
chain amino acids in whey protein leads it to
have a synergistic effect with insulin on pro-
tein metabolism10. Moreover, the percentage
of amino acids that stimulate the secretion of
glucagon is substantially lower in whey pro-
tein than in casein. Hence, the catabolic effect
of glucagon — which counterbalances
insulin in the acute control of protein
turnover — is less after a whey-protein meal.
The distinct amino-acid compositions of
casein and whey protein may, therefore, 
trigger a discriminatory stimulus on protein
synthesis and breakdown due to differences
in the secretion of insulin and glucagon.

The potential to increase protein synthe-
sis and inhibit protein breakdown selectively
offers a number of therapeutic possibilities
for patients with wasting disorders. One of
the goals in the nutritional support of
patients with sepsis, extensive burns,
acquired immunodeficiency syndrome,
malignancy, skeletal trauma or multiple
organ failure is to minimize the loss of body
protein. If the accelerated net breakdown of
body protein can be slowed, or even reversed,
by administering specific proteins, it would
represent a very attractive option for nutri-
tional support in the critically ill patient.
Moreover, the concept of slow and fast pro-
teins may be applied if high concentrations
of amino acids in the plasma are detrimental
to the patient — such as in renal insufficiency
or hepatic encephalopathy. Another poten-
tial application is the production of milk 
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Although the physiological effects of
different types of fatty acid and car-
bohydrate are relatively well known,

the effects of protein composition on meta-
bolic processes have been investigated less
extensively. But, writing in Proceedings of the
National Academy of Sciences, Boirie et al.1

seek to close this gap in our knowledge. 
By analogy with dietary carbohydrates, the
authors apply the concept of ‘slow’ and ‘fast’
proteins, according to the speed at which
proteins are digested and amino acids are
absorbed from the gut. And they conclude
that slow and fast proteins differentially
modulate whole-body protein deposition
after a meal. 

Boirie et al. studied the effect of two milk
proteins — casein and whey protein — on
postprandial whole-body protein metabo-
lism. They combined oral and intravenous
administration of intrinsically labelled and
unlabelled proteins, to circumvent some of
the technical problems of trying to measure
amino-acid kinetics after a meal. Healthy
adults were given whey protein, and the
authors observed a high, rapid and transient
peak in plasma amino-acid levels. This was
associated with a pronounced increase in pro-
tein synthesis, but no change in protein break-
down. By contrast, after a casein meal, the
plasma amino-acid profile was lower, slower
and prolonged. The whole-body metabolic
response consisted of a slight increase in 
protein synthesis, but a marked inhibition of
protein breakdown. According to the speed 
at which amino acids appeared in the blood-
stream, the authors classified whey protein as
a fast protein and casein as a slow protein.

Protein turnover is a finely controlled
process, in which gain or loss of body protein
is adjusted to biological needs (Fig. 1). The
physiological mechanisms that control the
acute response to protein ingestion in
humans are controversial. Several reports2–4

have shown an increase in amino-acid oxida-
tion after meals (especially when subjects
have a high protein intake), but with incon-
sistent changes in protein synthesis and
breakdown. In vivo studies showed that
breakdown is inhibited after ingestion of pro-
tein, but they failed to demonstrate that pro-
tein synthesis is stimulated substantially2,4–6. 

How are the rates of protein synthesis
and degradation regulated by these so-called
slow and fast proteins? Boirie et al. attribute
the slow increase in plasma amino-acid lev-
els after the casein meal to a probable delay in
gastric emptying — this is consistent with
the formation of casein clots in the stomach.
Whey protein, by contrast, is quickly emp-
tied from the stomach into the duodenum7.

The rapid influx of amino acids after inges-
tion of whey protein may be analogous to the
dramatic stimulation of protein synthesis
that is seen when the concentration of amino
acids in the plasma is quickly raised by intra-
venous infusion8. Differences in gastric emp-
tying between casein and whey protein may
also be due to opioid peptides, which are
released from casein during digestion. These
slow down gastrointestinal motility — thus
delaying gastric emptying — by interacting
directly with opiate receptors in the gut9.

Other mechanisms may explain the dif-
ferences in the inhibition of protein break-
down between whey protein and casein. For
example, insulin is known to inhibit proteol-
ysis2–4. But Boirie et al. rule out this mecha-
nism, because the concentrations of insulin
in the plasma after zero, 40 and 300 minutes
were no different between the two meals.
However, the insulin-to-glucagon ratio may
be more important than the absolute concen-
trations of either10. Casein and whey protein
are both milk-derived proteins, but they have
different amino-acid profiles. Although the
percentage of amino acids that stimulate the
secretion of insulin is the same in both pro-
teins, the higher proportion of branched-

Protein metabolism

Slow and fast dietary proteins
Gema Frühbeck

Figure 1 The two-pool model for protein turnover. This model shows how the balance between
catabolic and anabolic processes exerts a homeostatic control on the free amino-acid pool, tipping
the metabolic system in favour of net synthesis or breakdown. When the influence of the anabolic
drive outweighs the catabolic influences, the system shifts to protein synthesis, leading to protein
deposition. But breakdown and, hence, protein loss occur when catabolic factors predominate over
the anabolic drive. Boirie et al.1 have found that ingestion of whey protein rapidly leads to high
amino-acid levels in the blood plasma, and a concomitant increase in protein synthesis. But a casein
meal leads to a slower accumulation of amino acids in the plasma, and only a slight increase in
protein synthesis.
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formulas for pre-term infants with low body
weight, to achieve the maximum growth rate
and food efficiency.

Every new finding generates questions.
For example, why should dietary proteins
have different effects on protein turnover? Is
this finding unique to whey protein and
casein, or can it be applied to other dietary
proteins? Are there striking differences
between proteins from animal and vegetable
origin? What is the site of postprandial pro-
tein deposition? Does the effect on protein
metabolism differ between lean and obese
people? But perhaps the first step is to deter-
mine the extent to which the effect of the
amino-acid absorption rate on protein
metabolism is reproducible when proteins
are given under more physiological circum-
stances — as part of a typical, mixed meal.

Gema Frühbeck is at the MRC Dunn Clinical
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A
lmost 50 ye a rs ago, Hebb1 propo s ed
that du ring devel opm ent, learn i n g
and percepti on, correl a ted activi ty

i n du ces lon g - l a s ting stren g t h ening in synap-
tic tra n s m i s s i on. Rem a rk a bly, however, neu-
robi o l ogists inspired by Hebb’s principle have
s o u ght on ly one side of the reg u l a tory proce s s
— that is, synapse-specific ch a n ges in synap-
tic strengths. Th ey have ra rely thought abo ut
the com pen s a tory mechanisms that reg u l a te
the total synaptic strength of a neu ron
( revi ewed in ref. 2). But on page 892 of this
i s sue, Tu rri giano et a l.3 de s c ri be stabi l i z i n g
m echanisms that may repre s ent a more gen-
eral form of activi ty - depen dent reg u l a ti on of
s y n a ptic tra n s m i s s i on. The ch a n ges in po s t-
s y n a ptic sen s i tivi ty that they have fo u n d
m i ght be seen as a dem on s tra ti on of basic
h om eostasis, de s i gn ed to retu rn the integra-
tive functi on of the cell to within a referen ce
working ra n ge. 

F ive hom eo s t a tic processes rel a ted to
s y n a ptic integra ti on are gen era lly recog-
n i zed. The simplest form reg u l a tes the ef f i c a-
cy of tra n s m i s s i on around a mean synapti c
gain or bet ween two bo u n d a ry va lues. Wh en
eva lu a ted on a lon ger timescale, the fast,
i n p ut - depen dent reg u l a ti on of synapti c
tra n s m i s s i on (recen t ly de s c ri bed in corti c a l
n et work s4 , 5) re sults in an avera ged synapti c
ef f i c acy that is ro u gh ly constant in the face of
rapid ch a n ges in the prob a bi l i ty of tra n s m i t-
ter rel e a s e6. Fu rt h erm ore, the prob a bi l i ty of
i n ducing po ten ti a ti on, depre s s i on or de-
po ten ti a ti on depends on the previous sti mu-
l a ti on history of the net work (‘m et a p l a s ti c i ty ’
in ref. 7) and on the initial state of the synapse.

The second form of homeostasis — pre-
di cted in many models of learning — act s
m ore gl ob a lly, at the neu ronal level8. It
a s sumes that the sum of all the synapti c

wei ghts of synapses impinging on the cell (or
of their squ a re va lues) remains constant. A
t h i rd form of hom eostasis limits the anatom-
ical diver gen ce of growing axons, corre-
s ponding to a con s erved sum of the synapti c
wei ghts of all con t acts made in the net work by
the same parent axon9. The fo u rth form of
h om eostasis, wh i ch is rel evant to the findings
of Tu rri giano eta l.3, con cerns the capac i ty of a
cell to maintain a similar outp ut (for ex a m-
ple, its firing level), de s p i te strong altera ti on s
in the activi ty pattern of the net work
( revi ewed in ref. 10). This reg u l a tory proce s s
i nvo lves activi ty - depen dent tuning of po s t-
s y n a ptic sen s i tivi ty, and examples so far com e
f rom the reg u l a ti on of intrinsic con du c-
t a n ce s1 1. A last form of hom eostasis con cern s
po s s i ble ch a n ges in the site at wh i ch an
impulse is initi a ted and the directi on in
wh i ch it is prop a ga ted in the den d ri te1 2.

Tu rri giano et a l.3 h ave ob s erved up- and
down reg u l a ti on of the total po s t s y n a pti c
s trength, wh i ch does not opera te in a synapse-
s pecific manner. Th ey com p a red AMPA (a-
a m i n o - 3 - hyd rox y - 5 - m et hyl - 4 - i s ox a zole pro-
p i onic acid) miniatu re exc i t a tory po s t s y n a p-
tic current (mEPSC) amplitu des in 4–5-day
c u l tu res of vi sual cortex, bathed for tens of
h o u rs ei t h er with tetrodo toxin (to bl ock 
spiking activi ty) or with a GABAA a n t a gon i s t ,
bi c u c u lline (to increase firing ra tes). Th ey
found that peri ods of arti f i c i a lly incre a s ed
activi ty lead to a dec rease in synaptic gain, as
pred i cted from com peti tive learn i n g. In con-
trast, after arti f i c i a lly maintained peri ods of
dec re a s ed activi ty, they ob s erved the revers e
ef fect — that is, an increase in synaptic gain. 

Although the amplitude of mEPSCs was
altered, neither their frequency nor their
kinetics varied as a result of the past activity
of the network. Thus, the observed effect is
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due to changes in postsynaptic AMPA-
receptor sensitivity, affecting spike-induced
EPSCs as well as miniature synaptic events.
This process, described in cultures of pyra-
midal neurons of rat visual cortex, differs
from the supersensitivity that has been
found at the neuromuscular junction. Here,
the enhancement is extrajunctional, and no
change in the amplitude of the miniature
synaptic events is observed. 

But interpret a ti on of the re sults may be
m ore com p l ex than it seems. First, these
ob s erva ti ons have been made in a cultu red
s ys tem on ly. Certain forms of plasti c i ty that
a re found on ly in cultu res may signal to the
rest of the net work a failu re of a local synapti c
h om eo s t a tic reg u l a ti on. Depre s s i on sign a l s
s pre ad to other synapses from the site at wh i ch
the depre s s i on is indu ced, po s s i bly bec a u s e
the gen eral state of the cultu red net work is too
far from equ i l i briu m1 3. Second, these re su l t s
n eed to be va l i d a ted rel a tive to other proce s s e s
that are also known to occ u r. For example, the
devel opm ent of mu l tiple synaptic con t acts is
ch a racteri s tic, and an inverse rel a ti on s h i p
bet ween the nu m ber of synapses and qu a n t a l
a m p l i tu de is found, indepen dent of ti m e1 4. 

Another consideration is that after treat-
ment with tetrodotoxin or bicuculline, mor-
phological and electrophysiological changes
have been found which depend on the acti-
vation of NMDA (N-methyl-D-aspartate)
receptors. Although Turrigiano et al. used
the NMDA-receptor antagonist AP5 (D(–)-
amino-7-phosphonovalenic acid), this does
not exclude the involvement of NMDA in
inducing the effects. A more probing test
would have been to associate AP5 treatment
with the blockade of AMPA receptors rather
than applying it alone, which here does not
change the network’s activity. Finally, the 
effect might be specific to the culture or cell
type. In other cultures, opposite effects that
support a presynaptic mechanism have been
reported15.

These remarks should not diminish the
importance of the new findings3. The form of
synaptic plasticity described by Turrigiano et
al. operates very differently from long-term
potentiation and long-term depression.
Moreover, because it is bidirectional, it may
have interesting computational properties.
Indeed, the scaling process may have two
facets. The homeostasis side comes from the
fact that multiplicative scaling of synaptic
strengths will preserve relative differences
between inputs, while maintaining the out-
put of a given cell roughly constant. But at the
same time, the activity requirements for
inducing synaptic changes in the network
will also be modified. When inputs are scaled
up or down, co-a ctivation of a smaller or
larger set of afferents will be required to
depolarize the postsynaptic cell sufficiently,
or to trigger an increase in calcium levels to
induce plasticity.

This vi ew is rem i n i s cent of the hypo t h e s i s


