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  PATHOMECHANISMS UNDERLYING 
ENDOCRINE DISORDERS IN PATIENTS 
WITH CHRONIC KIDNEY DISEASE 
Disturbances of endocrine function in patients with chronic 
kidney disease may arise from a number of different causes, 
which are summarized in Table 80.1. 

The clinician has at his or her disposal measurements of 
hormone concentration, which may or may not be abnormal.
However, endocrinologic assessment is more than looking at 
plasma hormone concentrations. Hormone concentrations 
per se fail to provide a proper assessment of the adequacy of 
the hormonal state (e.g., hormone concentrations may be in-
appropriate to the stimulating or suppressing signal, the test 
may detect inactive hormone isoforms, or the response of the 
target organ may be abnormal). It is, therefore, indispensable 
to interpret hormone levels in the appropriate context (e.g., 
insulin concentration relative to glucose concentration, para-
thyroid hormone [PTH] in relation to serum ionized calcium 
concentration, and plasma 1,25- dihydroxycholecalciferol 
[1,25(OH)2D3] concentration). 

 DISORDERS OF CARBOHYDRATE 
METABOLISM IN PATIENTS WITH 
CHRONIC KIDNEY DISEASE 
In patients with chronic kidney disease (CKD) abnormali-
ties in carbohydrate metabolism are encountered at different 
levels of the insulin-glucose cascade (Table 80.2). Patients 
with chronic kidney disease almost always display resistance 
to the peripheral action of insulin, although the half-life of 
insulin is prolonged, because insulin removal by the dam-
aged kidney and by the extrarenal organs is impaired so 
that plasma insulin concentrations tend to be higher. 1,2 The 
normal response of the β cell to insulin resistance is to in-
crease the secretion of insulin and, therefore, hyperglycemia 
as a pointer to glucose intolerance is seen only when this 
adaptive response of  β cells fails. In CKD patients, glucose 
intolerance is seen only in patients who have both insulin 
resistance and impaired insulin secretion. 3

 Peripheral Resistance to Insulin Action 
Peripheral glucose uptake is reduced in uremic patients 
as shown by the euglycemic insulin clamp technique. 1,2

Peripheral resistance to insulin is seen even in patients with 
early stages of CKD. It is clinically important, because of its 
tight correlation to the enhanced cardiovascular risk 4 and to 
the rate of progression of CKD. 5

Liver and skeletal muscles are the major sites of periph-
eral glucose uptake. The liver and, more recently  appreciated, 
the kidney are the major sites of glucose production in the 
fasting state. 6 Glucose metabolism by the liver is usually not 
impaired in CKD: hepatic glucose production 2 as well as its 
suppression by insulin. 2

The skeletal muscles are the primary sites of decreased 
insulin sensitivity. The defect is not at the level of the insu-
lin receptor. 7 The defect is presumably at the postreceptor 
level. As a result, higher levels of insulin will be required to 
increase glucose uptake. 7

The insulin-regulated glucose transporter (GLUT-4) in 
muscle and adipose tissue is unchanged in CKD. 8 In the 
heart of uremic rats, however, we observed (in unpublished 
studies) diminished insulin-dependent glucose uptake and 
unchanged total GLUT-4, but reduced GLUT-4  incorporation
into the plasma membrane. 

Peripheral resistance to insulin action is often found 
early in the course of renal disease and is present in the 
majority of patients with advanced CKD 9 and is markedly 
improved after several weeks of hemodialysis 10 and of peri-
toneal dialysis. Sera of uremic patients contain a compound 
that inhibits glucose metabolism by normal rat adipocytes. 11

 Insulin Secretion and Pancreatic 
Islet Metabolism 
Glucose-induced insulin secretion starts with the uptake of 
glucose by the β cells, followed by its metabolism and pro-
duction of adenine triphosphate (ATP), which facilitates 
closure of ATP-dependent K   channels, followed by cell de-
polarization, and subsequent activation of voltage-sensitive 
Ca       channels. As a consequence, calcium enters the  islets,
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causing an acute rise in cytosolic Ca       concentration and se-
cretion of insulin. 

 PTH impairs insulin secretion in CKD and it is improved 
when PTH secretion is suppressed. 12  Glucose-induced insu-
lin secretion by pancreatic islets is impaired in parathyroid 
intact but is normal in PTX uremic rats. Conversely, glucose-
induced insulin secretion is impaired in rats with normal 
renal function treated with PTH. 13

 Islet cells express the vitamin D receptor. 14  Insulin secre-
tion is impaired in vitamin D–de  cient rats with  normal renal 
function reversibly with the administration of vitamin D. An 
acute intravenous administration of 1,25(OH) 2 D 3  to dialysis 
patients improved early and late phases of insulin secretion. 15

 Insulin Clearance 
 Insulin is   ltered by the glomeruli and reabsorbed in the prox-
imal tubule. 16  Renal insulin clearance (200 mL per minute) 
exceeds glomerular   ltration rate (GFR), indicating additional 
peritubular  uptake. 17  Insulin removal by the kidney accounts 
for 25% to 40% of total removal. 

 Different Pathomechanisms Underlying Endocrine Disorders in Chronic Kidney Disease 
TA B L E

  Example 

Abnormalities of Hormone Production/Catabolism  
  Reduced production of hormone in the kidney Diminished or inappropriate concentrations of 
   1,25(OH) 2 D 3  and erythropoietin 
  Reduced production of hormone in extrarenal  Diminished concentrations of testosterone and

 production sites (testes, ovary)  estrogen(s) 
  Abnormal secretion pattern (pulsatility; circadian rhythm) PTH, GH, LH 
  Reactive hypersecretion of hormone to reestablish  PTH, FGF 23

 homeostasis 
  Inappropriate hypersecretion due to disturbed feedback LH, prolactin, corticotropin 
  Decreased metabolic clearance Particularly peptide hormones (e.g., PTH, insulin, 

   gastrin, MSH, ghrelin, leptin, adiponectin) 

Abnormalities of Hormone Action  
  Disturbed activation of prohormones Proinsulin/insulin, proinsulinlike growth factor 1A, 

   thyroxine (T 4 ) 
  Increased isoforms with potentially less bioactivity  LH

 (from glycosylation, sialylation) 
  Increased hormone binding proteins reducing availability  IGF

 of free hormone 
  Decreased hormone binding proteins increasing  Leptin

 availability of free hormone 
  Abnormal target organ response 
  Inhibitory factors PTH 1,84  versus PTH 7,84   
  Changed receptor number, structure, modi  cation Low parathyroid vitamin D receptor 
  Disturbed postreceptor steps Insulin, GH 

TA B L E

 80.1 

 PTH, parathyroid hormone; GH, growth hormone; LH, luteinizing hormone; FGF 23,   broblast growth factor 23; MSH, melanocyte stimulating hormone; 
IGF, insulinlike growth factor. 

 Usually normal fasting blood glucose, but tendency 
for spontaneous hypoglycemia 

 Fasting hyperinsulinemia with prolonged insulin 
 half-life and elevated blood levels of proinsulin 
and C peptide 

 Decreased requirement for insulin by diabetic patients 
 Usually decreased early, but exaggerated late-insulin 

response to hyperglycemia induced by oral or 
 intravenous glucose administration 

 Elevated plasma immunoreactive glucagon 
 concentration 

 Impaired glucose tolerance (decreased peripheral 
 sensitivity to insulin action, but normal suppression 
of hepatic glucose production by insulin) 

 Glucose and Insulin Metabolism in 
 Patients with Chronic Kidney Disease 

TA B L ETA B L E

 80.2 
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An interesting link between insulin resistance,  metabolic
syndrome, and kidney disease as a result of excessive fruc-
tose ingestion has recently been proposed by Johnson et al. 30

 DISORDERS OF LIPID METABOLISM IN 
CHRONIC KIDNEY DISEASE 
In the 19th century, Richard Bright 31 commented on the 
milky aspect of the serum of patients suffering from kid-
ney diseases. After this early observation, dyslipidemia and 
hyperlipidemia of renal patients had become well known, 
but only in the recent decades did it attract more general 
interest after it had been recognized that atherosclerotic com-
plications are extremely frequent in patients with impaired 
renal function, at least partially as the result of dyslipidemia. 

It had long been underappreciated how severe dys-
lipidemia actually is because measurements were  usually
restricted to the determination of total cholesterol and 
triglycerides in plasma. Only today’s more sophisticated 
analyses of lipid subfractions, postprandial lipid changes, 
apolipoprotein (apo) concentrations, and modi  cation by 
oxidation, glycation, and carbamylation have fully disclosed 
the profound and highly atherogenic character of the lipid 
changes in uremia (Fig. 80.1). 

Dyslipoproteinemia was initially attributed to reduced 
renal function, but it has increasingly been recognized that 
concomitant pathologies (diabetes, metabolic syndrome, 
proteinuria, steroid treatment, and genetic background) play 
an important ancillary role. 

 Lipid Abnormalities in Kidney Disease 
 The Spectrum of Dyslipidemia in Uremia 
Dyslipidemia in uremia is mainly characterized by: 

   Hypertriglyceridemia
   Higher remnant lipoproteins (chylomicron remnants, 

intermediate density lipoproteins [IDLs]) 
   Lower high density lipoprotein (HDL) cholesterol 
   Higher small dense low density lipoproteins [sd(LDL)], 

lipoprotein (a) [Lp(a)], apolipoprotein A-IV (apo A-IV) 
   Normal plasma LDL cholesterol (except in nephrotic 

syndrome and in peritoneal dialysis) 

(For details, see Table 80.3.) 

 Exogenous and Endogenous Pathways 
The plasma–lipid spectrum is in  uenced through two dif-
ferent pathways. In the  exogenous pathway, dietary lipids 
transported from the intestine into the systemic circula-
tion yield triglyceride-rich chylomicrons, which are quickly 
metabolized by endothelium-associated lipoprotein lipase. 
Chylomicron remnants are taken up by the liver. Chylomi-
crons, that is, large triglyceride-rich particles of intestinal 
origin, are only transiently present in plasma in the postpran-
dial state under physiologic conditions. In CKD patients, the 

A decreased metabolic clearance rate of insulin is seen at 
GFR   40 mL per minute, and a signi  cant prolongation of 
insulin half-life is observed at GFR    20 mL per minute. 18

When dialysis is started, insulin clearance increases. 
In CKD patients, diminished renal and extrarenal (liver 

and muscles) insulin clearance accounts for fasting hyperin-
sulinemia and higher insulin concentrations, fasting after ad-
ministration of glucose, and decreased insulin requirements 
in diabetic patients with impaired renal  function.19

 Hypoglycemia 
Episodes of spontaneous hypoglycemia may be seen in dia-
betic and even in nondiabetic CKD patients. 20 In  diabetic
patients, decreased degradation of administered  insulin may 
cause excessive blood insulin levels; in diabetics, repeated 
episodes of hypoglycemia may be the   rst clinical sign of 
impaired  renal function. Many sulfonylurea compounds 
or their active metabolites are cleared via the kidney. 21

Appropriate dose  adjustment is again necessary, but it is 
even better to switch the patients to insulin. The sulfonyl-
urea gliquidone is eliminated predominantly by the liver and 
does not accumulate.

Spontaneous hypoglycemia is also occasionally seen in 
nondiabetic CKD patients. 20,22 The underlying mechanism is 
not clear. Poor nutritional status, diminished gluconeogen-
esis, impaired glycogenolysis, and impaired degradation in 
insulin may all contribute. 22

Hypoglycemia may exacerbate the cardiovascular risk 
via increased adrenergic activity, coronary ischemia, and 
arrhythmia. 20

 Clinical Consequences 
Hyperglycemia and insulin resistance may contribute to 
accelerated atherogenesis in renal failure. Shinohara et al. 4
followed 183 nondiabetic hemodialysis patients for more 
than 5 years. Cumulative cardiovascular deaths were signi  -
cantly more frequent in subjects in the top tertile of insulin 
resistance assessed by the homeostasis model assessment of 
insulin resistance (HOMA) technique. The adverse effect of 
insulin resistance on mortality was independent on body 
mass, hypertension, and dyslipidemia. Hyperinsulinemia 
and insulin- resistance contribute to hypertension 23 and lipid 
abnormalities.

Insulin is also an important regulator of lipoprotein li-
pase activity and its activity is reduced by insulin de  ciency 
as well as insulin resistance. 24 Lipoprotein lipase plays a ma-
jor role in triglyceride removal. In patients with CKD, lipo-
protein lipase activity is impaired and this is the major cause 
of hypertriglyceridemia in these patients .

Insulin resistance may also contribute to malnutri-
tion, commonly found in CKD 25 by in  ammatory mecha-
nisms.26,27 Insulin de  ciency stimulates muscle breakdown 
and activates the ubiquitin–proteasome system. 28 Insulin 
resistance increases salt sensitivity via increased tubular 
sodium reabsorption and contributes to hypertension. 29
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 Lipid Spectrum 
 The lipid spectrum in kidney disease is characterized by 
quantitative and qualitative changes. 

 Triglycerides. Triglycerides start to increase in early stages 
of CKD. 33  They are more strikingly increased in advanced 
CKD and dialysis, speci  cally in peritoneal dialysis, and are 
highest in the nephrotic syndrome. Chylomicrons and VLDL 
are enriched in triglycerides. This re  ects both abnormalities 
in particle production and in the low fractional catabolic rate 
of particles. Their reduced fractional catabolic rate is caused 
by the lower activity of lipoprotein lipase (LPL) and of the 
hepatic triglyceride lipase. In part, this is the result of the 
increased apo C-III/apo C-II ratio; apo C-III inhibits and apo 
C-II  activates LPL. The result is an accumulation of interme-
diate particles, (e.g., chylomicron remnants and IDLs). 

 High density lipoprotein. In patients with CKD, HDL 
cholesterol concentrations are commonly reduced and this 
is accompanied by an abnormal spectrum of HDL sub-
fractions resulting from low apo A-I levels and decreased 
 lecithin:cholesterol acyltransferase (LCAT) activity with con-
secutive diminishing of esteri  cation of free  cholesterol and 
conversion of HDL 3  to HDL 2 . In uremia, HDLs are modi  ed 
by  paraoxonase, inhibiting the oxidation of LDLs, and by 
in  ammation, converting HDLs from antioxidant in pro- 
oxidant particles. HDL particles are involved in reverse cho-
lesterol transport from the periphery (e.g., cell membranes) 
to the liver. The apo A lipoprotein in HDL activates LCAT, 
which esteri  es cholesterol and facilitates  transport. 

 Apo lipoprotein A-IV. Apo A-IV is synthesized in the small 
intestine and protects against atherosclerosis by promoting 
reverse cholesterol transport from the periphery to the liver. 
It is an activator of LCAT. The bene  cial effect of high plas-
ma apo A-IV levels is illustrated by the inverse relationship 
between apo A-IV and coronary artery disease in healthy 
 individuals and in uremia. 34  Low apo A-IV also correlates to 
progression in CKD. 35  

 Low density lipoprotein. Elevated LDL is not a typical 
 feature in CKD and ESRD (except in patients with nephrotic 
syndrome). Behind normal LDL concentrations are  hidden 

clearance of chylomicrons is severely impaired. 32  This ab-
normality contributes to the hypertriglyceridemia in CKD. 

 In the endogenous pathway, the liver synthesizes and 
secretes triglyceride-rich very low density lipoproteins 
(VLDLs) for export from the liver to peripheral tissues. 
 Chylomicrons are metabolized stepwise to yield IDLs, which 
are either further converted into LDL particles or taken up 
by the liver (Fig. 80.2). This pathway is severely disturbed in 
CKD and end-stage renal disease (ESRD). 

  Quantitative Changes in Plasma Lipid Pro  le  
  Moderate elevation of plasma triglyceride 

 concentrations 
  Low plasma HDL cholesterol concentration 
  High plasma VLDL and IDL cholesterol 
  Normal plasma LDL cholesterol 
  High ratio total cholesterol/HDL cholesterol 
  High ratio LDL cholesterol/HDL cholesterol 

  Quantitative Changes in Plasma Lipoproteins  
  Decreased plasma concentrations of apo A-I and A-II 
  Normal or elevated plasma concentration of apo B 
  High plasma concentrations of apo C-I, C-II, and C-III 

  Postprandial Changes in Plasma Lipoproteins  
  Prolonged persistence of chylomicrons in the 

 circulation postprandially 

  Qualitative Lipoprotein Changes  
  Postribosomal modi  cation of apolipoproteins by 

 oxidation, glycation, and carbamylation 
  Alteration in HDL component (changed it from 

 antioxidant to pro-oxidant lipoprotein) 
  Accumulation of small dense LDL 
  Atherogenic apo A phenotype (low molecular weight) 

 Abnormalities of Lipid Metabolism in 
Patients with Chronic Kidney Disease 

TA B L ETA B L E

 80.3 

LDL, low density lipoprotein; VLDL, very low density lipoprotein; IDL, 
intermediate density lipoprotein; HDL, high density lipoprotein; apo, 
apolipoprotein. 

sd AP

VLDL  IDL  LDL  HDLChylomicron
C-Remnant

d:     0.920  1.006  1.019 1.063 1.210

+ + +  ++  ++ + +  ++++ ---Atherogenicity   -

g/ml

Apo  B 100

Apo  A

Non-HDL Cholesterol  FIGURE 80.1 The atherogenicity of major lipopro-
tein classes. HDL, high density lipoprotein; Apo, 
apolipoprotein; VLDL, very low density lipoprotein; 
IDL, intermediate density lipoprotein; LDL, low 
density lipoprotein. (From Otvos J. Measurement of 
triglyceride-rich lipoproteins by nuclear magnetic 
resonance spectroscopy.  Clin Cardiol.  1999;22:21, 
with permission.) 
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 Lipoprotein (a). Lipoprotein (Lp)(a) is an LDL-like lipopro-
tein consisting of apo A covalently bound to an LDL particle. 
The plasma Lp(a) concentrations are strongly determined by 
genetic factors: individuals with the high molecular weight 
isoform have lower plasma Lp(a) concentrations and plasma 
Lp(a) levels begin to start to rise early in CKD. The increase 
is more delayed in individuals with low molecular weight 
isoforms. The level of Lp(a) is determined by the degree 
of proteinuria. 41,42  Furthermore, the turnover of Lp(a) is 
 reduced, causing increasing residence time. 43  In prospective 
studies, Kronenberg et al. 44  and Longenecker et al. 45  found 
in hemodialysis patients that the small apo A genotype pre-
dicted coronary events and total mortality. 

 Predictive Parameters 
 Disorders of lipid metabolism in chronic kidney disease 
are not adequately re  ected by the simple convention-
ally measured parameters (i.e., plasma concentrations of 
total cholesterol, LDL-cholesterol, and triglycerides). The 
 previous parameters do not provide information on further 
lipid  abnormalities, which almost certainly impact on the 
atherogenic risk: (1) abnormal concentrations of apolipo-
proteins (low apo A-I and apo A-II; and high apo B, apo 
C-II, and apo E serum concentrations); (2) postribosomal 
modi  cation of apolipoproteins by oxidation, glycation, 
and carbamylation; (3) in  ammation-induced alterations 
of HDL (transforming HDL from an antioxidant to a pro-
oxidant lipoprotein); (4) accumulation of IDL and small, 
dense LDLs; (5) prolonged postprandial persistence of 
chylomicrons in the circulation; and (6) atherogenic apo A 
genotypes (Table 80.3). 

 Shoji et al. 46  demonstrated that the plasma IDL concen-
tration is an independent risk factor for aortic atherosclerosis 
as determined by pulse-wave Doppler sonography and pro-
posed non-HDL cholesterol (i.e., the sum of LDL and VLDL 
cholesterol, as a predictor [target     130 mg per deciliter]). 

qualitative changes, particularly an increased proportion 
of atherogenic sdLDL and IDL. Not only the activity of 
 lipoprotein lipase, however, but also the activity of hepatic 
 triglyceride lipase is decreased in animal models and pa-
tients with CKD. 36,37  The decreased activities of both lipases 
cause a  major defect in the catabolism of triglyceride-rich li-
poproteins. Reduced lipoprotein lipase activity explains the 
disturbed   rst step in the breakdown of both chylomicrons 
(circulating after the absorption of fat from the gut) and of 
VLDL (synthesized and secreted by the liver). Because of 
the reduced activity of the hepatic triglyceride lipase, the 
second step (i.e., the clearance of partially metabolized lipo-
proteins and chylomicrons) is disturbed as well. The VLDL 
 receptor is expressed in skeletal muscle, the heart, the 
brain, and  adipose tissue, which use fatty acids for energy 
production or storage. The expression of the VLDL recep-
tor was reduced in experimental uremia. 38  In addition to 
quantitative changes in lipoprotein particles, several quali-
tative lipoprotein changes have been demonstrated to occur 
in CKD. These include postribosomal modi  cation of apos 
by oxidation, glycation, and carbamylation. Modi  ed lipo-
proteins are not recognized by their respective receptors. 39  
Their half-life in the circulation is increased. The prolonged 
residence time in the circulation permits their uptake by the 
nonsaturable scavenger receptor pathway. Oxidation does 
not reduce the af  nity of oxidized LDL to the scavenger re-
ceptor, and oxidized LDL uptake by the macrophage scav-
enger receptor is increased, thus favoring the formation of 
foam cells. In addition to its pivotal role in foam cell forma-
tion, oxidized LDL exhibits additional atherogenic proper-
ties, including cytotoxicity and stimulation of thrombotic as 
well as in  ammatory events. 40  LDL oxidation is currently 
considered as an early key event in the pathogenesis of ath-
erosclerosis. HDL protects against oxidation of LDL. In he-
modialysis patients, the capacity of HDL to prevent LDL 
oxidation is reduced, however. 

 FIGURE 80.2 Lipoprotein metabolism in chronic 
kidney disease patients. LCAT, lecithin-cholesterol 
acyltransferase; CETP, cholesterol ester transfer 
protein; LPL, lipoprotein lipase; VLDL, very low 
density lipoproteins; IDL, intermediate density 
lipoprotein; LDL, low density lipoproteins. 
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by a confounding factor). The work of Liu et al. 59 is im-
portant in this respect. 59 They identi  ed microin  amma-
tion as a major confounding factor. In dialysis patients 
with low high sensitivity C-reactive protein (hs) CRP con-
centrations, a direct positive relation was noted between 
LDL cholesterol and cardiovascular mortality as in indi-
viduals with no renal disease. In contrast, in patients with 
high hsCRP concentrations, the mortality was higher at 
low LDL cholesterol concentrations. 59 This   nding is im-
portant because in such circumstances, serum cholesterol 
and LDL cholesterol concentrations may no longer be a 
valid guide to establish the indication for lipid-lowering 
therapy. 

 Treatment of Dyslipidemia in Renal Failure 
In the treatment of dyslipidemia in patients with CKD 
and ESRD, the best documented intervention of high cur-
rent  interest is the administration of statins. Because of 
the negative outcome of past intervention trials in dialysis 
patients (4D and AURORA), the indication for lipid low-
ering had not been evidence based until recently. There is 
no doubt that in early stages of renal dysfunction,  lipid 
lowering by statins provides a bene  t by signi  cantly 
lowering cardiovascular events and possibly even the 
progression of CKD. 60,61,62 In dialysis patients, however, 
the overall outcome (cardiovascular mortality) in two 
underpowered studies on the use of statins (i.e., atorvas-
tatin in the 4D study 63 and  rosuvastatin in the AURORA 
study64) was negative. But, after approximately 3 years, 
there was a delayed nonsigni  cant tendency for fewer 
coronary events. A major drawback was that coronary 
events (the primary treatment target) accounted only for 
approximately 10% of mortality, whereas the contribution 
of sudden death and other noncoronary causes of cardiac 
death was approximately 30%. 

Today, the results of the suf  ciently powered Study 
of Heart and Renal Protection (SHARP) have clari  ed the 
dilemma. The SHARP study recruited about 8,000 patients 
(i.e., CKD patients or dialysis patients). 65 A signi  cant 
overall survival bene  t was found in patients treated with 
atorvastatin (   ezetimibe) and this will be reported soon. 

Which other intervention strategies do we have? There 
is no doubt that dyslipidemia in patients with advanced 
CKD can be modi  ed by dietary interventions. A reduced 
intake of saturated fatty acids and carbohydrates reverses 
VLDL overproduction by the liver and thus lowers plasma 
triglyceride levels. 66 Caloric restriction will also achieve 
weight loss and improve lipid levels in obese patients with 
advanced CKD. Both interventions have not gained uni-
versal acceptance, 67 however, because of their obvious side 
effects, particularly catabolism. Another nonpharmacologic 
approach is physical exercise, which has been shown to 
reduce insulin resistance and improve the lipid pattern in 
CKD patients, just as it does in nonrenal patients. 68 In our 
experience, however, adherence to this intervention is less 
than optimal. 

 Epidemiology 
The constellation of (1) high plasma LDL cholesterol, (2) 
low HDL cholesterol, and (3) high triglycerides increase 
the risk of cardiovascular atherosclerosis. 47 The correla-
tion between lipid concentrations and cardiovascular (CV) 
events is not very strong, however, possibly because apos 
may be more important than the lipid parts of the particles 
or because prolonged residence time permits the modi  ca-
tion of the particles. 

The recently proposed index of non-HDL cholesterol 
re  ects the sum of LDL and VLDL particles and appears to 
be more sensitive. It is a superior predictor of cardiovascular 
risk (Table 80.3). 48,49

 Dialysis modalities and lipid pro  le. In hemodialyzed 
patients, the improvement of dyslipidemia has also been 
documented in patients with the studies addressing al-
ternative dialysis treatment modalities (e.g., comparing 
of conventional hemodialysis against hemodialysis using 
high-  ux membranes) 50 and also nocturnal hemodialysis. 51

A randomized crossover study showed that treatment with 
high-  ux polysulfone and modi  ed cellulose membranes 
signi  cantly lowered serum triglyceride concentration 
when compared with low-  ux dialysis with polysulfone 
membrane. 

In patients treated with continuous ambulatory perito-
neal dialysis (CAPD), the concentrations of total plasma cho-
lesterol, LDL cholesterol, and triglycerides are even higher 
than in hemodialysis patients. 52,53 Such aggravation is most 
likely due to two additional factors: a loss of protein (7 to 
14 g per day) with peritoneal dialysate and the absorption 
of glucose (150 to 200 mg per day) from the dialysis   uid. 
The protein loss may concern not only albumin, but also 
apolipoproteins, and possibly further lipoprotein-regulating 
substances, as occurs in the nephrotic syndrome. The glu-
cose load increases the availability of free fatty acids and 
stimulates the synthesis of triglycerides and lipoproteins 
by the liver. This hypothesis is supported by the observa-
tion that conversion of patients from conventional glucose- 
containing dialysis   uids to icodextrin-containing dialysis 
  uids in the overnight dwell reduced plasma cholesterol 
concentrations.54

 Dyslipidemia and Outcome—An Example of 
Reverse Epidemiology 
Following the seminal report of Degoulet et al., 55 numer-
ous investigators found a paradoxical inverse relationship 
between plasma cholesterol concentration and overall 
mortality, as well as cardiovascular mortality. 56,57 Usually 
a U- or J-shaped relationship was noted between plasma 
cholesterol concentration and cardiovascular mortality 
(i.e., a higher mortality at low as well as high plasma cho-
lesterol concentrations). 56 The most plausible explanation 
for this paradox is that this represents an example of re-
verse epidemiology 58 (i.e., a relationship that is reversed 
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the diet provide the amino acids that are used to synthesize 
body proteins. Proteins and their constituent amino acids 
are essential to life. 

The protein requirement of an individual is de  ned as 
the lowest level of dietary protein intake that will  balance 
the losses of nitrogen from the body and maintain energy 
balance at modest levels of physical activity. The need for 
dietary protein largely arises because turnover of tissue 
and organ  proteins is accompanied by an inef  cient cap-
ture of their constituent amino acids to form new body 
proteins. The  amino acids are lost via oxidative metabo-
lism. Most  estimates of protein and amino acid require-
ments in humans have been obtained directly or indirectly 
from measurements of nitrogen balance. In the course of 
carrying out their functional roles, proteins and amino 
acids turn over, and part of their nitrogen and carbon is 
lost via excretory pathways. This includes carbon dioxide 
in expired air and urea and ammonium in urine. Thus, 
to maintain an adequate protein and amino acid balance, 
these losses must be replaced by an appropriate dietary 
supply of a usable source of nitrogen and by indispens-
able and conditionally indispensable amino acids. These 
are required to replace amino acids that are lost during the 
course of metabolic processes or those that are deposited 
during growth and tissue replacement. Adults in stable 
conditions synthesize and degrade approximately 3.5 to 
4.5 g of protein per kilogram of body weight (i.e., 245 to 
315 g of protein in a 70-kg adult person) each day. 81 The 
protein content of muscle is about 20%. Therefore, the 
daily protein turnover is the equivalent of 1.2 to 2 kg of 
muscle. Because protein turnover is so large, even a small 
increase in protein degradation or a decrease in the protein 
synthesis rate, persisting for longer periods, can cause a 
marked loss of lean body mass. 

The essential amino acids are valine, leucine, isoleucine, 
threonine, methionine, phenylalanine, lysine, tryptophan, 
and histidine. The nonessential amino acids are glycine, 
alanine, serine, cystine, aspartic acid, glutamic acid, and 
hydroxyproline. A third category, conditionally indispens-
able, is based on the observation that under speci  c dietary 
conditions, function is best maintained when these amino 
acids are part of nutrient intake. These conditionally indis-
pensable amino acids are glycine, cystine, tyrosine, proline, 
arginine, citrulline, glutamine, and taurine. 82

Recently, the concept of protein-energy wasting (PEW) 
has been introduced by The International Society Of  Clinical
Nutrition and Metabolism. 83 PEW is characterized by the 
loss of adequate nutrient intake, decreased body protein, 
and reduced body energy reserves as a cause of malnutrition 
and/or in  ammation. PEW is estimated to be present in 6% 
to 8% of ESRD patients. The diagnostic criteria for PEW are 
given in Table 80.4. 

In catabolic conditions, Du et al. 84 identi  ed activa-
tion of caspase 3 as the initial step triggering accelerated 
muscle proteolysis in catabolic conditions of different causes 
(including fasting, cancer cachexia, streptozotocin diabetes, 

What is the role of alternative pharmacologic treatments? 
The spectrum of dyslipidemia of renal patients is mainly 

characterized by low HDL and high triglycerides. This con-
stellation would require an a priori call for medications that 
increase HDL and decrease triglyceride concentrations. 

Current efforts in cardiology target cholesteryl ester 
transfer protein (CETP) to raise HDL cholesterol levels in 
order to overcome residual dyslipidemia despite statin 
therapy. 69 Although the outcome of the effect of torcetrapib 
on glucose, insulin, and hemoglobin A1c in subjects in the 
ILLUMINATE study was negative, 70 presumably resulting 
from “off target” side effects of torcetrapib, novel agents also 
targeting CETP (e.g., dalcetrapib, anacetrapib) are currently 
under investigation. 69

There are further interesting approaches (e.g., matura-
tion of HDL with the orally absorbable amphipathic apo A-I 
mimetic peptide 4F). 71

The pattern of hypertriglyceridemia associated with low-
plasma HDL cholesterol concentration appears, at   rst sight, 
as an ideal indication for peroxisome proliferator- activated re-
ceptor alpha (PPAR- α ) agonists (i.e.,   brates). Fibrates mimic 
the structure of free fatty acids and increase the HDL choles-
terol concentration up to 20%, in part by  reducing plasma 
CETP activity as a result of modulating CETP gene expression 
through the activation of PPAR- α .69 Fibrates reduce in  am-
mation markers independently of effects on lipid and glucose 
metabolism.72 The problem is that   brates accumulate in re-
nal insuf  ciency. Therefore, except for gem  brozil, the dose 
must be reduced in CKD patients depending on the level 
of GFR. 73 Fibrates may cause massive rhabdomyolysis with 
acute renal failure 74,75 and deterioration of kidney function 
even in the absence of rhabdomyolysis. 76 Therefore,   brates 
are no longer recommended for treatment in CKD patients. 

Nicotinic acid (niacin) lowers elevated concentrations of 
triglyceride-rich lipoproteins, (i.e., IDL, LDL, and Lp[a]); in 
addition, it raises HDL dose dependently by up to 30%. 77

Upregulation of apo A-I at HDL-C is the result of (1) the 
upregulation of apo A-I production, (2) the inhibition of 
hormone-sensitive triglyceride lipase in adipose tissue, and 
(3) the reduction of plasma CETP activity. Unfortunately, 
nicotinic acid frequently causes side effects, particularly   ush-
ing and occasionally worsening glucose tolerance and hepa-
totoxicity. Studies investigating the effect of nicotinic acid in 
hemodialysis patients are sparse. 78,79,80 Currently, nicotinic 
acid analogs with fewer side effects are under  investigation.

 DISORDERS OF PROTEIN AND 
AMINO ACID METABOLISM IN 
CHRONIC KIDNEY DISEASE 
Nutrients can be divided into six general classes: proteins, 
lipids, carbohydrates, minerals, vitamins, and water. The 
  rst three classes serve as  sources of energy required for car-
rying out the biochemical and functional activities of organs 
and cells. In addition to being an energy source, proteins in 
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of the nonessential amino acids tend to be increased. The 
pattern of the plasma amino acid concentrations does not 
accurately re  ect the intracellular pattern. 91  The intracellular 
concentrations of valine, threonine, tyrosine, and taurine in 
muscle are decreased 92  as a result of acidosis. The concentra-
tions of phenylalanine, alanine, arginine, and citrulline are 
increased. 92  The molecular pathways of muscle wasting with 
CKD have been reviewed by Workeneh and Mitch. 93  

 In CKD patients, low plasma amino acid concentra-
tions and low intracellular amino acid concentrations may 
be due to: (1) anorexia, (2) decreased amino acid synthesis, 
(3) increased catabolism, (4) loss during the dialysis proce-
dure, and (5) impaired binding to serum albumin caused by 
 substances that accumulate in the blood in uremia. 

 As in nonuremic individuals, in CKD patients, poor di-
etary intake of protein and nutrients leads also to decreased 
concentrations of such amino acids as histidine, isoleucine, 
leucine, valine, and tyrosine. 94  In CKD patients, the plasma 
concentrations of several amino acids are inversely corre-
lated with protein intake. 95  

 In rats with experimental chronic renal disease, the 
principal cause of low plasma concentrations of branched-
chain amino acids (valine, leucine, isoleucine) is increased 
catabolism. 92  This is stimulated by acidosis and is caused by 
increased activity of branched-chain keto acid dehydroge-
nase, a key enzyme in the amino acid degradation pathway. 92

The correction of metabolic acidosis increases the concentra-
tion of the previous three amino acids in muscle. 96  Reduced 
binding by albumin probably accounts for the low total plas-
ma tryptophan concentration. 97  Also, low intracellular levels 
of taurine with normal or slightly elevated concentrations of 
this amino acid in plasma are found in CKD patients. Because 
the plasma concentration of precursors of taurine, such as 
cystine, methionine, and cystine sulfonic acid are elevated, a 
selective metabolic block at the level of cystine sulfonic acid 
decarboxylase has been proposed to explain the decrease in 
intracellular taurine. 98  In addition, low intracellular levels of 
threonine and lysine and low ratios of essential to nonessen-
tial amino acids (valine–glycine and phenylalanine–tyrosine) 
have been found in patients with CKD. 99  

 Protein Metabolism in Chronic 
Kidney Disease 
 The detailed observations of renal patients by Richard 
Bright 100  pointed to an important role of inanition in kid-
ney disease. More recently, a high prevalence of protein 
malnutrition has been reported in hemodialysis patients 
as well. Mild-to-moderate protein malnutrition occurs in 
approximately 33% of hemodialysis patients and severe 
 malnutrition occurs in an additional 6% to 8% of these in-
dividuals. 101  The interpretation, however, of what consti-
tutes malnutrition and how it relates to patient outcome 
remains controversial. 102  Pure-energy protein malnutrition 
( kwashiorkor) is not associated with accelerated athero-
genesis and cardiovascular events. These events, however, 

and uremia induced by subtotal nephrectomy). 85  A common 
set of genes (atrogenes) was affected in these catabolic states, 
including polyubiquitins, ubiquitin ligases, and others, 
 suggesting that different types of muscle atrophies shared a 
common transcription program. 86  

 Abnormalities in Plasma and Intracellular 
Amino Acid Concentrations in Chronic 
Kidney Disease 
 Some disturbances in the amino acids’ plasma concentra-
tions are observed in chronic kidney disease even before 
 renal replacement therapy is started. 87  The severity of amino 
acid abnormalities is related to the degree of chronic kidney 
disease and the presence of uremic symptoms. 88  

 Plasma concentrations of tryptophan, tyrosine, and the 
branched-chain amino acids, particularly valine, are low in 
chronic renal failure 87  and plasma concentrations of citrul-
line, methylhistidine, and the sulfur-containing amino acids, 
cystine, and methionine, are high. 87,89,90  In summary, plasma 
concentrations of essential amino acids, with some excep-
tions, tend to be decreased, whereas plasma concentrations 

  Biochemical Parameters  
  Plasma albumin concentration     3.8 g/dL 
  Plasma transthyretin concentration     30 mg/dL 
  Plasma cholesterol concentration     100 mg/dL 

  Body Mass  
  Body mass index     22 kg/m 2  (for     65 years) or 

     23 kg/m 2   (for     65 years) 
  Unintentional weight loss over time;     5% in 

 3 months or     10% in 6 months 
  Total body fat percentage     10% 

  Muscle Mass  
  Muscle wasting; reduced muscle mass     5% in 

 3 months or     10% in 6 months 
  Reduced midarm muscle circumference area; 

     10 % reduction in relation to 50th 
 percentile of reference population 

  Dietary Intake  
  Unintentional low dietary protein intake     0.80 g/kg/d

 for at least 2 months for maintenance dialysis 
 patients or     0.60 g/kg/d for patients with CKD 
 stages 2 to 5 with     5g/d of urinary protein loss 

  Unintentional low dietary energy intake
     25 kcal/kg/d for at least 2 months 

 Indices of Protein–Energy Wasting in 
Patients with Chronic Kidney Disease 

TA B L ETA B L E

 80.4 

 CKD, chronic kidney disease. 
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 Caloric Requirements in Patients with 
Chronic Kidney Disease 
Inadequate caloric intake may be present when energy re-
quirements are increased, when caloric intake is decreased, 
or when a combination of both is present. 

In a study on 10 hemodialysis patients, Ikizler et al. 108

found 7% higher than expected energy expenditure  during
both dialysis and nondialysis days, suggesting that uremia 
per se increases energy expenditure. This conclusion is 
controversial, however. Monteon et al. 115 measured energy 
expenditure of CKD patients during rest and exercise; CKD 
patients did not differ from control subjects. This issue may 
be clinically important, because a prospective study showed 
a correlation between high resting energy expenditure and 
increased mortality or cardiovascular death in patients on 
continuous ambulatory peritoneal dialysis. 116

In CKD patients, caloric intake tends to be decreased. 117

CKD patients do not ingest a prescribed amount of calories 
despite dietary counseling: in the Modi  cation of Diet in 
Renal Disease (MDRD) study, initial energy intake was be-
low the recommended limit (30 to 35 kcal per kilogram of 
body weight per day) and, during the study, energy intake 
declined further despite intensive dietary counseling. 118

 Nutrition in Hemodialysis Patients 
Hypercatabolism is common in dialysis patients and is pre-
sumably related to an intradialytic loss of amino acids, as 
well as cytokine activation, particularly IL-6. There is an in-
teresting dichotomy: muscle protein breakdown increases 
during hemodialysis, whereas whole-body proteolysis is not 
increased. 119 It has been suggested that avoiding a negative 
protein balance requires both the provision of nutrients and 
the inhibition of in  ammatory signals. 119 Hypoalbuminemia, 
negative nitrogen balance, loss of muscle mass, and wasting 
are commonly seen in long-term dialysis patients. 119 Several 
tests have been used to diagnose PEW, but they do not ex-
actly measure the same abnormality. 102 The procedures range 
from the well-known anthropometric measurements, such 
as skinfold thickness and midarm muscle circumference, 
BMI, waist-to-hip ratio, to a subjective global assessment. 
Low plasma albumin concentrations are closely related to 
mortality, 120 whereas BMI and urine creatinine excretion as 
an index of muscle mass are not. Even small decrements in 
plasma albumin concentration (in the range of 3.5 to 3.9 g 
per deciliter) have been associated with increased mortality 
in hemodialysis patients. The plasma albu min concentra-
tion appears to be a late index of malnutrition. Because of 
its relatively long half-life (21 days) and the vast capacity of 
the liver to synthesize albumin, a decrease in serum albu-
min concentration lags behind the onset of malnutrition by 
several months. 121 Other indicators of PEW  include preal-
bumin levels, plasma cholesterol concentrations (   150 mg 
per deciliter), decreased plasma transferrin, and a decrease in 
body weight. 102 Indices of PEW in CKD patients undergoing 
renal replacement therapy are shown in Table 80.4. 

are commonly found in wasted dialysis patients and are as-
sociated with markers of microin  ammation, such as high 
hsCRP, low plasma concentrations of albumin and fetuin, 
as well as high plasma concentrations of interleukin (IL)-6, 
IL-18, and tumor necrosis factor (TNF)- α .103 This constella-
tion has been rephrased as the malnutrition, in  ammation, 
and  atherosclerosis (MIA)  syndrome. 104 It has remained 
uncertain, however, whether low muscle and body mass per 
se105 or rather the process of active wasting have negative ef-
fects on outcome. 104 The paradoxical   nding that survival is 
best in dialysis patients with a high body mass index (BMI), 
even in the range of frank obesity, may indicate that obesity 
increases tolerance toward episodes of catabolism. Energy 
expenditure is increased in uremia. 105 In addition, some 
factors common in uremic patients may trigger catabolism, 
such as fasting resulting from a loss of appetite. Acidosis or 
insulin resistance activates the ubiquitin proteasome system 
as the   nal common pathway of protein breakdown. 86 It 
is important that proteolytic mechanisms, not malnutrition 
caused by loss of muscle mass in chronic renal failure 106

with insulin resistance, triggered the activation of the ubiq-
uitin proteasome pathway as an upstream component. 107

There is also evidence that the dialysis procedure per se is a 
catabolic stimulus. 108 A study by Pupim at al. 109 con  rmed 
that dialysis causes whole body and muscle proteolysis, 
which can be overcome, at least acutely, by an intravenous 
infusion of amino acids, glucose, and lipids. 

The rates of synthesis and degradation of proteins can 
be quantitated by the infusion of either radiolabeled or 
stable isotopes bearing amino acids. This allows the calcula-
tion of total body protein synthesis and total average prote-
olysis, as well as amino acid oxidation. 110 Patients with sta-
ble CKD have been studied using this methodology when 
ingesting either of two different levels of dietary protein: 
0.6 g per kilogram of body weight or 1.0 g per kilogram of 
body weight. Studies were performed both after overnight 
fasting and in the fed state. No differences were found in 
either the rate of protein turnover or the amino acid oxida-
tion as compared to control subjects. Thus, the dynamics of 
amino acid metabolism are apparently normal at the whole 
body level in stable, nonacidotic patients with chronic kid-
ney disease. 111

In contrast to nondialyzed, stable CKD patients, nitro-
gen balance studies indicate that hemodialysis patients are 
unable to conserve nitrogen normally and have increased 
dietary requirements. 112 The increased protein needs are 
higher than accounted for by a loss of amino acids, peptides, 
and proteins into the dialysate. These   ndings are consistent 
with the existence of a chronic, low-grade catabolic state in 
hemodialysis patients. Such a catabolic state may be due to 
the presence of chronic in  ammation, acidosis, insulin resis-
tance, or a combination of these conditions. 113

When protein intake is restricted, supplemental  calories
may improve nitrogen balance. 114 If calorie intake is in-
adequate in patients eating a low protein diet, the risk of 
catabolizing body protein is increased. 114
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oral sodium bicarbonate supplementation in dialysis patients 
increases plasma albumin concentration and muscle mass, 126

and may even slow down progression in CKD. 127,128  
 In a sizable proportion of hemodialyzed patients, high 

plasma concentration of proin  ammatory cytokines are 
found 129  (e.g., high TNF- α  , which are known to stimulate 
protein degradation in muscle). Another factor is insulin 
resistance. Absence of, and potentially resistance to, insu-
lin stimulates the ubiquitin–proteasome system, that is, the 
common proteolytic pathway, in muscle. 28  

 The hemodialysis procedure may also be catabolic. 
Protein breakdown is acutely stimulated during a  dialysis 
session. 105  This effect may be mediated, at least in part, 
via complement activation by contact between blood and 
bi oincompatible membranes. 130  The use of more biocom-
patible dialysis membranes may prevent PEW by reducing 
complement activation. Unfortunately, two long-term, pro-
spective studies on this issue yielded con  icting results, 131,132

and the issue of the relation between bioincompatibility and 
malnutrition remains a matter of debate. 

 A further important factor contributing to malnutrition 
in CKD patients is a loss of appetite. Changes in the motility 
and function of the gastrointestinal tract, including gastro-
paresis, malabsorption, intestinal bacterial colonization, and 
constipation, are further contributory factors. 

 Dietary and Energy Intake Recommended 
in Patients Undergoing Dialysis 
Replacement Therapy 
 The recommended nutrient intake for patients undergoing 
maintenance hemodialysis or peritoneal dialysis is summa-
rized in Table 80.6. 133  

 ENDOCRINE DISORDERS IN CHRONIC 
KIDNEY DISEASE 
 Abnormalities in the Hormones of the 
Hypothalamic–Pituitary–Gonadal Axis 
 Both female and male CKD patients present a variety of 
derangements of the hypothalamic–pituitary–gonadal axis 
( Table 80.7). In males, these abnormalities are involved in 
the pathogenesis of impotence and gynecomastia. In  females, 
these abnormalities account for anovulatory menstrual cy-
cles and infertility. 

 The Hypothalamic–Pituitary–Gonadal Axis 
in Male Chronic Kidney Disease Patients 
 Luteinizing Hormone 
 In CKD, the lack of appropriate cyclic release of  gonadotropin-
releasing hormone (GnRH) by the hypothalamus leads to a 
loss of normal pulsatile luteinizing hormone (LH)  release by 
the  pituitary, which results in impaired ovulation in women 
and  reduced testosterone and sperm production in men. 134

The cause of impaired cyclic release of GnRH is unclear, but 

 Factors That Affect Nutritional Status in 
Chronic Kidney Disease 
 Several factors contribute to the high prevalence of PEW 
in CKD patients (Table 80.5). The catabolic factors that 
may participate in the pathogenesis of PEW in CKD are 
(1)  metabolic acidosis, (2) in  ammation, (3) insulin resis-
tance, (4) dialysate loss of amino acids and glucose losses, 
and (5) bioincompatibility of dialysis membrane. 

 Metabolic acidosis is one of the most important  factors 
causing excessive catabolism of amino acids and proteins in 
CKD patients. Metabolic acidosis activates the speci  c path-
ways involved in the degradation of branched-chain amino 
acids catalyzed by branched-chain keto acid  dehydrogenase. 92

It also activates the ubiquitin–proteasome system, the   -
nal common pathway of muscle protein  degradation. 122

 Profound acidemia following the ingestion of ammonium 
chloride causes cachexia in humans without CKD. 123  Con-
versely, in CKD patients, correction of metabolic acidosis de-
creases protein degradation considerably. 124  Long-term ther-
apy with a higher concentration of lactate buffer in peritoneal 
dialysate caused decreased expression of mRNA encoding 
ubiquitin in muscle. 125  Correction of metabolic  acidosis by 

  Gastrointestinal Disturbances  
  Anorexia 
  Gastroparesis and delayed gastric emptying 
  Malabsorption 
  Esophagitis, gastritis 
  Intestinal bacterial colonization 
  Subjective feeling of fullness from dialysate in the 

 abdomen (in peritoneal dialysis patients) 

  Biochemical Derangements  
  Metabolic acidosis 
  Low grade in  ammation 
  Insulin resistance 

  Iatrogenic Factors  
  Dialysate amino acids, protein and glucose losses 
  Bioincompatibility of dialysis membranes 
  Multiple medications, particularly sedatives 

  Other Factors  
  Long-term, low protein intake 
  Low socioeconomic status 
  Depression 
  Underlying illness 
  Frequent hospitalizations 

 Factors That Affect the Nutritional 
Status of Patients with Chronic 
 Kidney  Disease 

TA B L ETA B L E

 80.5 
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2 compared with healthy controls. Such concentrations 
 approach the concentrations in patients with primary hy-
pogonadism. High plasma LH concentrations in CKD are 
mainly due to a decreased rate of catabolism of LH 135  and, 
conversely, its half-life of LH in CKD is increased by a factor 
of 2 to 4 compared to normal subjects. 135  Apart from an ab-
normal basal LH concentration, there is also an abnormality 
of pulsatile LH secretion. Schaefer et al. 136  found decreased 
amplitudes of the secretory bursts of bioactive and immuno-
reactive LH, but no change in the number of bursts. 

 LH stimulates the production of testosterone by the 
 Leydig cells of the testes. Testosterone, in turn, exerts negative 
feedback control on the secretion of GnRH and,  secondarily, 
on LH. Low plasma testosterone concentration in CKD 137  may, 
therefore, contribute to the elevation of LH concentration. 

 Follicle-Stimulating Hormone 
 In CKD patients, the basal plasma concentrations of follicle-
stimulating hormone (FSH) are in the upper normal range 
or elevated. 134  FSH is important for spermatogenesis. 
It stimulates testicular growth and increases the production 
of testosterone-binding protein by Sertoli cells. In testicu-
lar  tubules, FSH accounts for the high local concentrations 
of testosterone required for sperm maturation. In CKD pa-
tients, spermatogenesis is impaired despite elevated blood 
levels of FSH, 134  a   nding that is consistent with the follow-
ing  explanations: (1) resistance of the testis to the action of 
FSH causes testicular damage with a consequent increase 
in FSH concentrations, and/or (2) testicular damage is 
the  primary abnormality and the elevated FSH concentra-
tions represent the normal response of the hypothalamic– 
pituitary axis. In either case, the negative feedback between 
testes and the  hypothalamic– pituitary axis appears to be 
 normal in CKD. 

 Prolactin 
 Plasma prolactin concentrations are elevated in the majority 
(40% to 70%) of male hemodialysis patients. 138  As CKD pro-

 hyperprolactinemia, elevated endorphins, and high levels 
of GnRH and LH caused mainly by reduced clearance may 
 contribute. 134  

 In the majority of CKD patients, basal plasma LH con-
centrations are higher by a factor of approximately 1.5 to 

 Recommended Dietary Protein and Energy Intake for Patients Undergoing Maintenance 
Hemodialysis or Peritoneal Dialysis 

TA B L ETA B L E

 80.6 

Maintenance Hemodialysis
Continuous Ambulatory or Cyclic 
Peritoneal Dialysis

Protein 1.2 g/kg/d    50% high biologic-value protein  1.2–1.3 g/kg/d    50% high biologic-value protein
Unless a patient has demonstrated adequate 

protein nutritional status on 1.2 g/kg/d diet, 
1.3 g/kg/d should be prescribed

Energy      35 kcal/kg/d  30 to 35 kcal/kg/d for 
patients 60 years or older 

 Based on Kidney diseases outcomes quality initiative clinical practice guidelines for nutrition in chronic renal failure.  Am J Kidney Dis.  2000;35[suppl 2]. 

 Abnormalities of the Hypothalamic– 
Pituitary–Gonadal Axis in  Patients 
with Chronic Kidney Disease 

TA B L ETA B L E

 80.7 

Male  Female

Basal prolactin ↑  ↑

Prolactin response 
to TRH

↓  ↓  and delayed

Prolactin suppression 
test

Impaired  Impaired

Basal FSH ↑ N

FSH response 
to GnRH

N but 
delayed

N

Basal LH ↑  ↑

LH response 
to GnRH

N  N

Testosterone ↓ —

Estradiol  N ↓

Progesterone  — ↓

 TRH, thyrotropin-releasing hormone; FSH, follicle-stimulating hormone; 
GnRH, gonadotropin-releasing hormone; LH,  luteinizing hormone; N, normal. 
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Androgen de  cit in CKD males may cause changes in 
body composition. Body fat increases while lean body mass 
is reduced. An androgen de  cit may be associated with 
reduced muscle mass, osteoporosis, and a higher incidence 
of bone fractures. 147 In addition to its negative effects on 
body composition, the androgen de  cit also may impair 
libido and sexual function and might lead to depression. 147

Moreover, testosterone was strongly and inversely  correlated 
to in  ammatory markers (CRP, IL-6, and   brinogen). 137

Finally, it was recently shown that low testosterone concen-
trations were associated with worse outcomes in male hemo-
dialysis patients. 143,144

 Abnormalities in the Hormones of the 
Hypothalamic–Pituitary–Gonadal Axis in 
Female Chronic Kidney Disease Patients 
 Luteinizing Hormone 
Pulsatile secretion of GnRH at 90-minute intervals dur-
ing the follicular phase of the cycle is essential for effective 
hypophyseal gonadotropin secretion. In healthy premeno-
pausal females, the secretion of LH is pulsatile. In female 
CKD patients, the spontaneous pulsatile LH secretion is dis-
turbed.152 Plasma LH concentration is elevated in most pre-
menopausal CKD patients. The response to stimulation with 
GnRH is delayed.153 Diurnal pulsatile LH secretion and high 
preovulatory peaks of GnRH and LH plasma concentrations 
are  absent in most female CKD patients. In healthy females, 
estradiol lowers the amplitude of LH pulses. In females with 
CKD, estradiol fails to in  uence the LH surge, suggesting 
impaired positive feedback. 153

 Follicle-Stimulating Hormone 
In contrast to the abnormal plasma LH concentration, the 
plasma FSH concentration is normal in most premenopausal 
CKD patients 154 and the FSH/LH ratio is decreased. The de-
creased FSH/LH ratio argues against primary ovarian failure 
and suggests hypothalamic–hypophyseal dysregulation in 
CKD females. 

 Prolactin 
Plasma prolactin concentrations are often elevated in fe-
male hemodialysis patients, 154 but the increase of plasma 
prolactin after the administration of thyrotropin-releasing 
hormone (TRH) is blunted. 154 In CKD females, amenorrhea 
is frequent in patients with high plasma prolactin concentra-
tions, and conversely, in females with regular menstruation 
plasma prolactin, concentrations are lower. 155

 Estrogens 
In female CKD patients, the plasma estradiol concentrations 
are normal or low 152,156 and are consistently lower in CKD 
females with hyperprolactinemia. 157 In the second half of 
the menstrual cycle, plasma progesterone concentrations are 
low because of defective luteinization of the follicles. 156 The 

gresses, elevated plasma prolactin concentrations correlate 
with plasma creatinine concentration. 139 Apart from elevated 
basal prolactin concentrations, the circadian rhythm of pro-
lactin secretion is also disturbed. Finally, the characteristic 
sleep-induced secretory bursts are not observed, although 
episodic secretion occurs during the daytime. 139

It seems that both diminished prolactin clearance 140

and increased autonomous production rate contribute to 
hyperprolactinemia in CKD. The response to the stimula-
tion or suppression of prolactin is diminished in CKD. This 
observation is consistent with the notion of increased au-
tonomous production. 138,140 The underlying mechanism is 
presumably an inadequate dopaminergic inhibition of pro-
lactin release from pituitary lactrotrophs. 141

It is of interest that in some patients, correction of the 
hyperprolactinemia by bromocriptine also caused improve-
ment of sexual dysfunction. 142

 Testicular Hormones 
In most male hemodialysis patients, plasma testosterone con-
centrations are low. 143,144 In a recent paper, Carrero et al. 137

found that testosterone de  ciency was present in 44% of the 
hemodialysis patients, whereas 33% showed  testosterone 
insuf  ciency (10 to 14 nmol per liter), and only 23% had 
normal testosterone values (  14 nmol per liter). The nor-
mal circadian rhythm of plasma testosterone concentra-
tions, with a peak at 4 to 8 AM and nadir at 8 to 12  PM is 
maintained in CKD patients. 145 It is unknown whether the 
decreased plasma testosterone concentrations are due to re-
duced synthesis, increased catabolism, or a combination of 
both. LH stimulates testosterone secretion; however, despite 
numerous studies, it is not clear whether the deranged LH 
metabolism accounts for the reduced testosterone concen-
trations. The reduced amplitude of pulsatile secretory LH 
bursts, found in CKD, may be more critical for testosterone 
secretion than the sustained elevation of LH concentration. 
Alternatively, LH resistance of testosterone-producing cells 
may lead to impaired testosterone production and/or secre-
tion. A circulating  LH-receptor inhibitor was found in CKD 
patients, which suggested that it might contribute to Leydig
cell resistance and an impaired feedback mechanism at the 
hypothalamic–pituitary level. 146 In this context, it is also pos-
sible that elevated prolactin concentrations interfere with the 
action of LH on the testes and contribute to LH resistance. 147

The response to 4 days of administration of human gonado-
tropin is sluggish and delayed; no increase of testosterone 
concentration was seen after 8 hours, but a two- to threefold 
increase was seen after 4 days. 148 Malnutrition is also likely to 
participate in the reduction of plasma testosterone concentra-
tion in CKD male patients. In CKD patients on a low-protein 
diet, essential amino acids and keto analog supplementation 
raised low testosterone plasma  concentration.149

With respect to the other androgens, increased plasma 
dihydrotestosterone and androstanediol concentrations 150 as 
well as decreased plasma concentration of androstenedione 
and dehydroepiandrosterone sulfate have been  reported. 151
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 In children and adult patients with CKD, the plasma 
concentration of GH is usually elevated. 164  The increase in 
plasma GH concentration is correlated negatively to GFR. 164  
The increase in plasma GH concentration is caused by a 
 reduction of the metabolic clearance rate and by an increase 
of GH secretion. In CKD, the metabolic clearance rate of 
GH is reduced 165  and the GH secretion rate is elevated, as 
documented in adult hemodialysis patients. 166  The latter 
  nding is not consistent, however, and in pubertal patients 
with  advanced CKD, the GH secretion rate was decreased. 167  
Plasma GH concentrations are higher in CAPD than in 
 hemodialysis patients. 168  

 The dysregulation of GH secretion is explained by sev-
eral abnormalities of the central neuroendocrine control 
mechanisms. This issue has been investigated by suppress-
ing and stimulating maneuvers testing the hypothalamic– 
pituitary function in CKD patients. Hyperglycemia by 
 glucose infusion suppresses GH secretion in normal indi-
viduals, but fails to do so in CKD patients. 169  Conversely, 
in CKD  patients, the response of GH secretion to the ad-
ministration of GHRH 169  or L-3,4-dihydroxyphenylalanine 
(L-DOPA) 170  is exaggerated. Exogenous TRH does not affect 
GH release in normal subjects, but stimulates GH secretion 
in CKD 170  and a  sustained exaggerated increase of GH secre-
tion is also seen after stimulatory maneuvers, such as argi-
nine infusion and insulin-induced hypoglycemia. 170,171  

 Approximately 45% of plasma GH is bound to  plasma 
proteins. Decreased plasma concentrations of the high 

hormonal derangements of females with CKD are  clearly the 
consequence of abnormal regulation at the level of the hy-
pothalamus. 

 A major consequence of the low plasma estrogen con-
centration concerns bone disease. Weisinger et al. 158  stud-
ied young female hemodialysis patients. Amenorrheic 
 patients had not only signi  cantly lower plasma estrogen 
 concentrations, but also signi  cantly lower bone mineral 
density compared to normally menstruating female dialysis 
patients. Furthermore, in amenorrheic patients, a signi  -
cant positive correlation was found between bone mineral 
density and both plasma estradiol concentration 158  and free 
estrogen index. 159  A causal role is suggested by the observa-
tion of Matuszkiewicz-Rowinska et al. 160  In a small group 
of postmenopausal women on dialysis, they showed that 
treatment with transdermal estradiol and cyclic addition 
of norethisterone acetate for 1 year increased lumbar spine 
bone  mineral density signi  cantly. Similarly, in a placebo-
controlled randomized trial, 1 year of treatment with ral-
oxifene, a  selective estrogen receptor modulator (SERM), 
signi  cantly increased bone mineral density of the lumbar 
spine in hemodialyzed postmenopausal females. 161  In view 
of concern about the potential adverse cardiovascular effects 
of  hormonal replacement therapy, it must be emphasized 
that currently long-term studies on the effectiveness and 
safety of  hormone  replacement or SERM therapy in CKD fe-
male are not  available. 

 Abnormalities in the Growth 
Hormone–Insulinlike Growth Factor 
(Somatotropic) Axis 
 The somatotropic axis comprises growth hormone (GH), 
insulinlike growth factor 1 and 2 (IGF-1 and -2), six IGF-
binding proteins (IGFBP-1 to -6), and the IGFBP  proteases 
(BP-Pr). All are involved in the modulation of somatic 
growth, cellular proliferation, metabolism, and numerous 
other processes. Poor growth and reduced   nal height are 
well-known complications of children with CKD. Data from 
the North American Pediatric Renal Trials and Collabora-
tive Studies (NAPRTCS) 2005 database revealed that 36.9% 
of children with CKD had growth impairment. 162  It is not 
surprising that several abnormalities (Table 80.8) in the so-
matotropic axis have been reported in children and adults 
with CKD. 

 Growth Hormone 
 GH is produced and secreted by the somatotrophs of the 
pituitary glands. The secretion of GH is pulsatile. A diurnal 
rhythm also exists; the secretion is high before awakening 
and decreases toward the end of the day. The secretion of 
GH is mainly controlled by two opposing hypothalamic 
factors; growth hormone-releasing hormone (GHRH), 
which stimulates GH secretion, and somatostatin, which 
inhibits GH secretion. The kidney is the main site of GH 
 degradation. 163  

  Growth Hormone (GH)  
  Increased plasma GH concentration 
  Decreased plasma concentrations of high-af  nity 

 GH-binding protein 
  Peripheral resistance to GH due to defect in GH 

 intracellular signal transduction 

  Insulinlike Growth Factor (IGF)  
  Slightly decreased IGF-1 and increased IGF-2 

 plasma concentration 
  Reduced free IGF-1 plasma concentration 
  Increased IGFBPs (IGFBP-1, -2, -3, -4, and -6) 

 plasma concentration 
  Presence of low molecular weight (1,000 Da) 

 inhibitor of IGF-1 in plasma 
  Peripheral resistance to IGF-1 probably due to 

 postreceptor defect in IGF-1 action 

 Abnormalities in the Growth 
 Hormone–Insulinlike Growth  Factor 
(Somatotropic) Axis in Patients with 
Chronic Kidney Disease 

TABLETABLE

 80.8 

 IGFBP, IGF-binding protein. 
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A low molecular weight (1,000 Da) inhibitor of IGF-1 
has been identi  ed in the plasma of CKD patients, 180 but 
molecular details have not yet been characterized. 

Finally, Ding et al. 181 characterized a postreceptor 
defect to the action of IGF-1 in the epitrochlearis muscle of 
uremic rats (i.e., both autophosphorylation of the IGF-1R 
tyrosine kinase and activity of the IGF-1R tyrosine  kinase
to the exogenous insulin receptor substrate 1 [IRS-1], a 
natural substrate for IGF-1 receptor tyrosine kinase, are 
diminished). These are in line with observations of Fouque 
et al., 182 who found resistance to the metabolic effects of 
recombinant  human IGF-1 in patients with advanced CKD. 

 Clinical Consequences 
It was shown that growth failure in CKD is associated with 
increased morbidity and mortality. Furth et al. 183 demon-
strated from the U.S. Renal Data System (USRDS) database 
that patients with severe-to-moderate growth failure had 
increased hospitalization rates and increased risk of death. 183

Elevation of plasma GH concentration and low IGF 
bioactivity is compatible with the notion that growth fail-
ure in CKD is mainly due to end-organ hyporesponsiveness 
to growth hormone. The demonstration of the resistance 
to the action of GH and IGF-1 in CKD provides the ratio-
nale for the use of GH in the treatment of CKD children 
with retarded growth despite normal or elevated hormone 
concentrations. In a multicenter randomized double-blind 
placebo-controlled study, 2 years of administration of re-
combinant human GH in 125 prepubertal children with 
CKD caused an increase in growth rate and in standard-
ized height without undue advancement of bone age or 
signi  cant side effects. 184 Haffner et al. 185 studied the effect 
of GH treatment on the    nal adult height of children with 
CKD that, in contrast to the controls, had persistent growth 
failure; children treated with rhGH demonstrated sustained 
catch-up growth. 185

 Abnormalities in the Adrenocorticotropin–
Cortisol Axis 
The adrenocorticotropin–cortisol axis is only mildly  affected 
in CKD. In CKD patients, plasma adrenocorticotropin 
(ACTH) concentrations are normal or elevated. 186,187 In CKD 
patients, ACTH secretion following the administration of 
corticotropin-releasing hormone (CRH) occurs earlier, but 
the magnitude of the response is blunted. 188,189

In CKD patients, the basal blood levels of cortisol are 
normal188 or modestly elevated. 189,190 No signi  cant corre-
lation was found between free cortisol concentrations and 
GFR.191 The circadian rhythm of cortisol secretion is not 
disturbed. The cortisol half-life is prolonged in CKD pa-
tients,190 and decreased catabolism may contribute to the 
mildly elevated basal levels of cortisol. 

A reduced stimulated cortisol secretion to CRH de-
spite prolonged elevation of ACTH has been observed in 
hemodialysis patients, 192 but the results are not uniform. 

af  nity GH-binding protein have been found in CKD. 172 The 
constellation of increased concentrations of plasma GH and 
decreased concentrations of the high-af  nity GH-binding 
protein implies that the fraction of free hormone is increased 
to which target tissues are exposed. When chondrocytes are 
isolated from bones of uremic rats and exposed to growth 
hormone or IGF-1, the response was blunted, however, 173

suggesting that in CKD the high concentrations of free GH 
are counteracted by peripheral resistance to GH. 

The resistance appears to be both at the receptor and 
the postreceptor level. Determination of the concentration of 
serum growth hormone binding protein (GHBP), which is a 
cleaved product of the GH receptor, may be used to assess 
GH receptor density in tissues. GHBP plasma concentration is 
low in children and adults with CKD and proportionate to the 
degree of renal dysfunction. 162 Experiments of Rabkin et al. 174

suggest that resistance to GH is due to defective intracellular 
signal transduction. The authors found impaired phosphory-
lation and nuclear translocation of GH-activated signal trans-
ducer and activator of transcription (STAT) protein. 174

 Insulinlike Growth Factors 
GH promotes linear growth partially by stimulating  systemic
and local concentrations of IGFs. The two most important 
IGFs are IGF-1 and IGF-2. These peptide growth  factors are 
produced locally by most tissues, including the growth plate, 
but the liver is the main source of circulating hormones. The 
synthesis of IGFs is stimulated by GH. Conversely, as part 
of a negative feedback loop, IGF-1 inhibits GH presumably 
through stimulation of somatostatin secretion by the hy-
pothalamus. Plasma IGF-1 forms complexes with six IGF-
binding proteins (IGFBP-1 to -6). IGFBP-3 is the predomi-
nant IGFBP isoform in human plasma. Its main production 
site is the liver. IGFBP-3 binds IGF-1 and binding prolongs 
the half-life of IGF and serves as a reservoir of IGF-1. 

In advanced CKD, the plasma concentration of total 
IGF-1 is slightly decreased and that of IGF-2 is increased. 175

The plasma concentration of free IGF-1 is lower by 50%. 176

Moreover, the so-called somatomedin bioactivity in blood, 
an index of IGF activity measured by sulfate incorporation 
into porcine costal cartilage, is reduced in uremia. 177

The discrepancy between normal or elevated total 
IGF plasma concentration and low bioactivity in CKD may 
be explained by one or a combination of the following: 
(1) increased plasma concentration of IGFBPs, (2)  circulating 
IGF inhibitor, and (3) receptor or postreceptor defect. There 
is some evidence for all three possibilities. 

Plasma concentrations of   ve of the six IGF-binding pro-
teins (IGFBP-1, -2, -3, -4, and -6) are markedly higher in CKD 
patients.178 The increased binding capacity of IGF-1  decreases 
the concentration of free IGF-1. 179 This imbalance between 
plasma IGF-1 and plasma IGFBP concentrations seems to 
be relevant in the pathogenesis of growth failure in CKD. 
A signi  cant negative correlation is found between plasma 
concentrations of IGFBP-1, -2, and -4, on the one hand, and 
standardized height in CKD children, on the  other hand. 175,179
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 prohormone, which is secreted stoichiometrically with AVP 
and easier to estimate its plasma concentration than AVP 
itself. It was shown that in patients with diabetic nephropa-
thy, CT-proAVP is directly associated with serum creatinine 
and predicts cardiovascular mortality. 199  Moreover Meijer  
et al. 200  found in a recent cohort study in 548 renal trans-
plant patients that high CT-proAVP entails a negative re-
nal prognosis. In this study, the plasma concentrations of 
this peptide  predicted renal function loss over 3.2 years. 200

Selective and nonselective AVP type 2 antagonists, also 
 denominated aquaretic agents, have already been tested 
in various  hyponatremia-related disorders such as chronic 
heart failure. However, no clinical trial has been done to 
investigate the potential nephroprotective effect of this class 
of drugs. 

 Abnormalities in the Thyroid Gland and 
Hypothalamic-Pituitary–Thyroid Axis 
 Abnormalities in the structure and function of the thyroid 
gland and in the metabolism and plasma concentrations of 
thyroid hormones are common in patients with CKD. 201

These derangements may be due to the uremic state per se, 
to nonthyroid disorders (chronic disease), or to concomitant 
disorders of the thyroid, the pituitary, or the hypothalamus. 
A detailed pro  le of the prevalent indices of thyroid status in 
CKD as compared to primary hypothyroidism and chronic 
nonthyroid illness is presented in Table 80.9. 

 Goiters, Thyroid Nodules, and 
Thyroid Carcinoma 
 Available data indicate that the prevalence of goiters is in-
creased in CKD patients. 202,203  Ultrasound scanning shows 
an increase of thyroid volume in about 50% of hemodialysis 
patients. 203  Kaptein et al. 202  studied 306 CKD patients and 
compared them to 139 hospitalized control patients without 
renal disease. A goiter was present in 40% of the CKD pa-
tients and in 43% of those treated with dialysis, compared 
to 6.5% in the control group. The frequency of goiters was 
higher in patients treated for more than 1 year with hemodi-
alysis (50%) than in those treated for a shorter time (39%). 

 Zager et al. 186  found a normal cortisol response to exogenous 
ACTH. 

 In CKD patients, ACTH secretion cannot be suppressed 
by standard oral doses of dexamethasone. 190  This is prob-
ably due to reduced dexamethasone absorption in the gut, 
because higher doses of dexamethasone suppress ACTH 
 secretion. Therefore, when Cushing syndrome is suspected in 
CKD patients, a 2-day dexamethasone test is  recommended. 
Overall, the adrenocorticotropin–cortisol axis is either nor-
mal or only mildly altered in CKD; the clinical signi  cance 
of this   nding is unknown. 

 Abnormalities in Vasopressin 
 In CKD patients, the plasma vasopressin concentration is 
 elevated. 193,194  The major cause is a decreased metabolic 
clearance rate. 195  

 The main physiologic stimuli for vasopressin  secretion 
are increased plasma osmolality and decreased cardiac 
 output or arterial vasodilation. Most studies found an  intact 
osmotic regulation of vasopressin secretion in CKD. 193

The vasopressin response to nonosmotic stimuli is appar-
ently also normal. In hemodialyzed patients, the plasma 
 vasopressin concentration increases during ultra  ltration 196

and plasma volume contraction. 197  Conversely, it decreases 
during central hypervolemia induced by water immersion. 194

It was shown that in hemodialysis patients, the hierarchy of 
stimuli-regulating vasopressin secretion is osmotic followed 
by nonosmotic factors. 197  

 The clinical signi  cance of the elevated blood  levels of 
vasopressin in CKD is still uncertain. Experimental  studies 
suggest that vasopressin (AVP) may participate in the genesis 
and  exacerbation of renal damage and CKD. It was shown 
that a sustained stimulation of vasopressin receptors induces 
intrarenal renin–angiotensin system activation, podocyte 
 alterations, glomerular hyper  ltration, and hypertrophy 
eventuating in proteinuria and kidney damage. Further-
more, AVP directly stimulates the contraction and prolifera-
tion of mesangial cells and the accumulation of extracellular 
matrix and glomerulo-sclerosis.198 

 Copeptin (or C-terminal proarginine vasopressin; 
 CT-proAVP) is the C-terminal part of the vasopressin 

 Abnormalities of the Hypothalamic–Pituitary–Thyroid Axis in Patients with Chronic Kidney 
Disease, Chronic Nonthyroidal Nonkidney Illness, and Primary Hypothyroidism 

TA B L ETA B L E

 80.9 

Free T4 Free T3 rT3 TSH

Chronic kidney disease N, ↓  ↓ N  N

Chronic nonthyroidal nonkidney illness N, ↓  ↓  ↑ N

Primary hypothyroidism ↓  ↓ N ↑

 N, normal; TSH, thyroid-stimulating hormone; T 4 , thyroxine; T 3 , triiodothyronine; rT 3 , reverse triiodothyronine. 
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concentration of the thyroid hormones suggests an abnor-
mal regulation of the hypothalamic-pituitary–thyroid axis. 
The TSH response to TRH is usually blunted. 202,215 In CKD 
patients, the normal diurnal rhythm of TSH with a peak in 
the late evening or early morning is blunted, 216,217 and the 
nocturnal TSH surge is reduced. 216 The pattern of pulsatile 
TSH secretion is altered by the appearance of low-amplitude, 
high-frequency pulses. 217

 Primary Hypothyroidism and Hyperthyroidism 
Primary hypothyroidism is two to three times more fre-
quent in CKD patients than in the general population. 202

Risk factors are female sex, age greater than 50 years, 202

and increased iodine intake. 218 A recent study has shown a 
prevalence of subclinical hypothyroidism in 7% of patients 
with estimated GFR   90 mL/min/1.73 m 2 that increased to 
17.9% in subjects with GFR   60 mL/min/1.73 m 2.219

It is very dif  cult to make the clinical diagnosis of hy-
pothyroidism in CKD patients. The signs and symptoms of 
hypothyroidism, such as pallor, hypothermia, and asthenia, 
are also found in patients with advanced CKD and no hy-
pothyroidism. 201 The only reliable procedure to diagnose 
hypothyroidism in renal failure is the   nding of an elevated 
plasma concentration of TSH associated with clearly low plas-
ma concentrations of T 4. Because heparin competes with T 4
at the binding site of the hormone-binding protein, causing 
an increase of plasma T 4 concentrations for at least 24 hours, 
blood for the determination of thyroid hormones should be 
sampled before heparin administration at the beginning of a 
dialysis session. 220

The prevalence of hyperthyroidism in CKD is similar to 
that found in the general population, in areas with an inad-
equate intake of iodine. 221

 Abnormalities in the Vitamin D Metabolites 
Vitamin D is   rst hydroxylated in the liver to 25-hydroxyvi-
tamin D 3 (25[OH]D 3). The prevalence of 25- vitamin D 3
de  ciency increases with the progression of CKD and ap-
proaches 80% in CKD stage 5 patients. 222 Moreover, in pa-
tients with nephrotic syndrome, the 25(OH)D 3 and vitamin 
D-binding protein is lost in the urine. 223 Similarly, 25(OH)
D3 is lost in the peritoneal   uid in CKD patients treated with 
peritoneal dialysis. 224 Therefore, both patients with nephrotic 
syndrome and CKD patients treated with peritoneal dialysis 
have a low 25(OH)D 3 plasma concentration. Although reple-
tion with high-dose ergocalciferol (20,000 U per week during 
9 months) is considered safe, it achieves the desired level in 
only about 50% of hemodialysis patients. 225 A small random-
ized trial found that 50,000 U of cholecalciferol weekly for 
12 weeks was safe and effective in satisfying 25(OH)D 3 levels 
in stage 3 and 4 CKD patients. 226 In the general population, 
vitamin D de  ciency has been linked to increased prevalence 
of hypertension, metabolic syndrome, insulin resistance, obe-
sity, cardiovascular diseases (CVD), and albuminuria. 227

25(OH)D3 is transported to the kidneys for further 
hydroxylation, resulting in the production of the active 

It has been suggested that in CKD, goiter formation is the 
result of increased plasma iodide concentrations. 201,204

Thyroid nodules are more common in CKD patients 
than in the general population and were found in 55% of 
female hemodialysis patients compared with 21% of normal 
females.205 We emphasize that it is necessary to exclude ma-
lignancy in CKD patients with solitary nodules. 

The prevalence of thyroid carcinoma is increased in 
CKD patients. In a large sample of patients in the United 
States, the relative risk of thyroid malignancy was increased 
2.9 times in females but not in males (1.2 times). 206 In Eu-
rope (the European Dialysis and Transplantation Associa-
tion-European Renal Association [EDTA-ERA] registry), the 
frequency of thyroid cancer was increased by a factor of 4 
to 8 in young female dialysis patients and by a factor of 2 in 
older dialysis patients. 207

 Thyroid Hormones 
The plasma concentrations of both thyroxine (T 4) and 
triiodothyronine (T 3) are normal or reduced in CKD pa-
tients.201,202,204 Plasma T 3 is more often and more markedly 
decreased than T 4.201

The reduced plasma T 3 concentration in CKD patients 
is the result of decreased peripheral conversion of T 4 to T 3
in several tissues. In contrast, the production of T 3 in the 
thyroid gland is normal. T 3 clearance rates are normal or 
decreased. 208 The impaired conversion of T 4 to T 3 may also 
be the result of malnutrition, because in CKD patients, a sig-
ni  cant positive correlation was found between total plasma 
T3 concentration and plasma albumin, as well as transfer-
rin concentrations. 202 Chronic metabolic acidosis associated 
with CKD may contribute to this effect. 209

In contrast to the other chronic nonthyroid diseases, reverse 
T3 (rT 3 ) plasma concentration is normal in CKD patients. 210

Although T 3 is the most active thyroid hormone, CKD 
patients with low plasma T 3 concentrations appear clinically 
euthyroid. 211 The expression of messenger RNA of T 3 recep-
tors by mononuclear cells is increased in CKD patients com-
pared with normal subjects. 212 This response of the receptor 
may help to maintain a euthyroid state despite low free T 3
concentrations.

In CKD, abnormal thyroid hormone indices do not indi-
cate a state of hypothyroidism, but are a re  ection of the state 
of chronic illness and/or malnutrition. Therefore, abnormal 
thyroid hormone indices (low T 3 and T 4 plasma concentra-
tions) do not require therapy, which even carries a hazard. In 
CKD patients with low plasma T 3 concentration, it has been 
shown that triiodothyronine supplementation causes a nega-
tive protein balance. 213 The low T 3 state of CKD can be viewed 
as being protective, promoting the conservation of protein. 

 The Hypothalamic-Pituitary–Thyroid Axis 
Despite a tendency to low plasma concentrations of T 4
and T 3, the plasma concentration of thyroid-stimulating 
hormone (TSH) is usually normal in CKD patients. 214 The 
normal plasma TSH concentration despite a low plasma 
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pathologic conditions, to name only a few. Space does not 
permit giving an exhaustive overview, and we restrict the 
discussion to problems where measurement of the compo-
nents of the system provides guidance to the clinician. 

 Plasma Renin Activity 
In CKD patients suffering from primary renal disease, the ac-
tivity of the renin-angiotensin system is inappropriately high. 
Weidmann et al. 236 documented that in hemodialysis patients, 
plasma renin activity (PRA) is higher at any given level of 
exchangeable body sodium than in normal subjects. These 
observations demonstrate that sodium retention and hyper-
volemia do not adequately suppress renin secretion, indicat-
ing disruption of the negative feedback between volume state 
and renin secretion. In renal disease, an important mecha-
nism that accounts for increased and unregulated renin secre-
tion is luminal narrowing of preglomerular vessels because 
of vascular sclerosis. Consequently, the “baroreceptor” in the 
juxtaglomerular apparatus will measure falsely low perfusion 
pressures, which is analogous to the kidney with a Goldblatt 
clip of the renal artery. Renin will, therefore, be secreted even 
when blood pressure is high and exchangeable sodium is in-
creased. Normally, PRA decreases asymptotically with increas-
ing blood pressure. In contrast, in  patients with renal disease, 
renin secretion is not adequately suppressed by high blood 
pressure values, and PRA remains inappropriately high. 

In CKD patients, the basal values of PRA, as measured 
in peripheral blood, vary. These variations are most likely 
due to variable degrees of renal ischemia in different renal 
diseases, to variable disruption of the negative feedback-
control system between body   uid volume and renin secre-
tion, and to nonstandardized conditions of examination. 
Weidmann and Maxwell 237 reported that PRA is highest in 
patients with nephrotic syndrome. On the other hand, in 
some patients with renal disease, particularly diabetic ne-
phropathy, obstructive uropathy, or interstitial nephritis, hy-
poreninemic hypoaldosteronism with low PRA values is seen 
rather frequently. 238 It should also be mentioned that hyper-
tensive CKD patients are treated with medications that may 
affect renin secretion, thus contributing to the variability of 
PRA. After hemodialysis, PRA may increase dramatically as a 
result of ultra  ltration and hypovolemia. 239

It should be mentioned that PRA in the circulation does 
not adequately re  ect the activity of local tissue RAAS sys-
tems. The paradox that drugs, which block the RAAS, are 
highly effective and renoprotective (e.g., in patients with 
diabetic nephropathy as documented by the Lewis trial 240

and the IDNT 241 or RENAAL trials 242) is explained by the ac-
tivation of local renin systems in proximal tubular epithelial 
cells, in podocytes, in mesangial cells, among others, despite 
low PRA in the circulation. 243

The importance of the RAAS in CKD is illustrated by 
the fact that in CKD patients, blockade of the system re-
duces progression, 240–242 lowers elevated blood pressure, 244

and induces partial regression of cardiovascular structural 
abnormalities, such as left ventricular hypertrophy (LVH). 245

metabolite 1,25(OH) 2D3. It is known that with worsening 
renal function, there is progressive decline in the activity of 
1α -hydroxylase, the enzyme critical in converting 25(OH)
D3 to 1,25-dihydroxyvitamin D 3 (calcitriol). 228 As a conse-
quence, in anephric patients and in those in CKD stage 5, the 
blood levels of 1,25(OH) 2D3 are usually very low. 228 More-
over, patients with CKD display end-organ resistance to the 
action of 1,25(OH) 2D3. There is a decrease in the concentra-
tion of 1,25(OH) 2D3 receptors (VDR) in these patients. 229

1,25(OH)2D3 exerts its action by binding to an intracel-
lular VDR, which is located predominantly in the nucleus. 
The hormone–receptor complex interacts with DNA-re-
sponsive elements in target genes with the synthesis of pro-
teins. The de  ciency of 1,25(OH) 2D3 plays a paramount role 
in the genesis of many of the disturbances of divalent ions 
observed in patients with CKD. These abnormalities include 
secondary hyperparathyroidism, defective intestinal absorp-
tion of calcium, skeletal resistance to the calcemic action of 
PTH, defective mineralization of bone, growth retardation in 
children, and proximal myopathy. 

The number of recent clinical studies suggest that 
1,25(OH)2D3 de  ciency leads to increased mortality in CKD 
patients. The results of the small interventional studies suggest 
that treatment with calcitriol or other VDR agonists reduce 
the mortality among these patients. Kovesdy et al. 230 found in 
a single-center, nonrandomized, observational study of 520 
males with CKD an association between calcitriol treatment 
and reduced mortality. Shoji et al. showed in a small obser-
vational study that patients taking alfacalcidol had a reduced 
risk of CVD death compared to patients who were not on vi-
tamin D. Tentori et al. 231 published similar   ndings in a larger 
cohort treated with a VDR agonist. However, these studies are 
small, and more large studies are needed in this area. 

The number of recent clinical studies suggest that 
1,25(OH)2D3 de  ciency increases proteinuria in CKD pa-
tients. Recently, it was shown that low 25(OH)D 3 and 
1,25(OH)2D3 were independently associated with increased 
albuminuria in CKD patients. 233 Moreover, Agarwal et al. 234

found an antiproteinuric effect of oral paricalcitol in CKD 
patients.235 However, again, these studies are small, and 
more large studies are needed in this area. 

The other abnormalities in the endocrine regulation of 
calcium and phosphate metabolism (among others, PTH 
and   broblast growth factor-23) in CKD were discussed in 
other chapters of this text. 

 Alterations of the Renin–Angiotensin–
Aldosterone System in Chronic 
Kidney Disease 
The renin–angiotensin–aldosterone system (RAAS) is both 
an endocrine and a paracrine system, which plays a major 
role under physiologic and pathophysiologic conditions. 
The RAAS is involved in the regulation of blood pressure, 
control of volume, and sodium balance, as well as growth 
and remodeling of cardiovascular and renal tissues under 
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hormones include the atrial natriuretic peptide (ANP), the 
brain natriuretic peptide (BNP), and their related peptides. 
ANP is released by atrial myocytes in response to stretches 
associated with increased atrial pressure, whereas the ven-
tricular production and release of this peptide are triggered 
only in the presence of ventricular hypertrophy. BNP is 
produced by ventricular myocytes and its generation rate is 
increased in heart failure and left ventricular hypertrophy. 
Therefore, the plasma concentration of cardiac natriuretic 
hormones is increased in diseases characterized by expand-
ed   uid volume, including renal failure, liver cirrhosis, and 
heart failure. 261

In CKD patients, plasma concentrations of ANP and 
BNP are elevated. 262–264 Moreover, in these patients, the pul-
satile secretion of ANP and BNP is preserved with abnormally 
high amplitude. 265 In the predialysis phase of CKD, there is 
a signi  cant correlation between plasma ANP and serum cre-
atinine concentrations. 264 The causes of high plasma concen-
trations of ANP and BNP in advanced CKD are multifactorial 
and depend on: (1) an increase in intravascular   lling and 
atrial distension, 263 (2) concomitant heart failure, and (3) di-
minished renal clearance. 266,267 Indeed, the removal of   uid 
by ultra  ltration during dialysis therapy is associated with a 
decrease in the plasma ANP and BNP concentrations. 268

The measurement of ANP and BNP plasma concentra-
tion was used as a biochemical marker of volume overload 
in the CKD patient for the improved identi  cation of “dry 
weight.”269 The use of ANP and BNP to improve the de  ni-
tion of dry weight has yielded variable results, however. 269

The weight of evidence indicates that measurements of 
ANP and BNP plasma concentration add little to the clini-
cal examination. 269 This is because of (1) a wide variability 
in results, (2) a lack of correlation with measures of extra-
cellular volume, (3) an inability to detect volume depletion 
(no differences between normovolemia and hypovolemia), 
and (4) often, the presence of cardiac dysfunction as a 
confounder. 

Results of recent studies suggest that, in general, the es-
timation of plasma concentrations of cardiac natriuretic hor-
mones (BNP and N-terminal proBNP) could be useful for a 
differential diagnosis of heart failure. 270 Moreover, a number 
of studies in heart failure showed a prognostic relevance of 
plasma concentrations of cardiac natriuretic hormones. 270

In CKD patients, most studies indicate that the upward ad-
justment of diagnostic cut points preserves the usefulness of 
BNP and N-terminal proBNP for the differential diagnosis of 
heart failure. 271

Left ventricular hypertrophy and left ventricular dys-
function are considered predictors of cardiovascular and 
total mortality in dialysis patients. Mallamaci et al. 272 found 
that measuring the plasma concentrations of cardiac natri-
uretic hormones, particularly BNP, may be useful in identify-
ing dialysis patients with left ventricular hypertrophy or for 
excluding systolic dysfunction. 

In CKD stage 5d patients, it was found that both BNP 
and ANP plasma concentrations are strongly related to left 

In CKD patients, a treatment blockade of the RAAS carries 
an increased risk of hyperkalemia. 246

 Aldosterone 
In early experimental studies, it was shown in subtotally ne-
phrectomized rats that after adrenalectomy, less proteinuria 
and structural lesions were seen. 247 Conversely, DOCA salt 
administration caused malignant nephrosclerosis. 248 The 
pathogenetic role of aldosterone in CKD was shown in the 
model of subtotal nephrectomy: despite a RAAS blockade 
with the administration of an angiotensin converting enzyme 
inhibitor (ACEI) and the ARB administration of aldosterone, 
increased proteinuria as well as glomerular lesions and also 
increased heart weight occurred, thus documenting the ad-
verse effects of aldosterone on the kidney and the heart. 249

More remarkably, the administration of spironolactone even 
caused a regression of the established glomerulosclerosis in 
the subtotal nephrectomy model. 250 Xue et al. 251 document-
ed local synthase and aldosterone production in the cortex 
of adrenalectomized diabetic rats. In a model of diabetic 
nephropathy, spironolactone ameliorated signs of in  amma-
tion,252 thus underlining the importance of the anti-in  am-
matory effect of mineralocorticoid receptor blockade. It is 
important that aldosterone induces target organ damage in 
the kidney and the heart only in a high salt environment, 253

thus identifying salt as a permissive factor. 
The important role of aldosterone in CKD is also sup-

ported by numerous clinical observations. Plasma aldoste-
rone concentrations were elevated in patients when GFR was 
  70 mL per minute, 254 and a correlation between plasma 
aldosterone concentration and the rate of progression was 
noted by Walker 255 and Ruggenenti et al. 256

The   rst proposal to use spironolactone to reduce pro-
teinuria despite a RAAS blockade in CKD patients was made 
by Chrysostomou and Becker. 257 Eight patients with pro-
teinuria   1 g per 24 hours despite ACEI treatment were 
given 25 mg spironolactone. Proteinuria decreased from an 
average of 3.81 to 1.75 g per 24 hours without a signi  cant 
change in blood pressure or creatinine clearance. Mean-
while, this   nding has been con  rmed in numerous studies. 
In a meta-analysis, Bomback et al. 258 found that proteinuria 
was decreased by 15% to 54% in proteinuric patients on an 
RAAS blockade, which was accompanied by a decrease in 
GFR. A meta-analysis by Navaneethan et al. 259 also showed a 
signi  cant reduction of proteinuria, but this did not translate 
into a reduction in GFR. Whether this re  ects reversal of 
hyper  ltration or whether observation times were not suf-
  cient is currently unclear. 

 Abnormalities in the Cardiac 
Natriuretic Peptides 
Cardiomyocytes produce and secrete a pulsatile family of 
related peptide hormones named cardiac natriuretic hor-
mones, which have potent diuretic, natriuretic, and vascu-
lar smooth muscle relaxing effects. 260 Cardiac natriuretic 
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 Abnormalities in the Hormones of 
Adipose Tissue 
The adipose tissue is an important endocrine organ produc-
ing biologically active substances with local and/or systemic 
action. An incomplete list comprises plasminogen activator in-
hibitor type-1 (PAI-1), transforming growth factor  β (TGF-β), 
tissue factor (TF), complement factors (e.g., adipsin), adipo-
cyte complement–related protein, TNF- α , acylation stimu-
lating protein (ASP), angiotensinogen (Ang), prostaglandin 
(PGI–2α), IGF-1, macrophage inhibitory factor (MIF), sex 
hormones, glucocorticoids, Ang II, visfatin, omentin, leptin, 
adiponectin, and resistin. 292

 Leptin 
Leptin is a protein that is predominantly produced by adipo-
cytes. It is encoded by the ob gene. It is presumed that leptin 
is involved in the regulation of appetite, food intake and en-
ergy expenditure, sexual maturation and fertility, hematopoi-
esis, and activity of the hypothalamic-pituitary-gonadal axis. 
Obese individuals have high plasma leptin concentrations.

Patients with advanced CKD have elevated plasma leptin 
concentrations compared to body mass index (BMI) and sex-
matched healthy individuals. 293 Leptin concentrations are 
normalized by a successful kidney transplantation. 294 Interest-
ingly, the in  uence of impaired kidney function on the plasma 
leptin concentration is less pronounced in nonin  ammatory 
acute renal failure than in CKD, suggesting the participation 
of the other factors in  uencing leptin secretion in this state. 295

It was shown that the decreased leptin clearance by in-
suf  cient kidneys leads to its accumulation in the circula-
tion.296,297 Results of kinetic studies suggest that the renal 
metabolism of leptin involves an active uptake of leptin by 
the renal tissue. 298 Cumin et al. 299 studied changes of plas-
ma leptin concentration in Zucker obese rats subjected to 
a bilateral nephrectomy or a bilateral ureteral ligation. A 
bilateral ureteral ligation reduced glomerular   ltration by 
increasing tubular pressure. Following the bilateral nephrec-
tomy in these experiments, plasma leptin concentrations in-
creased by 300%, a value much higher than only the 50% 
increase after a bilateral ureteral ligation. Results of this el-
egant experimental study suggest that leptin elimination is 
only partly dependent on glomerular   ltration. 299 Therefore, 
renal elimination is not necessarily affected by the disease in 
direct proportion to changes in glomerular   ltration. 

The increased plasma leptin concentration in CKD is not 
due to oversecretion of this protein. It was shown that leptin 
gene expression in adipocytes in CKD patients is lower than 
in healthy individuals. 300 Leptin plasma concentrations are 
not reduced by low-  ux dialysis membranes, whereas high-
  ux dialysis membranes decrease leptin levels. 301 CAPD pa-
tients are characterized by higher plasma leptin concentra-
tions than hemodialysis patients. 302

There is growing evidence that leptin, originally con-
sidered exclusively as an anorexigenic hormone, exerts ac-
tions in the periphery outside of the central nervous  system.

atrial volume (LAV) and predict LAV changes over time. 273

Moreover, in a prospective study of a cohort of dialysis pa-
tients without overt heart failure, Zoccali et al. 274 found that 
high plasma concentrations of cardiac natriuretic peptides, 
particularly BNP, were strong predictors of cardiovascular 
mortality. The prognostic value of concentrations of cardiac 
natriuretic peptides in hemodialysis patients was con  rmed 
by several recent studies. 275–277

 Abnormalities in Gastrointestinal Hormones 
Elevated plasma gastrin concentrations have been reported 
in CKD patients. 278–280 Hypergastrinemia in CKD is due pre-
dominantly to “big” gastrin (G34). Plasma concentrations 
of “little” gastrin (G17) are normal in CKD patients. 279 G34 
is biologically 6 to 8 times less active than G17. Postpran-
dial gastrin release in CKD patients in the   rst 30 minutes 
was similar to that in normal subjects, but the peak values 
were attained later and the response was more prolonged. 280

Because the kidney is the main site of gastrin biodegrada-
tion,281 hypergastrinemia in uremic patients is regarded 
mainly as the consequence of reduced renal degradation of 
this hormone. 

Ghrelin is a gut peptide that stimulates the production 
of GH from the pituitary gland. 282 Ghrelin and synthetic 
ghrelin analogs increase food intake by an action exerted 
at the level of the hypothalamus. They activate cells in the 
arcuate nucleus that include the orexigenic NPY neurons. 282

The two major forms of circulating ghrelin are acylated (  
10%) and des-acyl ghrelin. 282 Acylated ghrelin promotes 
food intake, whereas des-acyl ghrelin induces negative 
energy balance. 282 Elevated plasma ghrelin levels were ob-
served in CKD stage 5d patients. 283 However, only plasma 
des-acyl ghrelin levels were elevated in CKD. It is suggested 
that in elevated des-acyl ghrelin levels, plasma concentra-
tion is involved in anorexia in CKD patients. 284 Increased 
total ghrelin levels in CKD are due to the decreased degra-
dation of ghrelin in the kidney. 284 The results of two small 
interventional clinical studies suggest that ghrelin treatment 
in uremia results in an improved nutritional status. A single 
subcutaneous injection of ghrelin enhanced short-term (3 
days) food intake. 285 A subsequent report from the same 
group indicated that the daily administration of synthetic 
ghrelin stimulated food  intake over a period of 7 days. 286

Importantly, energy expenditure was unchanged and there 
was no subsequent compensatory reduction in energy in-
take in these patients. Results of these two preliminary stud-
ies on ghrelin have renewed hope for the successful treat-
ment of uremic PEW. 

The plasma concentrations of other gastrointestinal hor-
mones, such as cholecystokinin, 287 gastric inhibitory pep-
tide,288 pancreatic polypeptide, 289 secretin, 290 gastrin releas-
ing peptide, 290 and motilin, 278 are elevated in CKD patients. 
Both normal 279 and markedly elevated 291 plasma concentra-
tions of vasoactive intestinal polypeptide (VIP) were found 
in CKD patients. The pathophysiologic importance of these 
  ndings remains to be elucidated. 
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expected, successful kidney transplantation is accompanied 
by a prompt reduction of plasma adiponectin concentra-
tion.311 Another piece of evidence is provided by the inverse 
relationship between plasma adiponectin concentration and 
GFR in apparently healthy individuals, 312 mild or moderate 
CKD,313 and kidney transplant patients. 314 Iwashima et al. 309

showed a gradual increase of plasma adiponectin concentra-
tion in parallel to the stages of CKD. An additional argument 
supporting renal elimination of adiponectin is the lower con-
centration of this protein in plasma samples from renal veins 
than in samples from the aorta. 315 The increased plasma adi-
ponectin concentration in CKD patients cannot be explained 
by its oversecretion by adipose tissue. The expression of 
adiponectin gene (ApM1) in adipocytes is even decreased in 
patients with advanced CKD. 316 A possible cause of lower ad-
iponectin gene expression in CKD patients is the frequently 
coexisting microin  ammation, increased oxidative stress in 
these subjects, and increased sympathetic nervous activity. 317

It has been shown that in hemodialyzed patients, simi-
larly to subjects with normal kidney function, lower plasma 
adiponectin concentrations are associated with cardiovascular 
complications, such as coronary artery disease or peripheral 
arterial occlusive disease. 318,319 Similarly, plasma  adiponectin 
concentrations in peritoneal dialysis patients with carotid ar-
tery plaque were lower than in those without. 320 Moreover, in 
hemodialyzed patients, an inverse relationship was found be-
tween plasma adiponectin concentrations and intima- media 
thickness of the common carotid artery, which is an early 
marker of atherosclerotic changes. 321 Even in interlobular kid-
ney arteries, the presence and complexity of  arteriosclerotic 
lesions was negatively related to plasma adiponectin concen-
tration as demonstrated by Iwasa et al. 322 in kidney biopsies 
of patients with immunoglobulin A (IgA) nephropathy. 

Zoccali et al. 323 showed that low plasma adiponec-
tin concentrations are a new risk factor for cardiovascular 
morbidity in hemodialysis patients. This observation was 
con  rmed in peritoneal dialysis patients 324 and in mild-to-
moderate CKD. 313 However, more recent studies 325–327 show 
contradictory results. 

Animal experiments suggest that adiponectin normal-
izes albuminuria and improves podocyte foot process ef-
facement. Therefore, it could be hypothesized that a high 
plasma adiponectin concentration slows CKD progression. 
However, current clinical evidence suggests that high, not 
low, adiponectin is associated with CKD progression at least 
in patients with diabetic kidney disease. 325,328

Trying to reconcile the previously described contradic-
tions, it has been proposed that increased adiponectin may 
be a re  ection of a reparatory response to the microvascular 
insults in CKD. 308
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Indeed, leptin receptors are found in many tissues. It was 
initially thought that hyperleptinemia was an adequate ex-
planation for anorexia in CKD patients. 303 However, sub-
sequent studies addressing the relation between nutritional 
status and plasma leptin concentration in CKD yielded con-
  icting results. 304,305 Therefore, the role of high plasma leptin 
concentration in anorexia and malnutrition in CKD patients 
is not proved. Leptin stimulates the proliferation and the dif-
ferentiation of hematopoietic stem cells. 306 It is likely that the 
effects of leptin and erythropoietin are synergistic. It deserves 
consideration whether high plasma leptin concentrations in 
CKD patients counteract the development of anemia when a 
plasma erythropoietin concentration is relatively decreased. 

Leptin may also participate in CKD progression. It was 
shown in rats that leptin infusion led to the increase of glo-
merular TGF- β and collagen intravenous (IV) expression 
and to the enhancement of proteinuria. 307

Apart from this, leptin likely plays a pathophysiologic 
role in hypertension, cardiovascular diseases, and endothe-
lial dysfunction. 308 Leptin receptors are highly expressed 
in carotid plaques while they correlate with macrophage 
density. Leptin may contribute to the development of hy-
pertension mainly through increased sympathetic nervous 
activation both centrally and at the kidney; endothelial dys-
function through the regulation of blood vessel tonus and 
imbalance between endothelial nitric oxide synthase (eNOS) 
expression and intracellular L-arginine; and atherogenesis 
through the stimulation of platelet aggregation, in  amma-
tion, endothelial dysfunction, neointimal hyperplasia, and 
vascular smooth muscle cell (VSMC) proliferation and mi-
gration.308 Whether the hyperleptinemia seen in CKD con-
tributes to the uremic cardiovascular risk is unexplored. 

 Adiponectin 
Adiponectin is one of the protein hormones secreted by adi-
pocytes, which circulate in the bloodstream in relatively high 
concentrations (almost 0.01% of total plasma protein) with 
presumed antiatherogenic and insulin-sensitizing properties. 
Within the circulation, adiponectin is present as a wide range 
of multimers: from trimers (low molecular weight [LMW]), 
hexamers (medium molecular weight [MMW]), to dodecam-
ers or 18-mers (high molecular weight [HMW]). It was dem-
onstrated that HMW is the most active form of adiponectin 
to improve insulin sensitivity. In hemodialysis and peritoneal 
dialysis CKD patients, plasma adiponectin concentrations 
are approximately 3 times higher than in healthy subjects. 309

Impaired kidney function does not affect the relative propor-
tion of plasma fractions of adiponectin (i.e., HMW, MMW, 
or LMW adiponectin). 309 Also, the expression of receptors 
for adiponectin in CKD patients is preserved and similar to 
those observed in healthy subjects. 310 The increased plasma 
adiponectin concentration in CKD patients is due to the dis-
turbances of its renal biodegradation and elimination. The 
kidney is the main organ participating in the biodegradation 
and elimination of adiponectin from circulation. Thus, as 

2352

 1. De Fronzo RA, Andres R, Edgar P, et al. Carbohydrate metabolism in ure-
mia: a review. Medicine (Baltimore). 1973;52:469.
http://www.ncbi.nlm.nih.gov/pubmed/4579981



CHAPTER 80  METABOLIC AND ENDOCRINE DYSFUNCTIONS IN UREMIA 2353

 36. Oi K, Hirano T, Sakai S, et al. Role of hepatic lipase in intermediate-density 
lipoprotein and small, dense low-density lipoprotein formation in hemodialysis 
patients. Kidney Int. 1999;71:S227. 
 37. Gonzalez AI, Schreier L, Elbert A, et al. Lipoprotein alterations in hemodialy-
sis: differences between diabetic and nondiabetic patients.  Metabolism. 2003;52:116. 
 38. Vaziri ND, Liang K. Down-regulation of VLDL receptor expression in 
chronic experimental renal failure.  Kidney Int. 1997;51:913. 
 39. Kramer-Guth A, Quaschning T, Galle J, et al. Structural and  compositional
modi  cations of diabetic low-density lipoproteins in  uence their receptor- 
mediated uptake by hepatocytes. Eur J Clin Invest. 1997;27:460. 
 40. Itabe H. Oxidized low-density lipoproteins: what is understood and what 
remains to be clari  ed.  Biol Pharm Bull. 2003;26:1. 
 41. Kronenberg F, Kuen E, Ritz E, et al. Lipoprotein(a) serum concentrations 
and apolipoprotein(a) phenotypes in mild and moderate renal failure.  J Am Soc 
Nephrol. 2000;11:105. 
 42. Kronenberg F, Lingenhel A, Lhotta K, et al. The apolipoprotein(a) size 
polymorphism is associated with nephrotic syndrome.  Kidney Int. 2004;65:606. 
 43. Frischmann KE, Kronenberg F, Trenkwalder E, et al. In vivo turnover study 
demonstrates diminished clearance of lipoprotein(a) in hemodialysis patients. 
Kidney Int. 2007;71:1036. 
 44. Kronenberg F, Neyer U, Lhotta K, et al. The low molecular weight apo(a) 
phenotype is an independent predictor for coronary artery disease in hemodialy-
sis patients: a prospective follow-up.  J Am Soc Nephrol. 1999;10:1027. 
 45. Longenecker JC, Klag MJ, Marcovina SM, et al. Small apolipoprotein(a) 
size predicts mortality in end-stage renal disease: the CHOICE Study.  Circulation.
2002;106:2812.
 46. Shoji T, Nishizawa Y, Kawagishi T, et al. Intermediate-density lipoprotein 
as an independent risk factor for aortic atherosclerosis in hemodialysis patients. 
J Am Soc Nephrol. 1998;9:1277. 
 47. Wilson PW, D’Agostino RB, Levy D, et al. Prediction of coronary heart 
disease using risk factor categories. Circulation. 1998;97:1837. 
 48. Nishizawa Y, Shoji T, Kakiya R, et al. Non-high-density lipoprotein cho-
lesterol (non-HDL-C) as a predictor of cardiovascular mortality in patients with 
end-stage renal disease.  Kidney Int. 2003;63:S117. 
 49. Belani SS, Goldberg AC, Coyne DW. Ability of non-high-density lipoprotein 
cholesterol and calculated intermediate-density lipoprotein to identify nontradition-
al lipoprotein subclass risk factors in dialysis patients.  Am J Kidney Dis. 2004;43:320. 
 50. House AA, Wells GA, Donnelly JG, et al. Randomized trial of high-  ux 
vs low-  ux hemodialysis: effects on homocysteine and lipids.  Nephrol Dial 
 Transplant. 2000;15:1029. 
 51. Bugeja AL, Chan CT. Improvement in lipid pro  le by nocturnal hemodi-
alysis in patients with end-stage renal disease.  ASAIO J. 2004;50:328. 
 52. Attman PO, Samuelsson O, Johansson AC, et al. Dialysis modalities and 
dyslipidemia. Kidney Int. 2003;63:110. 
 53. Dieplinger H, Schoenfeld PY, Fielding CJ. Plasma cholesterol metabolism 
in end-stage renal disease: difference between treatment by hemodialysis or peri-
toneal dialysis. J Clin Invest. 1986;77:1071. 
 54. Bredie SJ, Bosch FH, Demacker PN, et al. Effects of peritoneal dialysis with 
an overnight icodextrin dwell on parameters of glucose and lipid metabolism. 
Perit Dial Int. 2001;21:275. 
 55. Degoulet P, Legrain M, Reach I, et al. Mortality risk factors in patients treat-
ed by chronic hemodialysis. Report of the Diaphane collaborative study.  Nephron.
1982;31:103.
 56. Lowrie EG, Lew NL. Death risk in hemodialysis patients: the predictive 
value of commonly measured variables and an evaluation of death rate differ-
ences between facilities. Am J Kidney Dis. 1990;15:458. 
 57. Iseki K, Yamazato M, Tozawa M, et al. Hypocholesterolemia is a signi  cant pre-
dictor of death in a cohort of chronic hemodialysis patients.  Kidney Int. 2002;61:1887. 
 58. Kalantar-Zadeh K, Block G, Humphreys MH, et al. Reverse epidemiology of 
cardiovascular risk factors in maintenance dialysis patients.  Kidney Int. 2003;63:793. 
 59. Liu Y, Coresh J, Eustace JA, et al. Association between cholesterol level 
and mortality in dialysis patients: role of in  ammation and malnutrition.  JAMA.
2004;291:451.
 60. Tonelli M, Isles C, Curhan GC, et al. Effect of pravastatin on cardiovascular 
events in people with chronic kidney disease.  Circulation. 2004;110:1557. 
 61. Navaneethan SD, Pansini F, Perkovic V, et al. HMG CoA reductase in-
hibitors (statins) for people with chronic kidney disease not requiring dialysis. 
Cochrane Database Syst Rev. 2009;CD007784. 
 62. Colhoun HM, Betteridge DJ, Durrington PN, et al. Effects of atorvastatin 
on kidney outcomes and cardiovascular disease in patients with diabetes: an 
analysis from the Collaborative Atorvastatin Diabetes Study (CARDS).  Am J Kid-
ney Dis. 2009;54:810. 
 63. Wanner C, Krane V, März W, et al. Atorvastatin in patients with type 2 
diabetes mellitus undergoing hemodialysis.  N Engl J Med. 2005;353:238. 

 3. De Fronzo RA. Pathogenesis of glucose intolerance in uremia.  Metabolism.
1978;27:1866.
 4. Shinohara K, Shoji T, Emoto M, et al. Insulin resistance as an independent 
predictor of cardiovascular mortality in patients with end-stage renal disease. 
J Am Soc Nephrol. 2002;13:1894. 
 5. Becker B, Kronenberg F, Kielstein JT, et al. Renal insulin resistance syn-
drome, adiponectin and cardiovascular events in patients with kidney disease: 
the mild and moderate kidney disease study.  J Am Soc Nephrol. 2005;16:1091. 
 6. Stumvoll M, Meyer C, Perriello G, et al. Human kidney and liver gluconeo-
genesis: evidence for organ substrate selectivity.  Am J Physiol. 1998;274:E817. 
 7. Smith D, De Fronzo RA. Insulin resistance in uremia mediated by post-
binding defects. Kidney Int. 1982;22:54. 
 8. Friedman JE, Dohm GL, Elton CW, et al. Muscle insulin resistance in 
uremic humans: glucose transport, glucose transporters, and insulin receptors. 
Am J Physiol. 1991;261:E87. 
 9. De Fronzo RA, Tobin JD, Rowe JW, et al. Glucose intolerance in uremia: 
quanti  cation of pancreatic beta cell sensitivity to glucose and tissue sensitivity 
to insulin. J Clin Invest. 1978;62:425. 
 10. Kobayashi S, Maejima S, Ikeda T, et al. Impact of dialysis therapy on insu-
lin resistance in end-stage renal disease: comparison of haemodialysis and con-
tinuous ambulatory peritoneal dialysis.  Nephrol Dial Transplant. 2000;15:65. 
 11. McCaleb ML, Wish JB, Lockwood DH. Insulin resistance in chronic renal 
failure.  Endocrinol Res. 1985;11:113. 
 12. Mak RH, Bettinelli A, Turner C, et al. The in  uence of hyperparathyroid-
ism on glucose metabolism in uremia.  J Clin Endocrinol Metab. 1985;60:229. 
 13. Perna AF, Fadda GZ, Zhou XJ, et al. Mechanisms of impaired insulin secre-
tion after chronic excess of parathyroid hormone.  Am J Physiol. 1990;259:F210. 
 14. Christakos S, Norman AW. Studies on the mode of action of calciferol: 
biochemical characterization of 1,25-dihydroxyvitamin D 3 receptors in chick 
pancreas and kidney cytosol.  Endocrinology. 1981;108:140. 
 15. Mak RH. Intravenous 1,25-dihydroxycholecalciferol corrects glucose in-
tolerance in hemodialysis patients. Kidney Int. 1992;41:1049. 
 16. Rabkin R, Rubenstein AH, Colwell JA. Glomerular   ltration and maximal 
tubular absorption of insulin ( 125I). Am J Physiol. 1972;223:1093. 
 17. Rabkin R, Jones J, Kitabchi AE. Insulin extraction from the renal peritubu-
lar circulation in the chicken.  Endocrinology. 1977;101:1828. 
 18. Rabkin R, Simon NM, Steiner S, et al. Effect of renal disease on renal up-
take and excretion of insulin in man.  N Engl J Med. 1970;282:182. 
 19. Rabkin R, Unterhalter SA, Duckworth WC. Effect of prolonged uremia on 
insulin metabolism by isolated liver and muscle. Kidney Int. 1979;16:433. 
 20. Moen MF, Zhan M, Hsu VD, et al. Frequency of hypoglycemia and its sig-
ni  cance in chronic kidney disease. Clin J Am Soc Nephrol. 2009;4:1121. 
 21. Krepinsky J, Ingram AJ, Clase CM. Prolonged sulfonylurea-induced hypogly-
cemia in diabetic patients with end-stage renal disease.  Am J Kidney Dis. 2000;35:500. 
 22. Arem R. Hypoglycemia associated with renal failure.  Endocrinol Metab Clin 
North Am. 1989;18:103. 
 23. Ferrannini E, Buzzigoli G, Bonadonna R, et al. Insulin resistance in essen-
tial hypertension. N Engl J Med. 1987;317:350. 
 24. Eckel RH, Yost TJ, Jensen DR. Alterations in lipoprotein lipase in insulin 
resistance.  Int J Obes Relat Metab Disord. 1995;19:S16. 
 25. Noori N, Kopple JD. Effect of diabetes mellitus on protein-energy wasting 
and protein wasting in end-stage renal disease.  Semin Dial. 2010;23:178. 
 26. da Costa JA, Ikizler TA. In  ammation and insulin resistance as novel 
mechanisms of wasting in chronic dialysis patients.  Semin Dial. 2009;22:652. 
 27. Siew ED, Ikizler TA. Insulin resistance and protein energy metabolism in 
patients with advanced chronic kidney disease.  Semin Dial. 2010;23:378. 
 28. Mitch WE. Insights into the abnormalities of chronic renal disease attrib-
uted to malnutrition. J Am Soc Nephrol. 2002;13:S22. 
 29. Ritz E. Metabolic syndrome and kidney disease.  Blood Purif. 2008;26:59. 
 30. Johnson RJ, Sanchez-Lozada LG, Nakagawa T. The effect of fructose on 
renal biology and disease.  J Am Soc Nephrol. 2010;21:2036. 
 31. Bright R. Reports of Medical Cases Selected with a View of Illustrating the 
Symptoms and Cure of Diseases by Reference to Morbid Anatomy. London, England: 
Longman, Rees, Orme, Brown & Green; 1827. 
 32. Weintraub M, Burstein A, Rassin T, et al. Severe defect in clearing post-
prandial chylomicron remnants in dialysis patients.  Kidney Int. 1992;42:1247. 
 33. Kwan BC, Kronenberg F, Beddhu S, et al. Lipoprotein metabolism and lipid 
management in chronic kidney disease.  J Am Soc Nephrol. 2007;18:1246. 
 34. Kronenberg F, Kuen E, Ritz E, et al. Apolipoprotein A-IV serum concen-
trations are elevated in patients with mild and moderate renal failure.  J Am Soc 
Nephrol. 2002;13:461. 
 35. Boes E, Fliser D, Ritz E, et al. Apolipoprotein A-IV predicts progression 
of chronic kidney disease: The mild to moderate kidney disease study.  J Am Soc 
Nephrol. 2006;17:528. 

2353

 2. De Fronzo RA, Alvestrand A, Smith D, et al. Insulin resistance in uremia. J 
Clin Invest. 1981;67:563.
http://www.ncbi.nlm.nih.gov/pubmed/7007440
 3. De Fronzo RA. Pathogenesis o  glucose intolerance in uremia. Metabolism. 
1978;27:1866.
 4. Shinohara K, Shoji T, Emoto M, et al. Insulin resistance as an independent 
predictor o  cardiovascular mortality in patients with end-stage renal disease. J 
Am Soc Nephrol. 2002;13:1894.
 5. Becker B, Kronenberg F, Kielstein JT, et al. Renal insulin resistance syn-
drome, adiponectin and cardiovascular events in patients with kidney disease: 
the mild and moderate kidney disease study. J Am Soc Nephrol. 2005;16:1091.
 6. Stumvoll M, Meyer C, Perriello G, et al. Human kidney and liver gluconeo-
genesis: evidence  or organ substrate selectivity. Am J Physiol. 1998;274:E817.
 7. Smith D, De Fronzo RA. Insulin resistance in uremia mediated by post- 
binding de ects. Kidney Int. 1982;22:54.
http://www.ncbi.nlm.nih.gov/pubmed/6750207
 8. Friedman JE, Dohm GL, Elton CW, et al. Muscle insulin resistance in ure-
mic humans: glucose transport, glucose transporters, and insulin receptors. Am J 
Physiol. 1991;261:E87.
 9. De Fronzo RA, Tobin JD, Rowe JW, et al. Glucose intolerance in uremia: 
quanti cation o  pancreatic beta cell sensitivity to glucose and tissue sensitivity 
to insulin. J Clin Invest. 1978;62:425.
http://www.ncbi.nlm.nih.gov/pubmed/353075
 10. Kobayashi S, Maejima S, Ikeda T, et al. Impact o  dialysis therapy on insu-
lin resistance in end-stage renal disease: comparison o  haemodialysis and con-
tinuous ambulatory peritoneal dialysis. Nephrol Dial Transplant. 2000;15:65.
http://www.ncbi.nlm.nih.gov/pubmed/11261709
 11. McCaleb ML, Wish JB, Lockwood DH. Insulin resistance in chronic renal 
 ailure. Endocrinol Res. 1985;11:113.
http://www.ncbi.nlm.nih.gov/pubmed/3899621
 12. Mak RH, Bettinelli A, Turner C, et al. The inf uence o  hyperparathyroid-
ism on glucose metabolism in uremia. J Clin Endocrinol Metab. 1985;60:229.
http://www.ncbi.nlm.nih.gov/pubmed/3880765
 13. Perna AF, Fadda GZ, Zhou XJ, et al. Mechanisms o  impaired insu-
lin secretion a ter chronic excess o  parathyroid hormone. Am J Physiol. 
1990;259:F210.
 14. Christakos S, Norman AW. Studies on the mode o  action o  calci erol: 
biochemical characterization o  1,25-dihydroxyvitamin D3 receptors in chick 
pancreas and kidney cytosol. Endocrinology. 1981;108:140.
http://www.ncbi.nlm.nih.gov/pubmed/6257481
 15. Mak RH. Intravenous 1,25-dihydroxycholecalci erol corrects glucose in-
tolerance in hemodialysis patients. Kidney Int. 1992;41:1049.
http://www.ncbi.nlm.nih.gov/pubmed/1513086
 16. Rabkin R, Rubenstein AH, Colwell JA. Glomerular  ltration and maximal 
tubular absorption o  insulin (125I). Am J Physiol. 1972;223:1093.
http://www.ncbi.nlm.nih.gov/pubmed/4654343
 17. Rabkin R, Jones J, Kitabchi AE. Insulin extraction  rom the renal peritubu-
lar circulation in the chicken. Endocrinology. 1977;101:1828.
 18. Rabkin R, Simon NM, Steiner S, et al. E  ect o  renal disease on renal up-
take and excretion o  insulin in man. N Engl J Med. 1970;282:182.
http://www.ncbi.nlm.nih.gov/pubmed/5409813
 19. Rabkin R, Unterhalter SA, Duckworth WC. E  ect o  prolonged uremia on 
insulin metabolism by isolated liver and muscle. Kidney Int. 1979;16:433.
http://www.ncbi.nlm.nih.gov/pubmed/398415
 20. Moen MF, Zhan M, Hsu VD, et al. Frequency o  hypoglycemia and its sig-
ni cance in chronic kidney disease. Clin J Am Soc Nephrol. 2009;4:1121.
 21. Krepinsky J, Ingram AJ, Clase CM. Prolonged sul onylurea-induced hy-
pogly-cemia in diabetic patients with end-stage renal disease. AmJ Kidney Dis. 
2000;35:500.
 22. Arem R. Hypoglycemia associated with renal  ailure. Endocrinol Metab Clin 
North Am. 1989;18:103.
http://www.ncbi.nlm.nih.gov/pubmed/2645122
 23. Ferrannini E, Buzzigoli G, Bonadonna R, et al. Insulin resistance in essen-
tial hypertension. N Engl J Med. 1987;317:350.
http://www.ncbi.nlm.nih.gov/pubmed/3299096
 24. Eckel RH, Yost TJ, Jensen DR. Alterations in lipoprotein lipase in insulin 
resistance. Int J Obes Relat Metab Disord. 1995;19:S16.
 25. Noori N, Kopple JD. E  ect o  diabetes mellitus on protein-energy wasting 
and protein wasting in end-stage renal disease. Semin Dial. 2010;23:178.
http://www.ncbi.nlm.nih.gov/pubmed/20525107
 26. da Costa JA, Ikizler TA. Inf ammation and insulin resistance as novel 
mechanisms o  wasting in chronic dialysis patients. Semin Dial. 2009;22:652.
 27. Siew ED, Ikizler TA. Insulin resistance and protein energy metabolism in 
patients with advanced chronic kidney disease. Semin Dial. 2010;23:378.
http://www.ncbi.nlm.nih.gov/pubmed/20701717

 28. Mitch WE. Insights into the abnormalities o  chronic renal disease attrib-
uted to malnutrition. J Am Soc Nephrol. 2002;13:S22.
 29. Ritz E. Metabolic syndrome and kidney disease. Blood Purif. 2008;26:59.
http://www.ncbi.nlm.nih.gov/pubmed/18182798
 30. Johnson RJ, Sanchez-Lozada LG, Nakagawa T. The e  ect o   ructose on 
renal biology and disease. J Am Soc Nephrol. 2010;21:2036.
http://www.ncbi.nlm.nih.gov/pubmed/21115612
 31. Bright R. Reports of Medical Cases Selected with a View of Illustrating the 
Symptoms and Cure of Diseases by Reference to Morbid Anatomy. London, England: 
Longman, Rees, Orme, Brown & Green; 1827.
 32. Weintraub M, Burstein A, Rassin T, et al. Severe de ect in clearing post-
prandial chylomicron remnants in dialysis patients. Kidney Int. 1992;42:1247.
 33. Kwan BC, Kronenberg F, Beddhu S, et al. Lipoprotein metabolism and lipid 
management in chronic kidney disease. J Am Soc Nephrol. 2007;18:1246.
 34. Kronenberg F, Kuen E, Ritz E, et al. Apolipoprotein A-IV serum concen-
trations are elevated in patients with mild and moderate renal  ailure. J Am Soc 
Nephrol. 2002;13:461.
http://www.ncbi.nlm.nih.gov/pubmed/11805176
 35. Boes E, Fliser D, Ritz E, et al. Apolipoprotein A-IV predicts progression 
o  chronic kidney disease: The mild to moderate kidney disease study. J Am Soc 
Nephrol. 2006;17:528.
http://www.ncbi.nlm.nih.gov/pubmed/16382017
 36. Oi K, Hirano T, Sakai S, et al. Role o  hepatic lipase in intermediate-density 
lipoprotein and small, dense low-density lipoprotein  ormation in hemodialysis 
patients. Kidney Int. 1999;71:S227.
 37. Gonzalez AI, Schreier L, Elbert A, et al. Lipoprotein alterations in hemo-
dialy-sis: di  erences between diabetic and nondiabetic patients. Metabolism. 
2003;52:116.
 38. Vaziri ND, Liang K. Down-regulation o  VLDL receptor expression in 
chronic experimental renal  ailure. Kidney Int. 1997;51:913.
http://www.ncbi.nlm.nih.gov/pubmed/9067930
 39. Kramer-Guth A, Quaschning T, Galle J, et al. Structural and compositional 
modi cations o  diabetic low-density lipoproteins inf uence their receptor-medi-
ated uptake by hepatocytes. Eur J Clin Invest. 1997;27:460.
http://www.ncbi.nlm.nih.gov/pubmed/9229225
 40. Itabe H. Oxidized low-density lipoproteins: what is understood and what 
remains to be clari ed. Biol Pharm Bull. 2003;26:1.
http://www.ncbi.nlm.nih.gov/pubmed/12520163
 41. Kronenberg F, Kuen E, Ritz E, et al. Lipoprotein(a) serum concentrations 
and apolipoprotein(a) phenotypes in mild and moderate renal  ailure. J Am Soc 
Nephrol. 2000;11:105.
http://www.ncbi.nlm.nih.gov/pubmed/10616846
 42. Kronenberg F, Lingenhel A, Lhotta K, et al. The apolipoprotein(a) size 
polymorphism is associated with nephrotic syndrome. Kidney Int. 2004;65:606.
http://www.ncbi.nlm.nih.gov/pubmed/14717931
 43. Frischmann KE, Kronenberg F, Trenkwalder E, et al. In vivo turnover study 
demonstrates diminished clearance o  lipoprotein(a) in hemodialysis patients. 
Kidney Int. 2007;71:1036.
http://www.ncbi.nlm.nih.gov/pubmed/17299521
 44. Kronenberg F, Neyer U, Lhotta K, et al. The low molecular weight apo(a) 
phenotype is an independent predictor  or coronary artery disease in hemodialy-
sis patients: a prospective  ollow-up. J Am Soc Nephrol. 1999;10:1027.
 45. Longenecker JC, Klag MJ, Marcovina SM, et al. Small apolipoprotein(a) 
size predicts mortality in end-stage renal disease: the CHOICE Study. Circulation. 
2002;106:2812.
http://www.ncbi.nlm.nih.gov/pubmed/12451008
 46. Shoji T, Nishizawa Y, Kawagishi T, et al. Intermediate-density lipoprotein 
as an independent risk  actor  or aortic atherosclerosis in hemodialysis patients. 
J Am Soc Nephrol. 1998;9:1277.
http://www.ncbi.nlm.nih.gov/pubmed/9644639
 47. Wilson PW, D’Agostino RB, Levy D, et al. Prediction o  coronary heart 
disease using risk  actor categories. Circulation. 1998;97:1837.
 48. Nishizawa Y, Shoji T, Kakiya R, et al. Non-high-density lipoprotein cho-
lesterol (non-HDL-C) as a predictor o  cardiovascular mortality in patients with 
end-stage renal disease. Kidney Int. 2003;63:S117.
 49. Belani SS, Goldberg AC, Coyne DW. Ability o  non-high-density lipoprotein 
cholesterol and calculated intermediate-density lipoprotein to identi y nontradition-
al lipoprotein subclass risk  actors in dialysis patients. AmJ Kidney Dis. 2004;43:320.
 50. House AA, Wells GA, Donnelly JG, et al. Randomized trial o  high-f ux vs 
low-f ux hemodialysis: e  ects on homocysteine and lipids. Nephrol Dial Trans-
plant. 2000;15:1029.
http://www.ncbi.nlm.nih.gov/pubmed/10862642
 51. Bugeja AL, Chan CT. Improvement in lipid pro le by nocturnal hemodi-
alysis in patients with end-stage renal disease. ASAIO J. 2004;50:328.
http://www.ncbi.nlm.nih.gov/pubmed/15307542



2354 SECTION X  CHRONIC KIDNEY DISEASE 

 94. Edozien JC. The free amino acids of plasma and urine in kwashiorkor.  Clin
Sci. 1966;31:153. 
 95. Hara Y, May RC, Kelly RA, et al. Acidosis, not azotemia, stimulates 
branched-chain, amino acid catabolism in uremic rats.  Kidney Int. 1987;32:808. 
 96. Lofberg E, Wernerman J, Anderstam B, et al. Correction of metabolic aci-
dosis in dialysis patients increases branched-chain and total essential amino acid 
levels in muscle. Clin Nephrol. 1997;48:230. 
 97. Cernacek P, Becvarova H, Gerova Z, et al. Plasma tryptophan level in 
chronic renal failure.  Clin Nephrol. 1980;14:246. 
 98. Suliman ME, Anderstam B, Lindholm B, et al. Evidence of taurine deple-
tion and accumulation of cysteinesul  nic acid in chronic dialysis patients.  Kidney
Int. 1996;50:1713. 
 99. Canepa A, Divino Filho JC, Forsberg AM, et al. Nutritional status and mus-
cle amino acids in children with end-stage renal failure.  Kidney Int. 1992;41:1016. 
100. Bright R. Reports of Medical Cases Selected with a View of Illustrating the 
Symptoms and Cure of Diseases by Reference to Morbid Anatomy. Vol 2. London, 
England: Longman, Rees, Orme, Brown & Green; 1830. 
101. Kopple JD. Amino acid and protein metabolism in chronic renal failure. 
In: Massry SG, Glassock RJ, eds.  Massry and Glassock’s Textbook of Nephrology.
4th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2001:1356. 
102. Stenvinkel P, Heimburger O, Lindholm B. Wasting, but not malnutri-
tion, predicts cardiovascular mortality in end-stage renal disease.  Nephrol Dial 
 Transplant. 2004;19:2181. 
103. Pecoits-Filho R, Lindholm B, Stenvinkel P. The malnutrition, in  amma-
tion, and atherosclerosis (MIA) syndrome —the heart of the matter.  Nephrol Dial 
Transplant. 2002;17:28. 
104. Stenvinkel P, Heimburger O, Lindholm B, et al. Are there two types of mal-
nutrition in chronic renal failure? Evidence for relationships between malnutri-
tion, in  ammation and atherosclerosis (MIA syndrome).  Nephrol Dial Transplant.
2000;15:953.
105. Ikizler TA, Wingard RL, Sun M, et al. Increased energy expenditure in 
hemodialysis patients. J Am Soc Nephrol. 1996;7:2646. 
106. Mitch WE. Proteolytic mechanisms, not malnutrition, cause loss of muscle 
mass in kidney failure.  J Ren Nutr. 2006;16:208–211. 
107. Wang X, Hu Z, Hu J, Du J, et al. Insulin resistance accelerates muscle pro-
tein degradation: Activation of the ubiquitin-proteasome pathway by defects in 
muscle cell signaling. Endocrinology. 2006;147:4160. 
108. Ikizler TA, Pupim LB, Brouillette JR, et al. Hemodialysis stimulates mus-
cle and whole body protein loss and alters substrate oxidation.  Am J Physiol 
 Endocrinol Metab. 2002;282:E107. 
109. Pupim LB, Flakoll PJ, Brouillette JR, et al. Intradialytic parenteral nutrition 
improves protein and energy homeostasis in chronic hemodialysis patients.  J Clin 
Invest. 2002;110:483. 
110. Bier DM. Intrinsically dif  cult problems: the kinetics of body proteins and 
amino acids in man. Diabetes Metab Rev. 1989;5:111. 
111. Goodship TH, Mitch WE, Hoerr RA. Adaptation to low-protein diets in re-
nal failure: leucine turnover and nitrogen balance.  J Am Soc Nephrol. 1990;1:66. 
112. Pupim LB, Flakoll PJ, Ikizler TA. Protein homeostasis in chronic hemodi-
alysis patients. Curr Opin Clin Nutr Metab Care. 2004;7:89. 
113. Mitch WE. Insights into abnormalities of chronic renal disease attributed 
to malnutrition. J Am Soc Nephrol. 2002;13:S22. 
114. Kopple JD, Monteon FJ, Shaib JK. Effect of energy intake on nitrogen 
metabolism in nondialyzed patients with chronic renal failure.  Kidney Int.
1986;29:734.
115. Monteon FJ, Laidlaw SA, Shaib JK, et al. Energy expenditure in patients 
with chronic renal failure.  Kidney Int. 1986;30:741. 
 116. Wang AY, Sea MM, Tang N, et al. Resting energy expenditure and subsequent 
mortality risk in peritoneal dialysis patients. J Am Soc Nephrol. 2004;15:3134. 
117. Ikizler TA, Greene JH, Wingard RL, et al. Spontaneous dietary protein in-
take during progression of chronic renal failure.  J Am Soc Nephrol. 1995;6:1386. 
118. Kopple JD, Levey AS, Greene T, et al. Effect of dietary protein restriction on 
nutritional status in Modi  cation of Diet in Renal Disease (MDRD) Study.  Kidney
Int. 1997;52:778. 
119. Raj DS, Sun Y, Tzamaloukas AH. Hypercatabolism in dialysis patients. 
Curr Opin Nephrol Hypertens. 2008;17:589. 
120. Pupim LB, Caglar K, Hakim RM, et al. Uremic malnutrition is a predictor 
of death independent of in  ammatory status.  Kidney Int. 2004;66:2054. 
121. Hakim RM, Levin N. Malnutrition in hemodialysis patients. Am J Kidney 
Dis. 1993;21:125. 
122. Rajan V, Mitch WE. Ubiquitin, proteasomes and proteolytic mechanisms 
activated by kidney disease. Biochim Biophys Acta. 2008;1782:795. 
123. Relman AS, Shelburne PF, Talman A. Profound acidosis resulting from ex-
cessive ammonium chloride in previously healthy subjects. A study of two cases. 
N Engl J Med. 1961;264:848. 

 64. Fellström BC, Jardine AG, Schmieder RE, et al. Rosuvastatin and cardiovas-
cular events in patients undergoing hemodialysis.  N Engl J Med. 2009;360:1395. 
 65. Baigent C, Landry M. Study of Heart and Renal Protection (SHARP). 
Kidney Int Suppl. 2003;84:S207. 
 66. Sanfelippo ML, Swenson RS, Reaven GM. Response of plasma triglycerides 
to dietary change in patients on hemodialysis.  Kidney Int. 1978;14:180. 
 67. Axelsson TG, Irving GF, Axelsson J. To eat or not to eat: dietary fat in ure-
mia is the question. Semin Dial. 2010;23:383. 
 68. Goldberg AP, Hagberg JM, Delmez JA, Metabolic effects of exercise training 
in hemodialysis patients. Kidney Int. 1980;18:754. 
 69. Chapman MJ, Le Goff W, Guerin M, et al. Cholesteryl ester transfer pro-
tein: at the heart of the action of lipid-modulating therapy with statins,   brates, 
niacin, and cholesteryl ester transfer protein inhibitors.  Eur Heart J. 2010;
31:149.
 70. Barter PJ, Caul  eld M, Eriksson M, et al. Effects of torcetrapib in patients 
at high risk for coronary events.  N Engl J Med. 2007;357:2109. 
 71. Kaysen GA. Potential restoration of HDL function with apolipoprotein A-I 
mimetic peptide in end-stage renal disease.  Kidney Int. 2009;76:359. 
 72. Belfort R, Berria R, Cornell J, et al. Feno  brate reduces systemic in-
  ammation markers independent of its effects on lipid and glucose metabo-
lism in patients with the metabolic syndrome.  J Clin Endocrinol Metab. 2010;
95:829.
 73. Pasternack A, Vanttinen T, Solakivi T, et al. Normalization of lipoprotein 
lipase and hepatic lipase by gem  brozil results in correction of lipoprotein ab-
normalities in chronic renal failure.  Clin Nephrol. 1987;27:163. 
 74. Tahmaz M, Kumbasar B, Ergen K, et al. Acute renal failure secondary to 
feno  brate monotherapy-induced rhabdomyolysis.  Ren Fail. 2007;29:927. 
 75. Unal A, Torun E, Sipahioglu MH, et al. Feno  brate-induced acute renal 
failure due to massive rhabdomyolysis after coadministration of statin in two 
patients. Intern Med. 2008;47:1017. 
 76. Polanco N, Hernández E, González E, et al. Fibrate-induced deterioration 
of renal function.  Nefrologia. 2009;29:208. 
 77. Taylor AJ, Villines TC, Stanek EJ, et al. Extended-release niacin or ezeti-
mibe and carotid intima-media thickness.  N Engl J Med. 2009;361:2113. 
 78. Shoji T, Nishizawa Y, Kawasaki K, et al. Effects of the nicotinic acid ana-
logue niceritrol on lipoprotein Lp(a) and coagulation-  brinolysis status in pa-
tients with chronic renal failure on hemodialysis.  Nephron. 1997;77:112. 
 79. Nakahama H, Nakanishi T, Uyama O, et al. Niceritrol reduces plasma 
lipoprotein(a) levels in patients undergoing maintenance hemodialysis.  Ren
 Failure. 1993;15:189. 
 80. Nishizawa Y, Shoji T, Tabata T, et al. Effects of lipid-lowering drugs on inter-
mediate-density lipoprotein in uremic patients.  Kidney Int Suppl. 1999;71:S134. 
 81. Mitch WE, Goldberg AL. Mechanisms of muscle wasting. The role of the 
ubiquitin-proteasome pathway.  N Engl J Med. 1996;335:1897. 
 82. Young VR, Krauss RM. Nutritional requirements of normal adults. In: 
Mitch WE, Klahr S, eds. Nutrition and the Kidney. 4th ed. Philadelphia, PA: 
Lippincott–Raven Press; 2002: 1. 
 83. Dukkipati R, Kopple JD. Causes and prevention of protein-energy wasting 
in chronic kidney failure.  Semin Nephrol. 2009;29:39. 
 84. Du J, Wang X, Miereles C, et al. Activation of caspase-3 is an initial step 
triggering accelerated muscle proteolysis in catabolic conditions . J Clin Invest.
2004;113:115.
 85. Lecker SH, Jagoe RT, Gilbert A, et al. Multiple types of skeletal muscle 
atrophy involve a common program of changes in gene expression.  FASEB J.
2004;18:39.
 86. Du J, Mitch WE. Identi  cation of pathways controlling muscle protein me-
tabolism in uremia and other catabolic conditions.  Curr Opin Nephrol Hypertens.
2005;14:378.
 87. Broyer M, Jean G, Dartois AM, et al. Plasma and muscle free amino acids in 
children at the early stages of renal failure.  Am J Clin Nutr. 1980;33:1396. 
 88. Dalton RN, Chantler C. The relationship between branched-chain amino 
acids and alpha-keto acids in blood in uremia.  Kidney Int. 1983;16:S61. 
 89. Bergström J, Alvestrand A, Fürst P. Plasma and muscle free amino acids 
in maintenance hemodialysis patients without protein malnutrition.  Kidney Int.
1990;38:108.
 90. Suliman ME, Anderstam B, Lindholm B, et al. Total, free and protein-bound 
sulphur amino acids in uremic patients.  Nephrol Dial Transplant. 1997;12:2332. 
 91. Bergström J, Furst P, Noree LO, et al. Intracellular free amino acids in 
muscle tissue of patients with chronic uraemia: effect of peritoneal dialysis and 
infusion of essential amino acids. Clin Sci Mol Med. 1978;54:51. 
 92. Hara Y, May RC, Kelly RA, et al. Acidosis, not azotemia, stimulates 
branched-chain, amino acid catabolism in uremic rats.  Kidney Int. 1987;32:808. 
 93. Workeneh BT, Mitch WE. Review of muscle wasting associated with 
chronic kidney disease.  Am J Clin Nutr. 2010;91:1128S. 

2354

 52. Attman PO, Samuelsson O, Johansson AC, et al. Dialysis modalities and 
dyslipidemia. Kidney Int. 2003;63:110.
 53. Dieplinger H, Schoen eld PY, Fielding CJ. Plasma cholesterol metabolism 
in end-stage renal disease: di  erence between treatment by hemodialysis or peri-
toneal dialysis. J Clin Invest. 1986;77:1071.
 54. Bredie SJ, Bosch FH, Demacker PN, et al. E  ects o  peritoneal dialysis with 
an overnight icodextrin dwell on parameters o  glucose and lipid metabolism. 
Perit Dial Int. 2001;21:275.
http://www.ncbi.nlm.nih.gov/pubmed/11475343
 55. Degoulet P, Legrain M, Reach I, et al. Mortality risk  actors in patients treat-
ed by chronic hemodialysis. Report o  the Diaphane collaborative study. Nephron. 
1982;31:103.
http://www.ncbi.nlm.nih.gov/pubmed/7121651
 56. Lowrie EG, Lew NL. Death risk in hemodialysis patients: the predictive 
value o  commonly measured variables and an evaluation o  death rate di  er-
ences between  acilities. Am J Kidney Dis. 1990;15:458.
http://www.ncbi.nlm.nih.gov/pubmed/2333868
 57. Iseki K, Yamazato M, Tozawa M, et al. Hypocholesterolemia is a signi -
cant predictor o  death in a cohort o  chronic hemodialysis patients. Kidney Int. 
2002;61:1887.
http://www.ncbi.nlm.nih.gov/pubmed/11967041
 58. Kalantar-Zadeh K, Block G, Humphreys MH, et al. Reverse epidemiol-
ogy o  cardiovascular risk  actors in maintenance dialysis patients. Kidney Int. 
2003;63:793.
http://www.ncbi.nlm.nih.gov/pubmed/12631061
 59. Liu Y, Coresh J, Eustace JA, et al. Association between cholesterol level 
and mortality in dialysis patients: role o  inf ammation and malnutrition. JAMA. 
2004;291:451.
http://www.ncbi.nlm.nih.gov/pubmed/14747502
 60. Tonelli M, Isles C, Curhan GC, et al. E  ect o  pravastatin on cardiovascular 
events in people with chronic kidney disease. Circulation. 2004;110:1557.
http://www.ncbi.nlm.nih.gov/pubmed/15364796
 61. Navaneethan SD, Pansini F, Perkovic V, et al. HMG CoA reductase in-
hibitors (statins)  or people with chronic kidney disease not requiring dialysis. 
Cochrane Database Syst Rev. 2009;CD007784.
 62. Colhoun HM, Betteridge DJ, Durrington PN, et al. E  ects o  atorvasta-
tin on kidney outcomes and cardiovascular disease in patients with diabetes: 
an analysis  rom the Collaborative Atorvastatin Diabetes Study (CARDS). Am J 
Kidney Dis. 2009;54:810.
http://www.ncbi.nlm.nih.gov/pubmed/19540640
 63. Wanner C, Krane V, März W, et al. Atorvastatin in patients with type 2 
diabetes mellitus undergoing hemodialysis. N Engl J Med. 2005;353:238.
http://www.ncbi.nlm.nih.gov/pubmed/16034009
 64. Fellström BC, Jardine AG, Schmieder RE, et al. Rosuvastatin and cardiovas-
cular events in patients undergoing hemodialysis. N Engl J Med. 2009;360:1395.
 65. Baigent C, Landry M. Study o  Heart and Renal Protection (SHARP). Kid-
ney Int Suppl. 2003;84:S207.
 66. San elippo ML, Swenson RS, Reaven GM. Response o  plasma triglycerides 
to dietary change in patients on hemodialysis. Kidney Int. 1978;14:180.
 67. Axelsson TG, Irving GF, Axelsson J. To eat or not to eat: dietary  at in ure-
mia is the question. Semin Dial. 2010;23:383.
http://www.ncbi.nlm.nih.gov/pubmed/20701718
 68. Goldberg AP, Hagberg JM, Delmez JA, Metabolic e  ects o  exercise training 
in hemodialysis patients. Kidney Int. 1980;18:754.
http://www.ncbi.nlm.nih.gov/pubmed/7206459
 69. Chapman MJ, Le Go   W, Guerin M, et al. Cholesteryl ester trans er protein: 
at the heart o  the action o  lipid-modulating therapy with statins,  brates, nia-
cin, and cholesteryl ester trans er protein inhibitors. Eur Heart J. 2010; 31:149.
 70. Barter PJ, Caul eld M, Eriksson M, et al. E  ects o  torcetrapib in patients 
at high risk  or coronary events. N Engl J Med. 2007;357:2109.
http://www.ncbi.nlm.nih.gov/pubmed/17984165
 71. Kaysen GA. Potential restoration o  HDL  unction with apolipoprotein A-I 
mimetic peptide in end-stage renal disease. Kidney Int. 2009;76:359.
http://www.ncbi.nlm.nih.gov/pubmed/19644477
 72. Bel ort R, Berria R, Cornell J, et al. Feno brate reduces systemic inf am-
mation markers independent o  its e  ects on lipid and glucose metabolism in 
patients with the metabolic syndrome. J Clin Endocrinol Metab. 2010; 95:829.
http://www.ncbi.nlm.nih.gov/pubmed/20061429
 73. Pasternack A, Vanttinen T, Solakivi T, et al. Normalization o  lipoprotein 
lipase and hepatic lipase by gem brozil results in correction o  lipoprotein ab-
normalities in chronic renal  ailure. Clin Nephrol. 1987;27:163.
http://www.ncbi.nlm.nih.gov/pubmed/3555908
 74. Tahmaz M, Kumbasar B, Ergen K, et al. Acute renal  ailure secondary to 
 eno brate monotherapy-induced rhabdomyolysis. Ren Fail. 2007;29:927.
http://www.ncbi.nlm.nih.gov/pubmed/17994463

 75. Unal A, Torun E, Sipahioglu MH, et al. Feno brate-induced acute renal 
 ailure due to massive rhabdomyolysis a ter coadministration o  statin in two 
patients. Intern Med. 2008;47:1017.
 76. Polanco N, Hernández E, González E, et al. Fibrate-induced deterioration 
o  renal  unction. Nefrologia. 2009;29:208.
http://www.ncbi.nlm.nih.gov/pubmed/19554053
 77. Taylor AJ, Villines TC, Stanek EJ, et al. Extended-release niacin or ezeti-
mibe and carotid intima-media thickness. N Engl J Med. 2009;361:2113.
http://www.ncbi.nlm.nih.gov/pubmed/19915217
 78. Shoji T, Nishizawa Y, Kawasaki K, et al. E  ects o  the nicotinic acid ana-
logue niceritrol on lipoprotein Lp(a) and coagulation- brinolysis status in pa-
tients with chronic renal  ailure on hemodialysis. Nephron. 1997;77:112.
http://www.ncbi.nlm.nih.gov/pubmed/9380227
 79. Nakahama H, Nakanishi T, Uyama O, et al. Niceritrol reduces plasma 
lipoprotein(a) levels in patients undergoing maintenance hemodialysis. Ren Fail-
ure. 1993;15:189.
http://www.ncbi.nlm.nih.gov/pubmed/8469786
 80. Nishizawa Y, Shoji T, Tabata T, et al. E  ects o  lipid-lowering drugs on inter-
mediate-density lipoprotein in uremic patients. Kidney Int Suppl. 1999;71:S134.
 81. Mitch WE, Goldberg AL. Mechanisms o  muscle wasting. The role o  the 
ubiquitin-proteasome pathway. N Engl J Med. 1996;335:1897.
http://www.ncbi.nlm.nih.gov/pubmed/8948566
 82. Young VR, Krauss RM. Nutritional requirements o  normal adults. In: 
Mitch WE, Klahr S, eds. Nutrition and the Kidney. 4th ed. Philadelphia, PA: Lip-
pincott–Raven Press; 2002: 1.
 83. Dukkipati R, Kopple JD. Causes and prevention o  protein-energy wasting 
in chronic kidney  ailure. Semin Nephrol. 2009;29:39.
http://www.ncbi.nlm.nih.gov/pubmed/19121473
 84. Du J, Wang X, Miereles C, et al. Activation o  caspase-3 is an initial step 
triggering accelerated muscle proteolysis in catabolic conditions. J Clin Invest. 
2004;113:115.
http://www.ncbi.nlm.nih.gov/pubmed/14702115
 85. Lecker SH, Jagoe RT, Gilbert A, et al. Multiple types o  skeletal muscle 
atrophy involve a common program o  changes in gene expression. FASEB J. 
2004;18:39.
http://www.ncbi.nlm.nih.gov/pubmed/15744552
 86. Du J, Mitch WE. Identi cation o  pathways controlling muscle protein me-
tabolism in uremia and other catabolic conditions. Curr Opin Nephrol Hypertens. 
2005;14:378.
 87. Broyer M, Jean G, Dartois AM, et al. Plasma and muscle  ree amino acids 
in children at the early stages o  renal  ailure. Am J Clin Nutr. 1980;33:1396.
http://www.ncbi.nlm.nih.gov/pubmed/7395767
 88. Dalton RN, Chantler C. The relationship between branched-chain amino 
acids and alpha-keto acids in blood in uremia. Kidney Int. 1983;16:S61.
 89. Bergström J, Alvestrand A, Fürst P. Plasma and muscle  ree amino acids 
in maintenance hemodialysis patients without protein malnutrition. Kidney Int. 
1990;38:108.
http://www.ncbi.nlm.nih.gov/pubmed/2117095
 90. Suliman ME, Anderstam B, Lindholm B, et al. Total,  ree and protein-bound 
sulphur amino acids in uremic patients. Nephrol Dial Transplant. 1997;12:2332.
http://www.ncbi.nlm.nih.gov/pubmed/9394320
 91. Bergström J, Furst P, Noree LO, et al. Intracellular  ree amino acids in 
muscle tissue o  patients with chronic uraemia: e  ect o  peritoneal dialysis and 
in usion o  essential amino acids. Clin Sci Mol Med. 1978;54:51.
http://www.ncbi.nlm.nih.gov/pubmed/620493
 92. Hara Y, May RC, Kelly RA, et al. Acidosis, not azotemia, stimulates 
branched-chain, amino acid catabolism in uremic rats. Kidney Int. 1987;32:808.
http://www.ncbi.nlm.nih.gov/pubmed/3430964
 93. Workeneh BT, Mitch WE. Review o  muscle wasting associated with 
chronic kidney disease. Am J Clin Nutr. 2010;91:1128S.
http://www.ncbi.nlm.nih.gov/pubmed/20181807
 94. Edozien JC. The  ree amino acids o  plasma and urine in kwashiorkor. Clin 
Sci. 1966;31:153.
http://www.ncbi.nlm.nih.gov/pubmed/5912701
 95. Hara Y, May RC, Kelly RA, et al. Acidosis, not azotemia, stimulates 
branched-chain, amino acid catabolism in uremic rats. Kidney Int. 1987;32:808.
http://www.ncbi.nlm.nih.gov/pubmed/3430964
 96. Lo berg E, Wernerman J, Anderstam B, et al. Correction o  metabolic aci-
dosis in dialysis patients increases branched-chain and total essential amino acid 
levels in muscle. Clin Nephrol. 1997;48:230.
http://www.ncbi.nlm.nih.gov/pubmed/9352157
 97. Cernacek P, Becvarova H, Gerova Z, et al. Plasma tryptophan level in 
chronic renal  ailure. Clin Nephrol. 1980;14:246.
http://www.ncbi.nlm.nih.gov/pubmed/7226582



CHAPTER 80  METABOLIC AND ENDOCRINE DYSFUNCTIONS IN UREMIA 2355

152. Lim VS, Henriquez C, Sievertsen G, et al. Ovarian function in chronic 
renal failure: evidence suggesting hypothalamic anovulation.  Ann Intern Med.
1980;93:21.
153. Swamy AP, Woolf PD, Cestero RV. Hypothalamic-pituitary-ovarian axis in 
uremic women.  J Lab Clin Med. 1979;93:1066. 
154. Rudolf K, Rudolf H, Ruting M, et al. Behavior of basal and stimulated 
serum levels of prolactin, growth hormone and gonadotropins in females with 
chronic uremia.  Z Gesamte Inn Med. 1988;43:542. 
155. Michaelides N, Humke W. Erfahrunegen bei der gynäkologischen 
Betrteuung von patientinnen mit chronischer Nireninsuf  zienz.  Nieren und 
 Hochdruckkrankheiten. 1993;22:187. 
156. Zingraff J, Jungers P, Pelissier C, et al. Pituitary and ovarian dysfunctions in 
women on haemodialysis. Nephron. 1982;30:149. 
157. Gomez F, de la Cueva R, Wauters JP, et al. Endocrine abnormalities in 
patients undergoing long-term hemodialysis. The role of prolactin.  Am J Med.
1980;68:522.
158. Weisinger JR, Gonzalez L, Alvarez H, et al. Role of persistent amenor-
rhea in bone mineral metabolism of young hemodialyzed women.  Kidney Int.
2000;58:331.
159. Sugiya N, Nakashima A, Takasugi N, et al. Endogenous estrogen may 
prevent bone loss in postmenopausal hemodialysis patients throughout life. 
Osteoporos Int. 2011;22:1573. 
160. Matuszkiewicz-Rowinska J, Skorzewska K, Radowicki S, et al. The bene  ts 
of hormone replacement therapy in pre-menopausal women with oestrogen de-
  ciency on haemodialysis.  Nephrol Dial Transplant. 1999;14:1238. 
161. Hernandez E, Valera R, Alonzo E, et al. Effects of raloxifene on bone me-
tabolism and serum lipids in postmenopausal women on chronic hemodialysis. 
Kidney Int. 2003;63:2269. 
162. Mahesh S, Kaskel F. Growth hormone axis in chronic kidney disease. 
Pediatr Nephrol. 2008;23:41. 
163. Johnson V, Maack T. Renal extraction,   ltration, absorption, and catabo-
lism of growth hormone.  Am J Physiol. 1977;233:F185. 
164. Ramírez G, Bittle PA, Sanders H, et al. The effects of corticotropin and 
growth hormone releasing hormones on their respective secretory axes in chronic 
hemodialysis patients before and after correction of anemia with recombinant hu-
man erythropoietin.  J Clin Endocrinol Metab. 1994;78:63. 
165. Schaefer F, Baumann G, Haffner D, et al. Multifactorial control of the elimi-
nation kinetics of unbound (free) growth hormone (GH) in the human: regula-
tion by age, adiposity, renal function, and steady state concentrations of GH in 
plasma. J Clin Endocrinol Metab. 1996;81:22. 
166. Veldhuis JD, Iranmanesh A, Wilkowski MJ, et al. Neuroendocrine altera-
tions in the somatotropic and lactotropic axes in uremic men.  Eur J Endocrinol.
1994;131:489.
167. Schaefer F, Veldhuis JD, Stanhope R, et al. Alterations in growth hormone 
secretion and clearance in peripubertal boys with chronic renal failure and af-
ter renal transplantation. Cooperative Study Group of Pubertal Development in 
Chronic Renal Failure.  J Clin Endocrinol Metab. 1994;78:1298. 
168. Iglesias P, Díez JJ, Fernández-Reyes MJ, et al. Growth hormone, IGF-1 and 
its binding proteins (IGFBP-1 and -3) in adult uraemic patients undergoing peri-
toneal dialysis and haemodialysis. Clin Endocrinol. 2004;60:741. 
169. Ramirez G, O’Neill WA, Bloomer HA, et al. Abnormalities in the regulation 
of growth hormone in chronic renal failure.  Arch Intern Med. 1978;138:267. 
170. Ramirez G, Bercu BB, Bittle PA, et al. Response to growth hormone- 
releasing hormone in adult renal failure patients on hemodialysis.  Metabolism.
1990;39:764.
171. Marumo F, Sakai T, Sato S. Response of insulin, glucagon and growth 
hormone to arginine infusion in patients with chronic renal failure.  Nephron.
1979;24:81.
172. Postel-Vinay MC, Tar A, Crosnier H, et al. Plasma growth hormone- 
binding activity is low in uraemic children.  Pediatr Nephrol. 1991;5:545. 
 173. Mak RH, Pak YK. End-organ resistance to growth hormone and  IGF-1 in 
epiphyseal chondrocytes of rats with chronic renal failure.  Kidney Int. 1996;50:400. 
174. Rabkin R, Sun DF, Chen Y, et al. Growth hormone resistance in uremia, 
a role for impaired JAK/STAT signaling.  Pediatr Nephrol. 2005;20:313. 
175. Tönshoff B, Blum WF, Wingen AM, et al, Serum insulin-like growth fac-
tors (IGFs) and IGF binding proteins 1, 2, and 3 in children with chronic renal 
failure: relationship to height and glomerular   ltration rate.  J Clinical Endocrinol 
Metab. 1995;80:2684. 
176. Frystyk J, Ivarsen P, Skjaerbaek C, et al. Serum-free insulin-like growth 
factor I correlates with clearance in patients with chronic renal failure.  Kidney Int.
1999;56:2076.
177. Phillips LS, Kopple JD. Circulating somatomedin activity and sul-
fate levels in adults with normal and impaired kidney function.  Metabolism.
1981;30:1091. 

 124. Graham KA, Reaich D, Channon SM, et al. Correction of acidosis in hemo-
dialysis decreases whole-body protein degradation.  J Am Soc Nephrol. 1997;8:632. 
125. Pickering WP, Price SR, Bircher G, et al. Nutrition in CAPD: serum bi-
carbonate and the ubiquitin-proteasome system in muscle.  Kidney Int. 2002;
61:1286.
126. Szeto CC, Wong TY, Chow KM, et al. Oral sodium bicarbonate for the 
treatment of metabolic acidosis in peritoneal dialysis patients: a randomized 
placebo-control trial.  J Am Soc Nephrol 2003;14:2119. 
127. de Brito-Ashurst I, Varagunam M, Raftery MJ, et al. Bicarbonate supple-
mentation slows progression of CKD and improves nutritional status.  J Am Soc 
Nephrol. 2009;20:2075. 
128. Kraut JA, Madias NE. Consequences and therapy of the metabolic acidosis 
of chronic kidney disease.  Pediatr Nephrol. 2011;26:19. 
129. Bergstrom J, Lindholm B, Lacson E Jr, et al. What are the causes and con-
sequences of the chronic in  ammatory state in chronic dialysis patients?  Semin
Dial. 2000;13:163. 
130. Stein A, Moorhouse J, Iles-Smith H, Baker F, et al. Role of an improvement 
in acid-base status and nutrition in CAPD patients. Kidney Int. 1997;52:1089. 
 131. Parker TF, Wingard RL, Husni L, et al. Effect of the membrane biocompatibility 
on nutritional parameters in chronic hemodialysis patients.  Kidney Int. 1996;49:551. 
132. Locatelli F, Mastangelo F, Redacelli B, et al. Effects of different mem-
branes and dialysis technologies on patients’ treatment tolerance and nutri-
tional parameters. The Italian Cooperative Dialysis Study Group.  Kidney Int.
1996;49:1293. 
133. Kidney diseases outcomes quality initiative clinical practice guidelines for 
nutrition in chronic renal failure.  Am J Kidney Dis. 2000;35(suppl 2):1. 
134. Holley JL. The hypothalamic-pituitary axis in men and women with chron-
ic kidney disease. Adv Chronic Kidney Dis. 2004;11:337. 
135. de Kretser DM, Atkins RC, Paulsen CA. Role of the kidney in the metabo-
lism of luteinizing hormone. J Endocrinol. 1973;58:425. 
136. Schaefer F, Veldhuis JD, Robertson WR, et al. Immunoreactive and bioac-
tive luteinizing hormone in pubertal patients with chronic renal failure: Coop-
erative Study Group in Pubertal Development in Chronic Renal Failure.  Kidney
Int. 1994;45:1465. 
137. Carrero JJ, Qureshi AR, Nakashima A, et al. Prevalence and clinical impli-
cations of testosterone de  ciency in men with end-stage renal disease.  Nephrol 
Dial Transplant. 2011;26:184. 
138. Lim VS, Kathpalia SC, Frohman LA. Hyperprolactinemia and impaired pi-
tuitary response to suppression and stimulation in chronic renal failure: reversal 
after transplantation. J Clin Endocrinol Metab. 1979;48:101. 
139. Biasioli S, Mazzali A, Foroni R, et al. Chronobiological variations of prolac-
tin (PRL) in chronic renal failure (CRF).  Clin Nephrol. 1988;30:86. 
140. Emmanouel DS, Fang VS, Katz AI. Prolactin metabolism in the rat: role of 
the kidney in degradation of the hormone. Am J Physiol. 1981;240:F437. 
141. Adachi N, Lei B, Deshpande G, et al. Uremia suppresses central dopami-
nergic metabolism and impairs motor activity in rats.  Intensive Care Med. 2001; 
27:1655.
142. Ramirez G, Butcher DE, Newton JL, et al. Bromocriptine and the hypo-
thalamic hypophyseal function in patients with chronic renal failure on chronic 
hemodialysis. Am J Kidney Dis. 1985;6:111. 
143. Gungor O, Kircelli F, Carrero JJ, et al. Endogenous testosterone and mortal-
ity in male hemodialysis patients: is it the result of aging?  Clin J Am Soc Nephrol.
2010;5:2018.
144. Carrero JJ, Qureshi AR, Parini P, et al. Low serum testosterone increases 
mortality risk among male dialysis patients. J Am Soc Nephrol. 2009;20:613. 
145. Zadeh JA, Koutsaimanis KG, Roberts AP, et al. The effect of maintenance 
haemodialysis and renal transplantation on the plasma testosterone levels of male 
patients in chronic renal failure.  Acta Endocrinol (Copenhagen). 1975;80:577. 
146. Dunkel L, Raivio T, Laine J, et al. Circulating luteinizing hormone receptor 
inhibitor(s) in boys with chronic renal failure.  Kidney Int. 1997;51:777. 
147. Schmidt A, Luger A, Hörl WH. Sexual hormone abnormalities in male 
patients with renal failure.  Nephrol Dial Transplant. 2002;17:368. 
148. de Kretser DM, Atkins RC, Hudson B, et al. Disordered spermatogenesis 
in patients with chronic renal failure and undergoing maintenance hemodialysis. 
Aust NZ J Med. 1974;4:178. 
149. Fioretti P, Melis GB, Ciardella F, et al. Parathyroid function and pituitary-
gonadal axis in male uremics: effects of dietary treatment and of maintenance 
hemodialysis. Clin Nephrol. 1986;25:155. 
150. Van Kammen E, Thijssen JH, Schwarz F. Sex hormones in male patients 
with chronic renal failure. I. The production of testosterone and of androstenedi-
one. Clin Endocrinol (Oxf). 1978;8:7. 
151. van Coevorden A, Stolear JC, Dhaene M, et al. Effect of chronic oral testos-
terone undecanoate administration on the pituitary-testicular axes of hemodia-
lyzed male patients. Clin Nephrol. 1986;26:48. 

2355

 98. Suliman ME, Anderstam B, Lindholm B, et al. Evidence o  taurine deple-
tion and accumulation o  cysteinesul nic acid in chronic dialysis patients. Kidney 
Int. 1996;50:1713.
http://www.ncbi.nlm.nih.gov/pubmed/8914041
 99. Canepa A, Divino Filho JC, Forsberg AM, et al. Nutritional status and mus-
cle amino acids in children with end-stage renal  ailure. Kidney Int. 1992;41:1016.
http://www.ncbi.nlm.nih.gov/pubmed/1513082
100. Bright R. Reports of Medical Cases Selected with a View of Illustrating the 
Symptoms and Cure of Diseases by Reference to Morbid Anatomy. Vol 2. London, 
England: Longman, Rees, Orme, Brown & Green; 1830.
101. Kopple JD. Amino acid and protein metabolism in chronic renal  ailure. In: 
Massry SG, Glassock RJ, eds. Massry and Glassock’s Textbook of Nephrology. 4th ed. 
Philadelphia, PA: Lippincott Williams & Wilkins; 2001:1356.
102. Stenvinkel P, Heimburger O, Lindholm B. Wasting, but not malnutrition, 
predicts cardiovascular mortality in end-stage renal disease. Nephrol Dial Trans-
plant. 2004;19:2181.
103. Pecoits-Filho R, Lindholm B, Stenvinkel P. The malnutrition, inf amma-
tion, and atherosclerosis (MIA) syndrome—the heart o  the matter. Nephrol Dial 
Transplant. 2002;17:28.
http://www.ncbi.nlm.nih.gov/pubmed/12386280
104. Stenvinkel P, Heimburger O, Lindholm B, et al. Are there two types o  mal-
nutrition in chronic renal  ailure? Evidence  or relationships between malnutri-
tion, inf ammation and atherosclerosis (MIA syndrome). Nephrol Dial Transplant. 
2000;15:953.
http://www.ncbi.nlm.nih.gov/pubmed/10862630
105. Ikizler TA, Wingard RL, Sun M, et al. Increased energy expenditure in 
hemodialysis patients. J Am Soc Nephrol. 1996;7:2646.
http://www.ncbi.nlm.nih.gov/pubmed/8989743
106. Mitch WE. Proteolytic mechanisms, not malnutrition, cause loss o  muscle 
mass in kidney  ailure. J Ren Nutr. 2006;16:208–211.
http://www.ncbi.nlm.nih.gov/pubmed/16825021
107. Wang X, Hu Z, Hu J, Du J, et al. Insulin resistance accelerates muscle pro-
tein degradation: Activation o  the ubiquitin-proteasome pathway by de ects in 
muscle cell signaling. Endocrinology. 2006;147:4160.
http://www.ncbi.nlm.nih.gov/pubmed/16777975
108. Ikizler TA, Pupim LB, Brouillette JR, et al. Hemodialysis stimulates muscle 
and whole body protein loss and alters substrate oxidation. Am J Physiol Endo-
crinol Metab. 2002;282:E107.
109. Pupim LB, Flakoll PJ, Brouillette JR, et al. Intradialytic parenteral nutrition 
improves protein and energy homeostasis in chronic hemodialysis patients. J Clin 
Invest. 2002;110:483.
http://www.ncbi.nlm.nih.gov/pubmed/12189242
110. Bier DM. Intrinsically di  cult problems: the kinetics o  body proteins and 
amino acids in man. Diabetes Metab Rev. 1989;5:111.
http://www.ncbi.nlm.nih.gov/pubmed/2647431
111. Goodship TH, Mitch WE, Hoerr RA. Adaptation to low-protein diets in 
renal  ailure: leucine turnover and nitrogen balance. J Am Soc Nephrol. 1990;1:66.
http://www.ncbi.nlm.nih.gov/pubmed/2104252
112. Pupim LB, Flakoll PJ, Ikizler TA. Protein homeostasis in chronic hemodi-
alysis patients. Curr Opin Clin Nutr Metab Care. 2004;7:89.
http://www.ncbi.nlm.nih.gov/pubmed/15090908
113. Mitch WE. Insights into abnormalities o  chronic renal disease attributed 
to malnutrition. J Am Soc Nephrol. 2002;13:S22.
114. Kopple JD, Monteon FJ, Shaib JK. E  ect o  energy intake on nitrogen metab-
olism in nondialyzed patients with chronic renal  ailure. Kidney Int. 1986;29:734.
http://www.ncbi.nlm.nih.gov/pubmed/3702224
115. Monteon FJ, Laidlaw SA, Shaib JK, et al. Energy expenditure in patients 
with chronic renal  ailure. Kidney Int. 1986;30:741.
http://www.ncbi.nlm.nih.gov/pubmed/3784304
116. Wang AY, Sea MM, Tang N, et al. Resting energy expenditure and sub-
sequent mortality risk in peritoneal dialysis patients. J Am Soc Nephrol. 
2004;15:3134.
http://www.ncbi.nlm.nih.gov/pubmed/15579517
117. Ikizler TA, Greene JH, Wingard RL, et al. Spontaneous dietary protein in-
take during progression o  chronic renal  ailure. J Am Soc Nephrol. 1995;6:1386.
118. Kopple JD, Levey AS, Greene T, et al. E  ect o  dietary protein restriction on 
nutritional status in Modi cation o  Diet in Renal Disease (MDRD) Study. Kidney 
Int. 1997;52:778.
http://www.ncbi.nlm.nih.gov/pubmed/9291200
119. Raj DS, Sun Y, Tzamaloukas AH. Hypercatabolism in dialysis patients. 
Curr Opin Nephrol Hypertens. 2008;17:589.
http://www.ncbi.nlm.nih.gov/pubmed/18941351
120. Pupim LB, Caglar K, Hakim RM, et al. Uremic malnutrition is a predictor 
o  death independent o  inf ammatory status. Kidney Int. 2004;66:2054.
http://www.ncbi.nlm.nih.gov/pubmed/15496179

121. Hakim RM, Levin N. Malnutrition in hemodialysis patients. Am J Kidney 
Dis. 1993;21:125.
http://www.ncbi.nlm.nih.gov/pubmed/8430672
122. Rajan V, Mitch WE. Ubiquitin, proteasomes and proteolytic mechanisms 
activated by kidney disease. Biochim Biophys Acta. 2008;1782:795.
http://www.ncbi.nlm.nih.gov/pubmed/18723090
123. Relman AS, Shelburne PF, Talman A. Pro ound acidosis resulting  rom ex-
cessive ammonium chloride in previously healthy subjects. A study o  two cases. 
N Engl J Med. 1961;264:848.
http://www.ncbi.nlm.nih.gov/pubmed/13740726
124. Graham KA, Reaich D, Channon SM, et al. Correction o  acidosis in 
hemo-dialysis decreases whole-body protein degradation. J Am Soc Nephrol. 
1997;8:632.
125. Pickering WP, Price SR, Bircher G, et al. Nutrition in CAPD: serum bi-
carbonate and the ubiquitin-proteasome system in muscle. Kidney Int. 2002; 
61:1286.
http://www.ncbi.nlm.nih.gov/pubmed/11918735
126. Szeto CC, Wong TY, Chow KM, et al. Oral sodium bicarbonate  or the 
treatment o  metabolic acidosis in peritoneal dialysis patients: a randomized 
placebo-control trial. J Am Soc Nephrol 2003;14:2119.
http://www.ncbi.nlm.nih.gov/pubmed/12874466
127. de Brito-Ashurst I, Varagunam M, Ra tery MJ, et al. Bicarbonate supple-
mentation slows progression o  CKD and improves nutritional status. J Am Soc 
Nephrol. 2009;20:2075.
http://www.ncbi.nlm.nih.gov/pubmed/19608703
128. Kraut JA, Madias NE. Consequences and therapy o  the metabolic acidosis 
o  chronic kidney disease. Pediatr Nephrol. 2011;26:19.
http://www.ncbi.nlm.nih.gov/pubmed/20526632
129. Bergstrom J, Lindholm B, Lacson E Jr, et al. What are the causes and con-
sequences o  the chronic inf ammatory state in chronic dialysis patients? Semin 
Dial. 2000;13:163.
130. Stein A, Moorhouse J, Iles-Smith H, Baker F, et al. Role o  an improvement 
in acid-base status and nutrition in CAPD patients. Kidney Int. 1997;52:1089.
http://www.ncbi.nlm.nih.gov/pubmed/9328950
131. Parker TF, Wingard RL, Husni L, et al. E  ect o  the membrane biocom-
patibility on nutritional parameters in chronic hemodialysis patients. Kidney Int. 
1996;49:551.
http://www.ncbi.nlm.nih.gov/pubmed/8821843
132. Locatelli F, Mastangelo F, Redacelli B, et al. E  ects o  di  erent membranes 
and dialysis technologies on patients’ treatment tolerance and nutritional param-
eters. The Italian Cooperative Dialysis Study Group. Kidney Int. 1996;49:1293.
http://www.ncbi.nlm.nih.gov/pubmed/8887291
133. Kidney diseases outcomes quality initiative clinical practice guidelines  or 
nutrition in chronic renal  ailure. Am J Kidney Dis. 2000;35(suppl 2):1.
134. Holley JL. The hypothalamic-pituitary axis in men and women with 
chronic kidney disease. Adv Chronic Kidney Dis. 2004;11:337.
http://www.ncbi.nlm.nih.gov/pubmed/15492969
135. de Kretser DM, Atkins RC, Paulsen CA. Role o  the kidney in the metabo-
lism o  luteinizing hormone. J Endocrinol. 1973;58:425.
http://www.ncbi.nlm.nih.gov/pubmed/4743528
136. Schae er F, Veldhuis JD, Robertson WR, et al. Immunoreactive and bioac-
tive luteinizing hormone in pubertal patients with chronic renal  ailure: Coopera-
tive Study Group in Pubertal Development in Chronic Renal Failure. Kidney Int. 
1994;45:1465.
http://www.ncbi.nlm.nih.gov/pubmed/8072260
137. Carrero JJ, Qureshi AR, Nakashima A, et al. Prevalence and clinical impli-
cations o  testosterone de ciency in men with end-stage renal disease. Nephrol 
Dial Transplant. 2011;26:184.
http://www.ncbi.nlm.nih.gov/pubmed/20624775
138. Lim VS, Kathpalia SC, Frohman LA. Hyperprolactinemia and impaired pi-
tuitary response to suppression and stimulation in chronic renal  ailure: reversal 
a ter transplantation. J Clin Endocrinol Metab. 1979;48:101.
http://www.ncbi.nlm.nih.gov/pubmed/106066
139. Biasioli S, Mazzali A, Foroni R, et al. Chronobiological variations o  prolac-
tin (PRL) in chronic renal  ailure (CRF). Clin Nephrol. 1988;30:86.
http://www.ncbi.nlm.nih.gov/pubmed/3180518
140. Emmanouel DS, Fang VS, Katz AI. Prolactin metabolism in the rat: role o  
the kidney in degradation o  the hormone. Am J Physiol. 1981;240:F437.
141. Adachi N, Lei B, Deshpande G, et al. Uremia suppresses central dopaminergic 
metabolism and impairs motor activity in rats. Intensive Care Med. 2001; 27:1655.
http://www.ncbi.nlm.nih.gov/pubmed/11685308
142. Ramirez G, Butcher DE, Newton JL, et al. Bromocriptine and the hypo-
thalamic hypophyseal  unction in patients with chronic renal  ailure on chronic 
hemodialysis. Am J Kidney Dis. 1985;6:111.
http://www.ncbi.nlm.nih.gov/pubmed/4025330



2356 SECTION X  CHRONIC KIDNEY DISEASE 

205. Miki H, Oshimo K, Inoue H, et al. Thyroid nodules in female uremic pa-
tients on maintenance hemodialysis. J Surg Oncol. 1993;54:216. 
206. Kantor AF, Hoover RN, Kinlen LJ, et al. Cancer in patients receiving long-
term dialysis treatment.  Am J Epidemiol. 1987;126:370. 
207. Brunner FP, Landais P, Selwood NH. Malignancies after renal transplanta-
tion: the EDTA-ERA registry experience. European Dialysis and Transplantation 
Association-European Renal Association.  Nephrol Dial Transplant. 1995;10:74. 
208. Faber J, Heaf J, Kirkegaard C, et al. Simultaneous turnover studies of thy-
roxine, 3,5,3   and 3,3  ,5 -triiodothyronine, 3,5-, 3,3  -, and 3  ,5 -diiodothyro-
nine, and 3  -monoiodothyronine in chronic renal failure.  J Clin Endocrinol Metab.
1983;56:211.
209. Wiederkehr MR, Kalogiros J, Krapf R. Correction of metabolic acidosis 
improves thyroid and growth hormone axes in haemodialysis patients.  Nephrol 
Dial Transplant. 2004;19:1190. 
210. Kaptein EM, Feinstein EI, Nicoloff JT, et al. Serum reverse triiodothyronine 
and thyroxine kinetics in patients with chronic renal failure.  J Clin Endocrinol 
Metab. 1983;57:181.457. 
211. Spector DA, Davis PJ, Helderman JH, et al. Thyroid function and metabolic 
state in chronic renal failure.  Ann Intern Med. 1976;85:724. 
212. Williams GR, Franklyn JA, Newberger JM, et al. Thyroid hormone receptor 
expression in the sick euthyroid syndrome.  Lancet. 1989;2:1477. 
213. Lim VS, Tsalikian E, Flanigan MJ. Augmentation of protein degradation by 
L-triiodothyronine in uremia.  Metabolism. 1989;38:1210. 
214. Davis FB, Spector DA, Davis PJ, et al. Comparison of pituitary-thyroid 
function in patients with endstage renal disease and in age- and sex-matched 
controls.  Kidney Int. 1982;21:362. 
215. Gonzalez-Barcena D, Kastin AJ, Schalch DS, et al. Response to thyrotropin 
releasing hormone in patients with renal failure and after infusion in normal 
man. J Clin Endocrinol Metab. 1973;36:117. 
216. Bartalena L, Pacchiarotti A, Palla R, et al. Lack of nocturnal serum thy-
rotropin (TSH) surge in patients with chronic renal failure undergoing regular 
maintenance hemo  ltration: a case of central hypothyroidism.  Clin Nephrol. 1990;
34:30.
217. Wheatley T, Clark PM, Clark JD, et al. Abnormalities of thyrotrophin 
(TSH) evening rise and pulsatile release in haemodialysis patients: evidence for 
hypothalamic-pituitary changes in chronic renal failure.  Clin Endocrinol (Oxf).
1989;31:39.
218. Takeda S, Michigishi T, Takazakura E. Iodine-induced hypothyroidism in 
patients on regular dialysis treatment.  Nephron. 1993;65:51. 
219. Chonchol M, Lippi G, Salvagno G, et al. Prevalence of subclinical hy-
pothyroidism in patients with chronic kidney disease.  Clin J Am Soc Nephrol.
2008;3:1296.
220. van Leusen R, Meinders AE. Cyclical changes in serum thyroid hormone 
concentrations related to hemodialysis: movement of hormone into and out of 
the extravascular space as a possible mechanism. Clin Nephrol. 1982;18:193. 
221. Ramirez G, O’Neill W Jr, Jubiz W et al. Thyroid dysfunction in uremia: evi-
dence for thyroid and hypophyseal abnormalities.  Ann Intern Med. 1976;84:672. 
222. Blair D, Byham-Gray L, Lewis E, et al. Prevalence of vitamin D [25(OH)
D] de  ciency and effects of supplementation with ergocalciferol (vitamin D2) in 
stage 5 chronic kidney disease patients.  J Ren Nutr. 2008;18:375. 
223. Rojas-Rivera J, de la Piedra C, Ramos A, et al. The expanding spectrum of 
biological actions of vitamin D. Nephrol Dial Transplant 2010;25:2850. 
224. Delmez JA, Slatopolsky E, Martin KJ, et al. Mineral, vitamin D and para-
thyroid hormone in continuous ambulatory peritoneal dialysis.  Kidney Int.
1982;21:862.
225. Tokmak F, Quack I, Schieren G, et al. High-dose cholecalciferol to cor-
rect vitamin D de  ciency in haemodialysis patients.  Nephrol Dial Transplant.
2008;23:4016.
226. Chandra P, Binongo JN, Ziegler TR, et al. Cholecalciferol (vitamin D3) 
therapy and vitamin D insuf  ciency in patients with chronic kidney disease: a 
randomized controlled pilot study.  Endocr Pract. 2008;14:10. 
227. Wang TJ, Pencina MJ, Booth SL, et al. Vitamin D de  ciency and risk of 
cardiovascular disease.  Circulation. 2008;117:503. 
228. Patel T, Singh AK. Role of vitamin D in chronic kidney disease.  Semin
Nephrol. 2009; 29:113. 
229. Korkor AB. Reduced binding of (H) 1,25-dihydroxyvitamin D3 in the 
parathyroid glands of patients with renal failure.  N Engl J Med. 1987;316:1573. 
230. Kovesdy CP, Ahmadzadeh S, Anderson JE, et al. Association of activated 
vitamin D treatment and mortality in chronic kidney disease.  Arch Intern Med.
2008;168:397.
231. Tentori F, Hunt WC, Stidley CA, et al. Mortality risk among hemodialysis 
patients receiving different vitamin D analogs.  Kidney Int. 2006;70:1858. 
232. Teng M, Wolf M, Lowrie E, et al. Survival of patients undergoing hemodi-
alysis with paricalcitol or calcitriol therapy.  N Engl J Med. 2003;349:446. 

178. Nanba K, Nagake Y, Miyatake N, et al. Relationships of serum levels of 
insulin like growth factors with indices of bone metabolism and nutritional con-
ditions in hemodialysis patients. Nephron. 2001;89:145. 
179. Powell DR, Liu F, Baker BK, et al. Insulin-like growth factor-binding pro-
tein-6 levels are elevated in serum of children with chronic renal failure.  J Clin 
Endocrinol Metab. 1997;82:2978. 
180. Phillips LS, Fusco AC, Unterman TG, et al. Somatomedin inhibitor in ure-
mia. J Clin Endocrinol Metab. 1984;59:764. 
181. Ding H, Gao XL, Hirschberg R, et al. Impaired actions of insulin-like 
growth factor 1 on protein synthesis and degradation in skeletal muscle of 
rats with chronic renal failure: evidence for a postreceptor defect.  J Clin Invest.
1996;97:1064.
182. Fouque D, Peng SC, Kopple JD. Impaired metabolic response to recombi-
nant insulin-like growth factor I in dialysis patients.  Kidney Int. 1995;47:876. 
183. Furth SL, Hwang W, Yang C, et al. Growth failure, risk of hospitaliza-
tion and death for children with end-stage renal disease.  Pediatr Nephrol.
2002;17:450.
184. Fine RN, Kohaut EC, Brown D, et al. Growth after recombinant hu-
man growth hormone treatment in children with chronic renal failure: report 
of a multicenter randomized double-blind placebo-controlled study.  J Pediatr.
1994;124:374.
185. Haffner D, Schaefer F, Nissel R, et al. Effect of growth hormone treat-
ment on the adult height of children with chronic renal failure. German Study 
Group for Growth Hormone Treatment in Chronic Renal Failure.  N Engl J Med.
2000;343:923.
186. Zager PG, Spalding CT, Frey HJ, et al. Low dose adrenocorticotropin in-
fusion in continuous ambulatory peritoneal dialysis patients.  J Clin Endocrinol 
Metab. 1985;61:1205. 
187. Luger A, Lang I, Kovarik J, et al. Abnormalities in the hypothalamic– 
pituitary–adrenocortical axis in patients with chronic renal failure.  Am J Kidney 
Dis. 1987;9:51. 
188. Siamopoulos KC, Dardamanis M, Kyriaki D, et al. Pituitary adrenal re-
sponsiveness to corticotropin releasing hormone in chronic uremic patients. 
Peritoneal Dial Int. 1990;10:153. 
189. Ramirez G, Brueggemeyer C, Ganguly A. Counterregulatory hormonal re-
sponse to insulin-induced hypoglycemia in patients on chronic hemodialysis. 
Nephron. 1988;49:231. 
190. McDonald WJ, Golper TA, Mass RD, et al. Adrenocorticotropin–cortisol 
axis abnormalities in hemodialysis patients. J Clin Endocrinol Metab. 1979;48:92. 
191. Betts PR, Howse PM, Morris R, et al. Serum cortisol concentrations in chil-
dren with chronic renal insuf  ciency.  Arch Dis Child. 1975;50:3. 
192. Grant AC, Rodger RS, Mitchell R, et al. Hypothalamo-pituitary-adrenal axis 
in uraemia: evidence for primary adrenal dysfunction?  Nephrol Dial  Transplant.
1993;8:307.
193. Fasanella d’Amore T, Wauters JP, Waeber B, et al. Response of plasma va-
sopressin to change in extracellular volume and/or plasma osmolality in patients 
on maintenance hemodialysis. Clin Nephrol. 1985;23:299. 
194. Kokot F, Grzeszczak W, Zukowska-Szczechowska E, et al. Water immer-
sion induced alterations of plasma atrial natriuretic peptide level and its relation-
ship to the renin–angiotensin–aldosterone system and vasopressin secretion in 
acute and chronic renal failure.  Clin Nephrol. 1989;31:247. 
195. Benmansour M, Rainfray M, Paillard F, et al. Metabolic clearance rate of 
immunoreactive vasopressin in man.  Eur J Clin Invest. 1982;12:475. 
196. Pruszczynski W, Viron B, Mignon F, et al. Massive plasma arginine vaso-
pressin (AVP) removal during hemo  ltration stimulates AVP secretion in hu-
mans. J Clin Endocrinol Metab. 1987;64:383. 
197. Odar-Cedelof I, Eriksson CG, Theodorsson E, et al. Antidiuretic hormone 
regulation in hemodialysis.  ASAIO Trans. 1991;37:M227. 
198. Bolignano D, Zoccali C. Vasopressin beyond water: implications for renal 
diseases. Curr Opin Nephrol Hypertens. 2010,19:499. 
199. Maier C, Clodi M, Neuhold S, et al. Endothelial markers may link kidney 
function to cardiovascular events in type 2 diabetes.  Diabetes Care. 2009;32:1890. 
200. Meijer E, Bakker SJ, de Jong PE, et al. Copeptin, a surrogate marker of va-
sopressin, is associated with accelerated renal function decline in renal transplant 
recipients.  Transplantation. 2009; 88:561. 
201. Iglesias P, Diez JJ. Thyroid dysfunction and kidney disease.  Eur J  Endocrinol.
2009;160:503.
202. Kaptein EM, Quiion-Verde H, Chooljian CJ, et al. The thyroid in end-stage 
renal disease.  Medicine. 1988;67:187. 
203. Hegedus L, Andersen JR, Poulsen LR, et al. Thyroid gland volume and 
serum concentrations of thyroid hormones in chronic renal failure.  Nephron.
1985;40:171.
204. Kaptein EM. Thyroid hormone metabolism and thyroid diseases in chronic 
renal failure.  Endocrin Rev. 1996;17:45. 

2356

143. Gungor O, Kircelli F, Carrero JJ, et al. Endogenous testosterone and mor-
tality in male hemodialysis patients: is it the result o  aging? Clin J Am Soc Nephrol. 
2010;5:2018.
144. Carrero JJ, Qureshi AR, Parini P, et al. Low serum testosterone increases 
mortality risk among male dialysis patients. J Am Soc Nephrol. 2009;20:613.
http://www.ncbi.nlm.nih.gov/pubmed/19144759
145. Zadeh JA, Koutsaimanis KG, Roberts AP, et al. The e  ect o  maintenance 
haemodialysis and renal transplantation on the plasma testosterone levels o  male 
patients in chronic renal  ailure. Acta Endocrinol (Copenhagen). 1975;80:577.
http://www.ncbi.nlm.nih.gov/pubmed/1103540
146. Dunkel L, Raivio T, Laine J, et al. Circulating luteinizing hormone receptor 
inhibitor(s) in boys with chronic renal  ailure. Kidney Int. 1997;51:777.
http://www.ncbi.nlm.nih.gov/pubmed/9067910
147. Schmidt A, Luger A, Hörl WH. Sexual hormone abnormalities in male 
patients with renal  ailure. Nephrol Dial Transplant. 2002;17:368.
http://www.ncbi.nlm.nih.gov/pubmed/11865078
148. de Kretser DM, Atkins RC, Hudson B, et al. Disordered spermatogenesis 
in patients with chronic renal  ailure and undergoing maintenance hemodialysis. 
Aust NZJ Med. 1974;4:178.
http://www.ncbi.nlm.nih.gov/pubmed/4528515
149. Fioretti P, Melis GB, Ciardella F, et al. Parathyroid  unction and pituitary-
gonadal axis in male uremics: e  ects o  dietary treatment and o  maintenance 
hemodialysis. Clin Nephrol. 1986;25:155.
http://www.ncbi.nlm.nih.gov/pubmed/3955915
150. Van Kammen E, Thijssen JH, Schwarz F. Sex hormones in male patients 
with chronic renal  ailure. I. The production o  testosterone and o  androstenedi-
one. Clin Endocrinol (Oxf). 1978;8:7.
http://www.ncbi.nlm.nih.gov/pubmed/297948
151. van Coevorden A, Stolear JC, Dhaene M, et al. E  ect o  chronic oral testos-
terone undecanoate administration on the pituitary-testicular axes o  hemodia-
lyzed male patients. Clin Nephrol. 1986;26:48.
http://www.ncbi.nlm.nih.gov/pubmed/3560610
152. Lim VS, Henriquez C, Sievertsen G, et al. Ovarian  unction in chronic 
renal  ailure: evidence suggesting hypothalamic anovulation. Ann Intern Med. 
1980;93:21.
http://www.ncbi.nlm.nih.gov/pubmed/7396309
153. Swamy AP, Wool  PD, Cestero RV. Hypothalamic-pituitary-ovarian axis in 
uremic women. J Lab Clin Med. 1979;93:1066.
http://www.ncbi.nlm.nih.gov/pubmed/438608
154. Rudol  K, Rudol  H, Ruting M, et al. Behavior o  basal and stimulated 
serum levels o  prolactin, growth hormone and gonadotropins in  emales with 
chronic uremia. Z Gesamte Inn Med. 1988;43:542.
http://www.ncbi.nlm.nih.gov/pubmed/3145648
155. Michaelides N, Humke W. Er ahrunegen bei der gynäkologischen Betrteu-
ung von patientinnen mit chronischer Nireninsu f zienz. Nieren und Hochdruck-
krankheiten. 1993;22:187.
156. Zingra   J, Jungers P, Pelissier C, et al. Pituitary and ovarian dys unctions in 
women on haemodialysis. Nephron. 1982;30:149.
http://www.ncbi.nlm.nih.gov/pubmed/6808405
157. Gomez F, de la Cueva R, Wauters JP, et al. Endocrine abnormalities in 
patients undergoing long-term hemodialysis. The role o  prolactin. Am J Med. 
1980;68:522.
http://www.ncbi.nlm.nih.gov/pubmed/6768290
158. Weisinger JR, Gonzalez L, Alvarez H, et al. Role o  persistent amenor-
rhea in bone mineral metabolism o  young hemodialyzed women. Kidney Int. 
2000;58:331.
http://www.ncbi.nlm.nih.gov/pubmed/10886579
159. Sugiya N, Nakashima A, Takasugi N, et al. Endogenous estrogen may pre-
vent bone loss in postmenopausal hemodialysis patients throughout li e. Oste-
oporos Int. 2011;22:1573.
160. Matuszkiewicz-Rowinska J, Skorzewska K, Radowicki S, et al. The benef ts 
o  hormone replacement therapy in pre-menopausal women with oestrogen de-
f ciency on haemodialysis. Nephrol Dial Transplant. 1999;14:1238.
161. Hernandez E, Valera R, Alonzo E, et al. E  ects o  raloxi ene on bone me-
tabolism and serum lipids in postmenopausal women on chronic hemodialysis. 
Kidney Int. 2003;63:2269.
http://www.ncbi.nlm.nih.gov/pubmed/12753317
162. Mahesh S, Kaskel F. Growth hormone axis in chronic kidney disease. Pedi-
atr Nephrol. 2008;23:41.
http://www.ncbi.nlm.nih.gov/pubmed/17676425
163. Johnson V, Maack T. Renal extraction, f ltration, absorption, and catabo-
lism o  growth hormone. Am J Physiol. 1977;233:F185.
164. Ramírez G, Bittle PA, Sanders H, et al. The e  ects o  corticotropin and 
growth hormone releasing hormones on their respective secretory axes in chron-

ic hemodialysis patients be ore and a ter correction o  anemia with recombinant 
human erythropoietin. J Clin Endocrinol Metab. 1994;78:63.
165. Schae er F, Baumann G, Ha  ner D, et al. Multi actorial control o  the elimi-
nation kinetics o  unbound ( ree) growth hormone (GH) in the human: regula-
tion by age, adiposity, renal  unction, and steady state concentrations o  GH in 
plasma. J Clin Endocrinol Metab. 1996;81:22.
http://www.ncbi.nlm.nih.gov/pubmed/8550755
166. Veldhuis JD, Iranmanesh A, Wilkowski MJ, et al. Neuroendocrine altera-
tions in the somatotropic and lactotropic axes in uremic men. Eur J Endocrinol. 
1994;131:489.
http://www.ncbi.nlm.nih.gov/pubmed/7952159
167. Schae er F, Veldhuis JD, Stanhope R, et al. Alterations in growth hormone 
secretion and clearance in peripubertal boys with chronic renal  ailure and a -
ter renal transplantation. Cooperative Study Group o  Pubertal Development in 
Chronic Renal Failure. J Clin Endocrinol Metab. 1994;78:1298.
http://www.ncbi.nlm.nih.gov/pubmed/8200929
168. Iglesias P, Díez JJ, Fernández-Reyes MJ, et al. Growth hormone, IGF-1 and 
its binding proteins (IGFBP-1 and -3) in adult uraemic patients undergoing peri-
toneal dialysis and haemodialysis. Clin Endocrinol. 2004;60:741.
http://www.ncbi.nlm.nih.gov/pubmed/15163339
169. Ramirez G, O’Neill WA, Bloomer HA, et al. Abnormalities in the regulation 
o  growth hormone in chronic renal  ailure. Arch Intern Med. 1978;138:267.
http://www.ncbi.nlm.nih.gov/pubmed/626554
170. Ramirez G, Bercu BB, Bittle PA, et al. Response to growth hormone-re-
leasing hormone in adult renal  ailure patients on hemodialysis. Metabolism. 
1990;39:764.
http://www.ncbi.nlm.nih.gov/pubmed/2114516
171. Marumo F, Sakai T, Sato S. Response o  insulin, glucagon and growth 
hormone to arginine in usion in patients with chronic renal  ailure. Nephron. 
1979;24:81.
http://www.ncbi.nlm.nih.gov/pubmed/492415
172. Postel-Vinay MC, Tar A, Crosnier H, et al. Plasma growth hormone-bind-
ing activity is low in uraemic children. Pediatr Nephrol. 1991;5:545.
http://www.ncbi.nlm.nih.gov/pubmed/1911135
173. Mak RH, Pak YK. End-organ resistance to growth hormone and IGF-
1 in epiphyseal chondrocytes o  rats with chronic renal  ailure. Kidney Int. 
1996;50:400.
http://www.ncbi.nlm.nih.gov/pubmed/8840266
174. Rabkin R, Sun DF, Chen Y, et al. Growth hormone resistance in uremia, a 
role  or impaired JAK/STAT signaling. Pediatr Nephrol. 2005;20:313.
http://www.ncbi.nlm.nih.gov/pubmed/15692835
175. Tönsho   B, Blum WF, Wingen AM, et al, Serum insulin-like growth  ac-
tors (IGFs) and IGF binding proteins 1, 2, and 3 in children with chronic renal 
 ailure: relationship to height and glomerular f ltration rate. J Clinical Endocrinol 
Metab. 1995;80:2684.
176. Frystyk J, Ivarsen P, Skjaerbaek C, et al. Serum- ree insulin-like growth 
 actor I correlates with clearance in patients with chronic renal  ailure. Kidney Int. 
1999;56:2076.
http://www.ncbi.nlm.nih.gov/pubmed/10594783
177. Phillips LS, Kopple JD. Circulating somatomedin activity and sul- ate levels 
in adults with normal and impaired kidney  unction. Metabolism. 1981;30:1091.
http://www.ncbi.nlm.nih.gov/pubmed/7289882
178. Nanba K, Nagake Y, Miyatake N, et al. Relationships o  serum levels o  
insulin like growth  actors with indices o  bone metabolism and nutritional con-
ditions in hemodialysis patients. Nephron. 2001;89:145.
http://www.ncbi.nlm.nih.gov/pubmed/11549896
179. Powell DR, Liu F, Baker BK, et al. Insulin-like growth  actor-binding pro-
tein-6 levels are elevated in serum o  children with chronic renal  ailure. J Clin 
Endocrinol Metab. 1997;82:2978.
180. Phillips LS, Fusco AC, Unterman TG, et al. Somatomedin inhibitor in ure-
mia. J Clin Endocrinol Metab. 1984;59:764.
http://www.ncbi.nlm.nih.gov/pubmed/6384255
181. Ding H, Gao XL, Hirschberg R, et al. Impaired actions o  insulin-like 
growth  actor 1 on protein synthesis and degradation in skeletal muscle o  
rats with chronic renal  ailure: evidence  or a postreceptor de ect. J Clin Invest. 
1996;97:1064.
http://www.ncbi.nlm.nih.gov/pubmed/8613530
182. Fouque D, Peng SC, Kopple JD. Impaired metabolic response to recombi-
nant insulin-like growth  actor I in dialysis patients. Kidney Int. 1995;47:876.
http://www.ncbi.nlm.nih.gov/pubmed/7752587
183. Furth SL, Hwang W, Yang C, et al. Growth  ailure, risk o  hospitaliza-
tion and death  or children with end-stage renal disease. Pediatr Nephrol. 
2002;17:450.
http://www.ncbi.nlm.nih.gov/pubmed/12107811



CHAPTER 80  METABOLIC AND ENDOCRINE DYSFUNCTIONS IN UREMIA 2357

262. Ishizaka Y, Yamamoto Y, Fukunaga T, et al. Plasma concentration of hu-
man brain natriuretic peptide in patients on hemodialysis.  Am J Kidney Dis.
1994;24:461.
263. Deray G, Maistre G, Basset JY, et al. Plasma levels of atrial natriuretic pep-
tide in chronically dialyzed patients.  Kidney Int. 1988;25(Suppl):S86. 
264. Predel HG, Kipnowski J, Meyer-Lehnert H, et al. Human atrial natri-
uretic peptide in non-dialyzed patients with chronic renal failure.  Clin Nephrol.
1989;31:150.
265. Pedersen EB, Bacevicus E, Bech J, et al. Abnormal rhythmic oscillations of 
atrial natriuretic peptide and brain natriuretic peptide in chronic renal failure. 
J Clin Sci. 2006;110:491. 
266. Tonolo G, McMillan M, Polonia J, et al. Plasma clearance and effects of 
alpha-hANP infused in patients with end-stage renal failure.  Am J Physiol.
1988;254:F895.
267. Buckley MG, Sethi D, Markandu ND, et al. Plasma concentrations and 
comparisons of brain natriuretic peptide and atrial natriuretic peptide in normal 
subjects, cardiac transplant recipients and patients with dialysis-independent or 
dialysis-dependent chronic renal failure.  Clin Sci (London). 1992;83:437. 
268. Corboy JC, Walker RJ, Simmonds MB, et al. Plasma natriuretic peptides 
and cardiac volume during acute changes in intravascular volume in haemodi-
alysis patients. Clin Sci (London). 1994;87:679. 
269. Ishibe S, Peixoto AJ. Methods of assessment of volume status and inter-
compartmental   uid shifts in hemodialysis patients: implications in clinical prac-
tice. Semin Dial. 2004;17:37. 
270. Clerico A, Emdin M. Diagnostic accuracy and prognostic relevance of 
the measurement of cardiac natriuretic peptides: a review.  Clin Chem. 2004;
50:33. 
271. Dhar S, Pressman GS, Subramanian S, et al. Natriuretic peptides and heart 
failure in the patient with chronic kidney disease: a review of current evidence. 
Postgrad Med J. 2009;85:299–302. 
272. Mallamaci F, Zoccali C, Tripepi G, et al. Diagnostic potential of cardiac na-
triuretic peptides in dialysis patients. The Cardiovascular Risk Extended Evalua-
tion. Kidney Int. 2001;59:1559. 
273. Tripepi G, Mattace-Raso F, Mallamaci F, et al. Biomarkers of left atrial 
volume: a longitudinal study in patients with end stage renal disease.  Hyperten-
sion. 2009;54:818. 
274. Zoccali C, Mallamaci F, Benedetto FA, et al. Cardiac natriuretic peptides 
are related to left ventricular mass and function and predict mortality in dialysis 
patients. J Am Soc Nephrol. 2001;12:1508. 
275. Nakatani T, Naganuma T, Masuda C, et al. The prognostic role of atrial 
natriuretic peptides in hemodialysis patients.  Blood Purif. 2003;21:395. 
276. Goto T, Takase H, Toriyama T, et al. Increased circulating levels of natri-
uretic peptides predict future cardiac event in patients with chronic  hemodialysis.
Nephron. 2002;92:610. 
277. Naganuma T, Sugimura K, Wada S, et al. The prognostic role of brain 
natriuretic peptides in hemodialysis patients.  Am J Nephrol. 2002;22:437. 
278. Sirinek KR, O’Dorisio TM, Gaskill HV, et al. Chronic renal failure: effect of 
hemodialysis on gastrointestinal hormones.  Am J Surg. 1984;148:732. 
279. El Ghonaimy E, Barsoum R, Soliman M, et al. Serum gastrin in chronic re-
nal failure: morphological and physiological correlations.  Nephron. 1985;39:86. 
280. Muto S, Murayama N, Asano Y, et al. Hypergastrinaemia and achlorhydria 
in chronic renal failure.  Nephron. 1985;40:143. 
281. Grace SG, Davidson WD, State D. Renal mechanism for removal of gastrin 
from the circulation.  Surg Forum. 1974;25:323. 
282. Cheung WW, Mak RK. Ghrelin in chronic kidney disease.  Int J Pept. 2010; 
2010 pii:567343. 
283. Pèrez-Fontan M, Cordido F, Rodrıguez-Carmona A, et al. Plasma ghrelin 
levels in patients undergoing haemodialysis and peritoneal dialysis.  Nephrol Dial 
Transplant.  2004;19:2095. 
284. Yoshimoto A, Mori K, Sugawara A, et al. Associations between plasma 
ghrelin levels and body composition in endstage renal disease: a longitudinal 
study. Plasma ghrelin and desacyl ghrelin concentrations in renal failure.  J Am Soc 
Nephrol. 2002;13:2748. 
285. Wynne K, Giannitsopoulou K, Small CJ, et al. Subcutaneous ghrelin enhanc-
es acute food intake in malnourished patients who receive maintenance peritoneal 
dialysis: a randomized, placebo-controlled trial.  J Am Soc Nephrol. 2005;16:2111. 
286. Ashby DR, Ford HE, Wynne KJ, et al. Sustained appetite improve-
ment in malnourished dialysis patients by daily ghrelin treatment.  Kidney Int
2009;76:199.
287. Wright M, Woodrow G, O’Brien S, et al. Cholecystokinin and leptin: their 
in  uence upon the eating behaviour and nutrient intake of dialysis patients. 
Nephrol Dial Transplant. 2004;19:133. 
288. Owyang C, Miller LJ, DiMagno EP, et al. Gastrointestinal hormone pro  le 
in renal insuf  ciency.  Mayo Clin Proc. 1979;54:769. 

 233. Isakova T, Gutiérrez OM, Patel NM, et al. Vitamin D de  ciency, in  amma-
tion, and albuminuria in chronic kidney disease: complex interactions.  J Ren Nutr.
2010;21:295–302.  
234. Agarwal R, Acharya M, Tian J, et al. Antiproteinuric effect of oral paricalci-
tol in chronic kidney disease.  Kidney Int. 2005;68:2823. 
235. Alborzi P, Patel NA, Peterson C, et al. Paricalcitol reduces albuminuria and 
in  ammation in chronic kidney disease: a randomized double-blind pilot trial. 
Hypertension. 2008;52:249. 
236. Weidmann P, Beretta-Piccoli C, Steffen F, et al. Hypertension in terminal 
renal failure.  Kidney Int. 1976;9:294. 
237. Weidmann P, Maxwell MH. The renin-angiotensin system in terminal renal 
failure.  Kidney Int. 1975;8:S219. 
238. DeFronzo RA. Hyperkalemia and hyporeninemic hypoaldosteronism. 
Kidney Int. 1980;17:118. 
239. Iitake K, Kimura T, Matsui K, et al. Effect of haemodialysis in plasma ADH 
levels, plasma renin activity and plasma aldosterone levels in patients with end-
stage renal disease.  Acta Endocrinol (Copenhagen). 1985;110:207. 
240. Lewis EJ, Hunsicker LG, Bain RP, et al. The effect of angiotensin- converting-
enzyme inhibition on diabetic nephropathy.  N Engl J Med. 1993;329:1456. 
241. Lewis EJ, Hunsicker LG, Clarke WR, et al. Collaborative Study Group. 
Renoprotective effect of the angiotensin-receptor antagonist irbesartan in pa-
tients with nephropathy due to type 2 diabetes.  N Engl J Med. 2001;345:851. 
242. Brenner BM, Cooper MK, de Zeeuw D, et al. RENAAL Study Investigators. 
Effects of losartan on renal and cardiovascular outcomes in patients with type 2 
diabetes and nephropathy.  N Engl J Med. 2001;345:861. 
243. Price DA, Porter LE, Gordon M, et al. The paradox of the low-renin state in 
diabetic nephropathy.  J Am Soc Nephrol. 1999;10:2382. 
244. Maschio G, Marcantoni C, Bernich P. Lessons from large interventional tri-
als on antihypertensive therapy in chronic renal disease.  Nephrol Dial Transplant.
2002;17 Suppl 11:47. 
245. Shibasaki Y, Masaki H, Nishiue T, et al. Angiotensin II type 1 receptor an-
tagonist, losartan, causes regression of left ventricular hypertrophy in end-stage 
renal disease.  Nephron. 2002;90:256. 
 246. Knoll GA, Sahgal A, Nair RC, et al. Renin-angiotensin system blockade and 
the risk of hyperkalemia in chronic hemodialysis patients.  Am J Med. 2002;112:110. 
247. Quan ZY, Walser M, Hill GS. Adrenalectomy ameliorates ablative nephrop-
athy in the rat independently of corticosterone maintenance level.  Kidney Int.
1992;41:326.
248. Gavras H, Brunner HR, Laragh JH, et al. Malignant hypertension resulting 
from deoxycorticosterone acetate and salt excess: role of renin and sodium in 
vascular changes. Circ Res. 1975;36:300. 
249. Greene EL, Kren S, Hostetter TH. Role of aldosterone in the remnant kid-
ney model in the rat. J Clin Invest. 1996; 98:1063. 
250. Aldigier JC, Kanjanbuch T, Ma LJ, et al. Regression of existing glomerulo-
sclerosis by inhibition of aldosterone.  J Am Soc Nephrol. 2005;16:3306. 
251. Xue C, Siragy HM. Local renal aldosterone system and its regulation by 
salt, diabetes, and angiotensin II type 1 receptor.  Hypertension. 2005;46:584. 
252. Han SY, Kim CH, Kim HS, et al. Spironolactone prevents diabetic nephrop-
athy through an anti-in  ammatory mechanism in type 2 diabetic rats.  J Am Soc 
Nephrol. 2006;17:1362. 
253. Rocha R, Funder JW. The pathophysiology of aldosterone in the cardiovas-
cular system. Ann NY Acad Sci. 2002;970:89. 
254. Hené RJ, Boer P, Koomans HA, et al. Plasma aldosterone concentrations in 
chronic renal disease.  Kidney Int. 1982;21:98. 
255. Walker WG. Hypertension-related renal injury: a major contributor to 
end-stage renal disease.  Am J Kidney Dis. 1993;22:164. 
256. Ruggenenti P, Perna A, Gherardi G, et al. Renal function and requirement 
for dialysis in chronic nephropathy patients on long-term ramipril: REIN fol-
low-up trial. Gruppo Italiano di Studi Epidemiologici in Nefrologia (GISEN). 
Ramipril ef  cacy in nephropathy.  Lancet. 1998;352:1252. 
257. Chrysostomou A, Becker G. Spironolactone in addition to ACE inhibi-
tion to reduce proteinuria in patients with chronic renal disease.  N Engl J Med.
2001;345:925.
258. Bomback AS, Kshirsagar AV, Amamoo MA, et al. Change in proteinuria af-
ter adding aldosterone blockers to ACE inhibitors or angiotensin receptor block-
ers in CKD: a systematic review.  Am J Kidney Dis. 2008;51:199. 
259. Navaneethan SD, Nigwekar SU, Sehgal AR, et al. Aldosterone antagonists 
for preventing the progression of chronic kidney disease.  Cochr Data System Rev.
2009;4:542–551.
260. Vanderheyden M, Bartunek J, Goethals M. Brain and other natriuretic pep-
tides: molecular aspects. Eur J Heart Fail. 2004;6:261. 
261. Clerico A, Iervasi G, Mariani G. Pathophysiologic relevance of measur-
ing the plasma levels of cardiac natriuretic peptide hormones in humans.  Horm 
Metab Res. 1999;31:487. 

2357

184. Fine RN, Kohaut EC, Brown D, et al. Growth a ter recombinant hu-
man growth hormone treatment in children with chronic renal  ailure: report 
o  a multicenter randomized double-blind placebo-controlled study. J Pediatr. 
1994;124:374.
http://www.ncbi.nlm.nih.gov/pubmed/8120705
185. Ha  ner D, Schae er F, Nissel R, et al. E  ect o  growth hormone treat-
ment on the adult height o  children with chronic renal  ailure. German Study 
Group  or Growth Hormone Treatment in Chronic Renal Failure. N Engl J Med. 
2000;343:923.
http://www.ncbi.nlm.nih.gov/pubmed/11006368
186. Zager PG, Spalding CT, Frey HJ, et al. Low dose adrenocorticotropin in-
 usion in continuous ambulatory peritoneal dialysis patients. J Clin Endocrinol 
Metab. 1985;61:1205.
http://www.ncbi.nlm.nih.gov/pubmed/2997261
187. Luger A, Lang I, Kovarik J, et al. Abnormalities in the hypothalamic–pitui-
tary–adrenocortical axis in patients with chronic renal  ailure. Am J Kidney Dis. 
1987;9:51.
http://www.ncbi.nlm.nih.gov/pubmed/3028134
188. Siamopoulos KC, Dardamanis M, Kyriaki D, et al. Pituitary adrenal re-
sponsiveness to corticotropin releasing hormone in chronic uremic patients. Peri-
toneal Dial Int. 1990;10:153.
http://www.ncbi.nlm.nih.gov/pubmed/1964805
189. Ramirez G, Brueggemeyer C, Ganguly A. Counterregulatory hormonal re-
sponse to insulin-induced hypoglycemia in patients on chronic hemodialysis. 
Nephron. 1988;49:231.
http://www.ncbi.nlm.nih.gov/pubmed/2840587
190. McDonald WJ, Golper TA, Mass RD, et al. Adrenocorticotropin–cortisol 
axis abnormalities in hemodialysis patients. J Clin Endocrinol Metab. 1979;48:92.
http://www.ncbi.nlm.nih.gov/pubmed/217891
191. Betts PR, Howse PM, Morris R, et al. Serum cortisol concentrations in chil-
dren with chronic renal insu f ciency. Arch Dis Child. 1975;50:3.
http://www.ncbi.nlm.nih.gov/pubmed/1147661
192. Grant AC, Rodger RS, Mitchell R, et al. Hypothalamo-pituitary-adrenal 
axis in uraemia: evidence  or primary adrenal dys unction? Nephrol Dial Trans-
plant. 1993;8:307.
http://www.ncbi.nlm.nih.gov/pubmed/8390003
193. Fasanella d’Amore T, Wauters JP, Waeber B, et al. Response o  plasma va-
sopressin to change in extracellular volume and/or plasma osmolality in patients 
on maintenance hemodialysis. Clin Nephrol. 1985;23:299.
http://www.ncbi.nlm.nih.gov/pubmed/4028528
194. Kokot F, Grzeszczak W, Zukowska-Szczechowska E, et al. Water immer-
sion induced alterations o  plasma atrial natriuretic peptide level and its relation-
ship to the rennin–angiotensin–aldosterone system and vasopressin secretion in 
acute and chronic renal  ailure. Clin Nephrol. 1989;31:247.
195. Benmansour M, Rain ray M, Paillard F, et al. Metabolic clearance rate o  
immunoreactive vasopressin in man. Eur J Clin Invest. 1982;12:475.
http://www.ncbi.nlm.nih.gov/pubmed/6818035
196. Pruszczynski W, Viron B, Mignon F, et al. Massive plasma arginine vaso-
pressin (AVP) removal during hemof ltration stimulates AVP secretion in hu-
mans. J Clin Endocrinol Metab. 1987;64:383.
http://www.ncbi.nlm.nih.gov/pubmed/3793855
197. Odar-Cedelo  I, Eriksson CG, Theodorsson E, et al. Antidiuretic hormone 
regulation in hemodialysis. ASAIO Trans. 1991;37:M227.
198. Bolignano D, Zoccali C. Vasopressin beyond water: implications  or renal 
diseases. Curr Opin Nephrol Hypertens. 2010,19:499.
http://www.ncbi.nlm.nih.gov/pubmed/20689424
199. Maier C, Clodi M, Neuhold S, et al. Endothelial markers may link kid-
ney  unction to cardiovascular events in type 2 diabetes. Diabetes Care. 2009; 
32:1890.
http://www.ncbi.nlm.nih.gov/pubmed/19564455
200. Meijer E, Bakker SJ, de Jong PE, et al. Copeptin, a surrogate marker o  va-
sopressin, is associated with accelerated renal  unction decline in renal transplant 
recipients. Transplantation. 2009; 88:561.
http://www.ncbi.nlm.nih.gov/pubmed/19696640
201. Iglesias P, Diez JJ. Thyroid dys unction and kidney disease. Eur J Endo-
crinol. 2009;160:503.
http://www.ncbi.nlm.nih.gov/pubmed/19095779
202. Kaptein EM, Quiion-Verde H, Chooljian CJ, et al. The thyroid in end-stage 
renal disease. Medicine. 1988;67:187.
http://www.ncbi.nlm.nih.gov/pubmed/3259281
203. Hegedus L, Andersen JR, Poulsen LR, et al. Thyroid gland volume and 
serum concentrations o  thyroid hormones in chronic renal  ailure. Nephron. 
1985;40:171.
http://www.ncbi.nlm.nih.gov/pubmed/2860573

204. Kaptein EM. Thyroid hormone metabolism and thyroid diseases in chronic 
renal  ailure. Endocrin Rev. 1996;17:45.
http://www.ncbi.nlm.nih.gov/pubmed/8641223
205. Miki H, Oshimo K, Inoue H, et al. Thyroid nodules in  emale uremic pa-
tients on maintenance hemodialysis. J Surg Oncol. 1993;54:216.
http://www.ncbi.nlm.nih.gov/pubmed/8255080
206. Kantor AF, Hoover RN, Kinlen LJ, et al. Cancer in patients receiving long-
term dialysis treatment. Am J Epidemiol. 1987;126:370.
http://www.ncbi.nlm.nih.gov/pubmed/3113233
207. Brunner FP, Landais P, Selwood NH. Malignancies a ter renal transplanta-
tion: the EDTA-ERA registry experience. European Dialysis and Transplantation 
Association-European Renal Association. Nephrol Dial Transplant. 1995;10:74.
http://www.ncbi.nlm.nih.gov/pubmed/7617285
208. Faber J, Hea  J, Kirkegaard C, et al. Simultaneous turnover studies o  thy-
roxine, 3,5,3’ and 3,3’,5’-triiodothyronine, 3,5-, 3,3’ -, and 3’,5’-diiodothyro-
nine, and 3’-monoiodothyronine in chronic renal  ailure. J Clin Endocrinol Metab. 
1983;56:211.
http://www.ncbi.nlm.nih.gov/pubmed/6401746
209. Wiederkehr MR, Kalogiros J, Krap  R. Correction o  metabolic acidosis 
improves thyroid and growth hormone axes in haemodialysis patients. Nephrol 
Dial Transplant. 2004;19:1190.
http://www.ncbi.nlm.nih.gov/pubmed/14993483
210. Kaptein EM, Feinstein EI, Nicolo   JT, et al. Serum reverse triiodothyronine 
and thyroxine kinetics in patients with chronic renal  ailure. J Clin Endocrinol 
Metab. 1983;57:181.457.
http://www.ncbi.nlm.nih.gov/pubmed/6853675
211. Spector DA, Davis PJ, Helderman JH, et al. Thyroid  unction and meta-
bolic state in chronic renal  ailure. Ann Intern Med. 1976;85:724.
http://www.ncbi.nlm.nih.gov/pubmed/999108
212. Williams GR, Franklyn JA, Newberger JM, et al. Thyroid hormone receptor 
expression in the sick euthyroid syndrome. Lancet. 1989;2:1477.
213. Lim VS, Tsalikian E, Flanigan MJ. Augmentation o  protein degradation by 
L-triiodothyronine in uremia. Metabolism. 1989;38:1210.
http://www.ncbi.nlm.nih.gov/pubmed/2593833
214. Davis FB, Spector DA, Davis PJ, et al. Comparison o  pituitary-thyroid 
 unction in patients with endstage renal disease and in age- and sex-matched 
controls. Kidney Int. 1982;21:362.
http://www.ncbi.nlm.nih.gov/pubmed/6803061
215. Gonzalez-Barcena D, Kastin AJ, Schalch DS, et al. Response to thyrotropin 
releasing hormone in patients with renal  ailure and a ter in usion in normal 
man. J Clin Endocrinol Metab. 1973;36:117.
http://www.ncbi.nlm.nih.gov/pubmed/4117985
216. Bartalena L, Pacchiarotti A, Palla R, et al. Lack o  nocturnal serum thy-
rotropin (TSH) surge in patients with chronic renal  ailure undergoing regular 
maintenance hemof ltration: a case o  central hypothyroidism. Clin Nephrol. 
1990; 34:30.
http://www.ncbi.nlm.nih.gov/pubmed/2387100
217. Wheatley T, Clark PM, Clark JD, et al. Abnormalities o  thyrotrophin 
(TSH) evening rise and pulsatile release in haemodialysis patients: evidence  or 
hypothalamic-pituitary changes in chronic renal  ailure. Clin Endocrinol (Oxf). 
1989;31:39.
http://www.ncbi.nlm.nih.gov/pubmed/2490325
218. Takeda S, Michigishi T, Takazakura E. Iodine-induced hypothyroidism in 
patients on regular dialysis treatment. Nephron. 1993;65:51.
http://www.ncbi.nlm.nih.gov/pubmed/8413791
219. Chonchol M, Lippi G, Salvagno G, et al. Prevalence o  subclinical hy-
pothyroidism in patients with chronic kidney disease. Clin J Am Soc Nephrol. 
2008;3:1296.
http://www.ncbi.nlm.nih.gov/pubmed/18550654
220. van Leusen R, Meinders AE. Cyclical changes in serum thyroid hormone 
concentrations related to hemodialysis: movement o  hormone into and out o  
the extravascular space as a possible mechanism. Clin Nephrol. 1982;18:193.
http://www.ncbi.nlm.nih.gov/pubmed/7140033
221. Ramirez G, O’Neill W Jr, Jubiz W et al. Thyroid dys unction in uremia: 
evidence  or thyroid and hypophyseal abnormalities. Ann Intern Med. 1976; 
84:672.
http://www.ncbi.nlm.nih.gov/pubmed/937878
222. Blair D, Byham-Gray L, Lewis E, et al. Prevalence o  vitamin D [25(OH) 
D] def ciency and e  ects o  supplementation with ergocalci erol (vitamin D2) in 
stage 5 chronic kidney disease patients. J Ren Nutr. 2008;18:375.
http://www.ncbi.nlm.nih.gov/pubmed/18558303
223. Rojas-Rivera J, de la Piedra C, Ramos A, et al. The expanding spectrum o  
biological actions o  vitamin D. Nephrol Dial Transplant 2010;25:2850.
http://www.ncbi.nlm.nih.gov/pubmed/20525641



2358 SECTION X  CHRONIC KIDNEY DISEASE 

310. Shen YY, Charlesworth JA, Kelly JJ, et al. The effect of renal transplantation 
on adiponectin and its isoforms and receptors.  Metabolism. 2007;56:1201. 
311. Chudek J, Adamczak M, Karkoszka H, et al. Plasma adiponectin con-
centration before and after successful kidney transplantation.  Transplant Proc.
2003;35:2186.
312. Adamczak M, Rzepka E, Chudek J, et al. Ageing and plasma adiponec-
tin concentration in apparently healthy males and females.  Clin Endocrinol.
2005;62:114.
313. Becker B, Kronenberg F, Kielstein JT, et al. Renal insulin resistance syn-
drome, adiponectin and cardiovascular events in patients with kidney disease: 
the mild and moderate kidney disease study.  J Am Soc Nephrol. 2005;16:1091. 
314. Adamczak M, Szotowska M, Chudek J, et al. Plasma adiponectin concen-
tration in patients after successful kidney transplantation—a single centre, ob-
servational study.  Clin Nephrol. 2007;67:381. 
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