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Medical progress has altered the course and thus the defini-
tion of uremia, which once encompassed all the signs and symptoms of ad-
vanced kidney failure. Hypertension due to volume overload, hypocalcemic 

tetany, and anemia due to erythropoietin deficiency were once considered signs of 
uremia but were removed from this category as their causes were discovered. Today 
the term “uremia” is used loosely to describe the illness accompanying kidney failure 
that cannot be explained by derangements in extracellular volume, inorganic ion con-
centrations, or lack of known renal synthetic products. We now assume that uremic 
illness is due largely to the accumulation of organic waste products, not all identified 
as yet, that are normally cleared by the kidneys.

No specific time point demarcates the onset of uremia in patients with progressive 
loss of kidney function. The features of uremia identified in patients with end-stage 
kidney failure may be present to a lesser degree in people with a glomerular filtra-
tion rate that is barely below 50% of the normal rate, which at 30 years of age ranges 
between 100 and 120 ml per minute per 1.73 m2 of body-surface area. Thus, in the 
United States alone, uremic symptoms may be present to some degree in an esti-
mated 8 million people who have a glomerular filtration rate below 60 ml per min-
ute per 1.73 m2 of body-surface area.1 However, early symptoms of uremia, such as 
fatigue, are nonspecific, making the condition difficult to identify. At present, 
moreover, we can slow progression to kidney failure but can treat uremia only by 
replacing kidney function. Thus, the question of whether a patient has uremia 
comes down to whether dialysis or a transplant would be beneficial.

Treatment of uremia is now dominated by dialysis, in large part because donor 
kidneys are in short supply. In the United States in 2004, approximately 100,000 
people began receiving kidney-replacement therapy for end-stage renal disease, and 
335,000 people were receiving ongoing treatment with dialysis.2 In some cases, pa-
tients are treated with dialysis for decades, but overall outcomes are disappointing. 
The 5-year survival rates between 1995 and 1999 were under 35% for both hemodi-
alysis and peritoneal dialysis. Patients treated with dialysis are hospitalized on aver-
age twice a year, and their quality of life is often low.

Not all of the illness of a patient undergoing dialysis can be ascribed to uremia. 
Indeed, the evolution of dialysis has made the effects of uremia more difficult to dis-
tinguish, since the severity of classic uremic symptoms is attenuated. Instead, pa-
tients undergoing dialysis now have a new illness, which Depner3 aptly named the 
“residual syndrome.” This illness comprises partially treated uremia; ill effects of di-
alysis, such as fluctuation in the extracellular fluid volume and exposure to bioincom-
patible materials; and residual inorganic ion disturbances, including acidemia and 
hyperphosphatemia. In many patients, the residual syndrome is complicated by the 
effects of advancing age and systemic diseases that were responsible for the loss of 
kidney function.

Although patients undergoing dialysis have a complex illness, there are compelling 
reasons to believe that inadequate removal of organic wastes is an important con-
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tributor. Dialysis is initiated when uremic symp-
toms, among which anorexia and lethargy are 
usually the most prominent, advance to the point 
at which treatment is expected to effect an im-
provement. The glomerular filtration rate at this 
point averages about 7% of the normal value. As 
compared with such a low glomerular filtration 
rate, conventional dialysis provides only slightly 
better removal of many solutes and inferior re-
moval of some. Renal replacement therapy does 
keep patients alive, but because of these limita-
tions, it does not completely relieve uremic symp-
toms. The fact that transplantation reverses this 
residual syndrome constitutes strong evidence for 
the ill effects of toxic solute accumulation despite 
dialysis. Successful transplantation, which can re-
store the glomerular filtration rate to more than 
half the normal value, markedly improves the over-
all quality of life and enhances specific functions, 
including sleep, sexual function, cognition, exer-
cise capacity, and, in children, growth.4-7

Solu tes Cle a r ed by the K idne y 
a nd R e ta ined in Ur emi a

Although retained uremic solutes cause symptoms, 
identifying the responsible solutes has proved dif-
ficult because of the multiplicity of retained solutes 
(reviewed by the European Uremic Toxin Work 
Group8) as well as the variety and subtlety of the 
symptoms. Advances in chromatography and spec-

troscopy continue to lengthen the list of implicated 
solutes. In general, solutes that accumulate in the 
highest concentrations, and were therefore iden-
tified first, have been the most studied. But only 
a few compounds have been linked to specific toxic 
effects.9-11 Plasma concentrations of several com-
pounds correlate more closely with altered men-
tal function than do concentrations of urea. Some 
of these compounds, including certain guani-
dines, accumulate in the cerebrospinal fluid, which 
is consistent with their proposed effects on the 
brain.12 However, we lack experiments showing 
that uremic signs and symptoms can be replicated 
by raising solute levels in people or animals with 
normal kidney function to equal those in patients 
with uremia. Uremic solutes are therefore usually 
categorized on the basis of their structure. Selected 
examples are shown in Table 1.

Urea is quantitatively the most important solute 
excreted by the kidney and was the first organic 
solute detected in the blood of patients with kid-
ney failure. Both hemodialysis and peritoneal di-
alysis are currently prescribed to achieve target 
values for urea clearance. Yet early studies indi-
cated that urea itself causes only a minor part of 
uremic illness.13,14 One study showed that uremic 
symptoms were relieved by initiation of dialysis, 
even when urea was added to the dialysate to 
maintain the blood urea nitrogen level at approxi-
mately 90 mg per deciliter (urea, 32 mmol per 
liter).14

Table 1. Uremic Solutes.*

Solute Group Example Source Characteristics

Peptides and small 
proteins

Beta2-microglobulin Shed from MHC Poorly dialyzed because of large size

Guanidines Guanidinosuccinic  
acid

Arginine Increased production in uremia

Phenols p-Cresol sulfate Phenylalanine, tyrosine Protein bound, produced by gut bacteria

Indoles Indican Tryptophan Protein bound, produced by gut bacteria

Aliphatic amines Dimethylamine Choline Large volume of distribution, produced by 
gut bacteria

Furans CMPF Unknown Tightly protein bound

Polyols Myoinositol Dietary intake, cell synthesis 
from glucose

Normally degraded by the kidney rather  
than excreted

Nucleosides Pseudouridine tRNA Most prominent of several altered RNA  
species

Dicarboxylic acids Oxalate Ascorbic acid Formation of crystal deposits 

Carbonyls Glyoxal Glycolytic intermediates Reaction with proteins to form advanced  
glycation end products

* Uremic solutes may have multiple sources, although only one is listed. MHC denotes major histocompatibility complex, 
and CMPF 3-carboxy-4-methyl-5-propyl-2-furanpropionic acid.
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Other simple nitrogen-containing solutes that 
accumulate in uremia include the aliphatic amines 
monomethylamine, dimethylamine, and trimeth-
ylamine. These compounds are produced by both 
gut bacteria and mammalian cells. They are posi-
tively charged at physiologic pH, and their removal 
during intermittent hemodialysis may be limited 
by their preferential distribution within the rela-
tively acidic intracellular compartment.15 The ure-
mic fetor, or fishy breath, of patients with uremia 
is attributable to trimethylamine, and amines have 
been associated with impaired brain function in 
both patients and animal models.16-18

Many uremic solutes contain aromatic rings. 
The uremic phenols derive from the amino acids 
tyrosine and phenylalanine and from aromatic 
compounds in vegetables. Indoles arise in analo-
gous fashion from tryptophan and vegetable in-
doles. In both cases, metabolism of parent com-
pounds by methylation, dehydroxylation, oxidation, 
reduction, or conjugation produces a bewildering 
array of solutes. In contrast to methylamines, con-
jugated phenols and indoles are often negatively 
charged and contribute to the increase in the an-
ion gap observed in kidney failure. The structural 
similarity of waste phenols and indoles to neuro-
transmitters has encouraged speculation that 
these compounds interfere with the function of the 
central nervous system, but evidence of the tox-
icity of individual compounds is weak. The most 
extensively studied phenol is p-cresol, which is 
formed by colonic bacteria from tyrosine and phe-
nylalanine and then circulates conjugated with 
sulfate.19,20 High p-cresol levels have been associ-
ated with poor outcomes in patients undergoing 
dialysis.19,21

The kidney clears not only small molecules but 
also proteins with molecular weights between 10 
and 30 kD. Plasma levels of these low-molecular-
weight proteins rise as the kidney fails, but only 
beta2-microglobulin, which causes dialysis-related 
amyloidosis, has known toxicity.9,22 The extent to 
which kidney failure increases the levels of pep-
tides with molecular weights between 500 D and 
10 kD is less well defined,23 although it is expected 
that proteomic techniques may ultimately yield a 
more complete picture.23,24

Solu te R emova l by Di a lysis

Uremia could theoretically be treated by reducing 
solute production, but this is not part of current 
practice. High protein intake increases the produc-

tion of many solutes, including various guanidines, 
indoles, and phenols. Patients with kidney failure 
tend to reduce their protein intake spontaneously, 
and before dialysis became available, physicians 
found that marked protein restriction relieved ure-
mic symptoms.25,26 Protein restriction can have ill 
effects, however, and it is now recommended that 
patients undergoing dialysis receive 1.2 g of pro-
tein per kilogram of body weight per day, which 
is nearly the amount provided by an average diet 
in the United States. Since a number of the best-
known uremic solutes — such as aliphatic amines, 
d-amino acids, methylguanidine, hippurate, and 
many indoles and phenols — are produced entirely 
or in part by gut bacteria, the use of sorbents to 
reduce the load of such solutes has been considered 
but has not been systematically studied.27

At present, most patients with end-stage renal 
disease undergo hemodialysis three times per 
week. The dialysis prescription is adjusted to re-
move about two thirds of the total-body urea con-
tent during each treatment (Fig. 1). This standard 
was adopted after clinical trials showed that to a 
point, patient outcomes improve with increasing 
fractional urea removal.3,28 The Hemodialysis 
(HEMO) Study29 showed that outcomes are not 
improved by increasing fractional urea removal 
above the current standard. Treatment that re-
moves the majority of urea should also remove 
more toxic solutes if, like urea, they diffuse rela-
tively freely throughout body water. But removal 
of many solutes is more limited, owing to large 
molecular size, protein binding, or sequestration 
within body compartments. Plasma levels of such 
solutes therefore remain much higher than normal 
urea levels in patients undergoing conventional 
dialysis (Fig. 2). Removal of such solutes can be 
increased by various modifications of the stan-
dard dialysis treatment. If a specific modification 
of dialysis reduced illness, this might reveal the 
characteristics of important uremic toxins.

Large Solutes

Hemodialysis was initially performed with the use 
of dialysis membranes that provided limited clear-
ance of solutes with molecular weights above 1 kD. 
Treatment with the use of these membranes wak-
ened comatose patients, relieved vomiting, and 
partially reversed other classic uremic symptoms. 
This provided evidence, which remains convincing, 
that some important uremic toxins are small. But 
clinical observations led pioneering investigators 
to speculate that other important toxins were “mid-
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dle molecules,” with molecular weights between 
300 D and 2 kD.32 The original middle-molecule 
hypothesis was never carefully tested. Although 
the phrase “middle molecules” remains in use, its 
meaning has gradually shifted to include larger sol-
utes. The adoption of new, more permeable mem-
brane materials essentially ended investigation of 
the relative toxicity of solutes in size ranges below 
1 kD. However, the toxicity of solutes with mo-
lecular weights above 1 kD remains under inves-
tigation. Increasing the removal of large solutes, 
such as beta2-microglobulin, with the use of “high-
flux” as compared with “low-flux” membranes had 
no significant benefit in the HEMO Study.29 How-
ever, the clearance of large molecules can be in-
creased further by adding ultrafiltration to the di-
alysis process (Fig. 3). Ongoing multicenter trials 
may reveal whether the combination of ultrafil-
tration with dialysis, called hemodiafiltration, im-
proves outcomes.33

Solutes Bound to Albumin

Solutes that bind to albumin are poorly removed 
by conventional dialysis3,20,34,35 not because they 
are large but because only the free, unbound sol-
ute concentration contributes to the gradient driv-
ing solute across the dialysis membrane. When ex-

pressed as multiples of normal levels, the levels of 
these compounds are therefore higher than those 
of unbound solutes, such as urea, in patients un-
dergoing hemodialysis. There is reason to suspect 
that at least some protein-bound solutes are toxic. 
The normal kidney clears many protein-bound sol-
utes by active tubular secretion. Presumably, the 
combination of protein binding and tubular secre-
tion represents an evolutionary adaptation that al-
lows the excretion of toxic molecules and keeps the 
extracellular fluid concentrations of their unbound 
fraction very low. The aggregate toxicity of protein-
bound solutes could theoretically be assessed by 
comparing the effects of different modifications 
of dialysis, but this has not been attempted in 
practice.36

Sequestered Solutes

Other solutes are sequestered, or retained, in com-
partments where their concentration does not 
equilibrate rapidly with that of the plasma.37 In-
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Figure 2. Time-Averaged Plasma Solute Levels in Patients 
Undergoing Conventional Thrice-Weekly Hemodialysis.

Conventional hemodialysis is prescribed to remove 
blood urea nitrogen effectively, so that the average 
urea level in a patient undergoing hemodialysis is only 
about four times the normal value. But dialysis is much 
less effective in controlling the levels of other solutes. 
Binding to albumin limits the dialysis of p-cresol sul-
fate, and large molecular size limits the dialysis of beta2-
microglobulin; as a result, the average levels of these 
solutes in patients undergoing hemodialysis are about 
10 times and 20 times the normal levels, respectively. 
The plasma level of guanidinosuccinic acid is even 
higher, averaging more than 40 times the normal val-
ue. Guanidinosuccinic acid levels rise this high largely 
because the production of guanidinosuccinic acid in-
creases in patients with uremia; sequestration within 
cells impairs the efficiency of dialysis and contributes 
to the elevation of plasma levels of related guanidines. 
Solute ratios are approximations based on data from 
Martinez et al.,20 Raj et al.,30 and Eloot et al.31
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Figure 1. Blood Urea Nitrogen Levels in Two Theoretical 
Patients Undergoing Conventional Thrice-Weekly 
 Hemodialysis for 3 Hours on Monday, Wednesday,  
and Friday.

Urea nitrogen levels fall precipitously as urea is rapidly 
removed during treatment and then rise gradually be-
tween treatments, with the highest levels observed after 
the 3-day interdialytic interval (from Friday after dialysis 
until Monday before dialysis). Both patients were re-
ceiving the same dose of dialysis, as evidenced by the 
68% drop in urea levels for both patients with each 
treatment. This drop constitutes adequate dialysis, 
 according to the current U.S. standard. Patient 1, who 
had higher absolute plasma urea levels than Patient 2, 
was presumably eating more protein. To convert the 
values for blood urea nitrogen to millimoles of urea 
per liter, multiply by 0.357.
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termittent dialysis may rapidly lower the plasma 
concentration of such solutes but removes only a 
small portion of the total-body solute content. Se-
questration only slightly impairs the removal of 
urea, which is currently used to assess the ade-
quacy of dialysis.3 But other solutes may equilibrate 
more slowly than urea between body compart-
ments, such as between cell water and plasma, ef-
fectively sequestering them from dialysis. Only a 
few solutes have been carefully studied, but clin-
ically significant sequestration has been demon-
strated for phosphate, creatinine, uric acid, several 
guanidines, and beta2-microglobulin. Theoretical-
ly, the contribution of sequestered solutes to ure-
mic toxicity, like the contribution of large solutes 
or protein-bound solutes, could be assessed by 
comparing the efficacy of different dialysis pre-
scriptions. When treatment is intermittent, the re-
moval of sequestered as compared with rapidly 
equilibrating solutes can be increased by length-
ening each dialysis session or by increasing the 
number of sessions per week. Retrospective stud-
ies have shown that longer sessions are associated 
with better outcomes, but these studies were not 
sufficiently well controlled to confirm that length-
ening treatment is beneficial.38 In the United States, 

the combined preference of patients and providers 
for short dialysis sessions has reduced treatment 
time toward the minimum required to achieve the 
target urea removal, making the average duration 
of each hemodialysis session about 3.5 hours.

Signs a nd S ymp t oms of Ur emi a

Frequently identified signs and symptoms of ure-
mia are listed in Table 2. That a fundamental met-
abolic disturbance such as uremia should have such 
a wide variety of consequences is not remarkable. 
The complications of untreated diabetes and hy-
perthyroidism are similarly extensive. But uremia 
is different in that we cannot trace all its compli-
cations to dysregulation of a single, key compound. 
And with the exception of kidney transplantation, 
current therapy for uremia is less successful than 
insulin and thyroid hormone replacement in re-
storing normal function.

Given the signs and symptoms listed in Table 2, 
it is not surprising that the quality of life declines 
in people with chronic kidney disease. A panel 
preparing treatment guidelines concluded that 
well-being was reduced when the glomerular fil-
tration rate was less than 60 ml per minute per 
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Figure 3. Dialysis versus Hemofiltration.

In dialysis (Panel A), solutes diffuse through a thin membrane separating the blood and dialysate, which flow in opposite directions. 
Small solutes such as urea (small yellow spheres) diffuse readily. Larger solutes, including low-molecular-weight proteins (large green 
spheres), diffuse less readily and are not cleared as effectively when blood passes through the dialyzer. In hemofiltration (Panel B), fluid 
is forced through the same membrane by pressure, and solutes are carried with the fluid by convection. As compared with diffusion, 
convection removes larger solutes at almost the same rate as small solutes. Standard dialysis treatments include some hemofiltration  
in order to remove the fluid that accumulates with daily intake. The removal of large solutes can be augmented by increasing the amount 
of ultrafiltration. The combined process of dialysis and high-volume ultrafiltration, which requires the provision of intravenous replace-
ment fluid to offset the ultrafiltration rate, is called hemodiafiltration.
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1.73 m2 of body-surface area.39 Subjects in the 
Modification of Diet in Renal Disease study who 
had glomerular filtration rates of less than 55 ml 
per minute per 1.73 m2 reported fatigue and re-
duced stamina that correlated with this rate.40 In a 
study using the Medical Outcomes Study 36-item 
Short-Form General Health Survey, people who 
had a glomerular filtration rate of less than 50 ml 
per minute per 1.73 m2 but who were not yet 
being treated with dialysis scored lower than the 
general population on 8 of the instrument’s 10 
scales.41 Physical functioning is also often im-
paired in patients with kidney failure. In those 
undergoing dialysis, exercise capacity has been 
reported to average only about 50% of normal 
capacity. Treatment of anemia improves but does 
not normalize exercise capacity. The most detailed 
studies suggest that susceptibility to fatigue is 
attributable to both muscle energy failure and 
neural defects.42 The degree to which the qual-
ity of life is impaired by the uremic environment, 
by the deconditioning of the patient, and by the 
effects of coexisting conditions has not been com-
pletely analyzed. A recent study indicated, however, 
that even selected, highly functional patients 
undergoing dialysis have notable physical limita-
tions, including impairment of balance, walking 
speed, and sensory function.43

A particularly interesting group of uremic signs 
and symptoms reflect altered nerve function. Clas-
sic descriptions emphasized that patients with 
uremia could appear alert despite defects in mem-
ory, ability to plan, and attention.13 Cognitive im-
pairment has been detected in people with glo-
merular filtration rates between 30 and 60 ml per 
minute per 1.73m2 of body-surface area.44 As 
kidney function worsened, patients progressed to 
coma or catatonia that could be relieved by dialy-
sis.13 Recent studies have shown that cognitive 
function remains impaired in patients receiving 
standard treatment with dialysis. Neuropsycho-
logical testing has revealed defects, particularly 
in attention, memory, and the performance of 
higher-order tasks. Central nervous system chang-
es due to vascular disease and other processes 
often contribute to these defects. But it has gen-
erally been concluded that patients undergoing 
dialysis have cognitive impairment that cannot 
be ascribed entirely to coexisting conditions.45,46 
Another reflection of altered central nervous sys-
tem function in patients with uremia is impaired 
sleep.5,47 Sleep is fragmented by brief arousals 
and apneic episodes, which are often associated 

with bursts of repetitive leg movement. When 
awake, patients may have the restless legs syn-
drome,48 a condition in which they continually 
feel the need to move their legs. In the past, se-
vere sensorimotor neuropathy developed in pa-
tients with untreated uremia, and remission of 
neuropathy was a major goal of dialysis. With 
current dialysis protocols, neuropathy is usually 
subclinical, but it can still be detected in nerve-
function tests.49,50

Me ta bol ic Effec t s of Ur emi a

Among the metabolic effects of uremia (Table 2), 
the most extensively studied is insulin resistance, 
which may contribute to the accelerated vascular 
disease that is the major cause of death in patients 
with kidney failure.51,52 When the glomerular fil-
tration rate falls below 50 ml per minute per 
1.73 m2, insulin resistance occurs.53 The reason 

Table 2. Signs and Symptoms of Uremia.

Neural and muscular

Fatigue 

Peripheral neuropathy

Decreased mental acuity

Seizures

Anorexia and nausea

Decreased sense of smell and taste

Cramps

Restless legs

Sleep disturbances

Coma

Reduced muscle membrane potential

Endocrine and metabolic

Amenorrhea and sexual dysfunction

Reduced body temperature

Altered amino acid levels

Bone disease due to phosphate retention, hyperparathy-
roidism, and vitamin D deficiency

Reduced resting energy expenditure

Insulin resistance

Increased protein–muscle catabolism

Other

Serositis (including pericarditis) 

Itching

Hiccups 

Oxidant stress

Anemia due to erythropoietin deficiency and shortened 
red-cell survival

Granulocyte and lymphocyte dysfunction

Platelet dysfunction
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it occurs is unclear. Insulin binds normally to its 
receptor, and receptor density is unchanged. The 
accumulation of hormones derived from fat and in-
creased levels of glucagon and fatty acids also seem 
insufficient to account for insulin resistance.52,54 
The observations that insulin resistance can be 
transferred by uremic serum and that it is improved 
by dialysis and protein restriction suggest that ac-
cumulation of nitrogenous solutes causes insulin 
resistance.52 In addition, physical inactivity dimin-
ishes the action of insulin, and in patients with 
uremia, insulin resistance may develop in part be-
cause of deconditioning.

Another effect of uremia that has been the ob-
ject of recent attention is oxidative stress.55 In-
creases in the levels of primary oxidants have not 
been documented, presumably because of the eva-
nescent nature of substances such as superoxide 
anion and hydrogen peroxide. Accumulation of 
oxidant reaction products is therefore taken as 
evidence of increased oxidant activity. Among the 
markers of oxidation are proteins containing oxi-
dized amino acids.56,57 Some proteins are modi-
fied by direct oxidation, and others by combi-
nation with carbonyl compounds. The modified 
proteins can form compounds identical to the ad-
vanced glycation products that were first identi-
fied in patients with diabetes. The carbonyls ini-
tiating protein modification have not been fully 
characterized but include glyoxal and methyl gly-
oxal, which are produced by oxidation of both 
sugars and lipids.58 Modified proteins presumably 
do not contribute to the effects of uremia that are 
rapidly reversible, such as confusion or nausea, but 
might cause gradual changes in tissue structure. 
The loss of extracellular reducing substances pro-
vides additional evidence of oxidant stress in ure-
mia. The case of albumin, which undergoes oxi-
dation at its single free cysteine thiol group, is 
particularly interesting. Plasma albumin is more 
highly oxidized in patients with uremia than in 
normal subjects, and it is rapidly converted to its 
reduced form by hemodialysis.59

A third recently identified concomitant of ure-
mia is systemic inflammation. Some patients have 
elevations in inflammatory markers, including 
C-reactive protein, interleukin-6, and tumor necro-
sis factor α, that are unexplained by coexisting 
conditions.60 Inflammation may interact with in-
sulin resistance and oxidant stress to promote 
vascular disease in these patients. Indeed, insulin 

resistance, oxidative stress, and inflammation ap-
pear before renal disease progresses to the point 
at which dialysis is required, and these factors may 
thus contribute to the high rates of cardiovascu-
lar morbidity and mortality among patients with 
chronic kidney disease.61

Cel lul a r F unc tions

Several effects of uremia are transferable by blood 
and plasma, underscoring the role of retained sol-
utes in generating toxicity. An often-described ab-
normality has been the inhibition of sodium–
potassium ATPase. Decreased sodium–potassium 
ATPase activity was first described in red cells from 
patients with uremia.62 Subsequent reports noted 
the same effect in other cell types and showed that 
the inhibition is attributable to one or more factors 
in uremic plasma.63 The evidence for a circulating 
inhibitor includes the findings that dialysis reduces 
the inhibitory activity and that uremic plasma can 
suppress sodium–potassium ATPase activity in the 
short term. A number of candidate factors have 
been considered, and digitalis-like substances have 
received the greatest attention. Several such com-
pounds, including marinobufagenin and telocino-
bufagin, have been identified in excess in patients 
with kidney failure.64 However, confirmation that 
these substances cause the inhibition of sodium–
potassium ATPase is lacking.

W h y Is  the Gl omerul a r 
Filtr ation R ate Nor m a l ly  

So High?

Presumably, the kidney evolved to rid the extracel-
lular fluid of the solutes that cause uremic illness 
when kidney function is reduced. Glomerular fil-
tration, the initial step in urine formation, proceeds 
at an extremely high rate; a volume equaling that 
of the entire extracellular f luid is filtered every 
2 hours. At rest, approximately 10% of the body’s 
energy consumption is devoted to reabsorption ne-
cessitated by this high filtration rate. The rate of 
fluid processing clearly exceeds that required sim-
ply to rid the body of the daily intake of water and 
inorganic ions. But uremia is not detected until the 
glomerular filtration rate is less than half the nor-
mal rate. One explanation for the apparent super-
abundance of kidney function is that it constitutes 
a safety factor, like the capacity of bone to with-
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stand greater-than-usual mechanical loads. In the 
case of the kidney, the ingestion of toxins may con-
stitute an analogous increase in load. If so, we 
would expect patients with uremia to have limited 
tolerance for certain foods, just as they have lim-
ited tolerance for certain medications. Patients un-
dergoing dialysis have become comatose after in-
gestion of star fruit.65 However, given the variety 
of chemicals found in plants, there are remarkably 
few reports of this kind. Perhaps toxin intake was 
greater before civilization improved the selection 
and preservation of foods, making a persistently 
high renal clearance rate worth the metabolic cost.

Alternatively, the glomerular filtration rate may 
appear to be excessive because our clinical criteria 
are too crude to detect the consequences of mild 
impairment in kidney function. Fitness in an evo-
lutionary sense may require that concentrations 
of some solutes be maintained below the levels at 
which disease is detected. It is possible, for in-
stance, that a sensitive process such as fertility, 
growth in children, or peak mental performance 
might be disturbed by a small increase in the levels 
of retained toxins. A particularly interesting find-
ing has been the identification of similar trans-
port systems in the kidney tubule and the blood–
brain barrier.66 This finding suggests that the 
kidney, together with the liver, may be designed to 
keep organic waste levels in the extracellular fluid 
sufficiently low to allow a second-stage pumping 
system in the blood–brain barrier to keep the brain 
interstitium exquisitely clean.

F u t ur e S t udies

Dialysis for acute kidney failure presents a partic-
ularly difficult problem. Symptoms that trigger the 
initiation of dialysis in patients with chronic kid-
ney failure often cannot be distinguished in pa-
tients who are in intensive care. Mortality rates are 
high, and some speculate that more aggressive 
therapy than is now prescribed for end-stage re-
nal disease is needed in these very sick patients. 
However, trials of continuous treatment with he-
modiafiltration or hemofiltration have shown no 
advantage over intermittent hemodialysis.67,68 An 
ongoing multicenter trial is investigating wheth-
er increasing urea removal beyond the standard 
for long-term hemodialysis will be helpful.69

Efforts are also under way to improve long-term 

dialysis. The HEMO Study showed no benefit of 
increased removal of urea or low-molecular-weight 
proteins during thrice-weekly hemodialysis.29 The 
decreases in time-averaged solute levels, however, 
were modest. As previously noted, ongoing Euro-
pean trials will establish whether more efficient 
removal of low-molecular-weight proteins by he-
modiafiltration is beneficial.33 Nightly home he-
modialysis allows for particularly large increases 
in solute removal.70 Patients receiving this treat-
ment report improvement in well-being and have 
partial reversal of the sleep disturbances that oc-
cur with conventional treatment.47 Ongoing tri-
als by the Frequent Hemodialysis Network are 
comparing nocturnal home hemodialysis or in-
center hemodialysis six times a week with stan-
dard thrice-weekly in-center hemodialysis.71 If more 
intensive dialysis proves beneficial, major issues 
of practicality and cost will loom. Relatively few 
patients are likely to be willing and able to per-
form hemodialysis at home, and frequent in-center 
hemodialysis would be both burdensome and 
costly. Peritoneal dialysis, now used by only about 
10% of patients in the United States, is easier to 
perform at home than hemodialysis and is less 
expensive as well. Although a randomized com-
parison of peritoneal dialysis and hemodialysis has 
not been possible, the two approaches appear to 
be associated with a similarly high overall burden 
of residual illness.

Summ a r y

Maintenance of life in patients without kidney 
function is a remarkable achievement of modern 
medicine. But current treatment with dialysis car-
ries a high price and leaves a persistent burden of 
disability. Although both the side effects of dialy-
sis and the coexisting conditions in patients re-
ceiving this treatment contribute to the residual 
illness, retained solutes that are poorly cleared by 
standard treatment are an important part of the 
problem. A better understanding of uremic solutes 
and their toxic effects would place dialysis on a 
more rational basis and should lead to more ef-
fective therapy.
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