acid (Type A intercalated cells)*
Secretes bicarbonate (Type B intercalated cells)

* Processes achieved by hydrogen ion secretion.

R Acid-base nomogram
i ot tremcd Arterial blood [H*] (nmoit)
ssomen 0 how w00, o
100 SO B0 70 60 50 40 0
[row—— WO)e Low Low Low 00 fmomb bbbt bttt
e 12011010090 80 70 60 | 50 | 40
P70 S T T i b e+ B R

p

Crronic {
ro: y

A analoss

1 . (M|
V' Mataboic! r

Bmprrcey Hgn Low  Low
Jsesy

Ao

Chronie

Fesgratory e 04—ttty
70 71 72 73 74 715 76 77 78
Arterisl blood, pH

Metabolic acidosis

Results from net H* accumulation

Causes:

« loss of bicarbonate through gastrointestinal or renal
losses (diarrhea and proximal (type 2) RTA) that results in
hyperchloremic metabolic acidosis

« acid generation associated with an unmeasured anion
(ketoacids, lactic acids, and ingestions) that results in
increased anion gap acidosis

- decreased renal H* excretion (distal (type 1) RTA and
renal failure)
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Processes that acidify or alkalinize the blood

Nonrenal mechanisms of acidifying the blood

Consumption and metabolism of protein (meat) containing acidic or sulfur-containing
amino acids

Consumption of acidic drugs

Metabolism of substrate without complete oxidation (fat to ketones and carbohydrate
to lactic acid)

Gl tract secretion of bicarbonate (puts acid in blood)

of the blood

Consumption and metabolism of fruit and vegetables containing basic amino acids
or the salts of weak acids

Consumption of antacids

Infusion of lactated Ringer’s solution

Gl tract secretion of acid (puts bicarbonate in the blood)

Renal mechanisms of acidifying the blood
Allow some filtered bicarbonate to pass into the urine

Secrete bicarbonate (Type 8 intercalated cells)

Renal means of alkalinizing the blood

Secrete protons that form urine titratable acidity (Type A intercalated cells)
Excrete NH, synthesized from glula_n-bmine

GI, gastrointesunal I

Initial Chemical Compensatory
Change Response Expected Compensation

(1.5 [HCOy ] + 822
HCOy ] + 15

Primary Disorder  pM

Metabolc acdosis  Low 4 (HCO, ] 1 Peo;

TR WS v NCOST

Respiratoey acidosis

Acute Low 1 Po;
Chronio Low 1Pco,

Fespratery akalosis
Acute Hgh i Peo, for avery 10 mm Hg decroase
Chrenic Hgh & Poo, for avery 10 mm Hg decrease

Maintenance of acid-base homeostasis

HCO;~
£ 5
Acid from 'E“ fé
metabolism of 8 =
proteins 3 | o
| ECF space
o H*=40 nmol/L AC':!
Ci & excretion
addition ph=r30
| H*

Base lost in stool

Base lost in urine
(HCO, ", organic anions)

Urinary titrateable acids
Urinary NH,”
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Origin of metabolic acidosis

Ackd

peoduction
; Heoy
Lactic acidoss 5
s g
Ketoacidosis 1 2
Drugsitaxing £ | &
|
ECF space
Acld
Acid H* >42 nmolL.
fon excrotion

Base lost in stool —{Diarhea Urinary titratabie acids

Base lost in urine Urinary NH,
(HCO; ", orpanic anions) H* secreton
Type 2 RTA Proximal ATA Distal ATA Type 1 RTA
Uretera! diverson Hypoakdosteronism | Type 4 RTA
Kidney fadure

defocts

The ionic anatomy of plasma

AG without

K- Complete potassium
P16 | OA :‘OG

. HPO,”

2 HCO,

HCO4 S04 25

25
Na* Cl Na* (]
140 105 140 105

AG =« Na® ~ (CI" + HCOy") I

Metabolic Acidosis
Normal Anion Gap or Hyperchloremic

Normal anion gap or hyperchloremic metabolic acidosis
A. Renal bicarbonate loss—type 2 (p | RTA)—hereditary, drug
iated (ifosfamid i

fivir) or malignancy iated (multiple
myeloma)
B. G inal loss of bic diarrh
C. Renal dysfunction
1. Some cases of chronic renal failure
2. Type 1 (distal RTA) drugs,[amphotericin, lithium] Sjogren syndrome,
hypercalciuria
3. Type 4 RTA (hypoaldosteronism{ N
D. Ingestions

1. Ammonium chloride
2. Toluene; hippurate

3. Some hyperalimentation fluids
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Major Causes of Metabolic Acidosis

Increased acid production

A. lactic acidosis

B. Ketoacidosis, most often due to uncontrolled diabetes mellitus

C. Ingestions

1. Aspirin

2. Ethylene glycol, a component of antifreeze and solvents

3. Methanol (woed alcohol), 2 component of shellac and de-iing solutions
. Loss of bicarbonate

1. Gastrointestinal—diarrhea, pancreatic, biliary or intestinal fistulas,
ureterosigmoidostomy

2. Renal—type 2 (proximal) renal tubular acidosis
Decreased acid excretion
A. Renal failure—decreased NH; excretion
B. Type 1 (distal) renal tubular acidosis
C. Type 4 renal tubular acidosis (hypoaldosteronism) (discussed in

Chapter 7) |

n

Normal anion gap (AG), AG acidosis, and

hyperchloremic acidosis

Normal AG AG acidosis Hyperchloremic

Normal Normal | 2
w10 |g 10 | g
a HCO; | §
8 10
Lactate | 2
20 |<
HCO,
10
Na =] Na cl Na [~
40 105 140 100 140 120

Add H*A;, Lose HCO;* Add HCI, Lose HCO,*

GOLD MARK

Metabolic Acidosis
Increased Anion Gap

Increased anion gap*
A. Ad d renal failure—phospt sulfate, urate, hippurate
B. Lactic acidosis—lactate both L- and D-lactate
C. Ketoacidosis—[-hydroxybutyrate

D. Ingestions

1. Aspirin—ketones, lactate, salicylate

2. Ethylene and propylene glycol—glycolate, oxalate (found in anti-
freeze and in solvent for some intravenous medications, respectively)

3. Methanol—formate
4. Paraldehyde—organic anions
5. Pyroglytamic (5'-oxoproline) acidemia associated with acetaminophen use

E. Massive rhabdomyolysis (severe muscle injury)

__A
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Causes of Lactic Acidosi:

Type A (Tissue Underperfusion or Hypoxia)
Cardiogenic shock
Septic shock
Memorrhagic shock
Acute hypoxia
Carbon monoxide poisoning
Anemia
Type B (Absence of Hypotension and Hypoxia)
Hereditary enzyme deficiency (glucose 6-
Drugs or toxins
Phenformin, metformin
Cyanide
salicylate, ethylene glycol, methanol
Propylene glycol
Linezolid
Propofol™
Nucleoside reverse transcriptase inhibitors: stavudine,
didanosine’
Clenbuterol™
Isonlazid
Systemic disease
Liver failure

| Malignancy
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Renal Tubular Acidosis

Causes of Type 1 | Tubular Acidosis

Primary Distal
Idiopathic

Familial

Secondary

Autoimmune Disorders

Hypergammaglobulinemia

Sjogren syndrome

Primary biliary cirrhosis

Systemic lupus erythematosus

Genetic Diseases

Autosoms! dominant RTA: anion exchanger 1 defect
Autosomal recessive RTA: M -ATPase A4 subunit

Autosomal recessive with progressive nerve deafness: H-ATPase
81 subunit

Drugs and Toxins
Amphotericin B
Toluene

Tubulointerstitial Disease
Obstrutive uropathy
Renal transplantation

Basic paired distal Diminished proximal  Ald
abnormality acidification bicarbonate resistance or
reabsorption deficiency
Urine pH >53 Variable; 5.3 if <53
above reabsorption
threshold
Plasma Variable; can be Usually 14-20 mEq/L  Usually
bicarbonate <10 mEq/L >15 mEq/L
Plasma Usually reduced Normal or reduced Elevated
potassium or normal, but
can be elevated
Complications  Nephrocalcinosis,  Rickets or None
renal stones osteomalacia
Decreased renal Increased H* production
H* excretion Renal bicarbonate loss

Causes of Type 4 Renal Tul

Mineralocorticold Deficiency |
Low Renin, Low Aldosterone
Diabetes mellitus
Drugs
Nonsteroidal anti-inflammatory drugs (NSAIDs)
Cyclosporine, tacrolimus
fHBlockers
High Renin, Low Aldosterone
Adrenal destruction
Congenital enzyme defects
Drugs
Angiotensin-converting enzyme (ACE) inhibitors
Angiotensin Il receptor blockers (ARBs)
Heparin
Ketoconazole
Abnormal Cortical Collecting Duct
Absent of defective mineralocortioid receptor
Orugs
Spironolactone, eplerenone
Triamterene
Amiloride
Trimethoprim
Pentamidine
Chronic tubulointerst

Causes of Proximal Renal
Tubular Acidosis

Isolated Defects in HCO, Reabsorption
Carbonic anhydrase inhibitors
Acetazolamice
Topiramate
Sulf;

Carbonic anhydrase deficiency

Generalized Defects in Proximal Tubular Transport
Cystinosis
Wilson disease
Lowe syndrome
Galactosemia
Multiple myeloma
Light chain disease
Amyloidosis
Vitamin D deficiency
lfosfamide
Cidofovir

Lead
Aminoglycosides

Type 2

May cause gastric gas

Mypertonic. may case

Fypernatremia
DSW with w 10 mmoll  Useful for simultaneous
NaMCO, Intravascular volume

expansion and aikall
administration

Sodium citrate/ PO 1 mmol of 1 memol ditrate
ceric ackd Na® and equivalent to
Giqud) citrate per 1 mmol HCO,

malliter Avoid concomitant

aluminum-containing

antacids and
sucralfate
assium PO Sand Useful for smultaneous
citrate (tablet) 10 mmol X' and alcall therapy
per tablet
Citric acid! PO 1 mmol of Avoid concomitant
potassium Na® and K aluminum containing
dtratesodium and 2 menol ications.
citrate (iquid) of crate
per millizer
assium PO 2mmolofK-  Avoid concomitant
citrate (i) and2mmel  aluminum-containing
of ctra medications.

per mil
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Major Causes of Metabolic Alkalosis

I. Hydrogen loss
A. Gastrointestinal loss

1. Removal of gastric secretions due to vomiting or nasogastric suction
2.|Antacids in advanced renal failure

B. Urinary loss
1. |Loop or thiazide-type diuretics|

2. Primary mineralocorticoid excess (hyperaldosteronism)
3. Posthypercapnic alkalosis
4. Hypercalcemia and milk alkali syndrome
C. Movement of H" into the cells
1. Hypokalemia

Il.| Administration of bicarbonate or an organic ion that can be metabolized

to bicarbonate, such as citrate in blood transfusions

Ill. Contraction alkalosis
A. Loop or thiazide-type diuretics in edematous patients
B or suction in achlorhydi

C. Sweat I:sses in cystic fibrosis

Pathway by which overuse of diuretics leads to
a metabolic alkalosis

Renal sodium handling along the nephron

Distal convoluted tubule

Conex

provimal | <
comoised A )
tudule —
50% <—f —
Proximal Nz
straight B
tubule 5% 4_‘55
Outer
medulla

inner

o Thin } L Thn
med m"""U ascandng
<19
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Pathophysiologic Classification of Causes

of Metabolic Alkalosis

Primary stimulation of collecting duct ion transport (Na® uptake,
H™ and K" secretion)

Mineralocorticoid induced
Activating genetic mutations of ENaC or its signal pathway

Secondary stimulation of collecting duct ion transport (Na*
uptake, H* and K* secretion)

Extrarenal ClI” losses and secondary K losses
Renal CI" losses and secondary K* losses
. lPharmacoIogic (diuretics)l
* Inactivating gene mutations of Cl™-linked Na“ cotransporters

Alkali administration in settings in which HCO; excretion is
impaired (e.g., kidney failure)

E_A

Treatment of metabolic alkalosis

In most cases, metabolic alkalosis can be corrected by administration of :
* Nacl

* KCI (if the patient is hypokalemic)

* HCl (used only in patients with renal or cardiac failure)

The administration of sodium, potassium, or hydrogen must be given with
chloride, the only reabsorbable anion.

HCI+NaHCO, >NaCl+H,C0, €0, +H,0

Therapy should also be directed against the underlying disease to diminish
further hydrogen loss. As an example, the administration of an H2-blocker to
reduce the rate of gastric acid secretion may be beneficial in a patient with
continued vomiting or nasogastric suction.

__A

Sites and Mechanisms of Renal Sodium
Reabsorption
Tubule Percent Filtered Mechanisms of Regulatory
Segment Na Reabsorbed Na Entry Factors (Major)
Proximal 50-55% Na‘'~H* exchange; Angiotensin II;
tubule cotransport with norepinephrine;
glucose, amino glomerular
acids, phosphate, filtration rate
and other organic
solutes
Loop of 35-40% Na*-K*-2CI- Flow-dependent
Henle cotransport
Distal tubule 5-8% Na*-Cl- Flow-dependent
cotransport
Collecting 2-3% Na* channels Aldosterone; atrial
tubules natriuretic peptide
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Major Causes of Hyponatremia and
Hypoosmolality

1. Disorders in which water excretion is impaired
A. Effective circulation volume depletion

1. Gastrointestinal losses: Vorniting, diarrhea, nasogastric tube
deainage, bleeding

2. Renal losses: Diuretics, salt-wasting kidney diseases

3. Skin losses in which relatively diute fluids are replaced with
free water

4. Congestive heart failure

irrhosis

5. Hepatic o
6 [Thiazide dureticsfwhich may act in part by inducing volume
depieton]
B.[Syndrome of inappropriate antidiuretic hormone secretion)
7. Virtually any nearopsychiatric GEorder or severe pain with of
without narcatic administration
2. Drugs: Suxh as the oral hypoglycemic am
3. Ectopic production by tumors: Most often oat cell caranoma
of lung
4. Postoperative patient, a response mediated by pain afferents
5, Pulmoniry diseases

C. Advanced renal failure
D. Homanal changes
1. Mypothyroidism
2. Cortisol deficiency
3. Pregnancy

1. Primary polydipsia

NIl Reset osmostat (see text) ﬂ

Treatment of patients with chronic
“asymptomatic” hyponatremia

Dose Advantages

| Treatment Machanism of Action Umitations.
Tluid restriction Decreases avallabilty of | Varlable Effective and inexpeniive:  Noncomgliance
free mater ot compicated
| Parmacolegic Inhitition of Vasopmessin Action
Lithium Inhizits kidney's response | 500.1200 mgitay Unvestricted water intake  Polyuria, narrow therapewtic
10 vasopresun range, reurctasiciy
Demeciocycline Inhibéts kidneys response | 300400 mg twice dally  Effective; unrestricted Newotanky, polyuria,
10 vincpeenin wates intake photosersimty, negheotonaity
V, recepter antagorist  Antagorizes visopresin | — Addresses undertying Limited dlincal experence
action mechanisms
| Increased Solute (Sa50) intake.
With furosemide Increases free water Titrate 10 optmal dose:  Effective Ototaiity, K depletion
deararce coadminister 2-3 g NoCl
With urea Owmoti duresis 3060 g/day Effective; unrestricted. Polyuria, unpalatable,
water intake astrointestinal symeroms

__A

Treatment of Central Diabetes Insipidus

Disease Drug Dose Interval
Complete Desmopressin 10-20 ug 12-24 hours
central (DDAVP) intranasally
diabetes Desmopressin 0.1-0.8 mg orally  Every 12 hours
insipidus (DDAVP)
Partial central Desmopressin 10-20 ug 12-24 hours
diabetes (DDAVP) intranasally
insipidus Aqueous 5-10 U 4-6 hours
vasopressin subcutaneously
Chlorpropamide  250-500 mg 24 hours
Clofibrate 500 mg 6 or 8 hours
Carbamazepine  400-600 mg 24 hours

__A
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Drugs Associated with Hyponatremia
Drugs that Potentiate Renal
Vasopressin Analogues Action of Vasopressin
Desmopressin (DDAVP) Chlorpropamide
Oxytocin Cyclophosphamide
Nonsteroidal anti-inflammatory
drugs (NSAIDs)
Acetaminophen
Drugs that Enhance Drugs that Cause
Vasopressin Release by Unknown Mechanisms
Chlorpropamide Haloperidol
Clofibrate Fluphenazine
Carb i xcarbazepil Amitriptyline
Vincristine Thioridazine
Nicotine Fluoxetine
Narcotics Methamphetamine (MDMA,
Antipsychotic idepressants “ecstasy”)
(SSRis) Intravenous immune globulin
Ifosfamide (IVIG)

Major Causes of Hypernatremia

I. Increased water losses that are unreplaced due to impairment of thirst
A. Insensible and sweat losses: Fever, respiratory infections
B. Urinary losses: Central or nephrogenic diabetes insipidus, osmotic
diuresis due to gl or itol
C. Gastrointestinal losses
D. Hypothalamic lesion affecting the thirst center (very rare)

Il. Administration of hypertonic sodium chloride or sodium bicarbonate

__A

Algorithm for management of the patient with
hypernatremia

Fypematrema
(Assess voume status)
A2

( )
Correction of Correction of water deficit
volume deficit Calcudate water deSct
Administer isotonc Admirisier 0.45% sakne, 5% dextrose, or orsl
saline until water %0 replace the deficit and ongong losses

mpovolemia impeoves In contral dabetes nsixdus (OF) wih severo
Troatment of the etiology | | kisses, aquecus vasopressin (Pitressin) 5 U
of 108503 (insufin, rolet subcutaneously Q6 h

cbatruction, samovel Follow serum (Na*) carelully %o avoid water
i

of csmotic dluretics, elc | oxicaion
I :

Correction of 0 |(tongteerm’

water deficit Central m&

c‘,mu,, :."'" saino, | || Nephrogenic DL Remave offending drugs, low Na®
e 0 4t e, | || dee. thiside diuretics, amioride for Eum-induced DI,
St I ke e coerection of K* and Ca?*

daticit and ongoing




Distribution of Total Body Potassium in

Organs and Body Compartments
Total K* Body K

Organ/Fluid Amount Compartment  Concentration
Muscle 2650 mmol Intracellular 100-120 mmol/l
fluid (ICF)
Liver 250 mmol Extracellular ~4 mmol/l
fluid (ECF)

Interstitial fluid 35 mmol
Red blood cells 350 mmol

Plasma 15 mmol

;_4!

Factors that increase the secretion of K* by
principal cells

High Na delivery
to distal nephron

High potassium
diet

Nonchloride anions
in distal nephron

Potassium
secretion in
distal
nephron

_A

Major Causes of Hyperkalemia

1. increased potassium Intake—may play 3 contributory role but not an
cause of hyperkalemia unless a large amount is acutely

ingested or Infused
" Y or pot release
from cells
A Metabolic acidosis
8. Insulin deficency In wncontrolied disbetes mellitus
[+-Adrenergic blockade—may cause an enhanced rise in the plasma

persistent hyperkalemis since the extra potassivm will be excreted in
the urine
0. Increased bssue beeakdown releasing potassium from cells 25 with
g h injury

E. Exercise

1, Reduced potassium excretion is the urine
A Diminished distal delvery of sodium and water, typically associated
with a significant decline In glomersiar filtration rate
1. Advanced renal fature, especially when the urine output s decreased
2. Marked effective orculating vokime depletion as in severe
congestive heart faure
8. Mypoaldosteronism
1. Hyporeninemic hypoaldostercasm
2. Angiotensin-converting enzyme inhibators, which lower aidosterone
release by inhiditing the formation of angiotensa i1
3. Nomsteroidal anti-inflammatory drugs, which act in part by removing
the stimulatory eféect of real prostaglanding o the release of renin
4. Potassium.sparing diuretics, which diectly block sodum reabscrption

and potassium secretion in the collecting tubules (see Chapter 4)
5. Premary adrenal isuféciency ﬂ

19-12-16

Renal potassium handling along the nephron
o coveltnd i
R AN |
= )) ok - -
Contex =/ — 176
A ] =K R
convohaed e » crerve
tubule —- & ( _ﬂ i — X =
o || comrs [{—omarosn |
“:5:»{2/\:; . ‘Colecting Duct intercalsted Cet
Outer Thick L ot
maclls m;.m | |
e [ | - \ o W
medulla o d /l\ ! = -
15%-100% -

Regulation of extracellular/intracellular

potassium shifts
Plasma/extracellular space
Cell

Fall in ( v Increase in
serum K* 3 serum K*

Increased by Increased by
Insulin Acidosis
B2-Adrenoceptor Hyperglycemia
agonists B2-Adrenoceptor
Alkalosis antagonists
a-Adrenoceptor (B-blockers)
antagonists a-Adrenoceptor
agonists
Increase in
osmolality
Exercise

__A

-m-i-mw

Decroase Renal Potassium Excretion




Table 10.1 Potassium Content of Selected Foods
Food P ium (mg) P ium (mEq)
Pinto beans (1 cup) 1370 35
Raisins (1 cup) 1106 28
Honeydew (1/2 melon) 939 24

Nuts (1 cup) 688 18
Black-eyed peas (1 cup) 625 16
Collard greens (1 cup) 498 13
Banana (1 medium) 440 1
Tomato (1 medium) 366 9
Orange (1 large) 333 9

Milk (1 cup) 351 9
Potato chips (10) 226 6

_A

Treatment of Hyperkalemia
I. Antagonism of membrane Several minutes and then rapidly wanes
actions
A. Calcium
Il. Increased potassium entry into  Each of these modalities works within
cells 30-60 minutes, lowers the plasma
A. Insulin and glucose potassium concentration by
B. f,-adrenergic agonists 0.5-1.5 mEq/L, and lasts for
C. Sodium bicarbonate several hours
Ill. Potassium removal from the Diuretics take several hours but patients
body with advanced renal failure may show
A. Diuretics little response
B. Cation exchange resin Exchange resins take 2-3 hours and
C. Dialysis requires repeat dosing
Several hours

Calcium distribution in extracellular and

intracellular spaces

Extracellular Intracellular

Total: 2.25-2.65 mmoll (cytoplasmic free)
(9-10.6 mg/dl) 50-100 nmoll
(Proiem bound 45%) Diffusible
( 55%

( Free ionized 45%) ( Complexed 10% )

19-12-16

M >8 Sinusoid wave pattermn

ECG Changes in Hyperkalemia

P wave T wave
\ 45 Normal
H 6-7 Peaked T waves
Flattened P wave,
7-8 prolonged PR interval,
dopressed ST sogment,
peaked T wave
Avial stancistil,
8-9 prolonged QRS duration,
further peaking T waves

Major Causes of Hypokalemia

I. D dietary intaks y play a y role but is rarely
solely responsible for hypokalemia
. d entry into the cell: Ily prod only a transient
ion in the plasma i

A. Metabolic alkalosis
B. Increased f-adrenergic activity, as with epinephrine release during
a stress response

Ill. Enhanced gastrointestinal losses
A. Vomiting
B. Diarrhea
C. Nasogastric tube drainage

IV. Increased urinary losses—typically requires hyperaldosteronism and
normal to enhanced distal flow
A. Loop and thiazide-type diuretics
B. Vomiting
C. Primary mineralocorticold excess, most often due to aldosterone-
producing adrenal adenoma
D. Secondary hyperaldosteronism due to renal artery stenosis

E. Renal tubular acidosis |

Regulation of systemic calcium homeostasis

Parathyroid Glands

/"’ PTH rapid: bone membrane release
‘) l slow: osteoclastic bone resorption
i
5 2 Kidney
Gl ~_slow / H
B a il Bone
> 4 2 : 1Ca?
1Ca®* absorption S\t ! Reabsorptionof Ca** rapid Ca®* efflux
1PO,# absorption 1+ ¥ 11,25(0H), vitarin D synthesis| “um=| 1 PO afflux
ki | PO absorption
\
.
i |
! Serum Ca?*

__A
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Sites of calcium reabsorption Mechanism of calcium reabsorption

ot YRy T ———
[ LUMEN INTERSTITIUM
distal convoluted tubule

N =

Causes of hypercalcemia

Primary
Primary adenoma
Primary difluse

Primary
Muttple

encocrine Acute adrenal insufticiency Treatments for Hypercalcemia
nooplasias (MEN-1, MEN-2A) | | Tertiary hyperparathyroidism
(chronic renal taiure) Agent Mode of Action Dose
IV hycration with saline  Incresses tubular fow and excretion of calckm Mydraticn based on patient’s cardiovascular status

and level of kidney function; 200-500 mLh
Wiurosemide or koop  Biock NKCC2 charnel in loop of Herle, thus reducing  20-80 mg intravencusly after rebydration: dose may
o for

dhretics 00 t be acfusted based on level of kidwy
roabsorption function
IVbisphosphonates  Inhibit osteoclastic activity Pamicronate, 60-50 mg over 4 h
Zolecronate, 4-8 mg over 15 min
Caichonin Inhibits BoNe resorptcn And enhances calcLm excrotion  4-12 LU/kg IMSQ every 12h
Ghucocorticoids Infubit conversion of 28(OMIO to 1.250H),0 Hydrocortisone, 200 mg/day IV for 3 days
Prodnisone, 60 mg/day POlrx 10 days
Cracaicet Alosteric activator of CaSR, mimicking 30 mg dely
cum 1o reduce PTH Qonv‘mdwwmloodlomw
CaSR, Cachum-sensing receptor; /), ntravencus: C2, Na?/K*/2CP- cotransporier; PTH, pamtiyroxd hormone,

estrogens, antiestrogens

androgens I I

. Phosphate distribution in extracellular and
Causes of hypocalcemia .
intracellular spaces
( with plasma
oased intake o decreased
{Posigusieciomy._pAmary bilery cithosls, Intestinel §Ca malabeorpion) Phosphate
Docroased Dg (iver disease,
Decreased calcitriol formation (renal failure, type 1
vitamin D-dependent rickats)
Aesstance to caiciriol (type 2 vitamn D-dependert fickets) ¢ ¢
Acute pancreattis
Magnosium cetciency
ey booe mceem tromtmont of Extracellular phosphate Intracellular free phosphate
(1% of total phosphate) approximately
l 0.8-1.5 mmol/l 1.4 mmol/l (4.3 mg/dl)
( : Hrpocaicemia (2.5-4.6 mg/dl)
(“Associated with high pissma phosphate ¢
Igiopathic or SPOracic hypoparathyroidsm
Postoperative hypoparathyroidism
el i el Monosodium Dlsodlum Phosphonc
Psaudchypoparayroder fype 1 or2 phosphate phosphate esters
Cheonic rensl falure, acvanced stage
Acute renal tailre, CliQoaric stage l l

17



19-12-16

Causes of hyperphosphatemia

Hemolysss
Frandomyolysis
Maignant Pyperhermia

Chesnic
(GFR «25 mimin

Fenal taiture
Acutn

Treatment wih prarmacciogc
of vitamin D or s derwvatves

Phosphate binding drugs

- bind phosphate in the diet to lower blood phosphate levels

Calcium acetate (Phoslo®, in Renepho®)

* amore efficient phosphate binder than calcium carbonate
« dissolves better in a non-acidic environment

* Intake: just before or with phosphate containing meals (chew)
Lanthane carbonate (Fosrenol®)

Sevelamer (Renagel®, Renvela®)

* Polyallylamine that is crosslinked with epichlorohydrin

* Amine groups become partially protonated in the intestine
interact with phosphate ions through ionic and hydrogen bonding
Sucroferric-oxyhydroxide (Velphoro®)

* The carbohydrate shell stabilises the iron(l11)-oxyhydroxide core

- Causes of Hypophosphatemia

Decreased Intestinal Absorption
[Aatacid abuse o e calcium supplemont use |

> diarhoa
]

.
[Vitamin D de

Starvation or

Alcoholem

Increased Urinary Losses
Primary typerparath
Following kidney tran
Extracelular volume expansion
Glucosurnia (after treatment of DKA)

Postobstructive or resoiving ATN diuresis
cotazolarmide ]

Fanconi syndrom

X-inked and vitamin D-depancent rickets

Oncogenic csteomalacia

Redistribution

Respiratory akalosts
Alcohol withdrawal
Savere buns

Treatment of yperglycemia

ATN, Acute tubular necrosis; DKA, dabetic kntoac

Main categories of acute renal failure

Acute renal fallure

|
' t {

Prerenal Postrenal
i (obstruction)
x i }
Tubular Glomerular Vascular
ATN: acute -
tubular necrosis  ATN :3:::‘ Glomerulonephritis Vascults

Ischemic Toxic

Classification of the major causes of acute
kidney injury

Acute kidney injury

Precenal Intrinsic Postrenal
Hypovoierna Glomerular Tubudes anc | | Vascular Blacder outiel cbstrucson

Docraased cagiac oulput « Acute intesatium «Vascusits
Docroased efioctve Grodating glomarulo- * Malgnant Bilasoral peivouratoral
nephritis hypertonsion | | cbstructon (o unfateral
+TTP.HUS cbstructon of a soltary
T functioning kidnay)
i 1 i

+NSAIDs .

« ACE-VARB Ischerma Sepsie/ Nephrotoxing

« Oyclosporing infection Exogencus: lodinated
SRS contrast. aminoghycosides.

cisplatin, amphotericin B
Endogenous: Hemolysis,
rhabdormyolysis,
myeioma, intrantaiar
crystals

Anatomic sites and causes of obstruction
leading to postrenal acute kidney injury

Postrenal

Kidnay _ extomal compression,
| tumor, sercpartones
fivoss
Ureter
Prostase eclargoment
biood diots, cancer
Bloder \
Strictures.
Sphincter ! B Osstnucted Foiey
Urethra F | | catater
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Drug-Induced Clinical Renal Syndromes

Clinical presentation of various glomerular
diseases Prastaca omei 33 o

Neptwotio syndrome
Brownyiod painioss hemansna Protenusa: adut >3.5 gday
(70 chots): typically coincides with ) >80 iy per e

Ptosumont infocticn Hypoaluminemia <35 gid
Asympmomatic hematuria £ proteinuria deme.
Detwoen azacks

Nephrisic syndrome
Oigura
Homatriu rod ced cass
Protanura: ussaly <3g/dsy
Edoma
Hyperansicn
Abnst onset, usualy
Sarimiig

Rapidy progressive glomeruionephritis.
Riara thikitn over diwmeons
Protorvrie: ususlly <3g/day
Homatura: red col casts
500d pressuro ohen nomal
May have cther foanuros of vascultis

Chranic glomenilonephritia
Hyporension
Renal imaismant

Proteinuria ohen >3 g'day
Shiurken smoom Kdnays ﬂ

Nephrotic syndrome
r

Nephrotic syndrome
Proteinuria: adult >3.5 g/day;
child >40 mg/h per m?
Hypoalbuminemia <3.5 g/dl
Edema
Hypercholesterolemia
Lipiduria
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NSAID Clinical Renal Syndromes

Acute kidney injury

Prerenal azotemia

[Acute tubular necrosis|

Glomerular disease

Minimal change disease

Membranous nephropathy
Acute interstitial nephritis
Hyperkalemia/metabolic acidosis |(hyporeninemic hypoaldo-

steronism)
Hyponatremia
Hypertension/edema
Acute papillary necrosis|
IAnalgesic nephropathy/chronic tubulointerstitial nephritis]

__A

Differentiation Between Nephrotic Syndrome

and Nephritic Syndrome

ypical F Nephrotic Nephritic
Onset Insidious Abrupt
Edema R RS it
Blood pressure Normal Raised
Jugular venous Normal/low Raised
pressure
Proteinuria - ++
Hematuria May/may not occur  +++
Red blood cell casts  Absent Present
Serum albumin Low Normal/slightly reduced

_A

Nephrotic Syndrome

Increased glomerular permeability to macromolecules

* Heavy proteinuria (protein excretion generally above 3.5
g/day vs. a normal level of <150 mg)

¢ Hypoalbuminemia

* Edema

Mechanism of edema formation in this setting:
» different from that in other renal diseases

e due to hypoalbuminemia-induced underfilling of the
vascular space (rather than overfilling from primary

renal sodium retention) |
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Glomerular capillary wall under normal conditions with preserved
epithelium and in proteinuric states due to epithelial cell injury

Normal epithelium Epithelial cell injury

Urinary space

----‘--- - & @ D
N XN N 7 Endothelium
. . .
. Py T .
. e e
s
Albumin
Normal Pge Capillary lumen Increased Pge

__A

3 — <)

Conceptual model for chronic kidney disease

Complications

Screening CKD risk Diagnosis Estimate Replacement
for CKD 3 and treat t 3 by dialysis
risk factors Screening Treat comorbid Treat and transplant
for CKD conditions; complications;

Slow progression  Prepare for
replacement

__A

Progression of chronic renal injury

Stage 1

Onset
nephropathy

GFR, mUmin

Years of Diabetes

Harrison’s Nephrology and acid-base disorders — Jameson and Loscalzo ﬂ
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Management of edema in the patient with
nephrotic syndrome

Frequency of Primary Disease

Causing End-Stage Renal Disease
Disease Percentage (%)
Diabetes mellitus type 1 3.9
Diabetes mellitus type 2 41.0
Hypertension 27.2
Primary glomerulonephritis 8.2
Tubulointerstitial 3.6
Hereditary or cystic 3.1
Secondary glomerulonephritis or vasculitis 2.1
Neoplasm or plasma cell dyscrasias 21
Miscellaneous 4.6
Unknown 52

_A

CLASSIFICATION OF CHRONIC KIDNEY DISEASE (CKD)

STAGE GFR, mL/min PER 1.73 m?
>90°

G wWwnN =
w
?
o
o

AWith risk factors for CKD

®With demonstrated kidney damage (e.g., persistent proteinuria,
abnormal urine sediment, abnormal blood and urine chemistry, abnor-
mal imaging studies).

__A
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CARDIAC FUNCTION AND CARDIOVASCULAR DISEASE IN CKD

Hazard ratios for cardiovascular events according to the baseline eGFR
CAUSES OF ANEMIA IN CKD

4

[Relative deficiency of erythropoietin| —L
Diminished red blood cell survival

Bleeding diathesis

[Iron deficiency |

Hyperparathyroidism/bone marrow fibrosis

“Chronic inflammation™

Folate or vitamin B, deficiency

Hemoglobinopathy

Comorbid conditions: hypo/hyperthyroidism, pregnancy,
HIV-associated disease, autoimmune disease, immuno-
suppressive drugs

Hazard ratio for cardiovascular event
~N

0 - . e
>60 45-59 30-44 15-29 <15

I eGFR (mUmin/1.73 m?)

Treatment for CKD is disease specific, but several general- o Diabatic Nephropatey o SR DT e e s

ized methods can be applied to aimost all kidney diseases. Drup Class On-Target Parametor Off-Target Paramotors

The goal is slowing or reversing progression, with therapies AetSwpersiyonis Dinge

aimed at correcting the pathophysiologic patterns. These AN prpedy Mttt G

involve blocking the renin-angiotensin-aldosterone system ot Sicoes oo P ooy Wew Sl advE saminae |
(RAAS) with medications, controlling blood pressure, and T e T —_ _ .,
reducing proteinuria when present. This goal is attempted Durscs Blood pressre ¢ K ke 0o 1

while also targeting cardiovascular risk reduction. Novel e teiion Ui o

methods, which require further study, involve attacking the o LDk chokesmntt e
inflammatory and fibrotic effects of the pathophysiology. GETP modustors o oo Biood pressure | fmainly dalostapk

CETR Choi wonses; DPP-4, Spptiy

DL, low-Gersity iooprots

igh-censity kpoprotei JCA!
crien-2; VCAM, vasculr

__A_A

Categories of Chronic Kidney Disease by t d Corresponding
Chinical Action Plan

Categories of Chronic Kidney Disease by the Level of Albuminuriajand Corresponding Clinical
Action Plan

Category  GFR Levels (mU/min/1.73 m%)  Terms Clinical Action Plan
61 Geoaser than 90 Noemal oe high Diagnose and treat the cause Approximately Equivalent ACR
Treat comorbict concitions.
Evahate for CKD risk factors Catogory  AER (mg/day) (mg/mmol)  (mgig) Terms Cuinical Action Plan
SHELIIRSRNN 2o g S0 PRGSO A Less than 30 Leastan3  Lesathan30 Nomaltomicly  Diagnose and treat the cause
Start measuros 10 roduce CVD risk
- t incroased Treat comortid conditions
a2 €0to8s Mikdly decroased’ Estimate progression Bk iole for G sk fackors
Gla 451059 Midly to moderately decreased AGIISt MeGCation GOSges as INGIaed Sart .""” © CKD etk
G3b 20to 44 Moderately to seversly decreased Vakiate and Fes! CompICatons e - o o
G4 181029 Severely decreased Propare for kidney replacement theragy 030 5 -
(ravssplantation and/oe dislysis) i A2 20029 31030 3010290 oy
appropriate
- goal # hypertensive
" if treated b " comen ¢
L AR R "':;:’:"" K DR bled by 5‘:‘ S N Npmcsm thaciey ¥ eoi A3 Grester than 300 200 Greater than 300 Severely increased  Trest neprvobic Syndrome (7 prosert)
ACR, Al 0 AER, SRTin @xcrefion rane; OKD), Cheonic Kichay disein; CVD, Carsiovascully (1560s

*Relerive
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Key recommendations

1. Over-the-counter and herbal products, as well as prescrip-
tion medications, should be assessed to ensure that they

are indicated.
2. The least nephrotoxic agent should be used whenever
possible.

3. If a drug interaction is suspected and the clinical implica-
tion is significant, alternative medications should be used.

4. Although the MDRD eGFR equation may be used for stag-
C 1.G : :

ing CKD, g
kidney function index for drug dosage adiustment.

5. The dosage of drugs that are more than 30% renally elimi-
nated unchanged should be verified to ensure that appro-
priate initial dosage adjustments are implemented.

6. Maintenance dt regimens should be adjusted based
on patient response and serum drug concentration deter-
minations when indicated and available.

CKD, Chronic kidney disease; eGFR, estimated glomerular
fittration rate; MDRD, Modification of Diet in Renal Disease.
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