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"The uremic  death of the mos t  h ighly  in tegrated o rgan ism is strictly 
comparab le  to the  dissolut ion of the m o s t  s imple organism in an aging 
bacterial cul ture  - both  are des t royed  in an env i ronmen t  po i soned  by  the 
p roduc t  of their  own  metabol ism."  

Harr ison and Mason (37) 

U r e m i c  t o x i c i t y  

The chemica l  theory  of causat ion of the u remic  s y n d r o m e  begins  with 
Prevos t  and D u m a s  (49), who  d iscovered  in 1821 that  ext i rpat ion of the 
k idney  led to rise in the b lood urea  concentra t ion.  Since that  time, it has 
been a s sumed  that  the  clinical features of u remia  in m a n  are caused by  
re tent ion in the b o d y  fluids of toxic  subs tances  which  are normal ly  
excre ted  in the urine. 

Table 1. Organic compounds which accumulate in uremia. 

urea phenols growth hormone 
ereatinine myoinositol gastrin 
methylguanidine mannitol renin 
guanidinosuccinic acid glucuronic acid gastric inhibitory 

peptide (GIP) 
other guanidines oxalic acid human pancreatic 

polypeptide (HPP) 
uric acid acetoin calciotonin 
cyclic AMP 2,3-butylene glycol prolactin 
pyridine derivatives middle molecules ~2-microglobulin 
amino acids lipochromes al-microglobulin 
aliphatic amines insulin lysozyme 
aromatic amines glucagon retinol-binding protein 
polyamines parathyroid hormone (PTH) [~2-glucoprotein 
indoles natriuretic hormone (?) ribonuclease 
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With the re f inement  of the analytical  techniques  an ever increasing 
n u m b e r  of organic c o m p o u n d s  have been  found  in raised concent ra t ions  
in uremic  p lasma (cf. table 1), and m a n y  of t hem have at one t ime or 
ano ther  been  sugges ted  to be a u remic  toxin  or " the u remic  toxin"  (11). 
However ,  despite  more  than  150 years of research, it has not  been  possible 
to explain  the  full spec t rum of u remic  toxic  manifes ta t ions  by  accumula-  
t ion of k n o w n  uremic  compounds .  

I t  is now recognized  that  the funct ions  of the  k idneys  are not  l imited to 
the excreat ion of waste-products ,  electrolytes,  and  water. We are increas- 
ingly aware of the  impor tance  of the k idneys  as endocr ine  organs  affect ing 
b lood pressure  regulation, ca lc ium homeostasis ,  and  erythropoiesis .  I t  is 
also es tabl ished that  the k idneys  catabolize a n u m b e r  of pept ide  hor- 
mones .  Accordingly ,  some of the  s y m p t o m s  and signs of u remia  m a y  be 
due  to endocr ine  dis turbances ,  either of renoprival  origin or secondary  to 
impaired  homeostasis .  

A solute to be cons idered  as a u remic  toxin should  fulfil cer tain criteria 
listed below: 

1. The  c o m p o u n d  should  be chemical ly  identif ied and specifically and  
quant i ta t ively  measurab le  in biological fluids. 

2. The  p lasma level and/or  t issue concent ra t ions  of the c o m p o u n d  should  
be h igher  in uremic  than  in non-uremic  patients.  

3. High  concent ra t ions  should  be related to specific u remic  symptoms .  
4. Toxic  effects should  be obta ined in h u m a n  subjects,  exper imenta l  ani- 

mals  and/or  in an appropr ia te  in vitro sys tem at concent ra t ions  compar-  
able to those found  in the  b o d y  fluids of u remic  patients.  
If  synerg i sm is of impor tance ,  tests accord ing  to point  4 m a y  have to be 

pe r fo rmed  in uremic  man  or animals  or in a "u remic"  env i ronmen t  in 
vitro. 

After  having  surveyed  the l i terature in this field extens ively  for the last 
few months ,  we have come  to the conc lus ion  that  - excep t  for some  
ho rmones  as P T H  and renin - urea is the only organic c o m p o u n d  which  
clearly fulfils all the a fore-ment ioned criteria. The s y m p t o m s  of urea  
in toxicat ion (addit ion of urea  to the dialysate) include headache,  fatigue, 
nausea,  vomit ing,  g lucose intolerance,  and  bleeding tendency .  However ,  it 
should  be poin ted  out  that  the mos t  severe gastrointest inal  and  cardiovas- 
cular, mental ,  and  neurological  changes  in u remia  were  not  not iced (38). 
Thus  it is not  possible to explain the wide spec t rum of u remic  s y m p t o m s  
by  urea  in toxicat ion only, and  in any  event  urea should  be cons idered  a 
"mild"  u remic  toxin.  

" N e w "  u r e m l c  toxins.  New candidates  of u remic  toxins  appear  f rom 
t ime to time, or old ones regain populari ty.  A m o n g  the mos t  recent  ones 
are choline, polyamines ,  cyclic AMP, polyols,  and r ibonuclease  (RNAse); 
the middle  molecules  (MM) are still a t t ract ing interest. P T H  has also 
recent ly  gained new interest  not  only  as a c o m p o u n d  involved in u remic  
os teodys t rophy,  bu t  also as a more  general  u remic  toxin.  

Chol ine  concent ra t ion  in p lasma  measu red  in azotemic subjects  receiv- 
ing hemodia lys is  was found  to be abou t  twice that  of normal  subject,  and  
the  degree of per ipheral  n e u r o p a t h y  was  inversely correlated to the levels 
Of free cholin in plasma,  suggest ing a cause-relat ionship.  Reduced  renal  
mass  m a y  play a role for the increased free choline levels in uremia,  since 
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the  k i d n e y  has  a role  in the  h o m e o s t a t i c  regula t ion  of p l a s m a  chol ine  (52). 
Choline is also a p r e c u r s o r  to a l iphat ic  amines ,  wh ich  are f o r m e d  in the  gut  
by  bac ter ia l  ac t ion  and  are sugges ted  to be  toxic  in u r emia  (59). 

P o l y a m i n e s ,  which  are f o r m e d  in an ima l  t i ssues  (putrescine,  sper-  
midine,  and  spe rmine)  or b y  bacter ia l  ac t ion  in the  gut  (pu t resc ine  and  
cadaver ine)  are  wide ly  d i s t r ibu ted  in the  h u m a n  body.  The  u r ina ry  excre-  
t ion of p o l y a m i n e s  is inc reased  in cancer  pa t ien ts  and  in pa t i en t s  wi th  
infect ions  (27b). Recen t ly  it has  b e e n  found  tha t  the  free p l a s m a  s p e r m i n e  
concen t ra t ion  is m a r k e d l y  inc reased  in pa t i en t s  wi th  chronic  u r e m i a  and  
tha t  hemod ia lys i s  lowers  the  p l a s m a  concen t r a t ion  (22). P o l a y m i n e s  have  
been  found  to impa i r  in vi t ro g lucose  t r anspo r t  in ra t  j e j u n u m  and  to 
m o d i f y  the  act ivi ty  of m a n y  e n z y m e s  (61). The i r  role  as u r e m i c  tox ins  is as 
yet  u n p r o v e d ,  b u t  it has  b e e n  sugges t ed  b y  B a g d a d e  tha t  the  ra ised  
p o l y a m i n e  level  in chronic  dialysis  pa t i en t s  m a y  con t r ibu te  to the  rap id ly  
acce le ra ted  ca rd iovascu la r  disease,  obs e rved  dur ing  dialysis,  b y  s t imulat -  
ing pro l i fe ra t ion  of ar ter ia l  s m o o t h - m u s c l e  cells (8), a cent ra l  p rocess ion  in 
a therogenes is .  This  in te res t ing  hypo thes i s  dese rves  to be  t es ted  in depth .  

I t  a p p e a r s  tha t  subs tan t i a l  quant i t ies  of p o l y a m i n e s  can  be  ob ta ined  
f rom s e r u m  and  ur ine  af ter  acid hydrolys is ,  wh ich  has  led to the  pos tu la te  
tha t  p o l y a m i n e  con juga tes  p lay  an  i m p o r t a n t  role  in p o l y a m i n e  me tabo l -  
i sm of m a n  (54). In  this  connec t ion  it is of in teres t  tha t  Lu tz  (43) isola ted a 
s t rongly  bas ic  pep t ide  w h i c h  con ta ined  spe rmid ine ,  t h o u g h t  to be  toxic  in 
uremia .  Seale  et al. (57) found  tha t  the  d iamine ,  pu t resc ine ,  and  the  
po lyamines ,  s p e r m i d i n e  and  spe rmine ,  could  b e  de tec ted  in h u m a n  
amnio t i c  fluid only  af ter  acid hydrolys is .  All these  f indings  sugges t  tha t  
the  po lyamines ,  tox ic  or  no t  in u remia ,  m a y  p lay  a role not  only  as free 
c o m p o u n d s ,  bu t  also as conjuga tes  to pept ides ,  thus  l inking t h e m  to the  
midd le  molecules .  Th is  opens  in te res t ing  n e w  possibi l i t ies  for  fu r the r  
research  in this  field. 

Cyct ic  AMP, wh ich  is the  second  m e s s e n g e r  of a n u m b e r  of h o r m o n e s ,  
is e leva ted  in u r e m i c  p l a s m a  (9, 56). Tox ic  effects  on in-vitro pla te le t  
aggrega t ion  h a v e  b e e n  recorded ,  and  the re  is a cor re la t ion  b e t w e e n  aggre-  
gat ion r e sponse  and  p l a s m a  concen t ra t ion  of A M P  in u r emic  pat ients ,  
sugges t ing  tha t  cyclic A M P  is invo lved  in the  p la te le t  de fec t  in u r e m i a  (65). 

M y o l n o s i t o l  is a na tura l  cons t i t uen t  of food and  is syn the t ized  in 
musc le ,  liver, brain,  and  k idneys .  T h e  m a j o r  p a t h w a y  for myo inos i to l  
ca tabo l i sm requi res  initial  ox ida t ion  to D-glucuronate  in the  renal  cortex.  
In  pa t i en t s  wi th  rena l  failure, the  p l a s m a  concen t ra t ion  and  u r ina ry  excre-  
t ion of myoinos i to l  are e leva ted  (48, 24, 58), sugges t ing  tha t  the  p r o d u c t i o n  
is inc reased  or the  m e t a b o l i s m  decreased.  A s t r ik ing decrease  in sciatic 
ne rve  conduc t i on  ve loc i ty  was  found  in n o r m a l  rats  g iven  h igh  a m o u n t s  of 
myo inos i to l  oral ly or  in t raper i tonea l ly  (24). Dorsa l  root  gangl ion  cells in 
t i ssue cu l ture  s h o w e d  toxic  changes  in p r e sence  of myoinos i to l  at  con- 
cen t ra t ions  k n o w  to occur  in u r e m i c  p l a s m a  (42). Myoinos i to l  was  there-  
fore sugges t ed  to be  a u r e m i c  tox in  wh ich  is causa l ly  re la ted  to the  
d e v e l o p m e n t  of pe r iphe ra l  neu ropa thy .  A corre la t ion has  also b e e n  found  
be tween  sorbi to l  in ce reb rosp ina l  f luid and  signs of pe r iphera l  n e u r o p a t h y  
in u r e m i c  pa t i en t s  (48). 

R N A s e ,  which  be longs  to the  low molecu l a r  p ro te ins  ca tabol ized  b y  
n o r m a l  k idneys ,  is m a r k e d l y  inc reased  in u r emic  p l a s m a  (50). Pur i f ied  



178 Zeitschrift fi~r Ern~hrungswissenschaft, Band 21, Heft  3 (1982) 

RNAse  f rom h u m a n  urine is capable  of inhibi t ing l y m p h o c y t e  prolifera- 
tion, g rowth  of red and white  cells in bone  mar row cultures,  and  also 
adversely  affects the viabili ty of cul tured fat cells (41, 21). 

PTH. The  role of P T H  as a u remic  toxin  has recent ly  been  reviewed by 
Massry (44). Effects ascr ibed to excessive PTH in uremia  are osteodystro-  
phy,  ectopic  calcifications, i tching, encephalopathy ,  peripheral  neuro-  
pathy,  anemia,  hyperl ipidemia,  and  impotence.  However ,  S la topolsky 
et al. (60) reviewed the role of P T H  as a u remic  tox in  and  came to the 
conclus ion  that  the only toxic effects substant ia ted  are bone  disease and  
abnormal  e lec t roencephalographic  patterns,  this latter being due  to a 
potent ial  role of PTH in increasing ca lc ium conten t  of brain. Schaefer  et al. 
(55) failed to show a correlat ion be tween  se rum para thyro id  hormone ,  
nerve conduc t ion  veloci ty and se rum lipids in hemodia lys is  patients.  With 
regard  to P T H  as a pa thogenet ic  factor  for peripheral  neuropa thy ,  carbo- 
hydra te  intolerance,  hyper l ip idemia  and  anemia,  ou t s tand ing  clinical 
research  is lacking, and  conclus ive  exper imenta l  data  are pract ical ly 
nonexistent .  Thus  it is still an open  ques t ion  whe the r  PTH as a u remic  
tox in  has more  general ized effects than  its act ion on bone  and  perhaps  on 
the central  nervous  system. 

M i d d l e  mo lecu l e s .  T h e  middle  molecules  still a t t ract  m a n y  research 
groups.  This field was extens ively  reviewed by Bergs t rSm and Ffirst (11, 
12). I t  was conc luded  that  m o s t  s tudies in wh ich  the dialysis reg imen has 
been  changed  to specifically alter dia lysance of small  and/or  MM and 
relate these changes  to symptoms ,  suffer f rom the d rawback  that  no 
me thods  were available for direct  measu remen t s  of MM, or that  measure-  
men t s  pe r fo rmed  were  crude, unspecif ic  and  at best  semiquanti tat ive.  
Some  of these studies were conduc t ed  over  too short  per iods  of time, or in 
pat ients  no t  well s tandardized wi th  regard to diet  and residual  renal  
function.  

Unti l  now, only  few MM c o m p o u n d s  have been  isolated in pure  form 
and  for even fewer of t h e m  the molecular  s t ructure  has been  identified. 
Lutz  and co-workers  (43) isolated four  basic pept ides  wi th  a molecular  
weight  range of 1300-1800 daltons. Klein et al. (40) de te rmined  the  chief 
pept ide  cons t i tuents  of a fraction in MM range wi th  a molecular  weigh t  of 
approx imate ly  3000 daltons, especial ly a b u n d a n t  in lysine, glycine, 
g lu tamic  acid and  serine, bu t  in low concent ra t ions  for aromat ic  amino 
acids. Abiko  and  co-workers  were able to isolate four  pept ides:  A hep- 
tapept ide  which  co r re sponded  to posi t ion 13 t h rough  19 of ~2 micro- 
globul in  (1). A t ryp tophan-con ta in ing  pen tapep t ide  (2), co r respond ing  to 
posi t ion 123 th rough  127 of ~-chain of f ibrinogen, had  an inhibi t ing effect 
on  roset te  format ion  be tween  h u m a n  l ym phocy t e s  and  sheep e ry throcytes  
in vitro, suggest ing that  they  migh t  cause or cont r ibute  to the impaired  
i m m u n e  response  in uremia  (3). A t r ipept ide (H-His-Gly-Lys-OH) was  
isolated f rom uremic  ultrafiltrate (4). Ano the r  t r ipept ide (H-Glu-Asp-Gly- 
OH), wh ich  was isolated f rom "neuro tox ic"  dialysate, inhibi ted L D H  
activity in vitro (4). These are the first repor ts  in which  the comple te  
s t ructure  of new, biologically active MM pept ides  are given, and  where  it 
was possible  to show that  they  consist  of f ragments  of k n o w n  proteins.  
However ,  each of these pept ides  was only obta ined f rom one patient,  and  
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it is no t  ye t  poss ib le  to eva lua te  the i r  role as u r emic  toxins ,  s ince the i r  
concen t ra t ions  in n o r m a l  and  u r e m i c  p l a s m a  were  not  repor ted .  

The  N e c k e r  G r o u p  in Par is  is n o w  in the  p rocess  of isolat ing and  
ident i fy ing an  MM c o m p o u n d  (b4-2), wh ich  a p p e a r e d  to be  a c a r b o h y d r a t e  
wi th  neu ro tox ic  p roper t i e s  (32). In  cu r ren t  s tudies  it could  be  d e m o n -  
s t ra ted  tha t  the  b4. 2 solute  is a g lucurono ide  wi th  a mo lecu l a r  we igh t  of 568 
dal tons  c o r r e s p o n d i n g  to a g lucuron  con juga te  of an  ag lycon  (not ye t  
identif ied) w i th  a m o l e c u l a r  we igh t  of 392 da l tons  (25). 

I n  our  l abora to ry  in S tockho lm,  we used  analyt ical  i so tachophores i s  
for fu r the r  sepa ra t ion  of three  f ract ions  of midd le -molecu les ,  wh ich  were  
isolated b y  gel-fi l trat ion and  ion e x c h a n g e  c h r o m a t o g r a p h y  (68). Each  of 
three  c h r o m a t o g r a p h i c a l l y  h o m o g e n o u s  u r emic  m i d d l e  mo lecu l e  frac- 
t ions could  be  s h o w n  to consis t  of at leas t  two  subfrac t ions .  One of these  
subf rac t ions  wh ich  is the  m a i n  c o m p o n e n t  of p e a k  7c (28) has  n o w  b e e n  
ident if ied as a ~-glucuronidate  d f rac t ion  of P-OH-benzo ic  acid and  glycine 
(69, 70). 

N e w  da ta  have  recen t ly  b e e n  ob ta ined  which  sugges t  tha t  M1VI exer t  
toxic  ef fec ts  in vi t ro  at  concen t ra t ions  c o m p a r a b l e  to those  found  in 
u remic  p l a s m a  (11, 12, 13). In  vi t ro tox ic  effects  of MM include:  inhibi t ion 
of h e m a t o p o i e t i c  cells, h e m o g l o b i n  synthes is ,  g lucose  util ization, lym-  
phob las t  t r ans fo rmat ion ,  and  rose t te  fo rmat ion ,  f ib roblas t  prol i ferat ion,  
l eucocy te  phagocy t i c  activity,  ne rve  conduct iv i ty ,  and  s o d i u m  t ranspor t .  
These  resu l t s  sugges t  tha t  MM cause  or con t r ibu te  to cer ta in  s y m p t o m s  
and  s igns in u remia ,  such  as anemia ,  i m p a i r e d  g lucose  tolerance,  
i m m u n o l o g i c a l  def ic iency,  suscept ib i l i ty  of infec t ion  and  neuropa thy .  I t  
was  also r epo r t ed  recen t ly  tha t  in ject ion of M1VI mate r i a l  in roden t s  de lays  
the re jec t ion  of sk in  al lografts  and  inhibi ts  g ra f t -versus-hos t  react ion,  an 
obse rva t ion  wh ich  suppor t s  a role  of MM in u r e m i c  i m m u n o s u p p r e s s i o n  
(11). S o m e  e n z y m e  act ivi t ies  are also inh ib i ted  b y  MM fract ions  in vitro, 
n a m e l y  lac ta te  dehydrogenase ,  adeny l  cyclase,  p y r u v a t e  kinase,  Na+-K +- 
ATPase ,  g lucokinase ,  insul in  s t imula t ion  of l ipopro te in  l ipase,  delta- 
aminolevul in ic  acid d e h y d r a t a s e  and  ca ta lase  act ivi ty  (11). 

In  conclus ion,  it is t oday  not  poss ib le  to eva lua te  the  exac t  role of the  
man i fo ld  c o m p o u n d s  wh ich  a c c u m u l a t e  in renal  fa i lure  in caus ing  or  
con t r ibu t ing  to the  var ious  s y m p t o m s  and  b iochemica l  abnormal i t i e s  in 
uremia .  T h e  n e w  in fo rmat ion  ga the red  in the  last  years  has  fu r the r  shed  
l ight on  the  c o m p l e x i t y  of the p r o b l e m  bu t  no t  ye t  led to a b r e a k t h r o u g h  in 
our  u n d e r s t a n d i n g  of the  na ture  of u r e m i c  toxici ty ,  wh ich  can  only  be  
ach ieved  b y  c o m b i n e d  effor ts  of clinical nephrologis t s ,  endocr ino log is t s  
and  b iochemis t s ,  will lead to i m p r o v e m e n t  of the  conse rva t ive  t h e r a p y  
and  the  d e v e l o p m e n t  of m o r e  eff icient  and  select ive  m e t h o d s  for  purif ica-  
t ion of the  b o d y  fluids. 

Nutr i t iona l  t reatment  

P r o t e i n  a n d  a m i n o  ac id  r e q u i r e m e n t  i n  u r e m i a  

In  o rder  to ach ieve  a n i t rogen  ba lance  in hea l thy  ave rage  adults ,  
a p p r o x i m a t e l y  0.45 g p ro te in /kg  b o d y  we igh t /pe r  day  is r equ i r ed  wi th  an  
u p p e r  l imit  of 0.6 g/kg to cover  the  e x t r e m e  range  of needs  in a popula t ion .  
Only  20 % of th is  has  to be  in the  f o r m  of essent ia l  a m i n o  acids  (45, 29). 
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Nit rogen  ba lance  s tudies  in u r em i c  pa t i en t s  s h o w e d  tha t  0.4 to 0.5 g 
p ro te in  pe r  kg  b o d y  we i gh t  is r equ i red  to ob ta in  n i t rogen  equi l ibra t ions  
and  tha t  fu r the r  r educ t ion  of the  p ro te in  in take  leads to nega t ive  n i t rogen  
ba l ance  (37a, 27a). In  pa t i en t s  wi th  a d v a n c e d  renal  failure, i.e., e n d o g e n o u s  
c rea t in ine  c learance  be low 5 ml /min ,  the  pro te in  in take  m a y  have  to be  
cons ide rab ly  lower  t h a n  0.4 g /kg  b o d y  we igh t  to p r even t  excess ive  u rea  
a c c u m u l a t i o n  and  s y m p t o m s  of u r em i c  toxici ty.  

Die ta ry  r e q u i r e m e n t s  of p ro te in  a p p e a r  to be  h igher  in pa t i en t s  dur ing  
in t e rmi t t en t  dialysis  t han  in no rm a l  subjects ,  a n d  an  in take  of m o r e  t han  
1 g /kg  b o d y  we igh t  is r e c o m m e n d e d  for  dialysis  pat ients .  Bo rah  e t  al. (19) 
r epo r t ed  resu l t s  of n i t rogen-ba lance  s tudies  dur ing  in t e rmi t t en t  dialysis  
t h e r a p y  in 5 pa t ien ts  on  h igh  1.4 g /kg  b o d y  we igh t  and  low 0.5 g /kg  p ro te in  
in take  and  found  tha t  the  ba lance  was  nega t ive  on dialysis  days  assoc ia ted  
w i th  a h igher  ra te  of u r ea  genera t ion  and  was  pos i t ive  or neut ra l  (at h igh  
and  low p ro te in  in takes ,  respect ive ly)  on non-dia lys is  days.  S u p p o r t i n g  
da ta  c a m e  f r o m  Ward et  al. (64), w h o  found  e n h a n c e d  p ro te in  ca tabo l i sm 
( increased u rea  gene ra t ion  rate) i nduced  b y  dialysis.  Add ing  g lucose  to t he  
d ia lysa te  was  no t  a c c o m p a n i e d  b y  s ignif icant  fall in d ia lys is - induced  
p ro te in  ca tabol ic  ra te  sugges t ing  tha t  g luconeogenes i s  is not  the  m a j o r  
con t r ibu to r  to inc reased  ca tabo l i sm on  dialysis.  

The  m i n i m u m  r e q u i r e m e n t  and  the  p ropor t i ons  of essent ia l  amino  
acids  in n o r m a l  m a n  h a v e  been  def ined  in careful ly  c o n d u c t e d  n i t rogen  
ba lance  s tudies  (53). Much  less is, however ,  k n o w n  a b o u t  the  amino  acid 
r e q u i r e m e n t  in severe ly  u r e m i c  pat ients .  This  is of cons ide rab le  impor t -  
ance  b e c a u s e  the  diets  p re sc r ibed  of ten  do no t  conta in  adequa t e  a m o u n t s  
of essent ia l  amino  acids. 

Based  on G io rdano ' s  original  f indings  tha t  u r emic  pa t i en t s  on prote in-  
p o o r  nu t r i t ion  could  be  b r o u g h t  into pos i t ive  n i t rogen  ba l ance  w h e n  g iven  
essent ia l  L-amino acids (33), a d ie ta ry  r e g i m e n  us ing  low-pro te in  diet  
(15-20 g pro te in /day)  s u p p l e m e n t e d  wi th  essent ia l  a m i n o  acids + his t id ine  
was  d e v e l o p e d  and  success fu l ly  app l i ed  for  conse rva t ive  t r e a t m e n t  of 
pa t i en t s  wi th  g l o m e n f l a r  f i l t ra t ion ra te  of 5 m l / m i n  or less (14, 47). All 
resul ts  f r o m  ba lance  s tudies  indica te  tha t  u r e m i c  pa t i en t s  had  an  
inc reased  r e q u i r e m e n t  of essent ia l  amino  acids.  This  hypo thes i s  is sup-  
po r t ed  b y  the  fact  tha t  n i t rogen  ba lance  can  on ly  be  ach ieved  in severe ly  
u r e m i c  pa t i en t s  wi th  a diet  s u p p l e m e n t e d  wi th  essen t ia l  amino  acids,  
wh ich  p rov ides  a h igher  p ropo r t i on  of essent ia l  amino  acids to to ta l  
n i t rogen  t h a n  found  in a n y  na tura l  p ro t e in  (14, 15). I t  is n o w  es tab l i shed  
f rom s tudies  in Scandinavia ,  G e r m a n y ,  and  the  Uni t ed  Sta tes  tha t  this 
fo rm of t r e a t m e n t  leads  to clinical  i m p r o v e m e n t  and  be t t e r  n i t rogen  
balance.  

In  contrast ,  there  is s t rong  ev idence  tha t  in H D  pa t ien t s  rece iv ing  
p ro te in  and  ene rgy  > 1.0 g /kg  and  > 145 kJ /kg ,  respect ive ly ,  adequa t e  
nu t r i t ion  in re la t ion  to  the i r  r e q u i r e m e n t s  (19, 5a) is achieved.  

O p t i m u m  dose  and  composi t ion  o f  the amino  acid c o m p l e m e n t  

There  are n u m e r o u s  r epor t s  of abnormal i t i e s  in the  p l a s m a  amino  acid 
pa t t e rn  in u r e m i a  wi th  low concen t ra t ion  of severa l  essent ia l  amino  acids 
a n d  h igh  concen t ra t ions  of some  non-essent ia l  amino  acids,  a pa t t e rn  
s imi lar  to tha t  found  in p ro te in  malnut r i t ion .  I t  has  b e e n  sugges t ed  tha t  
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these abnormal i t ies  reflect nutr i t ional  def ic iency or al tered metabo l i sm in 
the u remic  state. Specific abnormali t ies  in the metabo l i sm of certain 
amino acids have also been found.  Thus  it is k n o w n  that  the activi ty of the 
e n z y m e  phenyla lan ine  hydroxy lase  is inhibi ted in u remia  resul t ing in 
r educed  format ion  of tyrosine f rom phenyla lanine  by  hydroxy la t ion  (66). 
Hist idine is an essential amino acid in severe u remia  (16, 30). 

The occur rence  of the afore-ment ioned abnormal i t ies  in amino acid 
me tabo l i sm in u remia  raises the ques t ion  whe the r  u remic  patients pos- 
sibly should  be suppl ied with essential amino acids in o ther  amoun t s  and 
propor t ions  than  r e c o m m e n d e d  for non-uremic  individuals  to opt imize 
amino acid utilization. The difficulties of solving these problems are 
formidable,  since a n u m b e r  of variables has to be considered,  such  as the  
degree of renal  funct ion impairment ,  the total supply  of nitrogen,  the 
relat ion be tween  essential and non-essent ial  amino  acids, the propor t ions  
be tween  the different essential amino acids, and the  energy  intake. 

In  order  to increase under s t and ing  of amino  acid metabol ism,  we have 
recent ly  developed methods ,  by  which  the amino acid concent ra t ions  in 
intraceUular water  can be de te rmined  in sceletal musc le  tissue, obta ined 
by  percu taneous  needle biopsy. A fundamenta l  ques t ion  is whe the r  a 
un ique  intracellular pa t tern  of free amino acids exists wh ich  is dist inct ive 
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Fig. 1. Branched chain amino-acid antagonism in uremia. 
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for u remia  and various therapeut ical  means.  We have measured  the 
p lasma and  intracellular musc le  concent ra t ions  of free amino acids in 
untreated uremic  patients,  in patients t reated with a 40-g prote in  diet, an 
18-g prote in  diet alone and with amino  acid supplementa t ion ,  and  also in 
patients on in termit tent  peri toneal  dialysis and dur ing  regular  hemodia ly-  
sis t r ea tment  (17, 5, 5a, 31). 

Uremic  pat ients  exhibi t  m a n y  abnormali t ies  in intracellular amino acid 
concentra t ions  (31). Typical  features of u remia  appear  to be low musc le  
valine, threonine,  tyrosine,  histidine, and carnosine  (cf. table 2). The low 
valine in presence  of normal  isoleucine and  leucine in musc le  (the latter 
two are elevated in patients on peri toneal  dialysis) suggest  an imbalance  of 
the b ranched-cha in  amino acids wi th  deple t ion of valine and abnormal  
dis tr ibut ion of the other  two (fig. 1). This imbalance  which  persists even 
after p ro longed  t rea tment  wi th  low-protein diet  and essential  amino acids 
in propor t ions  accord ing  to Rose, i.e., cons idered  opt imal  for normal  
subjects,  m a y  decrease utilization of die tary prote in  and  thus  contr ibute  to 
prote in  malnutr i t ion.  Low intracellular valine concent ra t ions  have also 
been found  in u remic  children, at early as well as at more  advanced  stages 
of renal  failure (27, 20). A low valine pool  and  low tu rnover  of valine were 
found by  Jones  and Kopple  (39) in non-dia lyzed uremic  pat ients  who  were  
given 14C-labelled valine. All these f indings suggest  that  there is a specific 
defect  in b ranched-cha in  amino acid me tabo l i sm induced  by  uremia.  The 
low muscle- tyros ine  concent ra t ion  m a y  be the consequence  of reduced  
convers ion of phenyla lanine  to tyros ine  k n o w n  to be present  in uremia. 
Tyrosine has therefore  been sugges ted  to be an essential  amino acid in 
uremia  which  should  be inc luded  in amino-acid  prepara t ions  in tended for 
uremic  nutr i t ion (67). These results present  s t rong evidence  that  an 
intracellular "pa t te rn  of uremia"  does exist. 

In  an effort to improve  the defects in the intracellular amino-acid  
pattern,  a new oral essential  amino-acid prepara t ion  was  des igned (31) for 
chronical ly  uremic  pat ients  (fig. 2). Long- te rm nutr i t ion with this amino- 
acid prepara t ion  normal ized  the low intracellular  concent ra t ions  of 
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HIS LEU l ie  LYS MET R.IE THR TRY" ~ TYR 
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Fig. 2. Comparison of amino acid composition for nutritional supplements. Tryp- 
tophan is taken as the reference amino acid. �9 Aminess| [] new formula. 
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Fig. 4. Nitrogen balance in patients treated with protein-poor diets without (D) and 
with essential amino acid supplementation (==, O). The nitrogen balances were 

corrected for changes in total-body urea. 
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threonine,  valine and  tyrosine (fig. 3), and also a posit ive ni t rogen balance  
was achieved (fig. 4). This f inding is in contras t  to the slightly negat ive  
ni trogen balance observed  in patients t reated with the old prepara t ion  (14, 
29). However ,  the urea-cycle-related amino  acids citrulline, orni thine and 
arginine remained  high, indicat ing that  these abnormali t ies  are caused  by  
uremic  factors wh ich  are no t  control led by diet. 

K e t o - a c i d  a n a l o g u e s  i n  u r e m i a  

By subst i tu t ing 5 of the essential amino acids with the cor responding  
nitrogen-free keto-analogues,  n i t rogen balance  has been  mainta ined  in 
some uremic  patients on prote in-poor  diet, and  it has been  suggested  that  
the keto-analogues  m a y  spare ni t rogen more  efficiently than  the  corre- 
sponding  amino  acids (62, 63). 

We invest igated the utilization of a prepara t ion containing the 
ketoanalogues  of 5 essential  amino  acids (cf. table 3) by  ni t rogen-balance 
studies in u remic  patients on an 18-g prote in  diet (18). In  all patients,  the 
ni t rogen balance improved,  when  the diet was supp lemen ted  with keto- 
acids. In  2 cases the i m p r o v e m e n t  in n i t rogen utilization occur red  wi thout  
a prior period of adapta t ion on the prote in-poor  diet only. 

Whether  the keto-acids will u l t imately prove  to be a bet ter  al ternative 
to the essential  amino acids, as has been  sugges ted  (62, 63), remains  to be 
confirmed.  Giordano (34) recent ly  reviewed this subject  and  came to the 
conclus ion  that  there  are not  enough  data to suppor t  any  positive benefits  
of keto-acids over  essential amino  acids. 

The amino-acid  preparat ions  used  today  for nutr i t ion of uremic  
patients are far f rom opt imally propor t ioned,  consider ing that  the  require- 
ments  of individual  amino acids in u remia  m a y  be different  f rom normal,  
This m a y  even more  be the case wi th  the keto-acid prepara t ion used,  as 
practically no th ing  is k n o w n  concern ing  the  degree of utilization of indi- 
vidual  keto-acid analogues  in u remia  (36). 

Table 3. Composition of KA preparation administered per 24 hours. 

g 

CO-valine-Ca 3.7 
CO-leucine-Ca 3.5 
CO-isoleucine-Ca 2.8 
CO-phenylalanine-Ca 1.9 
OH-methionine-Ca 2.1 
L-threonine 0.67 
L-tryptophan 0.33 
L-lysine acetate 0.90 
L-histidine 0.54 

Carbohydrates (xylitol, sorbitol, sucrose, starch) 29.5 

Total N 0.46 
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When metabolized,  the keto-acids are not  giving rise to increasing 
a m o u n t s  of urea and p re sumab ly  not  of other  n i t rogenous  c o m p o u n d s  
either. Hence  they  should  be less toxic than  the cor responding  essential 
amino acids if no t  utilized for prote in  synthesis ,  e.g., in si tuations of 
increased net  prote in  catabolism, provided  that  the keto-acids are not 
toxic  per  se, of wh ich  there  is no  evidence.  

Ano the r  advantage  might  be that  keto-acid supp lementa t ion  can be 
inst i tuted immedia te ly  w h e n  the pat ient  is swi tched to the 18-g protein 
diet, i.e., no per iod of adapta t ion to the diet only  is required,  as is necessary  
w h e n  essential amino  acids are given. This m a y  imply  that  the per iod of 
negat ive n i t rogen balance can be cons iderably  shor tened  at the beginning 
of t reatment .  

L i p i d  m e ~ b o l i s m  and atheroscleros is  

The characterist ic  features of the  uremic  dys l ipopro te inemia  are high 
t r iglycerides with increase of very- low-densi ty  l ipoprotein (VLDL), 
decreased  high-densi ty  l ipoprotein (HDL) and a choles te ro l : t r ig lycer ide  
ratio which  is raised in V L D L  and  lowered  in LDL.  This is similar to the 
type- IV hyper l ipoprote inemia ,  bu t  not  exact ly  the same, since in this 
condi t ion  the cholesterol :  t r iglyceride ratio in VI_X)L is not  increased (46). 
The hyper t r ig lycer idemia  has been a t t r ibuted to r educed  l ipoprotein  lip- 
ase activity t hough t  to media te  removal  of circulat ing l ipoprotein  trigly- 
ceride. 

I n  a re t rospect ive  s tudy  we repor ted  data  f rom 68 pat ients  t reated with 
a diet contra in ing 15-20 g prote in /day supp lemen ted  with essential amino 
acids or keto analogues  b e y o n d  the t ime w h e n  they  could not  be sup- 
por ted  by  modera te  prote in  reduc t ion  (40 g protein/day)  (6). Resul ts  con- 
cerning morta l i ty  and life expec tancy  were  at least as good  as for pat ients  
on dialysis, which  findings do not  suppor t  a deleterious role of p ro longed  
dietary t r ea tment  by  accelerat ing atherosclerosis.  The diet in this s tudy  
was not  modif ied  to provide  increased amoun t s  of po lyunsa tu ra ted  fat or 
reduc t ion  in disaccharides.  A t tman  and  Gus tavsson  (7), who  s tudied the 
inf luence of t rea tment  with a prote in-reduced diet and  essential amino 
acids, similar to the one  used  by  Alves t rand  et al. (6), could no t  f ind any  
deter iorat ion in total lipids and l ipoproteins  over  an average 9.5 mon ths  in 
spite of con t inuous  reduc t ion  in renal  funct ion  over the observat ion 
period. 

In  view of the fact that  we do not  exact ly  k n o w  the  impor tance  of the 
hpid  changes  in uremic,  a l though suggest ive of being atherogenic,  it is still 
of interest  tha t  dietary manipu la t ion  can chance  the lipid patterns.  Thus  a 
decrease  in dietary ca rbohydra te  intake by  15 percent  leads to a significant 
fall in post-prandial  insulin response,  very- low-densi ty  l ipoprote in  secre- 
t ion and p lasma tr iglyceride concent ra t ion  (51). Cat t ran (23) also changed  
the  compos i t ion  of the diet  and  obta ined similar results. Dietary manipula-  
t ions remain  the mos t  practical  way  of chang ing  blood lipids. Pe rhaps  of 
equal  value is increased exercise. Goldberg  and  his colleagues (35) 
repor ted  on hemodia lys is  pat ients  who  within  4-7 mon ths  of exercise 
t ra ining showed  significant i m p r o v e m e n t  in oxygen  consumpt ion  and  
excercise tolerance. The plasma tr iglycerides decreased,  and the high- 
densi ty  l ipoproteins  increased. This was a carefully control led s tudy  
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w h i c h  is  n o t  a p p l i c a b l e  to  a l l  p a t i e n t s  b u t  c l e a r l y  i n d i c a t e s  t h a t  g r e a t e r  u s e  
be  m a d e  of  s e n s i b l e  e x e r c i s e .  O t h e r  w a y s  of  m a n i p u l a t i n g  b l o o d  l i p i d s  in  
u r e m i a  a r e  b y  g i v i n g  l i p i d - l o w e r i n g  d r u g s .  C l o f i b r a t e  s h o u l d  b e  u s e d  o n l y  
a f t e r  c a r e f u l  c o n s i d e r a t i o n  of  t h e  r i sk ,  a n d  d o s e s  s h o u l d  b e  r e d u c e d  in  
u r e m i c  p a t i e n t s .  I n  t h i s  c o n n e c t i o n  i t  is  of  i n t e r e s t  t h a t  t h e  p l a s m a  l e v e l  of  
n - c a r n i t i n e  d e c r e a s e s  p r o f o u n d l y ,  w h i l e  p a t i e n t s  a r e  u n d e r g o i n g  
h e m o d i a l y s i s  as  r e v i e w e d  b y  D e  F e l i c e  a n d  K l e i n  (26). C a r n i t i n e  has  b e e n  
a d m i n i s t e r e d  o r a l l y  o r  i n t r a v e n o u s l y  to  d i a l y s i s  p a t i e n t s  in  v a r y i n g  d o s e s  
a n d  f o u n d  to  h a v e  a l o w e r i n g  e f f ec t  o n  t r i g l y c e r i d e s  a n d  f r ee  f a t t y  ac id s ,  
w h e r e a s  c h o l e s t e r o l  is  n o t  c h a n g e d .  T h e r a p y  a l so  r e s u l t e d  in  e l e v a t i o n  of  
b o t h  p l a s m a  a n d  m u s c l e  c o n c e n t r a t i o n s  of  L -ca rn i t i ne .  G i v i n g  D L -c a rn i t i ne  
m a y  i n d u c e  a m y a s t h e n i a - l i k e  s y n d r o m e  in  p a t i e n t s  o n  l o n g - t e r m  
h e m o d i a l y s i s  (10), a n  e f f ec t  w h i c h  c a n  b e  p r e v e n t e d  b y  t r e a t i n g  w i t h  L- 
c a r n i t i ne .  T h e  c l i n i c a l  v a l u e  of  L - c a r n i t i n e  t h e r a p y  a n d  e x a c t  d o s e  a n d  
a d m i n i s t r a t i o n  r e m a i n  to  b e  f i n a l l y  e v a l u a t e d .  
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