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mino Acid and Protein Kinetics in Renal Failure:
n Integrated Approach

ominic S. C. Raj, Adeniyi Oladipo, and Victoria S. Lim

Even apparently healthy patients on dialysis have significant loss of lean body mass.
Patients with chronic renal failure without coexisting metabolic acidosis or inflammation
have decreased protein turnover, with balanced reduction in protein synthesis and break-
down. However, regional and whole-body protein kinetic studies indicate that hemodialysis
(HD) induces net increase in protein breakdown. Whole-body protein turnover studies
show that HD is associated with decreased protein synthesis, but proteolysis is not
increased. Muscle protein kinetics studies, however, identify enhanced muscle protein
breakdown with inadequate compensatory increases in synthesis as the cause of the
catabolism. Transmembrane amino acid–transport kinetics studies show that the outward
transport is increased more than the inward transport of amino acids during HD. Altered
intracellular amino acid transport kinetics and protein turnover during HD could be caused
by the loss of amino acids in the dialysate or cytokine activation. Cytokines may be
released from peripheral blood mononuclear cells and skeletal muscle during HD. Prelim-
inary evidence indicates that intradialytic increase in cytokines activates the ubiquitin-
proteasome pathway. An intradialytic increase in albumin and fibrinogen synthesis is
facilitated by interleukin-6 and the constant supply of amino acids derived from skeletal
muscle catabolism. Protein anabolism can be induced in end-stage renal disease patients
by repletion of amino acids, and perhaps treatment with recombinant human insulin-like
growth factor.
Semin Nephrol 26:158-166 © 2005 Elsevier Inc. All rights reserved.
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alnutrition is common in patients with chronic renal
failure (CRF). Decreased lean body mass is a reliable

arker of protein energy malnutrition and an important pre-
ictor of mortality in end-stage renal disease (ESRD) patients.
t is believed that several factors such as the accumulation of
remic toxins, anorexia, metabolic acidosis, loss of metabo-

izing renal tissue, perturbations in the production or respon-
iveness to catabolic and anabolic hormones, and activation
f cytokines act in concert to contribute to the muscle wast-
ng in uremia. Although renal replacement therapy attenu-
tes some of the earlier-mentioned abnormalities, it also pro-
otes muscle protein catabolism through activation of

ytokines and loss of amino acids (AAs) in the dialysate.
A healthy adult synthesizes and degrades at least 200 g/d of
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issue protein; consequently a sustained change in protein
alance will have a major impact on lean body mass, even if
he change from baseline is small.1 Only about 20% of the
rotein synthesis comes from daily AA consumption.2 The
emaining 80% is derived from recycling of AAs from protein
reakdown, mostly in skeletal muscle.2,3 Thus, protein turn-
ver should be studied in the context of AA transport kinetics
or better understanding of the process.

mino Acid
rofile in CRF/ESRD
number of alterations in muscle AA levels and exchange

cross peripheral tissues in postabsorptive and protein-fed
tates have been described in patients with moderate renal
nsufficiency. Plasma essential AAs (EAAs), notably
ranched-chain AAs (BCAAs), is decreased in patients
ith CRF. The normal kidney is involved actively in the
etabolism of AAs and therefore the loss of functioning
enal mass may be an important factor in the abnormal
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Protein kinetics in renal failure 159
minogram in CRF.4 The liver and muscle cooperate in the
omeostasis of plasma AA levels. Several observations sug-
est that CRF alters this cooperative role between liver and
uscle. In the postprandial phase, most NEAAs are cap-

ured and metabolized by the splanchnic organs, particu-
arly the liver, whereas the EAAs, mainly BCAAs, escape
rom the splanchnic region and enter the hepatic vein.5

ccordingly, under normal conditions the postprandial
A profile is characterized by a large increase in EAAs, but
nly a small increase in NEAAs. However, in CRF patients,
rotein meal6 or AA ingestion7 is followed by an exagger-
ted increase of NEAAs in arterial blood. This difference
ossibly is caused by a defect in AA metabolism by
planchnic organs mediated by resistance to the action of
nsulin or metabolic acidosis. The peripheral uptake of
otal EAAs in CRF is not different from healthy volunteers,
ut the uptake of NEAAs is increased in response to in-
reased NEAA concentration in the blood.8 The nonbal-
nced profile of AAs taken up by peripheral tissue may
ffect protein synthesis because an appropriate profile of
As is necessary to replenish protein in muscle.9

Renal replacement therapy does not normalize the AA pro-
le. When compared with patients on hemodialysis (HD),
eritoneal dialysis (PD) patients have higher intracellular,
ut lower plasma, concentrations of AAs.10 Raj et al11 re-
orted that during nocturnal HD, the progressive increase in
lasma total AA, EAA, NEAA, and BCAA concentrations on
hange over to nocturnal HD, in which the weekly Kt/V is
ignificantly higher than conventional hemodialysis. How-
ver, abnormalities in the ratios of EAAs/NEAAs, valine/gly-
ine, and tyrosine/phenylalanine persisted.

mino Acid Transport
inetics and Protein Turnover

keletal muscle provides a quantitatively important storage
ystem for AAs. It helps to maintain the concentrations of AAs
n the blood within normal limits under changing conditions.
oncentrations of most AAs in the intracellular water are
onsiderably higher than their concentrations in the plas-
a.12 All AAs, however, are not concentrated in the cell to the

ame degree. The tissue to plasma ratio may vary from 2 to
8, depending on the tissue and AA studied.13 This is a result
f independently regulated active transport systems for AAs
n the cell membrane. Concentrations of AAs in the blood
nd muscle-free pool are determined by protein turnover,
nterorgan AA exchange, and intracellular recycling of
As.14-16 In catabolic states and starvation, AAs are released

rom the muscle into the blood to be used in other organs. On
he other hand, AAs can be taken up actively by muscle
uring anabolism. Fig 1 shows the interorgan and intracellu-

ar recycling of AAs.
Alanine and glutamine constitute about 60% to 70% of AA

eleased by muscle, although they only account for less than
5% of the total muscle protein.17 Such data indicate that
hese 2 AAs are synthesized de novo in skeletal muscle.18
onversely, there are more of the BCAAs present in the mus- a
le than are released, indicating that a significant component
f these AAs is used within the muscle with a lesser amount
eleased into the plasma compartment. Raj et al19 studied the
ransport kinetics of essential and nonessential AAs during
D using a 3-pool model (artery, vein, and muscle). The
lasma AA concentrations decreased during HD as a result of

oss in the dialysate. However, intradialytic decreases in ar-
erial concentrations of total AAs (24.9% versus 15.9%),
AAs (33.4% versus 15.8%), NEAAs (25.4% versus 15.8%),
nd BCAAs (20.5% versus 9.5%) were higher than that in the
ein, reflecting net release from the muscle.20 Study of intra-
ellular AA transport kinetics showed that the outward trans-
ort (from muscle to vein) is significantly higher than the

nward transport (artery to muscle). Despite the decrease in
he concentrations of AAs in the blood compartment and net
fflux of AAs from the muscle, the intracellular concentra-
ions remained relatively stable intradialysis.

AAs can appear in the cell via transport from arterial blood,
rom protein breakdown, and/or from de novo synthesis in
he case of nonessential AAs. Phenylalanine is neither synthe-
ized de novo nor degraded in the muscle. Hence, intracel-
ular appearance of phenylalanine represents protein synthe-
is and intracellular appearance is an index of protein
egradation. For alanine and glutamine, intracellular appear-
nce represents the sum of de novo synthesis and appearance
rom proteolysis. During HD, the intracellular appearance of
lanine and glutamine derived from protein breakdown in-
reased by 74.3% and 60% respectively, but the de novo
ynthesis of alanine and glutamine did not change signifi-
antly.20 These results indicate that intracellular AA concen-
ration is maintained during HD, predominantly by aug-
ented protein catabolism.
The AAs released from protein catabolism can have any 1

f 3 fates: they can be re-used for protein synthesis, used for
ynthesis of other AAs, or may exit the muscle pool into the
ein. Augmented intradialytic AA efflux from the muscle
ould be a compensatory mechanism to maintain the plasma
A concentration in the face of intradialytic loss of AAs or a
esult of ineffective use of AAs or both. Protein synthesis
fficiency, an estimate of the fraction of AAs that appear in the
ntracellular pool, is directed to protein synthesis. The mus-
le protein synthesis efficiency decreased from 41% to 30%
uring HD.20

ethods of
tudying Protein Turnover

he protein balance may be studied using nitrogen balance,

Liver Plasma Muscle 
                  Protein 

         Free amino acids 

Oxidation   Urea      Glucose 

         Free amino acids 

               Protein 

           Free amino acids 

igure 1 Interorgan and intracellular recycling of AAs.
rteriovenous balance of AAs, or by using tracer methodol-
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160 D.S.C. Raj, A. Oladipo, and V.S. Lim
gy. The classic technique of nitrogen balance, which in-
olves estimation of the nitrogen intake and output, and the
hanges in body nitrogen pools, are measured over a period
f time. In this method, intake generally is overestimated and
utput is underestimated, resulting in an error toward posi-
ive body balances. Unlike nitrogen balance studies, which
eflect net change in body protein stores over a period of
ime, whole-body protein turnover studies provide rapid
nalysis of specific dynamic and discrete processes that are
mportant to the understanding of whole-body protein bal-
nce. With constant infusion of the tracer, an isotopic equi-
ibrium is achieved, a state in which the tracer/tracee ratio is
onstant. Any change in enrichment over time occurs as a
onsequence of dilution from the unlabeled tracee. From this
ata the rate of appearance and hence the protein turnover
ay be estimated. The protein turnover can be estimated at

he whole-body or regional level. Whole-body protein kinet-
cs are studied generally by using L-(1-13C) leucine as a
racer. Rates of protein synthesis and breakdown are mea-
ured as the rates of the AA appearance into and disappear-
nce from plasma. Leucine removal from the circulation can
ccur only by 2 routes: leucine oxidation (LO) and incorpo-
ation into protein. Consequently, nonoxidative leucine dis-
osal (NOLD) provides an index of whole-body protein syn-
hesis. Regional protein kinetics across the limb or
planchnic region can be derived from arterial and venous
nrichment and AA concentrations and blood flow rate
cross the region. L(ring 13C6) phenylalanine typically is used
o estimate protein turnover in the muscle because it is nei-
her synthesized nor metabolized by muscle; its appearance
ate, therefore, represents protein degradation, and its disap-
earance represents protein synthesis. The same data can be
sed to estimate the transmembrane AA transport kinetics
see later).

rotein Turnover in CRF
aliga et al21 measured the incorporation of 3H phenylala-
ine into the gastrocnemius muscle of rats with varying de-
rees of CRF and reported that the protein synthesis rate was
epressed when renal function was less than 30% of normal.
ats with CRF have an impaired response to the anabolic
ffect of insulin.22 Also, hepatic protein synthesis is decreased
n CRF rats by 30% to 40% despite an increase in the number
f liver polysomes.23 The results from human studies are
ore controversial than those from animal studies. In pa-

ients with CRF (without metabolic acidosis), there is a bal-
nced reduction in both protein synthesis and catabolism.24

dey et al25 showed that CRF patients have decreased syn-
hesis of mixed muscle proteins. The muscle protein syn-
hetic rate was correlated negatively with the severity of renal
ailure. A positive linear relationship between renal function
nd the rate of whole-body protein degradation has been
eported.26 During euglycemic hyperinsulinemia, the de-
rease in proteolysis, net leucine flux into protein, and LO in
RF patients was not different from that of controls.27 In

esponse to AA infusion, the leucine turnover and LO in-

reased equally in controls and CRF patients, but the increase d
n NOLD was more pronounced in controls compared with
RF patients. These results suggest that there are some subtle
efects in protein metabolism in CRF.
The Modification of Diet in Renal Disease study showed

hat dietary protein intake begins to decrease when the glo-
erular filtration rate is approximately 25 mL/min, and the

alorie intake decreases even earlier.28 Major adaptation to a
eduction in protein intake involves a decrease in protein
urnover through marked reduction in protein degradation,
nd a small decrease in protein synthesis. Tom et al29 re-
orted that in CRF patients (glomerular filtration rate 18 � 2
L/min) placed on a very low protein diet for more than a

ear maintained a neutral nitrogen balance and did not show
ny change in whole-body protein synthesis, degradation, or
O during follow-up evaluation. Thus, adaptive responses
or protein conservation are operative in stable patients with
ild and moderate renal failure. However, these adaptations
ay not be representative of the response to dietary protein

estriction in the presence of more advanced CRF, which
requently is complicated by metabolic acidosis.

etabolic Acidosis
nd Protein Turnover
ay et al30 first reported that metabolic acidosis increased

rotein catabolism in skeletal muscle. These investigators
howed that when metabolic acidosis was induced by NH4Cl,
rowth was stunted and urinary nitrogen excretion increased
ompared with paired controls. Net protein degradation was
ncreased in muscles from acidotic rats, both in the absence
nd presence of insulin. The catabolic response to acidosis is
t least in part caused by a coordinated increase in branched-
hain ketoacid dehydrogenase activity30 and the adenosine
riphosphate–dependent ubiquitin-proteosome (Ub-PC)
roteolytic pathway in skeletal muscle.31 Plasma insulin-like
rowth factor-1 (IGF-1) concentration decreases in response
o chronic metabolic acidosis.32 Garibotto et al33 showed that
et proteolysis correlated positively with plasma bicarbonate
nd cortisol levels in CRF patients. Correction of metabolic
cidosis in continuous ambulatory peritoneal dialysis
CAPD) and HD patients decreased both protein degradation
nd synthesis, but it had no effect on leucine oxidation.34,35

ormonal Regulation
f Protein Metabolism

rotein turnover and AA transport kinetics are regulated by
ormones. Insulin has been shown to influence the activity of
t least 4 distinct transport systems of AAs, namely systems A,
SC, Nm, and Xc.36 Uremia is associated with insulin and
atecholamine resistance, and glucocorticoid excess.37,38

uantitative or qualitative insulin deficiency may result in
uscle wasting through depressed protein synthesis and in-

reased proteolysis.39,40 Lim et al41 studied the effect of insu-
in and insulin plus AA infusion in ESRD patients before and
fter initiation of HD. They showed that insulin alone re-

uced proteolysis and LO, and insulin plus AAs increased net
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Protein kinetics in renal failure 161
rotein synthesis. These data indicate that response to the
rotein anabolic actions of insulin is preserved in ESRD pa-
ients. Glucocorticoids have a permissive effect on muscle
roteolysis.42 Glucagon, epinephrine, and norepinephrine
ugment cortisol-induced nitrogen loss.43 Growth hormone
GH) administration has been shown to stimulate AA trans-
ort and protein synthesis, which probably is mediated by
GF-1. GH treatment increased muscle IGF-1 messenger
NA (mRNA) levels in control but not in CRF rats.44 Skeletal
uscle resistance to GH in CRF is caused, at least in part, by

mpaired Janus-associated kinase 2–signal transducers and
ctivators of transcription 5 phosphorylation and transloca-
ion.44 Furthermore, CRF rats also are resistant to the IGF-1–
nduced suppression of protein degradation and stimulation
f protein synthesis.45

rotein Turnover
uring Hemodialysis

he dietary requirement of protein is higher in dialysis pa-
ients than in normal subjects and in nondialyzed patients
ith CRF.46 Healthy subjects have a daily minimum protein

equirement of 0.6 g · kg-1/day-1.47 Although non-HD pa-
ients with CRF may be in nitrogen balance with 0.6 g · kg-1/
ay-1 of high-quality protein,48 signs of malnutrition are
resent in ESRD patients (on HD) consuming approximately
.0 g · kg-1/day-1 of protein.49 Borah et al50 showed that ni-
rogen balance is always more negative or less positive, de-
ending on the intake, on dialysis days compared with non-
ialysis days.
Berkelhammer et al51 found that whole-body protein

reakdown was not increased in ESRD, but LO was higher
ompared with controls. In children with ESRD protein flux
ncreased from baseline after initiation of dialysis.52 Lim et
l53 measured longitudinally whole-body leucine flux in pa-
ients with CRF before and after initiation of dialysis. By using
ass balance calculations, they found that the protein syn-

hesis is increased more than degradation after initiation of
D. In another study, they showed that HD treatment is

ssociated with normal basal leucine flux, a transient de-
rease in protein synthesis, and a negative protein balance.54

kizler et al55 found that HD results in a net whole-body
rotein loss, which improved postdialysis. Raj et al19,20,56

stimated the whole-body, regional, and fractional protein
inetics in ESRD patients using phenylalanine, leucine, and

ysine as tracers and showed that protein balance is main-
ained in ESRD patients during the interdialytic period. Al-
hough both protein synthesis and catabolism increased dur-
ng HD, the intradialytic increase in catabolism exceeded that
f synthesis, resulting in a net protein loss (Fig 2).

D and Protein Kinetics
D treatment provides 300 to 600 kcal/day-1, resulting in
ustained hyperinsulinemia in these patients. Goodship et
l24 performed leucine turnover studies in CRF patients be-

ore and after 3 months of CAPD treatment. They observed e
hat protein turnover is decreased at baseline, but the balance
etween synthesis and breakdown is higher and remained
nchanged after 3 months on CAPD. Long-term use of AA-
ased PD fluid has been shown to induce a positive protein
alance.57 Approximately 80% of leucine contained in the
ialysate solution is absorbed through the peritoneum and
pproximately 43% of leucine absorbed is used for protein
ynthesis.58 PD with dextrose-based dialysate induced an in-
ulin-related decrease in plasma BCAA concentration along
ith decreased forearm protein breakdown, muscle protein

ynthesis, and negative protein balance.59 However, dialysis
ith PD fluid containing dextrose plus AA increased the ar-

erial concentration of AAs and plasma insulin levels, result-
ng in increased protein synthesis with no change in protein
reakdown. The net effect was a positive nitrogen balance.
astellino et al60 investigated the effect of a euglycemic insu-

in clamp and combined insulin plus AA on whole-body
rotein kinetics in CAPD patients. Basal leucine flux, LO, and
OLD were reduced in CAPD compared with control sub-

ects. In response to insulin, endogenous leucine flux, LO,
nd NOLD decreased. During insulin plus AA administra-
ion, NOLD increased and net AA flux into protein became
ositive in both controls and CAPD patients to the same
egree.

ytokines: Agent Provocateurs
f Protein Catabolism

he role of cytokines in the catabolic response to sepsis,
njury, and inflammatory states has been well established.
xperimental studies in which normal rats were treated with
ecombinant cytokines61 and septic rats were treated with
ytokine antibodies62 provide strong evidence that cytokines,
specially tumor necrosis factor-� (TNF-�) and interleu-
in-1 (IL-1), facilitate muscle protein breakdown. TNF-�
nd IL-1 decrease the AA transport, which is facilitated by
lucocorticoids.63 IL-6 transgenic mice have augmented
uscle atrophy.64 Administration of antimurine IL-6–recep-

or antibody to colon-26 adenocarcinoma mice reduced the
uscle wasting, which was associated with reduction in the

igure 2 Muscle protein synthesis and catabolism during HD. 0,
ontrol; u, pre-HD; o, HD.
nzymatic activity of cathepsin B plus L and mRNA levels of
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162 D.S.C. Raj, A. Oladipo, and V.S. Lim
athepsin L and poly-ubiquitin.65 Nuclear factor � B (NF-�B)
lays a pivotal role in the catabolic response to TNF-�.66 In
keletal muscle, TNF-� activates NF-�B via a rapid dose-
ependent process that requires degradation of the inhibi-
ory protein I-kappa B-alpha. Once I-�B� is degraded,
K-�B is translocated to the myocyte nucleus where it alters

ene expression, stimulating protein loss in differentiated
uscle cells.
In vitro and in vivo data suggest that cytokine transcription

nd or production are increased during HD. Although pe-
ipheral blood mononuclear cells are an established source of
nflammatory cytokines during HD, skeletal muscle also is
apable of generating these biomolecules. Raj et al67 showed
ncreased IL-6 mRNA and protein in the skeletal muscle and
net increase in the efflux of cytokines from the muscle into

he vein during HD. They also showed that HD increased the
ene expression of caspase-3, a marker of apoptosis; ubiq-
itin, a marker of proteolysis; and branched-chain keto acid
ehydrogenase-E2, a marker of BCAA catabolism in the skel-
tal muscle.68 The mRNA levels correlated positively with
lasma IL-6.68 Furthermore, they showed that intradialytic
ctivation of IL-6 is associated with an (1) efflux of AAs from
he muscle, (2) induction of negative AA balance, (3) in-
reased protein turnover with net increase in protein catab-
lism, and (4) increased synthesis hepatic acute-phase pro-
eins, albumin, and fibrinogen.56 The intradialytic fractional
ynthesis rates of albumin, fibrinogen, and muscle protein
ere correlated with each other (Fig 3). In vitro studies indi-

ate that IL-6 increases fibrinogen synthesis, but decreases
lbumin synthesis.69 Intradialytic increases in muscle pro-
ein, albumin, and fibrinogen correlated positively with
lasma IL-6 levels.56 HD is associated with back transport of
ndotoxin fragments from the dialysate into the blood com-

igure 3 Coordinated increase in albumin, fibrinogen, and muscle
rotein synthesis during HD.
artment. Exposure to endotoxin induces release of IL-6, and i
ncreases synthesis of total liver proteins, including albumin,
uggesting that there may be a nonspecific activation of all
RNAs involved in hepatic protein synthesis.70 Thus, the

oordinated increase in the fractional synthesis rates of albu-
in and fibrinogen probably is facilitated by constant deliv-

ry of AAs derived from the muscle catabolism and intradia-
ytic increase in IL-6 level.56

issociation Between
egional and Whole-Body
inetics During HD
hole-body protein turnover studies show that HD is asso-

iated with reduced protein synthesis without a substantial
ncrease in proteolysis. Regional kinetics, on the other hand,
ocument enhanced muscle protein breakdown with an in-
dequate compensatory increase in synthesis as the cause of
he catabolism. It should be emphasized that organ-specific
inetics vary and whole-body turnover is a composite of all
he visceral and somatic compartments taken together. Dur-
ng hemodialysis, as compared with that before or without
ialysis, muscle kinetics invariably show an increase in pro-
ein breakdown.19 By contrast, whole-body turnover shows
nly a minimal increase in proteolysis or no evidence of en-
anced protein breakdown.54 The net negative protein bal-
nce is more severe in magnitude in the muscle as compared
ith that of the whole body.56 The discordance between
hole-body and regional kinetics is best explained by the

ontrasting muscle and hepatic physiology. Raj et al56 esti-
ated the fractional synthesis rates of albumin, fibrinogen,

nd muscle protein by the precursor product approach using
(ring 13C6) phenylalanine as a tracer in ESRD patients. They
howed that the fractional synthetic rates of albumin, fibrin-
gen, and muscle protein during HD are increased by 38.6%,
3.5%, and 52.6%, respectively, compared with pre-HD es-
imates. They hypothesized that the intracellular increase in
As derived from muscle catabolism stimulates muscle pro-

ein synthesis.71 The use of AAs, however, is less efficient
uring HD, resulting in an increase in net outward transport
f AAs into the vein.19 The AAs released from the muscle are
aken up by splanchnic bed to be used for acute-phase pro-
eins synthesis, including albumin and fibrinogen.

olecular Mechanism
f Protein Turnover
ranslation Initiation Factors
ranslation initiation is regulated by a large number of pro-

ein factors termed eukaryotic initiation factors (eIF).72 Trans-
ation of mRNA on the ribosome consists of the following 3
hases: initiation, whereby the initiator methionyl-transfer-
NA (tRNA) associates with mRNA bound to the 40S ribo-
omal subunit and the subsequent binding of the 40S ribo-
ome to the 60S subunit to form a complex capable of
ranslation; elongation, during which tRNA-bound AAs are

ncorporated into growing polypeptide chains; and termina-



t
r
p
m
e
p
4
e
b
l
s
n
i
E
e

M
I
a
p
U
t
d
6
y
s
i
t
t
m
p

a
u
m
c
m
p
T
o
c
t
l
a
r
M
r
s
d
i
l
p
b
c
a
g
b

c
p
a
t
E

I
P
R
T
E
A
d
c
t
t
s
p
s
i
s
o
t
b
a
h
s
d
I
c
e
d

I
I
p
1
t
p
r
s
p
i
s
c
b
t
a
s

A
I
A

Protein kinetics in renal failure 163
ion, during which the completed protein is released from the
ibosome. The amount of eIF2 present in the ternary com-
lex is dependent on the activity of eIF2B.72 Translation of
RNAs occurs through the cap-dependent process involving

IF4E. The eIF4E can be sequestered into an inactive com-
lex through binding of the translational repressor molecules
E-BP1. Changes in the distribution of eIF4E between active
IF4E-eIF4G and the inactive eIF4E-BP1 complexes have
een suggested as the mechanism through which AAs, insu-

in, IGF-1, and cytokines regulate global protein synthe-
is.73-75 Kobayashi et al76 showed that AA depletion by HD in
onuremic pigs reduced the activity of eIF2B and repletion

ncreased its activity in the skeletal muscle. However, in
SRD patients, even with A repletion, the mRNA levels of
IF2B did not increase (unpublished data).

olecular Regulation of Protein Catabolism
ntracellular protein degradation is mediated by 3 well-char-
cterized intracellular proteolytic systems: the lysosomal
athway, calcium-dependent proteinases (calpains), and the
b-PC pathway, which accounts for about 80% of total pro-

eolytic activity. Busquets et al77 showed that starvation in-
uced a 125% increase in calcium-dependent proteolysis, a
0% increase in adenosine triphosphate–dependent proteol-
sis, and no change in lysosomal proteolysis. Calpains play a
ignificant role in myofibrillar protein degradation, especially
n the disassembly of the myofibril during early stages of
urnover. The lysosomal pathway degrades soluble and ex-
racellular proteins and is not involved in the degradation of
yofibrillar proteins. Calcium-dependent proteinases (cal-
ains) degrade cytoskeletal, but not myofibrillar, proteins.
The Ub-PC system is involved in the degradation of the

bnormal short-lived proteins. Increased mRNA levels for
biquitin and proteasome subunits are reported in several
uscle-wasting conditions, including CRF.78 AA loss and

ytokine activation can stimulate the Ub-PC pathway in the
uscle.79 The Ub-PC system does not break down the com-
lexes of protein contained in actomyosin or myofibrils.
hus, 1 or more proteases must release constituent proteins
f actomyosin before the Ub-PC system can degrade the mus-
le protein. Du et al80 showed that activation of caspase-3 is
he initial step in the process of accelerated muscle protein
oss in catabolic conditions. Phosphatidylinositol 3 kinase
ctivity is the key to activation of muscle proteolysis through
egulation of caspase-3 and expression of atrogin-1/
AFbx.81 Although this observation has not been studied

igorously in patients with renal failure, microarray studies
how that a common set of transcriptional adaptations un-
erlie the loss of muscle mass in different pathologic states,82

ncluding uremia.83 Patients with renal failure have increased
evels of angiotensin II. Infusion of angiotensin II in rats
roduces cachexia secondary to increased muscle proteolysis
y downregulation of phospho-Akt and activation of
aspase-3 in skeletal muscle.84 mRNA levels of polyubiquitin
nd caspase-3 are increased in the muscle during HD,68 sug-
esting that this pathway may be the mediator of protein

reakdown intradialysis. a
Myostatin is a negative growth regulator for skeletal mus-
le. Myostatin decreases protein synthesis by inhibiting cell
roliferation and DNA synthesis by blocking satellite cell
ctivity.85 Preliminary evidence from our laboratory indicates
hat this pathway is involved in sarcopenia in patients with
SRD.83

nterventions to Attenuate
rotein Catabolism in ESRD
eplacement of AAs
he total loss of AAs is approximately 9 to 13 g/HD.86,87

xogenous AA infusion improves inward transport of
As88,89 and increases protein synthesis,88,89 but does not
ecrease protein catabolism88,89 or improve synthesis effi-
iency.89 Replacement of AAs by an intravenous route and
hrough dialysate prevents a decrease in the plasma concen-
rations of AAs. AA-based dialysate improves protein synthe-
is in PD patients.59 Pupim et al90 showed that intradialytic
arenteral nutrition promotes an increase in protein synthe-
is, a decrease in proteolysis at the whole-body level, and an
ncrease in forearm muscle protein synthesis. They also
howed that exercise may complement the anabolic response
f intradialytic parenteral nutrition.90 Saad et al91 also found
hat with AA repletion during HD, both protein synthesis and
reakdown in the muscle are increased. The net protein bal-
nce became less negative with AA infusion. Investigators
ave observed that a close link exists between muscle protein
ynthesis and breakdown and the link may supersede any
irect influence of AA concentration on muscle catabolism.
n catabolic or anabolic states, the extent of changes in mus-
le protein synthesis and breakdown differs with respect to
ach other, but the 2 factors generally change in the same
irection.76

GF and Protein Turnover
GF-1 promotes cellular uptake of glucose and AA, enhances
rotein synthesis, and suppresses protein degradation. IGF-
92 and GH93 administration stimulates skeletal muscle pro-
ein synthesis and a positive AA balance. The stimulation of
rotein synthesis by these hormones is related to an increased
ate of inward transport of AAs.94 Dose-response studies have
hown impaired stimulation of protein synthesis and sup-
ressed inhibition of protein degradation by IGF-1 in ep-

trochlearis muscle of CRF rats.95 However, IGF-1 has been
hown to induce net protein accretion in the muscle by in-
reasing protein synthesis in the face of unchanged protein
reakdown in malnourished ESRD patients.96 In CAPD pa-
ients, IGF-1 induced a positive nitrogen balance, resulting in

sustained reduction in dialysate and urine nitrogen and
erum urea nitrogen output.97

ttenuation of
nflammation and Protein Turnover
ttenuation of inflammatory response and treatment with

nticytokine antibodies have been shown to decrease protein
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atabolism. Pentoxifylline is a xanthine-derived phosphodi-
sterase inhibitor, which can downregulate TNF gene expres-
ion and decrease circulating levels of TNF-� and TNF-�–
oluble receptor. Biolo et al98 showed that pentoxifylline
ecreased whole-body proteolysis in CRF through down-
egulation of the TNF-� system.

onclusion and
uture Directions

arcopenia is a strong predictor of outcome in a variety of
cute and chronic illnesses. Even in apparently healthy pa-
ients on dialysis there is significant loss of lean body mass.
espite variations in protein turnover, a balance between
rotein synthesis and catabolism is maintained in uncompli-
ated CRF. The adaptive responses fail and the equilibrium is
isturbed in the presence of catabolic stress or metabolic
cidosis. However, HD induces an unbalanced increase in
ynthesis and catabolism, with a net increase in protein ca-
abolism. Protein breakdown during HD could be caused by
ntradialytic loss of AAs, activation of cytokines, and defec-
ive use of AAs. Interventions aimed at these specific causes
ay attenuate protein breakdown in ESRD.
Our understanding of AA and protein metabolism has

eached new dimensions with the use of tracer methodology.
owever, there are a number of unanswered questions that
eed to be explored. Re-use of amino acids released from
rotein breakdown is impaired during HD.56 Although it is
easonable to assume that it is a result of the intradialytic loss
f AAs and cytokine activation, their precise role in mediating
his abnormal physiology is unknown. This is an important
nd potential area of research. AAs and cytokines modulate
rotein synthesis through translation-initiating factors. The
urrent state of knowledge does not allow us to draw any
oncrete conclusion regarding whether this regulatory path-
ay is altered by uremia. Leucine is the principal AA that
odulates the availability of eIF4E.99 It will be interesting to

xplore whether supplementation of leucine alone will aug-
ent protein synthesis during HD. If effective, this will be a

ess labor-intensive intervention. The seminal work by Mitch
nd Goldberg79 has defined the role of Ub-PC in muscle
rotein breakdown. However, the contribution of lysosomal-
nd calcium-dependent (calpains) pathways needs further
nvestigation. Understanding the physiology of protein and
A metabolism and its derangement is vital to design targeted

nterventions.
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