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cated in the uremic syndrome. These include water-soluble, hydrophobic, protein-bound, charged, and uncharged compounds. Additional
categories of nitrogenous excretory products include guanidino compounds, urates and hippurates, products of nucleic acid metabolism,
polyamines, myoinositol, phenols, benzoates, and indoles. It is thus
evident that the serum concentrations of urea and creatinine should be
viewed as being readily measured, but incomplete, surrogate markers
for these compounds, and monitoring the levels of urea and creatinine
in the patient with impaired kidney function represents a vast oversimplification of the uremic state.
The uremic syndrome and the disease state associated with advanced
renal impairment involve more than renal excretory failure. A host of
metabolic and endocrine functions normally performed by the kidneys
is also impaired or suppressed, and this results in anemia, malnutrition, and abnormal metabolism of carbohydrates, fats, and proteins.
Furthermore, plasma levels of many hormones, including PTH, FGF23, insulin, glucagon, steroid hormones including vitamin D and sex
hormones, and prolactin, change with CKD as a result of reduced
excretion, decreased degradation, or abnormal regulation. Finally,
CKD is associated with worsening systemic inflammation. Elevated
levels of C-reactive protein are detected along with other acute-phase
reactants, whereas levels of so-called negative acute-phase reactants,
such as albumin and fetuin, decline with progressive reduction in
GFR. Thus, the inflammation associated with CKD is important in
the malnutrition-inflammation-atherosclerosis/calcification syndrome,
which contributes in turn to the acceleration of vascular disease and
comorbidity associated with advanced kidney disease.
In summary, the pathophysiology of the uremic syndrome can be
divided into manifestations in three spheres of dysfunction: (1) those
consequent to the accumulation of toxins that normally undergo renal
excretion, including products of protein metabolism; (2) those consequent to the loss of other kidney functions, such as fluid and electrolyte
homeostasis and hormone regulation; and (3) progressive systemic
inflammation and its vascular and nutritional consequences.

CLINICAL AND LABORATORY MANIFESTATIONS OF CHRONIC
KIDNEY DISEASE AND UREMIA
Uremia leads to disturbances in the function of virtually every organ
system. Chronic dialysis can reduce the incidence and severity of
many of these disturbances, so that the overt and florid manifestations of uremia have largely disappeared in the modern health setting.
However, even optimal dialysis therapy is not completely effective as
renal replacement therapy, because some disturbances resulting from
impaired kidney function fail to respond to dialysis.
FLUID, ELECTROLYTE, AND ACID-BASE DISORDERS
Sodium and Water Homeostasis In most patients with stable CKD,
the total-body content of sodium and water is modestly increased,
although this may not be apparent on clinical examination. With
normal renal function, the tubular reabsorption of filtered sodium and
water is adjusted so that urinary excretion matches intake. Many forms
of kidney disease (e.g., glomerulonephritis) disrupt this balance such
that dietary intake of sodium exceeds its urinary excretion, leading to
sodium retention and attendant extracellular fluid volume (ECFV)
expansion. This expansion may contribute to hypertension, which
itself can accelerate the nephron injury. As long as water intake does
not exceed the capacity for water clearance, the ECFV expansion will
be isotonic and the patient will have a normal plasma sodium concentration (Chap. 333e). Hyponatremia is not commonly seen in CKD
patients but, when present, often responds to water restriction. The
patient with ECFV expansion (peripheral edema, sometimes hypertension poorly responsive to therapy) should be counseled regarding salt
restriction. Thiazide diuretics have limited utility in stages 3–5 CKD,
such that administration of loop diuretics, including furosemide,
bumetanide, or torsemide, may also be needed. Resistance to loop
diuretics in CKD often mandates use of higher doses than those used
in patients with more normal kidney function. The combination of

HPIM19_Part13_p1799-1874.indd 1814

loop diuretics with metolazone, which inhibits the sodium chloride
co-transporter of the distal convoluted tubule, can promote renal salt
excretion. Diuretic resistance with intractable edema and hypertension
in advanced CKD may serve as an indication to initiate dialysis.
In addition to problems with salt and water excretion, some
patients with CKD may instead have impaired renal conservation
of sodium and water. When an extrarenal cause for fluid loss, such
as gastrointestinal (GI) loss, is present, these patients may be prone
to ECFV depletion because of the inability of the failing kidney to
reclaim filtered sodium adequately. Furthermore, depletion of ECFV,
whether due to GI losses or overzealous diuretic therapy, can further
compromise kidney function through underperfusion, or a “prerenal” basis, leading to acute-on-chronic kidney failure. In this setting,
cautious volume repletion with normal saline may return the ECFV
to normal and restore renal function to baseline without having to
intervene with dialysis.
Potassium Homeostasis In CKD, the decline in GFR is not necessarily accompanied by a parallel decline in urinary potassium excretion, which is predominantly mediated by aldosterone-dependent
secretion in the distal nephron. Another defense against potassium
retention in these patients is augmented potassium excretion in
the GI tract. Notwithstanding these two homeostatic responses,
hyperkalemia may be precipitated in certain settings. These include
increased dietary potassium intake, protein catabolism, hemolysis,
hemorrhage, transfusion of stored red blood cells, and metabolic acidosis. In addition, a host of medications can inhibit renal potassium
excretion and lead to hyperkalemia. The most important medications
in this respect include the RAS inhibitors and spironolactone and
other potassium-sparing diuretics such as amiloride, eplerenone, and
triamterene.
Certain causes of CKD can be associated with earlier and more
severe disruption of potassium-secretory mechanisms in the distal
nephron, out of proportion to the decline in GFR. These include
conditions associated with hyporeninemic hypoaldosteronism,
such as diabetes, and renal diseases that preferentially affect
the distal nephron, such as obstructive uropathy and sickle cell
nephropathy.
Hypokalemia is not common in CKD and usually reflects markedly
reduced dietary potassium intake, especially in association with excessive diuretic therapy or concurrent GI losses. The use of potassium
supplements and potassium-sparing diuretics may be risky in patients
with impaired renal function, and should be constantly reevaluated as
GFR declines.
Metabolic Acidosis Metabolic acidosis is a common disturbance in
advanced CKD. The majority of patients can still acidify the urine,
but they produce less ammonia and, therefore, cannot excrete the
normal quantity of protons in combination with this urinary buffer.
Hyperkalemia, if present, further depresses ammonia production. The
combination of hyperkalemia and hyperchloremic metabolic acidosis
is often present, even at earlier stages of CKD (stages 1–3), in patients
with diabetic nephropathy or in those with predominant tubulointerstitial disease or obstructive uropathy; this is a non-anion-gap metabolic acidosis.
With worsening renal function, the total urinary net daily acid
excretion is usually limited to 30–40 mmol, and the anions of retained
organic acids can then lead to an anion-gap metabolic acidosis. Thus,
the non-anion-gap metabolic acidosis that can be seen in earlier
stages of CKD may be complicated by the addition of an anion-gap
metabolic acidosis as CKD progresses. In most patients, the metabolic
acidosis is mild; the pH is rarely <7.35 and can usually be corrected
with oral sodium bicarbonate supplementation. Animal and human
studies have suggested that even modest degrees of metabolic acidosis
may be associated with the development of protein catabolism. Alkali
supplementation may attenuate the catabolic state and possibly slow
CKD progression and accordingly is recommended when the serum
bicarbonate concentration falls below 20–23 mmol/L. The concomitant sodium load mandates careful attention to volume status and the
need for diuretic agents.
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