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The use of radioactively labeled plasma proteins
has contributed to an understanding of the body's
adaptation to protein deficiency (1). Such de-
ficiency can occur naturally, i.e., as a result of in-
adequate dietary protein, or in disease states
through abnormal protein loss, e.g., in the ne-
phrotic syndrome or protein-losing, enteropathy.
Experimental protein depletion can be induced
by deprivation of dietary protein or by with-
drawal of protein from the plasma by the technique
of plasmapheresis.

The present paper is concerned largely with the
behavior of labeled plasma albumin in humans
with naturally occurring protein deficiency and in
mild states of protein depletion induced by dietary
protein deprivation; some studies with labeled
y-globulin are included. In addition, protein de-
pletion was induced experimentally in rabbits by
restriction of dietary protein and by plasmaphere-
sis. This work was designed primarily to investi-
gate early changes that might occur in mild or
subclinical states of protein deficiency.

Methods
Human studies

Subjects. Normal healthy ambulant male volunteers
were selected; as far as was reasonably possible, liver
disease, kidney disease, and any abnormality of protein
metabolism were excluded. A control series was con-
ducted on selected hospital patients to provide "normal"
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data; these patients were studied during the late con-
valescent period after mild episodes of myocardial in-
farction or while receiving therapy for uncomplicated
peptic ulceration. In addition a group of patients was
selected purely on the basis of low serum protein con-
centrations. Three suffered from cirrhosis of the liver,
but in the remainder hypoalbuminemia was unexplained;
in none of this last group was there abnormal fecal or
urinary loss of protein, edema, or ascites, and there was
no clinical or biochemical evidence of liver disease.
Protein malnutrition was thought to be the cause of
their low serum albumin levels.

Design of study. The normal controls and hypoal-
buminemic patients were given 'I-labeled plasma albu-
min intravenously, and regular plasma and urinary sam-
ples were analyzed for a period of 7 to 10 days. In 18
subjects studies were conducted in a metabolic ward
under full metabolic study conditions. In 14 of these
(study A) an initial test was performed after a period
of equilibration on a normal hospital diet containing 70 g
protein per day; the test was repeated after 3 to 6 weeks
of low-protein diet (isocaloric, containing 10 g protein
per day) and after a similar period of high-protein feed-
ing (isocaloric, containing 150 g protein per day). In
six of these subjects simultaneous combined studies were
made with albumin-I and 'y-globulin-WI.

In a further four subjects (study B) a single dose of
albumin-'I was given intravenously. The initial diet
contained 70 g protein per day; after 7 to 10 days the
diet was changed to one containing 15 g protein per day,
and thereafter, at weekly intervals, the protein content
was increased stepwise to the initial level; these diets
were all isocaloric. The fate and distribution of the in-
jected albumin-'I were followed throughout this period.

Methods. Pure albumin was prepared initially by
fractionation of human plasma through a carboxymethyl-
cellulose column with an acetate buffer (2). Subse-
quently a modification of the acid-alcohol extraction
technique was used (3). Pure 'v-globulin was prepared
by fractionation through a DEAE-cellulose column with
a phosphate buffer (4).

Iodination with 1I and 'I was achieved by use of the
potassium iodide/iodate method (5), as 'I was more
readily available in thiosulfate solution. In general, io-
dination was at least 30%. Free iodine was removed by
passage through an anion exchange column; trichloro-
acetic acid precipitation showed not less than 98%o of
the radioactivity to be protein bound. Carrier albumin
or 'y-globulin was added to reduce radiation damage, and
the whole was Seitz-filtered to render it sterile. The
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TABLE I

Plasma albumin concentration and pool size, catabolic and "synthesis plus transfer" rates in 41 control
and 18 hypoproteinemic subjects (means i standard error)

Serum albumin
concentration Plasma Synthesis

Plasma albumin + transfer
Range Mean volume pool Catabolic rate rate Weight

g/100 ml mi/kg g/kg Fractional mg/kg! mg/kg! kg
%IVP*/ day day

day
Control 3.60- 4.12 40.0 1.64 9.0 148 153 61.0

41 subjects 5.04 :+-0.07 ± 0.7 :10.04 :4:0.3 ± 5 :1 5

Hypoproteinemia 1.91- 2.59 46.8 1.19 7.2 87 105 59.7
18 subjects 3.40 4±0.15 ± 1.9 ±0.07 ±0.5 ± 7 i 9

* IVP = intravascular pool.

final product was always used within 24 to 48 hours of
preparation.

The purity of preparation was checked before and af-
ter iodination by paper and cellulose-acetate electropho-
resis and ultraviolet absorption determination. When
these labeled compounds were used, there was no early
rise in urinary excretion, such as might indicate com-
ponents capable of rapid degradation.

For additional plasma volume determinations albu-
min-"3I was used; "I was eluted daily from a tellurium-
'I column, and iodination was performed by the above
technique. No significant contamination with 'I was
found in these preparations.

In all subjects the thyroidal uptake of 'I released dur-
ing catabolism was blocked by the administration of
Lugol's iodine, 10 drops three times daily, or sodium io-
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I. Dose 5-

dide, 10 mg three times daily, for 24 to 48 hours before
injection of the labeled sample and throughout the test
period.

For single studies of 7 to 10 days, 10 to 15 /Ac albumin-
"I was administered via an antecubital vein; the same

dose of 'y-globulin-'mI was used for combined studies.
For prolonged studies on the four subjects in study B
80 to 100 ,uc albumin-'I was administered.

In all cases, blood was withdrawn 10 minutes after in-
jection for initial determination of plasma volume; there-
after, samples were removed at 3 hours and daily for the
duration of the test. Twenty-four-hour urinary samples
were collected throughout. Initially fecal samples were
assayed for radioactivity; since these failed to show sig-
nificant excretion of the label, this practice was subse-
quently abandoned. In the long-term studies plasma

Protein Depletion Protein Repletion

FIG. 1. GRAPHOF WHOLEBODY, INTRAVASCULAR, EXTRAVASCULAR, AND URINARY RADIOACTIVITY DURING

CONTROL, PROTEIN DEPLETION, ANDPROTEIN REPLETION PERIODS ON A REPRESENTATIVESUBJECT (STUDY A).

2 4 6 8 2 4 6 8 ;
Days after I.V. Injection

- Whole body activity; *-x Extravascular activity; e-e Intravascular activity.
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TABLE II

Albumin pool sizes and ratios and serum concentration in 14
subjects before and after protein depletion and repletion

(means i standard error)*

£ g/kg
Intravascular pool size

Control diet at 102±44 1.71 -o.071 c
After protein depletion 8943 1.585O.OS
After protein repletion at 10745 1.79 ±0.08

Extravascular pool size
Control diet bt 160 410 2.6840.161 b
After protein depletion 130 ± 8 2.291-0.11
After protein repletion at 158 6 2.66 -:0.} b

Extra-/intra- Serum albumin
vascular ratio concentration

g/100 ml
Control diet dt 1.60±i0.07 4.18±0.12 b
After protein depletion 1.464:0.07 3.894±0.10
After protein repletion d 1.47 40.05 4.32 ±0.121 a

*p values: a = 0.0025 to 0.01; b = 0.01 to 0.02; c -0.02 to 0.10;
d >0.10.

TABLE III

Gamma-globulin pool sizes and ratios and serum concentra-
tion in six subjects before and after protein depletion and

repletion (means 4 standard error)*

Intravascular pool size
Control diet
After protein depletion
After protein repletion

Extravascular pool size
Control diet
After protein depletion
After protein repletion

Control diet
After protein depletion
After protein repletion

45 4t 5
37 3
38 4 7

43 i 8
33 5
28 5

g/kg

0.77 1 0.09
0.54 :4- 0.06
0.61 0.13

0.73 0.13
0.56 0.09
0.46 0.10

Serum glob-
Extra-/intra- ulin concen-

vascular tration
ratio g/100 ml

0.92 0.11 1.79 0.39
0.86 :1: 0.09 1.73 :i1 0.28
0.76 i 0.06 1.56 -+- 0.59

volume was determined three times during each week,
and mean values were used in calculations. The "equi-
librium time" method (5, 6) was used for determination
of intra- and extravascular pool size in those cases where
a "steady state" could reasonably be held to exist. Cata-
bolic rates were derived from urinary excretion of ra-

dioactive iodine as a function of plasma specific activity
(5-9). "Synthesis plus transfer" rate was derived ac-

cording to Matthews (10), where "transfer" refers to
net movement of protein from the extra- to the intravas-
cular space per day.

Stable albumin and total protein were measured in du-
plicate on daily plasma samples by the biuret method
(11) ; stable 'y-globulin was determined by cellulose-
acetate electrophoresis. All radioactive samples were

assayed in an Ecko model N664A well-type scintillation
counter. Separation of 1I and 'I was achieved by ap-

propriate voltage discrimination, so that the contribution
of each isotope could be determined. Plasma samples
taken on the day of plasma volume measurement con-

tained both '1I and 'I; these samples were assayed a

second time after the 'I had decayed to negligible
activity.

* No statistically significant differences were observed
with dietary change.

Rabbit studies

Male rabbits weighing approximately 3 kg and ob-
tained from a single source were studied for about 4
weeks after administration of an intravenous injection
of 15 ;&c of rabbit albumin-'I. In the initial period (7 to
10 days) all animals were on a normal diet (15% protein
per 100 g food).' In the next phase of 7 to 10 days one

group received a low-protein diet (5%o protein per 100 g) ,1
and the other was subjected to daily plasmapheresis while
on a normal diet. All animals were studied in a third
"recovery" phase. Rabbits were kept in separate cages
and weighed daily. Daily food was also weighed, and
drinking water containing 0.005% sodium iodide was
administered throughout each experiment, starting 48
hours before.

Pure rabbit albumin was prepared, iodinated with 'I,
and tested by the methods used for human albumin. Ini-
tial plasma volumes were determined from blood samples

1 Prepared in pellet form by Vereeniging Milling Co.,
Cape Town, South Africa.

ILE IV

Catabolic rates for albumin and 7y-globulin after protein depletion and repletion
(means 4- standard error) *

Fractional
g/day g/kg/day %I VP/day

Albumin
Control diet at8.9 -1 0.5 0.151 :1: 0.009}a 8.8 1 051a
After protein depletion 5.7 1: 0.3 0.103 + 0.006 6.5 t 0.4
After protein repletion at 8.6 :1= 0.5 0.146 i 0.008 Ia 8.2 :1 0.5 lb

Globulin
Control diet ct5.7 =1: 0.7 0.095 : 0.0 1lIc 10.8 4 10I}cAfter protein depletion 5.0 :4: 0.6 0.085 41 0.011 11.3 1: 1.8
After protein repletion ct4.6 4 0.6 0.075 :+ 0.011 Ic. 11.0 ± 1.6 IC

*p values: a <0.001; b <0.0025; c =NS.
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TABLE V

"Synthesis plus transfer" rates for albumin and -y-globulin
after protein depletion and repletion

(means :1 standard deviation)*

g/day g/kg/day
Albumin

Control diet a 8.9:10.4 0.150:1:0.009 la
After protein depletion 5.8:10.3 0.103±0.006
After protein repletion a 190±io0.4 0.152 ±0.008} a

Globulin
Control diet b 6.1 40-9 0.102 40.014 lb
After protein depletion 5.0140.6 0.0852 0.011
After protein repletion b 14.7 ±0.7 0.076 ±0.013} b

p values: a < 0.001; b = NS.

taken 5 minutes after injection; thereafter daily plasma
volumes were estimated with rabbit serum-'lI. Rabbits
were counted daily in a ring counter of 6 Geiger-Muller
tubes; in initial experiments whole body activity assayed
in this manner had been shown not to differ significantly
from the figure derived from serial subtraction of cumu-
lative daily excretion of 'I.

Plasmapheresis was performed under sterile conditions
by withdrawal of 40 to 45 ml blood from a marginal
ear vein. After centrifugation and removal of plasma,
the red cells were suspended in saline and reinjected.
The interval between withdrawal and reinjection was
approximately 30 minutes.

Data were analyzed by the techniques referred to
above. During plasmapheresis periods a correction was
applied for the radioactivity removed in the plasma, be-
fore urinary loss was derived.

Results

Table I shows the results obtained in control
subjects and hypoalbuminemic patients. The
catabolic rate (absolute and fractional) in hypo-
albuminemic subjects was significantly lower than
in controls.

Figure 1 shows graphed data on a representative
subject in study A. It illustrates the order of
change found at each stage, i.e., after 3- to 6-week
periods of low- and high-protein diets.

Table II shows the mean figures for albumin
pool sizes in the 14 subjects in this study. Both
intra- and extravascular albumin pools were re-

duced after low-protein feeding; these changes
were rapidly reversed by high-protein feeding.
Plasma albumin levels fell and rose in a similar
manner. The extravascular/intravascular ratio of
albumin fell slightly after low-protein feeding and
rose after repletion; this alteration in ratio was not

highly significant (p 0.1).

Table III shows y-globulin pool sizes in six sub-
jects who received both albumin and globulin
tracers. No significant differences were shown
between total, extra-, or intravascular pool sizes
after dietary manipulation.

Catabolic rates for albumin and y-globulin are

shown in Table IV. Values are expressed in
terms of absolute amounts catabolized per day,
as well as fractional rates (percentage of intra-
vascular pool per day). Significant reduction of
albumin catabolism was found to follow low-pro-
tein feeding, with reversal towards normal levels
after repletion; this change was reflected in both
absolute and fractional catabolic rates. The y-glob-
ulin rates showed no significant change through-
out the study.

Table V presents the figures derived for syn-

thesis plus transfer rate. The rate for albumin fell
after low-protein feeding and rose after refeeding

(parallel to the changes in catabolic rate).
Gamma-globulin rates showed no significant
change.

Table VI shows mean albumin catabolic rates,
plasma albumin concentrations and pool sizes, and

synthesis plus transfer rates in the four subjects
studied on weekly changes of protein intake (study
B). In each case the catabolic rate reached its

TABLE VI

Study B: albumin data on varying protein diets (mean values in four patients)

Plasma
albumin Synthesis

Protein concen- Intravas- + transfer
Period intake tration cular pool Catabolic rate ± SE rate Weight

g/day g/100 ml g/kg mg/kg/day %IVP/day mg/kg/ kg
day

I 73 4.23 1.83 173 :1 5 9.8 41 0.6 174 60.6
II 15 4.13 1.77 160 i 5 9.3 i 0.5 163 60.4

III 27 4.07 1.74 143 :1 3 8.5 ±t 0.4 142 59.9
IV 43 4.17 1.81 164 ± 5 9.4 0.5 165 59.9
V 58 4.27 1.91 178 4 9.8 4 0.5 177 60.3

VI 72 4.30 1.83 185 ± 5 10.4 ± 0.5 191 60.5
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TABLE VII

Rabbit albumin studies: low-protein feeding and plasmapheresis

Plasma albumin Plasma albumin Synthesis plus
concentration pool Catabolic rate transfer rate Weight

Rabbit
no. A* B C A B C A B C A B C A B C A B C

g/100 ml g/kg mg/kg/day %IVP/day mg/kg/day kg
Low-protein diet

Al 3.31 3.06 3.40 1.22 1.24 1.33 303 267 336 24.9 20.9 24.7 271 260 336 3.1 3.0 3.1
Dl 4.04 4.33 1.99 1.90 960 380 48.4 20.1 960 400 3.0 2.9
D2 3.99 3.96 1.63 1.59 700 490 43.2 30.6 710 500 2.8 3.0
E4 4.00 4.12 2.09 1.71 485 376 23.2 21.9 479 376 3.4 3.3
GI 3.65 3.64 3.32 1.47 1.39 1.44 637 407 600 43.1 29.5 40.6 630 438 569 3.0 2.9 2.6
L3 3.38 3.50 3.41 1.71 1.63 905 465 52.1 28.6 886 474 2.2 2.3
L4 3.86 3.77 3.66 1.75 1.60 738 454 42.7 28.4 731 458 2.6 2.6

Mean 3.75 3.77 1.69 1.58 675 406 39.7 25.7 667 415 2.9 2.9
p < NSt NS 0.0125 0.01 0.025

Plasmapheresis
Fl 3.21 3.29 3.75 1.47 1.37 1.46 222 170 218 15.1 8.1 15.0 230 381 214 2.8 2.8 2.8
F2 3.85 3.62 3.81 1.94 1.73 1.67 412 327 384 21.2 20.0 22.9 412 689 384 2.5 2.4 2.5
H3 3.53 2.81 3.57 1.39 1.22 1.39 578 397 520 43.7 32.6 37.3 578 823 530 3.2 3.0 3.0
J3 3.55 3.26 3.10 1.71 1.47 1.41 580 335 364 33.1 21.3 25.1 588 688 344 2.5 2.6 2.5
04 3.63 3.12 3.10 1.70 1.48 1.31 544 270 342 32.4 18.1 25.9 538 661 360 3.2 3.2 3.3

Mean 3.55 3.22 3.47 1.64 1.45 1.45 467 300 366 29.1 20.0 25.2 469 648 366 2.8 2.8 2.8
p 0.05 NS 0.10 NS 0.05 NS 0.10 NS 0.05 0.01

* A = control period; B = low-protein diet or plasmapheresis period; C = "recovery" period.
t Refers to the difference between the two mean values listed immediately above.

lowest point in the third week of study and gradu-
ally increased as the protein intake was augmented.
Despite the very low protein intake of period II,
the fractional catabolic rate did not alter signifi-
cantly; the fall in this measurement during period
III, however, was significant (0.05 > p > 0.025).
This change was found in the absence of significant
alteration in plasma albumin concentration or mass
and was reflected in measurements of both abso-
lute and fractional catabolic rate. Synthesis plus
transfer rates followed the same pattern as cata-
bolic rates.

Table VII shows the over-all results of the rab-
bit experiments. Seven rabbits were studied dur-
ing low-protein feeding. In all cases there was a
marked fall in albumin catabolic rate, both absolute
and fractional. Synthesis plus transfer rate al-
tered significantly in the same direction. In only
two rabbits was it possible to complete the re-
covery phase studies: reversion towards normal
was noted in both.

Plasmapheresis was performed in five rabbits.
Again a marked fall in catabolic rate was observed,
but in contrast to the rabbits fed low-protein diets,
a substantial increase in synthesis plus transfer
rate was noted. Studies after plasmapheresis
showed a return towards control values.

Discussion

Albumin and y-globulin pool sizes. The ex-
posure of subjects to low-protein diets might be
expected to lead to a reduction in total body albu-
min mass. The extent of this reduction and its
partition between intra- and extravascular com-
partments is difficult to determine where steady-
state conditions are not known to exist. The de-
termination of intravascular pool size depends
upon measurement of plasma volume and albumin
concentration; within the limits of technical ac-
curacy, this is valid even where dynamic equi-
librium does not exist. Much more difficulty ob-
tains in the interpretation of extravascular and
total body albumin mass measurements. The equi-
librium time method, which we have used, is not
valid where conditions are "unsteady" (10, 12).
Within each week of measurement in study A,
there was no significant change in plasma albumin
concentration or mass or in body weight, but the
over-all design of the investigation makes unstable
conditions possible, and constancy of these meas-

urements does not necessarily indicate equilibrium.
For this reason the findings with regard to extra-

vascular or total body albumin mass must be ac-

cepted with some reserve.
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In study A a distinct fall in intravascular albu-
min pool followed low-protein feeding, a change
that was reversed by high-protein diet. At the
same time the extravascular pool appeared to fall
and then increase. Total body albumin was found
to fall by an average of 16% after low-protein
feeding.

Payne and Done, using tritiated albumin in pigs,
found a preponderant fall in extravascular albu-
min pool size after low-protein diets (13). Yuile
and his associates (14), Wasserman, Joseph, and
Mayerson (15), and Matthews (10), on the basis
of plasmapheresis and bleeding in experimental
animals, produced excellent evidence to favor the
hypothesis that the intravascular albumin mass is
kept constant by transfer of albumin from the ex-
travascular pool. Cohen and Hansen (16)
reached the same conclusion after measurement on
infants with kwashiorkor before and after protein
feeding. Gitlin and Janeway (17), studying the
behavior of rabbit antibodies, demonstrated the
rapid movement of preformed plasma proteins
from the extravascular pool into the circulation
when the latter compartment was depleted of a
specific protein. Despite limited statistical sig-
nificance, our finding of a fall in extra-/intravas-
cular ratio lends support to this general thesis.

If this is so, it is possible that a degree of de-
pletion of body albumin stores can occur before it
is reflected by lowering of serum albumin concen-
tration. In some individuals in our study A a dis-
tinct reduction in extravascular albumin was
thought to exist without change in plasma albumin
concentration [(18) and further observations on
additional subjects in this study].

In general, from this and other studies (19-21)
it seems that beyond a certain point of depletion
the plasma albumin level provides a reasonable
index of the degree of protein depletion in any in-
dividual, although it is possible that, in the early
stages of depletion at least, this concentration is
maintained at a normal level by transfer of albu-
min from the extravascular pool.

In our subjects studied with y-globulin-125I, no
significant changes were found in pool size meas-
urement. There was, however, a progressive fall
in plasma y-globulin pool size and concentration
throughout the study, even after protein reple-
tion. The initial y-globulin concentrations were
high and might reflect response to chronic expo-

sure to environmental influences before hospital
admission; after several months of "protection"
within the hospital, these levels dropped to those
more commonly found. The situation might be
analogous to the findings of Cohen, McGregor,
and Carrington (22), whose Gambian subjects
exposed to malaria in West Africa showed higher
y-globulin levels than did a control group in the
United Kingdom.

Little information is available about y-globulin
metabolism in protein malnutrition. Weech,
Goettsch, and Reeve (23) and Zeldis, Alling,
McCoord, and Kulka (24) showed that low-pro-
tein feeding resulted in a lowered serum albumin
concentration, but there was no corresponding fall
in globulin concentration. It was suggested that
plasma globulin might enjoy a prior demand on
the total available pool of body protein materials.
In kwashiorkor serum albumin levels are invari-
ably lowered, whereas globulin, especially y-globu-
lin, levels are normal or, often, elevated (16, 21,
25, 26). Cohen and Hansen (16) considered that
the distribution of y-globulin was not affected by
the state of malnutrition in their kwashiorkor
studies.

In study B, because of the weekly change in
conditions, an unsteady state was highly probable,
and no attempt was made to determine total or
extravascular albumin pool sizes. Plasma albumin
concentrations and mass failed to show significant
changes, a finding that is of interest in view of the
changes in catabolic rate to be discussed later.

Albumin and y-globulin catabolism. Measure-
ment of the catabolic rate of a labeled protein by
expressing urinary radioactivity in terms of plasma
specific activity is regarded as valid even where
pool masses are varying (5-9). The method
could be misleading if there was significant loss
of unmeasured radioactivity in the feces. The
possibility of such fecal loss in young children
with kwashiorkor has been debated (16, 27, 28),
but in general, the degree of loss does not appear
sufficient to affect conclusions about catabolic rates
(16). In our adult studies fecal radioactivity was
negligible, and measurement of feces was later
abandoned.

Children with kwashiorkor show a considerable
reduction in albumin catabolic rate (16, 29-32),
which returns to normal after recovery. In our
adult studies (A and B) we found consistently
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reduced rates after low-protein feeding, with re-

versal to normal after repletion; this change af-
fected fractional, as well as absolute, catabolic
rates. The same phenomenon has been observed
in rats on a protein-free diet (33) and in our rab-
bits (Table VII). It is apparent that these rab-
bits showed unusually high catabolic rates, even in
the control period; for several reasons denatura-
tion of the labeled albumin product is not consid-
ered likely, and a difference in strain, diet, or other
environmental factors may be responsible. Since
each rabbit acted as its own control before and
after the experimental period and since the changes
induced by low-protein feeding and plasmapheresis
were both large and clearly divergent, we feel that
the high catabolic rates do not affect the con-

clusions drawn from the experiment.
Waterlow (30) has questioned whether changes

in protein metabolism vary with the level of pro-

tein intake at the time of the test or with the state
of depletion; he concluded that both factors play
a part in determining albumin catabolism. Re-
duction of dietary protein is obviously not the only
cause of low albumin catabolic rates, since they are

found in human subjects with proteinuria (34) or

cirrhosis of the liver (7) as well as in experi-
mental animals subjected to plasmapheresis, where
ad libitum feeding is permitted [(10) and our

own study]. In our series of hypoalbuminemic
subjects (Table I) low catabolic rates were also
found without regard to the dietary intake of
protein. A fall in albumin catabolism, as sug-

gested by Bauman, Rothschild, Yalow, and Ber-
son (34) and Friedberg (35) appears to be more

closely related to reduction in the albumin pool
than to protein intake. Our study B provides
further evidence that this is so, as these subjects
showed the lowest catabolic rates in the third week,
when the dietary protein intake, although low, was

actually higher than in the second week; this
seems to reflect the continued fall in albumin pool
size. The whole process of reduction of catabolism
appears to provide a relatively prompt and efficient
means of conserving albumin in the face of protein
depletion or deprivation.

In a series of papers based on experimental re-

duction and expansion of the albumin pool size
Rothschild and his colleagues (36-39) concluded
that the quantity of albumin degraded was related
to albumin concentration or pool size. It would

be of interest to know whether a fall in albumin
catabolic rate is brought about by reduction of the
serum albumin concentration or by contraction of
either the intra- or extravascular pool. In our
study A several individual subjects maintained
their serum albumin concentrations and pool sizes
at control levels during protein deprivation, yet
catabolic rates fell significantly. In study B the
serum albumin mass and concentration remained
relatively constant during the early weeks, whereas
catabolism was reduced. In our rabbits on low-
protein diets there was no significant change in
serum albumin level or pool size, yet, again, cata-
bolic rates fell considerably. These facts do not
necessarily preclude the primary role of the intra-
vascular pool in the determination of catabolic
rates. It is possible that an immediate effect of
reduced protein intake is reduced albumin synthe-
sis, which would tend to diminish the intravascular
pool. This tendency could be met by a lowering
of catabolic rate and, at the same time, increased
transfer of albumin from the extravascular pool-
measures that would protect the intravascular pool.
For a while, at least, the serum albumin concentra-
tion or mass could be maintained at normal levels,
but a lowered catabolic rate would reflect the
threatening depletion.

Gamma-globulin catabolic rates in six subjects
in study A did not alter significantly. Although
this conforms to the experience of others (16, 40),
it should be noted that Freeman and Gordon (33)
found a drop in catabolism in their protein-de-
prived rats. The relative constancy of the frac-
tional catabolic rate for y-globulin in our study A
contrasts strikingly with the behavior of simul-
taneously administered albumin.

Albumin and y-globulin synthesis. In contrast
to the measurement of catabolic rates, direct meth-
ods for the determination of synthesis rates for
albumin and y-globulin have not yet been applied
to problems of protein depletion. In this study the
over-all figure derived for synthesis plus transfer
fell and rose in parallel with catabolism when die-
tary protein was -varied. Theoretically, the fall
on low-protein diet could be due entirely to dimin-
ished net transfer from the extravascular pool.
Our evidence, as well as that of others cited earlier,
indicates that the opposite effect obtains in pro-
tein depletion, i.e., net transfer from the extra-
vascular pool is actually increased. If this is so,
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the fall in true synthesis rate for albumin is even

more significant than our figures suggest.

Cohen and Hansen (16) and Purves and Han-
sen (31) reported low albumin synthesis rates in
children with kwashiorkor studied on low-protein
diets and concluded that recovery was accompanied
by a considerable increase in synthesis. Picou and
Waterlow (29), studying kwashiorkor, reported it
as "probable that the rate of synthesis was re-

duced during the development of depletion," i.e.,
during the exposure to low-protein intake. Free-
man and Gordon (33) found the synthesis plus
transfer rate for albumin to fall in rats on a pro-

tein-free diet. On the basis of these and our own

studies, it seems likely that a genuine fall in albu-
min synthesis occurs when dietary protein is
restricted.

In our six subjects in study A no significant
variation was found in y-globulin synthesis. Co-
hen and Hansen (16) were also unable to corre-

late changes in globulin synthesis with changes in
diet and showed that protein-deficient children
were capable of producing large amounts of globu-
lin, even though they were incapable of synthe-
sizing albumin. They suggested that y-globulin-
forming cells might have priority claims on avail-
able amino acids. Freeman and Gordon (33), on

the other hand, found y-globulin production to be
depressed in their protein-deprived rats; this dif-
ference may be due to the fact that their exclusion
of protein from the diet was far more rigid.

Our rabbits exposed to low-protein diets showed
the same fall in albumin synthesis plus transfer
rate. In plasmapheresis experiments,-on the other
hand, we confirmed the finding of Matthews (10)
that this rate was greatly increased. Matthews
(12) subsequently used an analogue computer to
compare her experimental results with various
theoretical possibilities and concluded that the
most important compensating change for the loss
of plasma protein was an increase in synthesis rate,
as she found only a slight fall in catabolic rate.
In our experiments the increase in synthesis plus
transfer rate was approximately that same as the
fall in catabolic rate, suggesting that both com-

pensatory adaptations participated equally.
Urinary loss of protein, as in the nephrotic syn-

drome, is in some ways analogous to experimental
removal by plasmapheresis. Bauman and co-

workers (34) did not find increased albumin syn-

thesis in a series of patients with albuminuria and
regarded decreased catabolism as the major com-
pensatory reaction to the urinary loss. In con-
trast, Blahd, Fields, and Goldman (41) found in-
creased albumin production in the nephrotic syn-
drome when dietary protein intake was high.
These findings may correspond to our plasma-
pheresis experiments with ad libitum feeding and
suggest that albumin synthesis will increase when
protein is lost from the body, provided dietary
nitrogen is adequate. In their series of experi-
ments Rothschild and his colleagues (36-39) con-
cluded that synthesis of albumin was regulated by
the colloidal osmotic pressure of plasma, not by
the albumin concentration. This problem may not
finally be answered until a direct method of meas-
uring albumin synthesis is applied.

On the basis of our own and other studies dis-
cussed above, it is possible to formulate a hypothe-
sis regarding the body's adaptation to protein
depletion, whether this results from dietary insuffi-
ciency or loss or removal of protein. An early ef-
fect of dietary restriction is reduced albumin syn-
thesis; if catabolism continues at a normal rate,
diminution of the intravascular albumin pool will
after some time result. Two adaptive measures
ensue; more albumin is transferred from the extra-
vascular pool, and less albumin is catabolized.
These two measures would tend to maintain the
size of the intravascular pool at the expense of the
extravascular. Initially this might succeed, so
that a normal intravascular pool might be found
with a reduced catabolic rate. In this event the
fractional catabolic rate will also be lowered. As
deprivation continues, this compensation fails, and
diminution of both intra- and extravascular pools
will occur; because of the reduced intravascular
pool, the fractional catabolic rate may now return
to normal levels. Thus the absolute catabolic rate
will always be low, but the fractional rate will de-
pend on the extent and duration of protein de-
pletion. It is generally believed that catabolism of
albumin is a first-order process (42) ; this rela-
tionship might be masked in some cases of de-
pletion by the presence of accessory compensating
reactions.

When depletion results from loss or removal of
body protein, an immediate reduction in intravas-
cular albumin pool ensues. The same two adap-
tive measures come into force, i.e., reduced catabo-
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lism and increased transfer from the extravascular
pool. In this case, provided dietary protein is
adequate, a third compensatory mechanism oper-

ates, viz., increased synthesis.

Summary

Albumin-"1"I and y-globulin-125I were adminis-
tered to human volunteers under conditions of
varying dietary protein. Protein depletion was

produced in rabbits by low-protein feeding and by
plasmapheresis. Low-protein diets in humans
appeared to lead to decreased albumin catabolism,
a reduction in intravascular albumin pool, and
probable increased transfer of albumin from the
extravascular pool; synthesis of albumin was prob-

ably reduced. Gamma-globulin metabolism did not
appear to alter significantly under these conditions.

Rabbits fed low-protein diets behaved in the
same way as humans, but plasmapheresis was

found to cause increased synthesis of albumin pro-

vided ad libitum feeding was permitted.
On the basis of these investigations, a hypothesis

is proposed to account for the changes that ensue

when protein depletion is produced by dietary
deprivation or plasmapheresis.

Acknowledgments

Wewish to express our gratitude to Professor J. D. L.
Hansen and members of his research group for stable
albumin determination; to Dr. H. Gordon for assaying
stable 'v-globulin; and to Sister J. Meadows and the staff
of the Metabolic Ward, Groote Schuur Hospital, for me-

ticulous attention to metabolic collections.

References
1. McFarlane, A. S. Metabolism of plasma proteins in

Mammalian Protein Metabolism, H. N. Munro
and J. B. Allison, Eds. New York and London,
Academic Press, 1964, vol. 1, p. 297.

2. Peterson, E. A., and H. A. Sober. Chromatography
of proteins. I. Cellulose ion-exchange adsorbents.
J. Amer. chem. Soc. 1956, 78, 751.

3. Korner, A., and J. R. Debro. Solubility of albumin
in alcohol after precipitation by trichloroacetic
acid: a simplified procedure for separation of albu-
min. Nature (Lond.) 1956, 178, 1067.

4. Sober, H. A., and E. A. Peterson. Protein chro-
matography on ion exchange cellulose. Fed. Proc.
1958, 17, 1116.

5. Matthews, C. M. E. The theory of tracer experi-
ments with 'I-labelled plasma proteins. Phys. in
Med. Biol. 1957, 2, 36.

6. Campbell, R. M., D. P. Cuthbertson, C. M. Matthews,
and A. S. McFarlane. Behaviour of 1C- and s-
labelled plasma proteins in the rat. Int. J. appl.
Radiat. 1956, 1, 66.

7. Berson, S. A., R. S. Yalow, S. S. Schreiber, and J.
Post. Tracer experiments with I' labeled human
serum albumin: distribution and degradation stud-
ies. J. din. Invest 1953, 32, 746.

8. Berson, S. A., and R. S. Yalow. The distribution of
I' labeled human serum albumin introduced into
ascitic fluid: analysis of the kinetics of a three
compartment catenary transfer system in man and
speculation on possible sites of degradation. J.
clin. Invest 1954, 33, 377.

9. Berson, S. A., and R. S. Yalow. Distribution and
metabolism of I' labelled proteins in man. Fed.
Proc. 1957, 16, 13 S.

10. Matthews, C. M. E. Effects of plasmapheresis on al-
bumin pools in rabbits. J. clin. Invest. 1961, 40,
603.

11. Wolfson, W. Q., C. Cohn, E. Calvary, and F. Ichiba.
Studies in serum proteins: V. A rapid procedure
for the estimation of total protein, true albumin,
total globulin, alpha globulin, beta globulin and
gammaglobulin in 1.0 ml of serum. Amer. J. clin.
Path. 1948, 18, 723.

12. Matthews, C. M. E. Application of an analogue
computer to analysis of experiments with In' la-
belled plasma proteins when pools are not in dy-
namic equilibrium in Radioaktive Isotope in Klinik
und Forschung, K. Fellinger and R. Hofer, Eds.
Munich and Berlin, Urban and Schwarzenberg,
1965, p. 240.

13. Payne, P. R., and J. Done. The equilibration of wa-
ter and of serum albumin labelled with tritium in
the body fluids of pigs maintained on normal, low
protein and low-protein plus carbohydrate diets.
Proc. Nutr. Soc. 1959, 18, 6.

14. Yuile, C. L., F. V. Lucas, R. D. Neubecker, C. G.
Cochrane, and G. H. Whipple. Depletion of re-
serve protein from extravascular extracellular fluid.
C1' labeling of plasma proteins in dogs after plasma-
pheresis. J. exp. Med. 1959, 109, 165.

15. Wasserman, K., J. D. Joseph, and H. S. Mayerson.
Kinetics of vascular and extravascular protein ex-
change in unbled and bled dogs. Amer. J. Physiol.
1956, 184, 175.

16. Cohen, S., and J. D. L. Hansen. Metabolism of albu-
min and vy-globulin in kwashiorkor. Clin. Sci. 1962,
23, 351.

17. Gitlin, D., and C. A. Janeway. The dynamic equi-
librium between circulating and extravascular
plasma proteins. Science 1953, 118, 301.

18. Hoffenberg, R., S. Saunders, G. C. Linder, E. Black,
and J. F. Brock. I'-albumin metabolism in hu-
man adults after experimental protein depletion
and repletion in Protein Metabolism, F. Gross, Ed.
Berlin, G6ttingen, and Heidelberg, Springer, 1962,
p. 314.

151



R. HOFFENBERG,E. BLACK, ANDJ. F. BROCK

19. Schendel, H. E., J. D. L. Hansen, and J. F. Brock.
The biochemical assessment of protein nutritional
status. I. Marginal hypoalbuminaemia. S. Afr. J.
Lab. clin. Med. 1962, 8, 23.

20. Schendel, H. E., J. D. L. Hansen, and J. F. Brock.
A comparative study of biochemical indices used
in evaluating dietary protein in young children.
S. Afr. med. J. 1960, 34, 791.

21. Edozien, J. C. The serum proteins in kwashiorkor.
J. Pediat. 1960, 57, 594.

22. Cohen, S., I. A. McGregor, and S. Carrington.
Gamma-globulin and acquired immunity to human
malaria. Nature (Lond.) 1961, 192, 733.

23. Weech, A. A., E. Goettsch, and E. B. Reeve. Nutri-
tional oedema in the dog. I. Development of hypo-
proteinaemia on a diet deficient in protein. J. exp.

Med. 1934, 61, 299.
24. Zeldis, L. J., E. L. Alling, A. B. McCoord, and J. P.

Kulka. Plasma protein metabolism-electropho-
retic studies. Chronic depletion of circulating pro-

teins during low protein feeding. J. exp. Med. 1945,
82, 157.

25. Trowell, H. C. Non-infective Disease in Africa.
London, Edward Arnold, 1960.

26. Waterlow, J. C., J. Cravioto, and J. M. Stephen.
Protein malnutrition in man. Advanc. Protein
Chem. 1960, 15, 131.

27. Cohen, H., J. Metz, and D. Hart. Protein-losing
gastroenteropathy in kwashiorkor. Lancet 1962,
1, 52.

28. Purves, L. R., and J. D. L. Hansen. Protein-losing
gastroenteropathy in kwashiorkor. Lancet 1962, 1,
435.

29. -Picou, D., and J. C. Waterlow. The effect of mal-
nutrition on the metabolism of plasma albumin.
Clin. Sci. 1962, 22, 459.

30. Waterlow, J. C. Protein malnutrition and albumin
breakdown. Lancet 1962, 2, 1279.

31. Purves, L. R., and J. D. L. Hansen. The nature of
the hypoalbuminaemia of kwashiorkor. S. Afr.
med. J. 1962, 36, 1047.

32. Waterlow, J. C. The assessment of marginal pro-
tein malnutrition. Proc. Nutr. Soc. 1963, 22, 66.

33. Freeman, T., and A. H. Gordon. Metabolism of al-
bumin and 'y-globulin in protein deficient rats.
Clin. Sci. 1964, 26, 17.

34. Bauman, A., M. A. Rothschild, R. S. Yalow, and
S. A. Berson. Distribution and metabolism of I'
labeled human serum albumin in congestive heart
failure with and without proteinuria. J. clin. In-
vest. 1955, 34, 1359.

35. Friedberg, W. Relation between pool size and ca-
tabolism of albumin in the mouse. Amer. J.
Physiol. 1963, 204, 501.

36. Rothschild, M. A., A. Bauman, R. S. Yalow, and
S. A. Berson. The effect of large doses of dessi-
cated thyroid on the distribution and metabolism of
albumin-I' in euthyroid subjects. J. clin. Invest.
1957, 36, 422.

37. Rothschild, M. A., M. Oratz, E. Wimer, and S. S.
Schreiber. Studies on albumin synthesis; the ef-
fects of dextran and cortisone on albumin metabo-
lism in rabbits studied with albumin-I'. J. clin.
Invest. 1961, 40, 545.

38. Rothschild, M. A., M. Oratz, E. C. Franklin, and
S. S. Schreiber. The effect of hypergammaglobu-
linemia on albumin metabolism in hyperimmunized
rabbits studied with albumin-I'31. J. clin. Invest.
1962, 41, 1564.

39. Rothschild, M. A., M. Oratz, C. Evans, and S. S.
Schreiber. Alterations in albumin metabolism af-
ter serum and albumin infusions. J. clin. Invest.
1964, 43, 1874.

40. Jeffay, H., and R. J. Winzler. The metabolism of
serum proteins. 2. The effect of dietary protein
on the turnover of rat serum protein. J. biol.
Chem. 1958, 231, 111.

41. Blahd, W. H., M. Fields, and R. Goldman. The
turnover rate of serum albumin in the nephrotic
syndrome as determined by I'1-labelled albumin.
J. Lab. clin. Med. 1955, 46, 747.

42. Wetterfors, J. Albumin. Investigations into the
metabolism, distribution and transfer of albumin
under normal and certain pathological conditions,
with special reference to the gastro-intestinal tract.
A clinical and experimental study. Acta med.
scand. 1965 (suppl. 430).

152


