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Summary: Because the regulation of protein and energy balance is of major 
research interest in the nutrition and physiology of humans and animals, a selected 
account of interactions between protein and energy is given here, with particular 
emphasis on studies in human subjects. The discussion begins with reference to the 
relations between protein and energy intakes and nitrogen balance; selected 
aspects of the relations between protein dynamics and energy metabolism among 
the various mammalian species are then considered. This leads to a brief account of 
oxidative amino acid catabolism and its relevance to the assessment of amino acid 
requirements, particularly in adult man. It is concluded that obligatory oxidative 
losses of amino acids can be used to predict or approximate amino acid require- 
ments in children and adults. The nitrogen-sparing properties of  carbohydrate and 
lipid-derived fuels are then considered. Despite the well-known and profound, yet 
differential, impacts of dietary protein and energy" sources, and their interactions on 
body protein balance~ there remain wide gaps in our understanding of the mecha- 
nisms responsible for their effects, such as the quantitative and mechanistic 
involvement  of hormones, including insulin and the counter-regulatory hormones, 
and the roles played by the major amino acids responsible for the interorgan 
transport of nitrogen and the regulation of urea production. Additional studies 
focusing on metabolic nitrogen trafficking would significantly enhance an under- 
standing of how protein and energy interact to achieve the efficient utilization of 
dietary protein for maintenance and promotion of lean body gain. 

Zusammenfassung: Da die Balance zwischen Proteinstoffwechsel und Ener- 
gieumsatz yon groBer Bedeutung in der Ern~ihrung und Stoffweehselphysiologie 
yon Mensch und Tier ist, wird eine Gesamtbetrachtung der Interaktionen zwischen 
Protein und Energie vorgenommen mit spezieller Beriicksichtigung yon Studien 
am Menschen selbst. Zun~chst wird auf die Beziehung zwischen Protein und 
Energieaufnahme zur Stickstoffbilanz eingegangen und danach auf ausgew~hlte 
Aspekte der Relation des Proteinstoffwechsels zum Energieumsatz bet verschiede- 
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hen S~ugetier-Spezies. Dies ftihrt zu einer kurzen Besprechung des oxidativen 
Aminos~urenabbaus und seiner Bedeutung ftir die Bestimmung des Aminos~uren- 
bedarfs vor allem beim Erwachsenen. Es wird der Schlul~ gezogen, dab die unaus- 
weichlichen Verluste durch Oxidation der Aminos~uren ftir die Bereehnung oder 
zumindest Sch~tzung des Aminos~urenbedarfs von Kindern und Erwachsenen 
geeignet sind. Die N-sparenden Eigenschaften der Kohlenhydrate und Lipide 
werden danach besprochen. Trotz der gut bekannten und profunden, wenn auch 
vielschiehtigen Wirkungen der Nahl-angsproteine und Energietr~ger sowie ihrer 
Interaktionen auf die Balance der K6rperproteine bleiben were Lticken in unserem 
Verst~ndnis der Wirkungsmechanismen tibrig. Dazu geh6ren z.B. die quantitative 
und mechanistische Einwirkung der Hormone einschl. Insulin und der gegenre- 
gulatorisch wirksamen Hormone sowie die Rolle derjenigen Aminos~iuren, die 
haupts~chlieh fiir den Transport des Stickstoffs zwisehen den Organen und ftir die 
Regulation der Harnstoffproduktion verantwortlich sind. Zus~tzliche Studien mit 
dem Ziel, die Stoffwechselwege des Stickstoffs zu ergriinden, wtirden das Ver- 
st~ndnis der Frage verbessern, wie Proteine und Energie zusammenwirken, um 
eine effiziente Verwertung des Nahrungsproteins fftr die Erhaltung und Steigerung 
der fettfreien K6rpermasse zu erreichen. 

Key words: protein; energy; amino acids, turnover, synthesis, breakdown, oxida- 
tion; nitrogen balance; sparing; glucose; carbohydrate; lipid, requirements; hor- 
mones, insulin; counter-regulatory hormones; glucagon; epinephrine; glucocor- 
ticoids; muscle; basal metabolic rate 

SchKissetw6rter: Proteine; Energie; Aminos~uren-Stoffwechsel; Synthese, 
Abbau, Oxidation; Stickstoff-Bilanz; Sparmechanismen; Glucose; Kohlenhydrate; 
Lipide, Bedarf; Hormone, Insulin; gegenregulatorisch wirksame Hormone; 
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Introduction 

The efficient use of dietary proteins (beginning with the liberation of 
their const i tuent  amino acids dur ing the course of digestion) for meet ing 
main tenance  and growth needs requires an adequate  level of  energy~ 
yielding substrates and of all other essential nutrients, including the 
essential fatty acids, macro- and micro-mineral  elements, and vitamins. 
Inadequate  or excessive intakes of  one or more  of  these dietary con- 
stituents lead to a reduct ion in the anabolic value of  ingested protein. 
F rom this standpoint ,  alone, a comprehens ive  account  of nutr ient  interac- 
tions with reference to protein and amino acid metabol ism and nutri t ion 
demands  a broad  survey of  exper imental  nutr i t ion and of  nutri t ional 
biochemistry.  However,  for the present  purposes,  it would  seem useful to 
narrow the scope of our  discussion, giving at tention to interactions that  
are likely to be of  major  practical impor tance  in the nutr i t ion of  non- 
ruminants .  Since m y  research has been concerned largely with protein 
nutr i t ion/metabolism in h u m a n  subjects, I will focus mos t  of" the discus- 
sion on studies conduc ted  in humans .  

The regulation of protein and energy balance continues to be a major  
field of research interest in nutri t ion and physiology of humans  and 
animals. Considerable emphasis in animal production is now given to 
enhancement of lean tissue growth, or protein accretion, together with a 
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less subs tant ia l  deposi t ion  of  body  fat. Thus,  there  is good reason  for a 
na r rowing  of  the  scope  to cons idera t ions  of  p ro te in -energy  interact ions.  
Fur ther ,  the sensi t ivi ty  of  b o d y  ni t rogen ba lance  to bo th  ene rgy  and  
pro te in  in take  has  been  recognized for  years  and  m a n y  of the  earlier, basic  
observa t ions  in this area were  rev iewed  some t ime  ago b y  Munro  (58), and  a 
few years  later  by  Cal loway and  Spec to r  (14). These  two impor t an t  contri-  
bu t ions  gave a par t icular  emphas i s  to the impac t  of  d ie tary  ene rgy  and  
prote in  on b o d y  n i t rogen balance.  The  re la t ionships  be tween  die tary  
prote in  and  ene rgy  intake on g rowth  in m a m m a l s  (e.g., (15)) and  in avian 
species  (60) have  also been  rev iewed  recently.  Hence,  this rev iew will 
a t t emp t  to ident i fy  some  of  the  under ly ing  metabo l ic  m e c h a n i s m s  and  
processes  tha t  m igh t  be  of  impor t ance  as we explore  the nutr i t ional  
s ignif icance of prote in  and  ene rgy  interactions.  Inc luded  will be  a br ie f  
overv iew of selected associat ions be tween  prote in  and  energy  m e t a b o l i s m  
a m o n g  var ious  m a m m a l i a n  species.  The  object ive  is to t ry  to es tabl ish  tha t  
some  of  the  re la t ionships  are b road ly  s imilar  a m o n g  these  species  and  to 
de t e rmine  w h e t h e r  they  app ly  to h u m a n  beings,  the  la t ter  be ing the focus 
of  this review. F r o m  this, we will also ascer ta in  to wha t  ex ten t  pro te in  
m e t a b o l i s m  cont r ibutes  to body-ene rgy  expend i tu re  and  metabo l ic  rate. 
We then  tu rn  to the re la t ionships  be tween  pro te in  turnover ,  amino  acid 
oxida t ion  and  utilization, wi th  the  p u r p o s e  of  assess ing h o w  energy  s tatus  
and  the provis ion  of  specif ic energy-yie ld ing subs t ra tes  migh t  affect  
amino  acid (nitrogen) and  thus  the  eff iciency of  N-utilization. We will also 
explore  the  effects  of  var ious  energy-yie lding subs t ra tes  on whole  body,  
musc le  protein,  and  specific amino  acid turnover .  Again, the  emphas i s  will 
be  in man,  part icular ly,  because  m u c h  of  the  w o r k  in this area  has  been  
devo ted  to clinical studies,  wi th  the  p u r p o s e  of  improv ing  u p o n  nutri-  
t ional  the rapeu t ic  s trategies for p r o m o t i n g  body  pro te in  ba lance  in stress 
or catabolic  states. This migh t  also be  re levant  to cons idera t ions  of  nu- 
t r ient  par t i t ioning in an imal  food product ion.  A recent  rev iew b y  the 
au thor  and  his col leagues (99) provides  the  deta i led basis  for m u c h  of wha t  
is cove red  in the  fol lowing sections.  

Energy dependency of protein and amino acid metabolism 

To begin  with, it is wor th  men t ion ing  the major  processes  tha t  require  
energy,  in the  fo rm of  h igh-energy  p h o s p h a t e  bonds ,  involving A T P  or 
GTP,  and  those  which  are in t imate ly  involved in the  uti l ization of  n i t rogen 
and  amino  acids, in the fo rmat ion  of po lypep t ides  and  their  fur ther  assem-  
bly wi th in  or outs ide  the  cell and, ul t imately,  in the b r e a k d o w n  and 
remova l  of  prote ins  and  the  s u b s e q u e n t  ca tabol i sm of amino  acids. Hence ,  
Table  1 lists m a n y  of  the  ma jo r  p rocesses  and  while  these  (and others  not  
inc luded  here) are ene rgy-dependen t ,  it is, in m o s t  if  no t  all cases, uncer-  
tain as to h o w  m u c h  food energy  is requi red  to dr ive t h e m  in vivo (86). 
Therefore,  it is not  poss ib le  to assign, wi th  any  degree  of confidence,  the  
quant i ta t ive  p ropor t ion  of body-ene rgy  flux due  to them,  as we  will again 
po in t  out  below. Never theless ,  it is these  var ious  p rocesses  tha t  account ,  in 
a ma jo r  way,  for the  molecu la r  and  cellular basis  for the  in teract ions  
be tween  protein,  ni trogen,  ene rgy  metabo l i sm,  and  their  nutr i t ional  con- 
sequences .  
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Energy-n i t rogen  re la t ionsh ips ,  as e v a l u a t e d  f rom N-ba lance  
m e a s u r e m e n t s  

Body  protein (nitrogen) balance is achieved, during normal  growth or 
during main tenance  in the case of  the mature  organism, within relatively 
narrow limits, indicating a regulation by  varying the rate of N-excretion in 
relation to changes  in ni t rogen intake for a given metabolic  and physi- 
ologic state. The responsiveness  of  ni t rogen excret ion to altered dietary 
conditions, especially ni trogen intake, was demons t ra ted  many  years ago. 
Indeed,  the studies by  Folin (32, 33) conduc ted  at the turn of  this century  
were, perhaps,  the first significant examples  of  the impact  of  nutr i t ion on a 
major  metabolic  pa thway  in the mammal ian  organism, in this case that of 
urea production.  There have been numerous  studies since then on the 
effects of  protein and energy on b o d y  N balance and, in summary ,  the 
available data reveal that  the effects of  these nutri t ional  factors are not  
entirely independent  of one another  and their interactions can be com- 
plex. As pointed out by Calloway and Spector  (14), the level of  caloric 
intake, whether  above or below requirements,  determines the changes in 
N-balance that can be achieved by an increase in N4ntake.  Fur thermore,  
the level of  N-intake determines the quanti tat ive effect of energy intake on 
N-balance. Munro (59) captured this complexi ty  quite clearly in his sum- 
mary  picture, which  is reproduced  in Fig. 1. The existence of separate 

Table 1. Some energy-dependent processes associated with protein turnover and 
amino acid homeostasis1). 

i. Protein turnover 
Formation of initiation complex 
Peptide bond synthesis 
Protein degradation 

Ubiquitin-dependent 
Ubiquitin-independent 
Autophagic degradation 
(sequestration, lysosomal proton pump) 

2. RNA Turnover 
rRNA; tRNA 
pre-mRNA splicing (spliceosome) and mRNa 

3. Amino acid transport 

4. Regulation and integrity 
Reversible phosphorylation; enzymes, factors 
GTP-GDP exchange proteins (signal transduction) 
Second messengers (phosphatidyl inositol system) 
Ion pumps and channels 

ATP-dependent heat shock proteins (folding) 
Protein translocation 

5. Nitrogen metabolism 
Glutamate/Glutamine cycle 
Glucose-alanine cycle 
Urea synthesis 

1) From Young et al, (99) 
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protein and energy-dependent phases on N-balance or protein accretion 
has been demonstrated in lambs (e.g., (ii)) and pigs (15), and a knowledge 
and understanding of these relationships and interactions is important for 
the design of diets that are efficient in terms of promoting protein reten- 
tion, while achieving a desirable body and tissue composition. 

In quantitative terms, for human subjects, excess energy intake at 
adequate levels of N-intake causes a retention of approximately I-2 nag N 
per kcal in healthy subjects, but at limiting or low N-intakes this response 
is markedly attenuated (95, 99). At lower energy intakes, within the sub- 
maintenance range, the impact of changes in energy intake on N balance is 
greater; for normal young men it appears that at very low energy intakes 
the relationship between changes in energy intake and N balance is 
a p p r o x i m a t e l y  8 m g  N kcal  -i, wi th  this re la t ionship  b reak ing  at a total  
ene rgy  in take  of  abou t  1400 keal  daily (14). This  also holds  for depleted,  
hospi ta l ized pat ients  (24, 25) in w h o m  a value of 7.5 m g  N/keal  has been  
found  for ene rgy  in takes  up  to abou t  15 kcal /kg b o d y  weight  (bw)/day. The  
metabo l ic  exp lana t ion  for this difference in the energy  in take-N-balance  
re la t ionship  be low and then  above  ma in t enance  energy  in takes  is not  ye t  
certain. However ,  it is o f  poss ib le  in teres t  tha t  the  "break-poin t"  in the  
ene rgy  in take-N-re tent ion  re la t ionship  referred to above  occurs  at an  
ene rgy  level tha t  is a p p r o x i m a t e l y  equiva len t  to a g lucose  in take  of  
a p p r o x i m a t e l y  3 m g  k g - l m i n  -1. This cor responds  to abou t  the level that  
m a x i m a l l y  suppresses  endogenous  glucose p roduc t ion  in the  h u m a n  adult  
(71). Therefore,  p re sumab ly ,  the  convers ion  of g lueoneogenic  p recursors  
( including amino  acids) for ma in t enance  of  g lucose  homeos tas i s  is mini-  
mal  at this  g lucose- in take  level. 

RELATIONSHIP OF N BALANCE 
AND ENERGY INTAKE* 

Diet Adeqeate 
in Protein 

~ D i e t  L o w  
I t I ~ ia Protein 
I 1 
t I 

P 
I [ 
I 
1 1 i,, 
A B 

ENERGY INTAKE 

*From Munro 11960. 

Fig. 1. Relat ionship of N-balance and energy intake wi th  diets of  di f fer ing protein 
levels. Between energy intake A (low) and B (higher) the two lines are parallel. 
Taken from Munro (59). 
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Table  2. S o m e  es t imates  of  pro te in  synthesis  in adults  of  var ious  m a m m a l i a n  and 
avian species~). 

B o d y  wt. Daffy prote in  synthesis  
Spec ies  (kg) (g. kg  -1) (g- kg -°'75) 

Rat  0.35 22 16.9 
Rabbi t  3.6 9.2 12.6 
Wallaby (Parma) 4.2 7.5 10.8 
Goat  38 6.6 16.4 
Pig  32 8.1 18.9 
Sheep  63 5.6 15.7 
Man 71 4.6 13.4 
Cow 575 3.0 14.8 
Birds  (chickens) - 1.4 27 30 

i) Part ial  s u m m a r y  f rom Reeds  and Harris (68) and Maramatsu  (60), wi th  addi t ion  of  
data  f rom White et al. (90) for the  wallaby. 

Dynamic aspects of nitrogen/protein metabolism 

Although a description of changes in N-balance with altered energy 
intake provides an initial insight into energy-nitrogen relations, it is now 
more useful to consider some dynamic aspects of body protein, amino 
acid, and nitrogen metabolism; we have probably now gained about as 
much physiological, mechanistically-based knowledge regarding protein- 
energy interactions as we can from nitrogen (N) balance data alone. 

To begin with and, particularly, to justify further the present emphasis 
on studies in human subjects, it is useful to first compare whole-body 
protein turnover and its relation to energy expenditure. Thus, as shown in 
Table 2, rates of protein synthesis, when expressed per unit body weight, 
are high in the smaller mammalian species when compared to rates in 
larger mammals. However, when expressed to the three-quarter power of 
body wt (kg °75) there is a relative constancy among the various species 
listed here, although there are differences since the rate is considerably 
higher in avian as compared with mammalian species. In general, how- 
ever, this summary indicates that protein synthesis is correlated with 
basal energy metabolism (BM), since the 0.75 power of body weight (in kg; 
"metabolic body size") is the weight function that approximately equalizes 
body energy expenditure across the different mammalian species (12). 
Therefore, based largely on Waterlow (85), it can he seen in Table 3 that the 
change in the intensity of body protein turnover parallels that for dif- 
ferences in their metabolic rates (kJ); expressed as kJ metabolic rate per 
g protein turnover the values shown is Table 3 range from 11-23, with a 
mean of about 15. Of possible interest is that the lower rate of protein 
turnover in marsupials is also associated with a lower metabolic rate (90), 
such that the basal energy expenditure per unit of protein synthesis 
approximates that for eutherian mammals. Similarly, the higher rate of 
protein turnover in chickens is paralleled by a higher basal or resting 
metabolic rate; it can be estimated (Table 3) that approximately 16 kJ 
resting energy expenditure are associated with each g of protein synthesis 
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Table 3. Whole body protein turnover in relation on resting metabolic rate (MR) in 
adults of mammalian and avian species1). 

Species Wt. Protein turnover MR Ratio 
(kg) (g • kg -1 day -1) (kJ • kg -1 d a y  1) B/A 

-A-  -B-  

Mouse 0.04 43.5 760 11 
Rat 0.35 22.0 364 17 
Rabbit 3.6 9.2 192 20 
Wallaby (Parma) 4.2 7.5 163 21 
Sheep 63 5.6 96 17 
Man 70 4.6 107 23 
Cow 575 3.0 60 20 
Birds (chickens) 1.4 27 439 16 

1) From Waterlow (85), with addition of data for birds from Muramatsu (60) and 
White et al. (90) for the wallaby. 

in this species. This is again similar to that for mammals .  Therefore, from 
these various data it appears that, on average, about  15-20 kJ  of basal 
energy expendi ture  are "connected"  with each g protein synthesis. 
Assuming,  therefore, that  about  3 k J  are expended  (minimally, in the 
formation of  pept ide bonds) per g protein synthesis (86), this implies that  
approximate ly  20 % of basal metabol ism is due to the process of polypep- 
tide chain elongation. However,  this represents  an underes t imate  of  the 
total energy cost of protein synthesis because, as already stated, it is not  
yet  possible to assign quanti tat ive estimates of the energy needs of the 
various processes responsible for br inging about  the format ion of  proteins 
and their eventual  posi t ioning within their functional  intracellular, mem- 
brane or extracellular regions. Fur thermore ,  it is likely that  the significant 
energy cost of establishing the Na + electrochemical  gradient  across the 
cell m e m b r a n e  (e.g., (44)), which provides the driving force for the A sys- 
tem of amino acid transport ,  should also be considered as an energy cost of 
protein turnover.  

The point  to consider  here, however,  given the general similarity in the 
association between protein synthesis and basal energy metabol ism 
among  these various species, is whether  the metabolic  responsiveness  to 
altered protein and energy intakes and ratios is also broadly comparable  
between man  and the l ivestock species of interest here. There are, unfortu- 
nately, l imited data to permit  a definitive compar ison  among  different 
species, but  it seems that the same general principles might  apply. For 
example,  Muramatsu  (60) has reviewed the relationships be tween dietary 
protein and metabolizable energy intake, growth and protein retention, 
and whole-body protein synthesis  in young  chicks and has compared  
these with the more  limited data available in non-human  mammal ian  
species, t ie  concludes that the responses of whole-body protein turnover  
for avian and mammal ian  species are not evidently different, suggest ing 
comparable  under ly ing  mechanisms.  The precise quanti tat ive aspects of 
the relat ionships be tween protein and energy intakes and metabol ism 
would  be expected to vary according to the particular species, develop- 
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mental  state and age, genotype  and environmenta l  conditions. However,  
for the present  purpose,  I will accept  Muramatsu ' s  (60) conclusion as 
further  justification for my  choice to review mainly studies of protein and 
energy interactions in humans.  

Clearly, changes in energy intake effect alterations in the utilization of  
dietary amino acids. Thus, it is impor tant  to unders tand  in greater detail 
how the source and level of  energy intake affects the metabolic and organ 
fate of  specific dietary amino acids, and we will examine this quest ion in 
more detail later. Thus, to begin, it would  be worthwhile  knowing  whether  
the fate of  absorbed amino acids, such as leucine, during their passage 
th rough  the splancba]ic region differs according to the level and source of  
carbohydrate  and/or lipid in meals. Indeed,  a detailed explorat ion of the 
metabol ism of individual amino acids following their absorpt ion repre- 
sents an area of  fruitful investigation in both  non-human  models,  as well 
as in man. This might  be undertaken,  in part, as we have done by exploit- 
ing multiple stable isotope tracer protocols, with s imultaneous intrave- 
nous  and intragastric administration, to quant i fy  so-called "first pass" 
effects (e.g., (45)). 

For  example,  in a recent  s tudy in young  adults, we (50) applied this 
intravenous-intragastric-tracer approach  to explore the metabolic  fate of 
dietary leucine, when  the tracer was incorporated into a balanced amino 
acid mixture  and which was consumed  in the presence or absence of 
carbohydra te  (as glucose). We found that  inclusion of the energy substrate 
with the experimental  meal  reduced the "first-pass" disappearance of  
leucine and this response was associated with a lower rate of whole-body 
leucine oxidation (Table 4). Hence, the dietary addit ion of  glucose 
appeared to p romote  a greater passage of  dietary leucine to peripheral  
tissues where it was, presumably,  used to an increased extent  for protein 
anabolic purposes.  This response, however,  was not  observed for labeled 
phenylalanine disappearance which  reveals, perhaps, that  the specific 
effect of glucose addit ion will depend  upon  the test amino acid and its 
particular organ-metabolic structure. These results indicate the need to 
probe further, with the aid of  tracer techniques,  the metabolic basis for 
changes in ni t rogen balance due to alterations in the dietary energy 
supply. 

Table 4. Effect of an amino acid meal, with and without carbohydrate (CHO), on 
!eucine kinetics studied with 1-13C-leucine given i.g. and 2H3-1eucine given i.v)). 

Measurement Amino acids alone Amino acids + CHO 

Leucine flux (i.g. tracer) 1882 
Leucine oxidation 432 
Leucine splanchnic removal (%) 29 
Leucine release protein 130 
Net leucine balance + 14 

158" 
36* 
20* 

100' 
+ 20* 

1) From Krempf et al. (50) 
2) Values are t.tmol - kg ~ - h -1. 
* Different from amino acids alone; p < 0.05. 
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Table 5. Obligatory oxidative losses (OOL) of amino acids and intakes required to 
balance these in adult subjects1). 

Amino acid OOL Intakes for FAO/WHO/UNU Ratio 
Balance (1985) A/B 
(A) (B) 

rag- kg -1 da~ 1 
Isoleucine 16 23 10 2.3 
Leucine 27 39 14 2.8 
Lysine 30 42 12 3.5 
SAA 13 16 13 1.2 
AAA 27 39 14 2.8 
Threonine 15 21 7 3.0 
Tryptophan 4 6 3.5 1.7 
Valine 17 24 10 2.4 

1) Based on Young et al. (96) 

Obligatory N and amino acid oxidative losses; relation to requirements 

While we are considering the dynamics  of protein and amino acid 
metabol ism in relation to basal expendi ture  it is of possible interest to 
ment ion  that  differences in rates of endogenous  N-loss among  the various 
mammal ian  species are also related to their basal energy expenditure,  a 
relationship described by Brody  (13) more  than four decades ago. At this 
juncture ,  therefore, I wish to consider  briefly how these losses might  be 
used as a basis for predict ing the requirements  for specific indispensable 
amino acids. This emerges  f rom a suggest ion made  by  Millward and 
Rivers (56) that m i n i m u m  rates of  oxidative losses of  the indispensable 
amino acids migh t  be est imated from obligatory ni trogen losses. We were 
at tracted by this idea and ex tended  it as a basis for predict ing the 
min imum physiological  intakes (requirement) necessary to maintain  body  
amino acid balance in the healthy, well-nourished subject. The approach  
that  we have taken has been described in detail (96) and it is analogous to 
the factorial me thod  used by the FAO/WHO (26) Exper t  Commit tee  on 
Energy  and Protein  Requi rements  for est imating the total N (protein) 
requi rement  of individuals at  various ages. While the factorial approach  
was abandoned  by a more  recent  FAO/WHO/UNU (27) Exper t  Consulta- 
tion, for purposes  of  arriving at dietary protein recommendat ions ,  we 
considered it to be a useful procedure  for an initial reassessment  of the 
indispensable amino acid requi rements  in the adult  humans .  

An addit ional impetus  to explore this procedure  comes f rom an appreci- 
ation for the  impor tance  of  the status of  the oxidative catabolism of amino 
acids as a determinant  of requirements.  An interesting and relevant exam- 
ple in this context  emerges f rom the recent  amino acid kinetic studies by  
T h o m p s o n  et al. (80, 81) in patients with maple  syrup urine disease 
(MSUD), who have impaired branched  chain a-ketoacid dehydrogenase  
(BCKADH) activity due  to muta t ions  in different regions of the E1 and E2 
componen t s  of  the BCKADH, mitochondr ia l  mul t ienzyme complex  (e.g., 
(63)). These (80, 81) investigators showed that, despite significant eleva- 
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tions of  plasma leucine in MSUD subjects, mean  rates of whole body  
proteins synthesis and catabolism were similar to control  values, as was 
also, and importantly,  their growth rates. However,  leucine oxidation rates 
in the MSUD subjects were about  5 to 10 times lower than the rates 
expected in heal thy subjects who receive adequate,  but  not  excessive, 
intakes of  leucine. This is a clear demonst ra t ion  that the status of tissue 
oxidative catabolism is a pr imary  determinant  of  the requi rement  value 
for this indispensable amino acid. 

Therefore, we (96) have est imated obligatory oxidative losses (OOL) of  
amino acids and m i n i m u m  intakes to balance these in h u m a n  subjects, 
and these are given in Table 5. As can be seen, these predicted, required 
intakes are two to three times those accepted by FAO/WHO/UNU (27) as 
being at the upper  range of the m i n i m u m  requi rement  for this age group. 

Millward et al. (57), in criticizing our approach,  stated " . . .  it can be in no 
way  justifiable to take values for the OOL as the basis for the new 
requi rement  pat tern as suggested by Young et al. (96)". However,  we 
believe that  there is some justif ication for our approach  and, further, that  
the evidence used as a basis for the criticism developed by Millward et al. 
(57) has its o w n  significant limitations. Hence, it is wor th  crit iquing their 
approach  and conclusion, as well as seeking further  suppor t  for the 
foregoing use of  OOL and the new requi rement  estimates obtained from 
the OOL data (Column 2, Table 5). 

First, we turn  to a brief  discussion of  the amino acid requirements  in 
preschooLage children that  were established using multiple criteria, 
including N-balance and plasma amino acid levels, by  workers  at INCAP 
in Guatemala  (65). Thus, it would  be of  interest to ]earn whether  it is 
possible to predict, with reasonable accuracy,  these requirements  from 
OOL, taking also into account  the amoun t  of  amino acids deposi ted as net  
body  protein gain. I have made  these calculations and they are sum- 
marized in Table 6. For  the three branched  chain amino acids, for example,  
the requirements  for the 2-5 years age group are predicted to be approxi- 

Table 6. An estimate of the amino acid requirements of 2-year-old children as 
derived f¥om obligatory N losses and an assumed efficiency of amino acid retention. 

Amino acid Body Obligatory To balance Deposited 4) Total 
protein 1) loss (OL) 2) OL 3) required 
(g/16gN) mgkglday  -1 

Leucine 6.9 27.6 39.4 13.4 52.8 
Isoleucine 4.1 16.4 23.4 8.0 31.4 
Valine 5.0 20.0 28.6 9.7 38.3 
Lysine 7.8 31.2 44.6 15.1 59.7 
Threonine 4.2 16.8 24.0 8.1 32.1 
Aromatic 7.6 30.4 43.4 14.7 58.1 
Sulfur 3.4 13.6 19.4 6.7 26.1 

l) From Reeds (67). 2)Assuming 64 mgN/kg/day for total obligatory N losses (FAO/ 
WHO/UNU, 27). 3)Assuming 70% retention of amino acids when consumed at 
"requirement" levels. 4) Net deposition based on a value of 31 mgN/kg-lday -1 for the 
2-year-old child (FAO/WHO/UNU, 27). 
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Table 7. Comparison of amino acid requirements in 2-year-old children: estimations 
from obligatory oxidative losses (OOL) with those of FAO/WHO/UNU/1985. 

Amino acid 

Requirements based on: 

Predictions from 1985 Ratio 
OOL FAO/WHO/UNU A/B 
(A) (B) 

Leucine 531 ) 731 ) 0.7 
Isoleucine 31 31 1.0 
Valine 38 38 1.0 
Lysine 60 64 0.94 
Threonine 32 37 0.86 
Aromatic 58 69 0.84 
Sulfur 26 27 0.96 

1) Values are mg kg-lday -1 (see Table 6) 

m a t e l y  53, 31, a n d  38 m g  k g - l d a y  -1 for l euc ine ,  i so leuc ine ,  a n d  va l ine ,  
r espec t ive ly .  W h e n  these ,  as wel l  as the  p r e d i c t i o n s  for the  r e m a i n i n g  
i n d i s p e n s a b l e  a m i n o  ac ids  (Table  6), are  c o m p a r e d  w i th  the  FAO/WHO/  
U N U  (27) f igures ,  it  is e v i d e n t  t ha t  the  p r e d i c t e d  r e q u i r e m e n t  va lues  are 
r e a s o n a b l y  c lose  to t hose  p r o p o s e d  b y  the  i n t e r n a t i o n a l  e x p e r t  c onsu l t a -  
t ion  (Table  7). I n d e e d ,  t he  a g r e e m e n t  is r a the r  r e m a r k a b l e ,  c o n s i d e r i n g  
t ha t  the  d i rec t ly  d e t e r m i n e d  v a l u e s  are b a s e d  on ly  on  a s ing le  series of 
e x p e r i m e n t s  ca r r i ed  ou t  b y  P i n e d a  a n d  cow or ke r s  (65). I t  appears ,  there-  
fore, t h a t  t he  r e q u i r e m e n t s  for  p r e s c h o o l  c h i l d r e n  can  be  p r e d i c t e d  f r o m  
OOL. 

Second ,  Mi l lward  et al. (57) have  l a rge ly  b a s e d  the i r  a r g u m e n t s  on  the  
a m i n o - a c i d  r e q u i r e m e n t  e s t ima t e s  for m a i n t e n a n c e  a n d  growth ,  as 

Table 8. Pattern (relative to methionine and cystine) of amino acids required for 
maintenance or growth in young pigs, compared with pattern of obligatory oxi- 
dative losses (OOL). 

Amino acid Growth 1) Mainte- OOL 2) OOL/G OOL/M 
(G) nance 1) 

(M) 

Threonine 1.3 1.1 1.1 0.8 1.0 
Valine 1.5 0.4 1.3 0.9 3.3 
SAA (1.00) (1.00) (1.00) - - 
Methionine 0.5 0.2 - - - 
Isoleucine 1.2 0.3 1.2 1.0 4.0 
Leucine 2.2 0.5 2.0 0.9 4.0 
AAA 2.4 0.8 1.1 2.2 1.4 
Phenylalanine 1.1 0.4 - - - 
Lysine 1.9 0.7 2.2 0.9 3.1 
Tryptophan 0.3 0.2 0.3 1.0 1.5 

1) Calculated from Table 3 in Fuller et al. (40). 2) Calculated from Table 2 in Millward 
and Rivers (56) 
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repor ted  by  Ful ler  et al. (40) for the  growing 40-50 kg  b w  pig. Hence,  
Millward et  al. (57) have  po in ted  out  tha t  the  pa t te rn  of  the  obl igatory  
oxidat ive  losses is m o r e  like the  die tary  pa t t e rn  of  amino  acids requi red  
for g rowth  than  for the  amino  acid pa t t e rn  tha t  is appa ren t ly  requi red  for 
ma in t enance  in this an imal  mode l  (see Table  8). F r o m  such a compar i son ,  
these  invest igators  (57) accept  that: "the pa t t e rn  of  the OOL must  (present 
author's emphasis) be  quite different  f rom the m i n i m u m  requ i r emen t  
pat tern."  However ,  we  consider  this conclus ion  to be  based  on a flawed, 
quant i ta t ive  ex t rapola t ion  to the  h u m a n  nutr i t ional  con tex t  f rom observa-  
t ions m a d e  wi th  a pig model .  Our  reasoning  for this is as follows: First, the 
p ropor t iona te  cont r ibut ions  to the total  amino  acid (and nitrogen) require-  
m e n t  due  to ma in t enance  and  tha t  for g rowth  are p ro found ly  di f ferent  for 
the  growing pig as c o m p a r e d  to bo th  the young  child and  h u m a n  adult.  As 
shown  in Fig. 2, t aken  f rom the data  of  Car t  et al. (16), the  g rowth  
c o m p o n e n t  accounts  for abou t  90 % of  the  total  r equ i r emen t  in the  40-kg 
pig, and  it cont inues  to r emain  high as the  an imal  progresses  towards  a 
ma tu re  weight  (> 140 kg). In  the  h u m a n  subject ,  in contras t  (Fig. 3), the 
g rowth  c o m p o n e n t  of  the total  prote in  r equ i r emen t  is cons iderab ly  lower  
than  for the growing pig, be ing  abou t  50 % at 6 m o n t h s  of  age, and  then  
declining to abou t  20 % in the 2-year-old child, and  15 % or less in the 4-5 
year  old. Thus,  on this basis  alone, it appears  that  the  quant i ta t ive  impor-  
tance of  the  metabol ic  processes  respons ib le  for the  amino  acid require-  
m e n t  in the  growing pig differs p ro found ly  f rom tha t  for the  p reschool  
child. I t  m u s t  be  quest ioned,  therefore,  w h e t h e r  amino  acid r equ i r emen t  
es t imates  in the  growing pig p rov ide  a legi t imate  basis  f rom which  to 
criticize predic t ions  of  h u m a n  amino  acid r equ i r emen t s  as der ived f rom 
OOL. Our  v iew is tha t  the  va luable  data of  Fuller  et al. (40) cannot  be  used  

CONTRIBUTION BY MAINTENANCE AND GROWTH 
TO TOTAL PROTEIN REQUIREMENTS IN PIGS" 
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"Bued on Caz'r, Boormu and Cole (1977). 

Fig. 2. Contribution made by" maintenance and growth to the total protein (nitrogen) 
requirement in pigs at various body weights. Calculated and drawn from tabular 
data of Carr et al. (16). 
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CONTRIBUTION BY MAINTENANCE AND GROWTH 
TO TOTAL PROTEIN REQUIREMENT IN HUMANS 
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Fig. 3. Contribution made by maintenance and growth to the total protein (nitrogen) 
requirement  of human infants, young and older children. Calculated and drawn 
from data presented by FAO/WHO/UNU (27). 

to  r e s o l v e  p r o b l e m s  c o n c e r n i n g  quant i tat ive  a s p e c t s  o f  h u m a n  a m i n o  a c i d  
r e q u i r e m e n t s .  

Th i rd ,  w e  h a v e  c o m p a r e d  t h e  p a t t e r n  o f  t h e  a m i n o  a c i d  r e q u i r e m e n t  for  
t h e  p r e s c h o o l  ch i ld ,  as  p r o p o s e d  b y  F A O / W H O / U N U  (27), w i t h  t h e  c o m -  
p o s i t i o n  o f  m i x e d  p r o t e i n s  in  t h e  b o d y .  As  s h o w n  in  T a b l e  9, w h e n  t h e  
a m i n o  a c i d s  a r e  e x p r e s s e d  in  r e l a t i o n  to  t h e  r e q u i r e m e n t  for,  or  c o n t e n t  of, 
t h e  s u l f u r  a m i n o  a c i d s  (which ,  a c c o r d i n g  to  M i l l w a r d  a n d  R i v e r s  (56), m a y  
b e  t h e  r a t e - l i m i t i n g  a m i n o  a c i d s  for  d r i v i n g  t h e  o b l i g a t o r y  n i t r o g e n  losses) ,  
i t  is c l e a r  t h a t  t h e r e  is  a c l o s e  s i m i l a r i t y  b e t w e e n  t h e s e  t w o  p a t t e r n s ,  

Table 9. Comparison of pat tern of amino acid in body protein with requirement  
pat tern of amino acids for preschool child. 

mg/g Crude protein Relative to Methionine 

Amino Body Pre- Ratio Body Pre- Ratio 
acid protein i) school 2) B/A protein school B/A 

(A) (B) (A) (B) 

Isoleucine 41 28 0.7 1.2 1.1 0.92 
Leucine 69 66 1.0 2.0 2.6 1.3 
Lysine 78 58 0.7 2.3 2.3 1.0 
Met and cys 34 25 0.7 1.0 1.0 (1.0) 
Phe and tyr  76 63 0.8 2.5 2.5 1.1 
Threonine 42 34 0.8 1.4 1.4 1.2 
Tryptophan 123) 11 0.9 0.4 0.4 1.0 
Valine 50 35 0.7 1.4 1.4 0.9 

i) F rom Table 1 in Reeds (67). 2) From Table 38 in FAO/Vv~IO/UHU (27). 3) For  beef  
protein (FAO/WHO/UNU, 27). 
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despite the quantitative importance that maintenance makes to the amino 
needs of the 2-year-old child, as discussed above. It follows, then, that the 
amino acid pattern for meeting the need in the 2-year-old child, which is 
dominantly a need for maintenance, is similar to the pattern of amino 
acids in body protein or that of the OOL. 

Fourth, it is apparent that the efficiencies of dietary nitrogen utilization, 
and presumably of dietary amino acid retention, at maintenance intakes in 
the 40-kg pig (Millward's model for man) and the 2-5-year-old child are 
substantially different. According to Fuller et al. (40), the young pig uses 
dietary nitrogen with an approximate 100 % efficiency for maintenance. In 
the young child, it is substantially less than this, being about 70 % accord- 
ing to the FAO/WHO/UNU (27). Again, quantitative features of body 
nitrogen metabolism in relation to maintenance in the growing pig and 
young child are very different. 

Fifth, and finally, I wonder about the physiologic, as well as nutritional, 
significance of "maintenance" amino acid needs in the growing organism, 
since at these intake levels the organism would effectively be receiving a 
deficient intake in relation to its genetically-determined metabolic poten- 
tial. Furthermore, it will be of interest to learn whether the maintenance 
amino acid requirement pattern proposed by Fuller et al. (40), based on 
studies in the growing pig, is capable of efficiently maintaining protein 
homeostasis in the mature or minimally growing pig. This issue is also 
raised because estimates of the maintenance requirements for threonine, 
sulfur amino acids isoleucine and ]ysine in 145 kg gilts (e.g., (4, 5)) do not 
agree with those proposed by Fuller et al. (40). Indeed, the differences 
between these various estimates may be as much as twofold, thus weaken- 
ing the argument and conclusions drawn by Millward et al. (57). 

To summarize thus far: i) the amino-acid requirements predicted from 
OOL agree quite well with those determined from metabolic studies in 
2-year-old children; ii) the pattern of the amino-acid requirement derived 
from metabolic studies in this young age group is, of course, similar to the 
composition of the mixed proteins in the body, despite the large mainten- 
ance and small growth components, to the total requirement for nitrogen 
and amino acids; iii) the arguments made by Millward et al. (57) against 
use of OOL for, at least, an approximation of human amino acid require- 
ments are questionable due to major differences in the quantitative 
characteristics of nitrogen and amino acid nutrition in the growing pig as 
compared with humans beyond very early infancy; iv) the prediction of 
adult amino acid requirements from OOL appears, therefore, to have 
merit. 

It would be desirable to seek further support for the conclusion, drawn 
from the foregoing predictions (Table 5) that the adult human amino acid 
requirements are up to two to three times higher (except for the S-amino 
acids) than those based on earlier N-balance studies (26, 27). Support has, 
indeed, been obtained from a series of studies conducted in our 
laboratories in which we explored use of stable nuclide labeled amino 
acids, with measurements of amino acid oxidation in healthy adult sub- 
jects given defined dietary treatments (e.g., (96, 97, 98)). Our experiments 
were conducted on the premise that a direct measure of the oxidation of a 
specific indispensable amino acid (coupled with a determination of the 
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min ima l  in take  to ba lance  this oxidation) in wel l -nourished,  no rma l  indi- 
viduals  would  yield a more  sa t is factory es t imate  of  the  m i n i m u m  physi-  
ological  r e q u i r e m e n t  for the  amino  acid than  is poss ib le  f r o m  N-balance  
measu remen t s .  

Table  10 gives our  es t imates  of  amino  acid r equ i r emen t s  f rom 13C-tracer 
e x p e r i m e n t s  and  compare s  these  values  wi th  those  p red ic ted  f rom OOL 
(Table 5). In  v iew of  the  difficult ies encoun te r ed  in the  design,  protocoI ,  
and  in terpre ta t ion  of amino  acid kinet ic  studies,  and  the  reasonable ,  bu t  
not  necessar i ly  val id a s s u m p t i o n s  concern ing  amino  acid eff ic iency and  
re tent ion  appl ied  in m a k i n g  the  predict ions,  there  is a r e m a r k a b l y  good 
a g r e e m e n t  be tween  the  es t imated  r e q u i r e m e n t  levels for the  five amino  
acids l isted here. 

I have  given,  above,  some  emphas i s  to obl igatory  losses and  amino  acid 
r equ i r emen t s  for a n u m b e r  of  ma jo r  reasons,  in reference  to the  p resen t  
topic  of  p ro te in -energy  interact ions.  The  first was  tha t  d i f ferences  in 
n i t rogen metabo l i sm,  v iewed  e i ther  in the  contex t  of  pro te in  tu rnove r  or 
as obl igatory  ur inary  n i t rogen losses, a m o n g  var ious  m a m m a l i a n  species  
parallel  d i f ferences  in thei r  ene rgy  metabo l i sm.  Because  the  obl iga tory  
N-losses account  for a ma jo r  p ropor t ion  of the  r e q u i r e m e n t  for d ie tary  
ni t rogen,  at least  for  ma in tenance ,  then  the  r equ i r emen t  for p ro te in  wou ld  
also bear  a close and  poss ib ly  funct ional  re lat ion with  res t ing  ene rgy  
metabo l i sm.  Fu r the rmore ,  the  r equ i r emen t s  for the  individual,  indispen-  
sable amino  acids accoun t  for a quant i ta t ive ly  impor t an t  p ropor t ion  of  the  
need  for  total  ni t rogen,  and  so it was  of  in teres t  to a t t e m p t  to relate  
obl igatory  N-losses to amino  acid r equ i r emen t  es t imates .  A second  reason  
for this  focus on h u m a n  amino  acid r equ i r emen t s  and  OOL was  because  
I bel ieve it is useful  to app ly  k n o w l e d g e  abou t  compara t i ve  aspec ts  of  
physiology and nutrition to extend our understanding of metabolic and 
nutritional issues and processes, within a particular genetic context. 
Simultaneously, however, it is necessary to remain alert to the limitations 
of this approach, especially when trying to establish, by extrapolation 
from one species to another, quantitative characteristics of protein/amino 
acid and energy metabolism/nutrition for a particular situation, such as for 
the human. 

Table 10. Comparison of 13C-amino acid derived estimates of requirements in 
adults. 

Amino acid 13C-tracer1) Predicted 1) FAO/WHO/ 
(OOL) UNU 

19852 ) 

mg-  kg- lday  1 
Leucine 40 39 14 
Valine 20 24 10 
Lysine 30 42 12 
Threonine 15 21 7 
Met (-Cys) 13 16 13 

1) Approximate mean requirement. See Young et al. (96) for background. 
2) This is the upper  range of the requirement for adults. 
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A third reason  for this br ief  cr i t ique of amino  acid requ i rements ,  a topic  
of  long- te rm research  interest  to this author,  was  because  of  the  sensi t ivi ty 
of  N-balance  to al tered energy  intake.  Indeed,  we have  conc luded  previ-  
ously  (96) tha t  m a n y  of  the  earlier es t imates  of  the amino  acid require-  
m e n t s  in h u m a n  adul ts  have  been  ob ta ined  f rom studies  in which  the  
interact ions be tween  pro te in  and  energy  on N-balance  have  confounded  
the in te rpre ta t ion  of  the N-balance  data. These  earlier studies,  therefore,  
m u s t  be  v iewed  cautiously,  especia l ly  w h e n  a t t empt ing  to arr ive at a 
quant i ta t ive  defini t ion of h u m a n  amino  acid requi rements .  

So far, we  have  d iscussed  some  aspects  of  pro te in  and  amino  acid 
m e t a b o l i s m  in relat ion to total  energy  in take  and  m e t a b o l i s m  wi thou t  
specific re ference  to energy  source. Hence,  at this poin t  it would  be 
wor thwhi le  to tu rn  to a considera t ion of the effects  of  ca rbohydra t e  and  
l ip id-based ene rgy  subs t ra tes  on some  a s p e c t s  of  pro te in  me tabo l i sm/  
nutrit ion. 

Energy  s o u r c e  and  the  n i t r o g e n  e c o n o m y  

Glucose and lipid effects 

I t  is of  bo th  metabo l ic  and  practical ,  nutr i t ional  interest  to de t e rmine  
whe the r  the  different  energy-yie ld ing subs t ra tes  exer t  s imilar  or specific 
effects  on prote in  utilization. Hence,  the in vivo metabol ic  basis  for their  
effects  deserves  our  a t ten t ion  and,  in part icular,  because  there  is not  an 
obl igatory  r e q u i r e m e n t  for die tary  carbohydra te .  S o m e  t issues normal ly  
show a pre fe rence  for glucose as a major  fuel (brain, erythrocytes ,  renal  
medulla),  bu t  this can be  ob ta ined  via hepat ic  g luconeogenes is  fi 'om 
amino  acids and  f rom the glycerol  re leased by  hydrolys is  o f  t r iacylglye-  
erol. I t  would  be  expec t ed  unde r  condi t ions  of  a ve ry  low, or devoid,  
ca rbohydra t e  in take  that  g luconeogenes is  would  be high. Thus,  a conse- 
quence  of  this would  be  a relat ive increase  in n i t rogen excre t ion  and a 
decline in the  overall  eff iciency of d ie tary  N retention.  

Studies  conduc ted  earlier in this cen tury  by  Cathcar t  (18) revealed  that  a 
relat ively small  ca rbohydra t e  load (about  400 kcaYday) m a r k e d l y  r educed  
the loss of  N in fas ted subjects.  He  also obse rved  that  an isoealoric level of  
fat did not  have  this same  N-spar ing  effect  (e.g., Fig. 4). These  early 
f indings have  been  ex t ended  th rough  m o r e  e legant  s tudies  of  teucine 
oxidation,  bo th  before  and  af ter  obese  vo lun teers  c o n s u m e d  low-energy  
diets, based  on ca rbohydra te  or fat, or a combina t ion  of the two. Thus,  
Vasquez  et  al. (84) found  that, dur ing  calorie restrict ion,  d ie tary  carbohy-  
drate  reduced  the  ca tabol i sm of  leucine. Lipids,  on the  o ther  hand,  
increased  leucine oxidation.  Assuming  tha t  the lat ter  reflects the  s ta tus  of  
overal l  amino  acid (or nitrogen) catabol ism,  these  ear ly and  m o r e  recent  
f indings are ent i re ly  cons is tent  and  sugges t  tha t  we  migh t  cont inue  with  a 
br ief  d iscuss ion of ca rbohydra t e  versus  l ipid effects based  on N ba lance  
data. 

As s ta ted by  Munro  (59), ca rbohydra t e  has  specific act ions on prote in  
me tabo l i sm  and N-balance  not  equal ly  shared  with  fat; admin is t ra t ion  of 
ca rbohydra t e  lowers  body  N-ou tpu t  in the  fast ing subject ,  whereas  fat 
does  not  (and the  isocaloric subs t i tu t ion  of  fat  for ca rbohydra t e  resul ts  in a 
t rans ien t  increased N-output) .  Also, separa t ion  of  meals  containing die tary  
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CATHCART'S STUDY (1909) 
OF CARBOHYDRATE VERSUS FAT 

Banana Meal Butter 
and Honey " i  ~ and Cream 

2 = = TONI 
0 - - 0  Urea 

] f f r r r f ~,, 
1 2 3 4 5 8 7 

OAY OF EXPERIMENT 

Fig. 4. Urinary nitrogen excretion fbr an adult human subject who consumed a low- 
nitrogen, "high"-carbohydrate diet (consisting of banana meal and honey) for 5 days 
followed by a high fat diet (consisting o£ 65 g butter and 340 g 55 % cream) for 2 days. 
Drawn f¥om tabular data of Cathcart (18). 

carbohydra te  from those containing protein causes a transient  rise in 
N-output,  whereas  this does not  occur  when  fat is separated from protein 
intake. F rom these findings, Munro (59) concluded that carbohydra te  
exerts a specific act ion on the utilization of  amino acids dur ing their 
absorpt ion from protein-containing meals, in addit ion to an effect shared 
by  fat and carbohydra te  on the metabol ism of amino acids dur ing the 
postabsorpt ive  period. 

Because the practical, protein-nutri t ional  significance of  m a n y  of  the 
earlier N-balance studies was difficult to judge, especially for those carried 
out  at supramain tenance  intakes of  protein, we (69) also studied the 
quanti tat ive effect on protein utilization at barely adequate  protein intakes 
of  an isoenergetic exchange  of  dietary fat for carbohydra te  in heal thy 
young  men. We found that  ni t rogen (N) balance and dietary protein 
utilization were significantly higher  with the carbohydra te  diet. Also, 
relevant was the observat ion that  the protein-sparing effect of the car- 
bohydra te  was greatest in those subjects who were on marginal  energy  
and protein intakes and who were losing weight. How this response of 
N-etabolism relates to the different capaci ty  for carbohydra te  versus lipid 
oxidat ion at adequate- to-surplus levels of energy intake (2) remains an 
interesting question. Also, whether  or not  these "longer-term" effects of  a 
change in dietary carbohydrate :  fat ratio on N-metabol ism are media ted  
th rough  the action of  insulin (as Munro (59) postulated to explain results 
for acute experiments)  remains to be determined.  However,  some observa- 
tions would  suppor t  the content ion that  the favorable effect of  dietary 
carbohydra te  on body  N-balance is mediated,  in part, by  the effects of 
insulin. Thus, Fuller et at. (39) used a cont inuous  infusion of  physiological  
amounts  of exogenous  insulin together  with glucose in well-nourished 
pigs. The glucose was infused with insulin at a rate sufficient to maintain 
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plasma glucose concentrations within the normal physiological range, and 
to avoid the normal hypoglyeemic and counterregulatory response in 
body metabolism. The response to this treatment over a period of 3 to 
7 days was a two- to seven-lbld increase in plasma insulin, a 50 % decrease 
in plasma glucose, a 40 % decrease in plasma urea concentration, and a 
30 % fall in urinary excretion of urea N. After terminating the insulin 
infusion, plasma urea levels rapidly returned to those of the control 
period. These authors (39) concluded that a major component of the 
protein-sparing effect, achieved by a surfeit feeding of carbohydrate, is 
mediated by insulin. 

We will return to this point below, but the foregoing suggests that at 
high sub-maintenance or adequate energy intakes there is a slightly 
greater sparing effect on overall N retention due to carbohydrate, com- 
pared with fat, when total N intakes are marginally adequate. However, at 
m o r e  generous  N in takes  and  wi th  initially adequa t e  ene rgy  intakes,  the  
pro te in-spar ing  effects  of  glucose and lipid would  appea r  to be  essential ly 
c o m p a r a b l e  and  of  little or no s ignif icance for h u m a n  prote in  nutri t ion,  
per  se. I would  be  in teres ted  in knowing  whe the r  these  s ame  pr inciples  
app ly  to the  growing pig and  domes t ic  chick. 

Possible physiologic mechanism for N-sparing 

Even if glucose and fat have an equivalent impact on whole body 
N-retention in humans, when intakes of glucose are non-limiting (or above 
that necessary to maximally suppress endogenous glucose production), it 
remains desirable to learn more about the mechanistic basis for their 
N-sparing effects. 

An indication that glucose and lipid exert their effects on N-balance via 
different mechanisms comes, for example, from Baker et al. (6), who found 
differences in blood plasma amino acid and hormonal profiles between 
lipid and glucose-based systems, and from Shaw and Holdaway (73), who 
found that lipid did not affect glucose oxidation and production, whereas 
glucose did. Also, Ferranini et al. (30) found that lipid infusion in healthy 
volunteers had a hypoaminoacidemie effect of its own and distinct from 
that due to glucose. Again, this indicates differences between glucose and 
lipids in terms of their specific metabolic effects, despite a possible 
similarity in their impact on total body N-balance. The fate of amino acids 
and detailed aspects of their metabolism can only be partly understood by 
observing changes, or differences, in plasma amino acid levels. Thus, we 
turn again to some tracer studies of whole body and regional amino acid 
kinetics in order to gain a better appreciation for the comparative 
metabolic effects of carbohydrate and lipid fuels on the nitrogen economy 
of the host. 

Emphasis  on glucose, insulin, and other hormones 

Because changes in energy and nitrogen metabolism, and in their rela- 
tions, are undoubtedly dependent upon a complex of inter-relate mecha- 
nisms involving, in part, the hormonal regulation of substrate mobiliza- 
tion, utilization, and interconversion, it is necessary to examine energy- 
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nitrogen relations in reference to a number of key hormones. Among 
these, insulin is taken to be of particular importance. 

In general, the net effects of insulin on whole-body protein regulation 
appear to be a distinct decrease in proteolysis and a stimulation (perhaps 
slight) of protein synthesis, although there have been differences, both 
qualitative and quantitative, in the reported findings. 

Hence, Table 11 presents a selected survey of studies concerned with 
whole-body amino acid (mainly leucine) kinetics in adults and the effects 
of insulin or glucose and/or amino acid administration i.v. It is reasonable 
to conclude from the listing of results given in this table that whole-body 
leucine (and tyrosine) kinetics are sensitive to insulin and glucose 
administration and that insulin generally exerts an inhibitory effect on 
protein breakdown which ins often associated with a reduced rate of 
amino acid oxidation. This fall in whole-body protein breakdown occurs 
in an insulin dose-dependent manner (36, 76). Because skeletal muscle is a 
tissue that is sensitive to insulin action, this reduction in whole-body 
protein breakdown might be attributed, at least, to a decrease in the 
output of amino acids from the skeletal muscles. 

A summary of findings from a number of investigations concerned with 
the effects of insulin on in vivo aspects of protein and amino acid metabo- 
lism in the skeletal musculature of adult humans is presented in Table 12. 
It is evident that the consistency of the observations regarding insulin's 
suppression of whole-body proteolysis (Table 11) do not extend to the in 
vivo studies on skeletal muscle (Table 12); some have found a decrease in 
muscle protein breakdown, whereas others have not, despite an improved 
overall amino nitrogen balance across the organ when insulin and glucose 
are given. Whether these variable findings are due to the fact that different 
tracer models have been used, whether the insulin is given locally or 
systemically, or whether forearm responds differently the hindlimb, for 
example, is not at all clear. Also, there is still little in vivo evidence that 
insulin stimulates, to any major extent, muscle protein synthesis. A recent 
study by Bennet et al. (I0) indicates that insulin promotes synthesis when 
the availability of amino acids is not limiting. 

Thus, these various investigations provide an incomplete and somewhat 
uncertain picture, but R should be also recognized that the effect of insulin 
on the overall body protein economy depends upon whether an exoge- 
nous amino acid supply accompanies insulin administration. When amino 
acids are supplied, whole-body (38, 78) and muscle protein (i0) synthesis, 
which require available amino acids, may be stimulated. Nevertheless, the 
effect of insulin in stimulating synthesis appears to be small. Also, insu- 
lin's suppression of proteolysis appears to be augmented by amino acids 
(31). 

In general, although somewhat tentative in terms of specific mecha- 
nisms, the various actions of insulin and glucose on leucine (amino acid; 
protein) kinetics are consistent with the fact that a maximum nitrogen 
retention is achieved when both protein and carbohydrate intakes are 
consumed together at generous protein intakes. However, the relations 
between insulin, carbohydrate, and amino acids are probably more com- 
plex than this discussion implies. Basically, the quantitative, and even 
qualitative role played by insulin in relation to the underlying components 
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of the N-balance responses discussed above cannot yet, be stated with any 
degree of clarity. 

In relation to the overall anabolic action of insulin on body protein 
balance, it is also pertinent to question the possible involvement of the 
counter regulatory ("anti-insulin") hormones, glucagon, catecholamines, 
and the glucocorticoids in energy-nitrogen relations, For example, inges- 
tion of carbohydrate suppresses and protein intake stimulates glucagon 
secretion. It is also clear that the circulating glucagon concentration 
depends on the ratio of protein to carbohydrate in meals (e.g., (51, 89)). 

As summarized in Table 13, when glucagon is infused during a state of 
insulin deficiency, there is an increased rate of whole-body leucine oxida- 

Table 13. Effects of various hormones on in vivo amino acid kinetics in adult 
humans. 

Author Model and approach Outcome 

Glucagon 
Nair et al. (62) 

Couet et al. (20) 

Epinephrine 

Miles et al. (55) 

Lamont et al. (52) 

Kraenziin et al. (49) 

Matthews et al. (53) 

Glucocorticoids 
Gelfand et al. (42) 

Simmons et al. (75) 

Darmaun et al. (21) 

BeautYere et al. (8) 

13C-leu infusion: glucagon 
with insulin deficiency 

13C-leu infusion: glucagon excess 
with maintenance of insulin 

iSN-leu; 2H-ala; 2H-leu and 
epinephrine infusion 

~-adrenergic blockade (propanolol 
80 mg bid) 
lJ3C-leu infusion 

13C-leu infusion 
epinephrine infusion with 
constant insulin & glueagon 

Infusions of l~C-leu; 2H5-phe; 
15N-glu(NH2); 
epinephrine infusion for 8.5 h 

laC-leu; 72h infusion 
cortisot (6 mg/m 2 per h) 

2H3-leu; 8 h hydroeortisone infu- 
sion 

13C-leu; 2Hs-phe; 15N-glut 
(NH2); 13C-ala; hydrocortisone 
infusion for 64 h 

13C-leu; 15N-glu(NH2); t3C-ala; 
20 mg 3 x daily prednisone 

PB; ~ leu ox 

PB-  

leu ox; ~ PA_A 

leu ox; PB- 
urea N/creatinine 

PB; J~ leu ox; 
But net forearm 
leu release 

PB-; little change in 
glu(NH2) flux; 

leu ox-; ~ PAA 

leu flux-, 
leu ox-  

PB 

PB ~, Ala flux 
Glut(NH2) flux 

leu ox; ? PB 
glu(NH2) flux & syn 
ala flux & syn 

PB = whole body protein breakdown; PAA = plasma amino acid concentration; leu 
ox = leucine oxidation; ~, 4, - = increase, decrease or no change 
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t ion and  proteolys is  (61). Thus,  g lucagon ' s  effect  is oppos i te  tha t  of  insulin 
in this  condit ion.  However ,  h y p e r g l u c a g o n e m i a  does  not  appea r  to have  
an  effect  on who le -body  leucine f lux (proteolysis) w h e n  this co-exists  wi th  
ma in ta ined  or "normal"  insul in levels (20). Hence ,  the  m o r e  favorable  
i m p a c t  on b o d y  N-re tent ion  by  a d ie tary  m i x t u r e  of  ca rbohydra t e  and  
pro te in  as c o m p a r e d  wi th  d ie tary  pro te in  alone migh t  be  due, in part ,  to 
these  in teract ions  b e t w e e n  g lucagon and  insulin on amino  acid utilization. 

The  act ivi ty  of  the  sympa the t i c  ne rvous  sy s t em increases  w h e n  car- 
b o h y d r a t e  (glucose) is consumed ,  bu t  not  w h e n  prote in  or fat are 
inges ted  (87, 88, 94). Hence ,  the  effect  of  ca techo lamines  on in vivo 
aspec ts  of  p ro te in  and  amino  acid m e t a b o S s m  is of  potent ia l  impor tance .  
This  po in t  of  v iew is s u p p o r t e d  by  the  sugges t ion  m a d e  a n u m b e r  of  
years  ago tha t  ep inephr ine  could r educe  proteotys is  (41), whereas  an 
accelera t ion of  proteolys is  b y  ca techo lamines  was earlier a ssumed,  possi-  
b ly  because  in phys ica l  t r a u m a  and  infection, which  lead to a pro te in  
catabol ic  state, the re  is a h y p e r e p i n e p h r i n e m i a  (91). To date, there  are a 
l imi ted  n u m b e r  of  s tudies  tha t  have  repor ted  f indings abou t  the  relation- 
ships between epinephrine and dynamic aspects of amino acid metabol- 
ism. However, from the summary presented in Table 13 it is reasonable to 
draw the tentative conclusion that ~-agonists reduce whole-body leucine 
oxidation, and possibly protein breakdown, whereas g-blockade 
increases leucine oxidation. If these alterations in plasma leucine kinetics 
reflect the global response of body amino acid metabolism, then a reason- 
able interpolation of the data leads to the conclusion that the overall 
effects of SNS activation are similar, but not necessarily identical to that 
of insulin. It is intriguing to speculate that the potentially greater nitro- 
gen-sparing effect of carbohydrate relative to lipid is related to a coopera- 
tive or synergistic action of insulin and the sympathetic nervous system 
on amino acid metabolism. 

Whether the glucocorticoids modulate the physiologic effects of energy 
and exogenous amino acids on nitrogen retention and sparing, as dis- 
cussed above, is not yet clear. It has been appreciated for some time that 
administration of pharmacological amounts of cortieoids in man causes 
muscle wasting (59). As summarized in Table 13, Gelfand et al. (42) did not 
find a change in leucine flux (protein breakdown) when four obese sub- 
jects received a cortisol infusion for 72 h, but three other studies involving 
glucocorticoid administration in normal subjects have reported increases 
in post-absorptive whole-body proteolysis (see Table 13) and, where meas- 
ured, in leucine oxidation (8). However, there seems to be some disagree- 
ment concerning the extent to which glucocorticoids might continue with 
these same effects during the feeding period. 

Alanine and glutamine fluxes are also increased by glucocorticoids 
(Table 13). However, the enhanced whole-body proteolysis due to 
glucocorticoid action may not be due to increased muscle (myofibrillar) 
protein breakdown, since urinary 3-N~-methylhistidine is apparently not 
affected (8). It is likely that the length, as well as dose, of corticoid 
administration is important in this context, at least this is the case in the 
rat  (47, 48, 82). 

Al though  the g]ucocort icoid effects  no ted  above  are exe r t ed  within a 
physiologic  range  of h o r m o n e  levels, it is not  yet  poss ib le  to state whe the r  
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this counter - regula tory  h o r m o n e  can be impl ica ted  in the  normal  regula- 
t ion of  whole -body  pro te in  and amino  acid me tabo l i sm  or account ,  in 
mechanis t i c  terms,  for the  n i t rogen-spar ing  act ions of  changes  in d ie tary  
ene rgy  and  pro te in  tha t  we  have  covered  so far. The  s ame  can  be  said for 
the  i nvo lvemen t  of  g rowth  hormone ,  which  a t tenuates  the  effects  of  
g lucocor t icoid  (46) and  the  iodothyronines .  

Role of  a lanine  and g lutamine  

With reference  to our  p reced ing  discussion,  par t icular ly  in relat ion to 
the  effects  of  g lucose and  h o r m o n e s  on musc le  prote in  me tabo l i sm  and 
amino  acid balance,  it is pe r t inen t  to recall  tha t  a lanine and  g lu tamine  
account  for 60-80 % of the  amino  acids re leased f rom the skeletal  muscu la -  
ture, wi th  musc le  serving as the  ma jo r  source  of  p l a sma  alanine in post-  
absorp t ive  h u m a n  subjec ts  (19). In  v iew of the impor t an t  roles p layed  by  
these  amino  acids in in ter-organ ni t rogen t ransport ,  and because  alanine is 
qual i ta t ively the  m o s t  impor t an t  g luconeogenic  amino  acid and  an impor-  
tant  de t e rminan t  of  urea  p roduc t ion  (92), the  N-spar ing effects  of  ene rgy  
sources  on n i t rogen ba lance  migh t  be  exer ted  by  a significant  inf luence on 
the release of  these  amino  acids f rom musc le  and  their  s u b s e q u e n t  fate in 
sp lanchnic  n i t rogen m e t a b o l i s m  and hepat ic  gluconeogenesis .  

Shor t - t e rm infusion of glucose does suppress  alanine release f rom fore- 
a rm musc le  (23), a tanine infusion increases  u rea  p roduc t ion  (92) and  large 
doses  of  oral g lucose and  in t ravenous  glucose res t ra in  atanine up t ake  by  
the sp lanchnic  bed  (28, 29). These  responses  of  alanine m e t a b o l i s m  are 
general ly cons is tent  wi th  the  decrease  in loss of  n i t rogen f rom the whole  
body  dur ing  l ong4e rm glucose infusion. However ,  glucose infusion has  
been  shown to increase  whole -body  alanine f lux (70), which  sugges ts  tha t  
t issues other  than  muscle ,  poss ib ly  the gut, accoun t  for an increased  ra te  
of  alanine fo rmat ion  and  ent ry  into plasma.  Never theless ,  the  impor t an t  
poin t  is tha t  this effect  does  not  correlate  wi th  the  d imin i shed  rate of  urea  
p roduc t ion  (72). This  is also the case w h e n  a carbohydrate- r ich ,  low- 
prote in  diet is c o n s u m e d  (93). Hence,  the role that  the  g lucose- induced  
d imin ished  ou tpu t  of  musc le  alanine plays in relat ion to the body  nitro- 
gen-spar ing p rope r ty  of g lucose  remains  unclear.  More ex tens ive  and  
elegant  s tudies on the fate of  alanine n i t rogen are now desirable  to fur ther  
clarify how glucose exer ts  its N-spar ing effects and the  s to ichiometr ic  
relat ions be tween  alanine me tabo l i sm  and urea  N-format ion  unde r  differ- 
ent  metabol ic  states. 

In  l ight of  these  f indings for alanine, it migh t  be  tha t  the  regulat ion of 
g lu tamine  release f rom skeletal  musc le  offers a fur ther  clue concern ing  
the metabo l ic  basis  for the  favorable  effect  of  g lucose adminis t ra t ion  on 
n i t rogen retention.  This  lat ter  amino  acid accounts  for more  than  60 % of 
the free amino  acid pool  in skeletal  muscle ,  and  it serves  as a p recurso r  in 
b iosynthe t ic  processes  and as an impor t an t  vehicle  for n i t rogen and  
carbon  t r anspor t  be tween  body  tissues. Fur the rmore ,  it m a y  have  regula- 
tory  funct ions  in relat ion to the  synthesis  and  b r e a k d o w n  of  proteins,  and 
it serves as a g luconeogenic  precursor .  However ,  g lucose  infusion does  not  
al ter  g lu tamine  release f rom skeletal  musc le  (23), nor  does the  ou tpu t  
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change  af ter  a pro te in  mea l  (22). Thus,  it does  not  a p p e a r  tha t  a l tered 
g lu tamine  flux and  in te rorgan  flow is respons ib le  for the  N-spar ing  effect  
of  glucose,  at least  in re ference  to its net  ou tpu t  f rom the pe r iphe ry  and  the  
consequences  of  shor t - te rm glucose  adminis t ra t ion .  Thus,  the  role of  
g lutamine,  despi te  its k n o w n  and  major  funct ion in N-homeostas is ,  in 
relat ion to the  energy-n i t rogen  relat ions wi th  which  we have  been  con- 
ce rned  remains  to be  clarified. 

Lipids and amino acid kinetics 

Briefly, wi th  regard  to the  effect  of  l ipid sources  it was  obse rved  some  
years  ago by  Sherwin  et  al. (74) tha t  an infusion of  ~-hydroxy-butyra te  in 
non-obese  and  obese  subjec ts  r educed  ur inary  N-excret ion,  and  this has  
been  conf i rmed  (64). This  effect  of  the  ke tone  bodies  is appa ren t ly  a t t r ibut-  
able to a s t imula t ion  of  amino-ac id  incorpora t ion  into proteins ,  accom-  
pan ied  by, or causal ly re la ted to, a d imin ished  amino  acid oxidat ion (54, 
62) which  m a y  be  exer ted  at the  level  of  the  skeletal  muscle .  Of  poss ib le  
interest ,  however ,  is the  f inding tha t  whole -body  proteolys is  does not  
s eem to be  affected b y  ke tone  bodies  (54, 83), whereas  t r iglyceride (LCT) 
and  m e d i u m  chain  fa t ty  acids appea r  to r educe  bo th  amino  acid (leucine) 
oxidat ion,  as well  as pro te in  tu rnove r  (7, 77). Thus,  fat ty  acids and  ke tone  
bodies  m a y  exer t  thei r  N-spar ing  effects  via different  mechan i sms .  This  
tenta t ive  conclus ion  is drawn,  however ,  f rom a l imited n u m b e r  of  in vivo 
studies,  and  there  is a need  for fur ther  compara t ive  invest igat ions  to be t te r  
def ine the physiologic  m e c h a n i s m s  under ly ing  the effects  of  different  
l ip id-energy sources  on whole  body,  organ and  in terorgan N-metabol i sm.  

Finally, in t e rms  of  a t t emp t ing  to define the under ly ing  metabo l ic  
effects  of  mix tu re s  of  fuels on prote in  and  amino  acid m e t a b o l i s m  it is of  
interest  to no te  that  the  r edox  state of  the  cell m igh t  be  an impor t an t  
m e c h a n i s m  respons ib le  for differences  in the  pa t t e rn  of  gene express ion  
(e.g., (1)) and,  thus,  pro te in  synthes is  and  b reakdown.  I f  this  tu rns  out  to be  
the  case, then  not  only is the  quant i ta t ive  avai labi l i ty of  g lucose or l ipid 
impor tan t ,  wi th  impl ica t ions  for the  genera t ion  of h igh-energy  py rophos -  
pha te  bonds ,  but  they  also m a y  exer t  effects  on N-me tabo l i sm th rough  
oxida t ion/ reduct ion  mechan i sms .  This clearly would  increase  the  com- 
plexity,  bu t  also the beau ty  of the eventua l  p ic ture  tha t  comprehens ive ly  
por t rays  the  cellular and  molecu la r  events  respons ib le  for the  metabol ic  
in teract ions  be tween  pro te in  and  energy  and  their  nutr i t ional  significance. 

Summary and conclusion 

The relat ions be tween  energy  and  ni t rogen (protein) have  been  rev iewed 
and  it is well  d o c u m e n t e d  tha t  bo th  the  level and  source  of the  die tary  
energy,  as well  as the  n i t rogen supply,  have  p ro found  effects  on b o d y  
pro te in  balance.  S o m e  of  the  under ly ing  metabo l ic  events  respons ib le  for 
the in teract ions  be tween  energy-yie lding and  n i t rogen-conta in ing  sub- 
strates have  been  explored,  as well  as the  impac t  of  body  pro te in  tu rnover  
on ene rgy  expendi ture .  These  var ious  in terre la t ions  are d e p e n d e n t  u p o n  a 
c o m p l e x  of inter-related mechan i sms ,  and  it is clear tha t  our  unders tand-  
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i ng  of  t hese  m e c h a n i s m s  is st i l l  q u i t e  r u d i m e n t a r y ,  desp i t e  the  p rac t i ca l  
a n d  c l in ica l  i m p o r t a n c e  of  these  aspec t s  of m e t a b o l i s m  a n d  nu t r i t i on .  A 
m o r e  c o m p l e t e  ser ies  of i nves t iga t ions ,  i n c l u d i n g  s tud ies  of dose  re- 
sponses ,  on  these  va r i ous  aspec t s  of  p r o t e i n - e n e r g y  r e l a t ions  in  b o t h  
sma l l e r  a n d  la rger  m a m m a l i a n  spec ies  w o u l d  be  h igh ly  de s i r a b l e  for 
r easons  of bas ic  phys io log ic  i n t e r e s t  a n d  for the  e v e n t u a l  i m p r o v e d  prac-  
t ice of  n u t r i t i o n  k n o w l e d g e .  
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