The Catabolism of Plasma Albumin in the Rabbit

Its rate and regulation
E. B. REEVE and J. E. ROBERTS

ABSTRACT From I'"¥-albumin studies and previously defined mathematical
formulations, rates of breakdown were estimated for native plasma albumin in
rabbits. These rates of catabolism per unit weight of animal were remarkably
constant and were independent of variations in the steady state values of albu-
min concentration in the plasma. These results imply that, at least between
animals, the breakdown of plasma albumin follows a kinetic process of approxi-
mately zero order. It seems plausible that the process operates similarly in
individual animals, and hence that albumin is maintained at normal steady
state levels in the healthy animal primarily by means of a regulated rate of
synthesis.

INTRODUCTION

In the previous paper (1) I**-albumin experiments on rabbits were detailed,
the results of several mathematical formulations were compared with the
tracer data, and the reality of the formulations was discussed. It was con-
cluded that the estimate of breakdown rate obtained from the plasma data
and the equations of mathematical model A (or model D) must be near the
true value of the rate of albumin catabolism. These estimates are considered
here with various other measurements made on the rabbits. Our work (1)
and that of others (2-5) imply that albumin is catabolized at a site or sites
outside the plasma. It is here shown that in healthy animals albumin des-
tined for catabolism leaves the plasma according to a kinetic process ap-
proximating zero order. This behavior may be due to the zero order nature
of the transport mechanisms or may be a reflection of the saturation of the
proteolytic enzyme systems responsible for catabolism.

Methods

The rabbits and their treatment, the preparation of I¥-labelled albumin, the methods
of making the measurements, and the mathematical analysis used have already been
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described (1). The weights given in Table I were the mean weights during the first
10 days of the experiments. The hematocrit values of heparinized whole blood are
corrected for trapped plasma (0.03 of the packed cell volume) and are mean values
for the first 10 days of the experiments. Plasma volume (P. V.) was determined from
the quotient of the activity of the injected I*¥-albumin divided by the activity per
milliliter of the plasma sample, withdrawn approximately 10 minutes after the in-
Jection. Blood volume (B. V.) was determined from the equation B, V. = P. V. X
100/(100 — 0.9 H), in which H is the corrected per cent hematocrit value (6).
Three animals, Nos. 5-94, 5-98, and 5-99, were exercised twice daily by 20 minutes of
running in a rotating cage. No, 5-94 was exercised for about 1 week before, and dur-
ing the course of the experiment, Nos. 5-98 and 5-99 for a number of weeks before,
and during the course of the experiment. The latter two rabbits in particular were
lean, muscular, and vigorous.

RESULTS

A. GENERAL OBSERVATIONS Table I summarizes measurements and
calculations of £; and £s% on nine rabbits for which complete data are avail-
able and Table II presents the same results expressed per kilogram body
weight. The calculations of k; were made with Equations 7, 8, and 9 of the
previous paper (1) with £, set to 0 and it has already been shown (1) that
these values must be near to the true values. All rabbits appeared healthy
and Table I shows little variation in their hematocrit levels, 37 to 44.3 with
a mean of 40.7 and their total plasma proteins, 5.8 to 6.4 gm. per cent with
a mean of 6.2. There was more variation in the plasma albumin concentra-
tion, which ranged between 2.95 and 4.1 gm. per cent, with a mean of 3.6.
Rabbits 1-11 and 1-01 showed low levels of plasma albumin compared with
the others. Table II shows that the exercised rabbits had higher plasma
volumes than the mean of 30.6 ml. /kg. and rabbits 1-02 and 1-01 had lower
levels; the exercised rabbits also had higher levels of blood volume than the
mean of 47.4 ml. /keg., and rabbits 1-02 and 1-0]1 had lower levels. Certain
correlations between the measurements of Tables I and II and 4;% and £,
are now examined.

B. RATE OF BREAKDOWN OF ALBUMIN %3X This rate has the units of
grams of albumin/day, and Table I shows a mean rate of breakdown of
0.84 gm./day with a range of 0.63 to 0.94. Table 11 shows that if the values
of the exercised rabbits, 5-98 and 5-99, are excluded, the breakdown rate
per kilogram rabbit is remarkably constant, ranging between 0.23 and 0.26
gm. /day. Rabbits 5-98 and 5-99 had much less subcutaneous fat than the
others and the probable reason for the higher values in them is the higher
proportion of “lean body mass” to total body weight in them. Fig. 1 a shows
that £3x/kg. is quite independent of the plasma albumin concentration, par-
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TABLE 1
VARIOUS MEASUREMENTS ON RABBITS

Rabbit No. Wt  Ht BY. BV. T.Pr. Al ® ks [
kg per cent ml. mi. am./ 100 ml. gm. day—t gm.fday
21 2.55 37 74 111 6.3 3.8 2.81 0.223 0.627
E 5-%4 3.50 36 122 180 6.4 3.3 4.03 0.225 0.907
9-8 3.70 40 115 180 6.4 3.95 4.54 0.189 0.858
102 3.60 43 90 147 6.1 4.1 3.69 0.254 0.937
E 5-98 2.85 33 98 149 6.1 3.8 3.72 0.226 0.841
E 5-99 2.80 38 99 150 6.3 3.7 3.66 0.243 0.889
1-09 3.10 40,5 93 147 5.8 3.65 3.39 0.221 0.749
1-11 3.56 41.5 108 172 6.3 3.0 3.2¢4 0.278 0.901
10t 3.65 41.5 9l 145 6.1 2.95 2.68 0.324 0.868
Mean 39.5 6.2 3.6 0.243
Hi. = hematocrit value. Alb. = plasma albumin.
P.V. = plasma volume. x = total albumin in plasma.
B.V. = blood volume. k: = tracer rate consiant.
T. Pr. = plasma total protein. kx = catabolic rate for albumin.

E indicates exercised animals.

ticularly among the animals that were not exercised. There are no strong
correlations as judged from the plots (not shown) of ks% with the volume of
plasma, the volume of blood or the total plasma albumin,x.

C. FRACTIONAL RATE OF BREAKDOWN OF TOTAL PLASMA ALBUMIN, ka
The tracer rate constant, £;, has the units of the fraction of tracer, x, removed
by catabolism per day. In the Appendix it is established that this fractional

TABLE II
VARIOUS MEASUREMENTS PER KIiLOGRAM BODY WEIGHT

Rabbit No. PV, C. V. B.V. X kiE
ml.Jke. mi.fkg. mi./kg. gm.fhg. gm.fke. day
21 29.0 13.0 43.5 1.10 0.246
E 594 34.9 14.6 51.5 1.15 0.239
9.8 31.2 153.5 48.7 1.23 0,232
102 25.0 14.5 40.8 1.03 0.26
E 5-98 34.4 15.8 52.3 1.31 0.295
E 5-99 35.4 16.4 53.6 1.31 0.318
1-09 30.0 15.5 47.5 1.09 0.242
1-11 30.9 16.5 49.1 0.927 0.257
1-01 24.9 13.5 39.8 0.735 0.238
Mean 30.6 153.3 47 .4 1.10 0.261
0.733-1.31 0.232-0.318

C. V. = red cell volume; other symbols as in Table 1.
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rate in the single experiment is identical with the fractional rate of break-
down of x, the total plasma albumin. Table I shows that the values of £;
vary from 0.19 to 0.32. Plots of the data of Tables I and II (not shown)
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Ficure 1a. The rate of breakdown of al-
bumin per unit body weight, k3%/W (gm.
albumin/kg. day), plotted against the con-
centration of albumin in the plasma (gm./
liter). The diamonds, ¢, represent the ex-
ercised animals. Excluding the exercised
animals, because of their greater proportion
of “lean body mass,” the catabolic flux is
seen to be independent of the concentra-
tion. This relationship indicates that the
catabolic process is of zero order, as noted
in the Appendix, Equation 6.

KG. BODY WEIGHT
PER gm. PLASMA ALBUMIN

Ficure 14. The tracer rate constant, ks,
is plotted against the body weight per unit
weight of albumin in the plasma, W/% (kg./
gm.). For a first order process, as noted in
Equation 6 e of the Appendix, 4; should
vary linearly with concentration times the
ratio W/x, namely é(W/x), but if zero or-
der k3 should be a linear function simply of
W/Z, as is seen in the figure. With a zero
order process, a plot of k3 against W/ ¥ should
yield a straight line passing through the
origin; the dashed line shows the upper seg-
ment of such a line. The diamonds, ¢, rep-
resent the exercised animals.

show no clear correlation of k; with body weight, the volume of plasma or
of whole blood. However, there is some correlation between k; and the
reciprocal of the albumin concentration, and Fig. 14 shows clear correla-
tion between £; and the reciprocal of %/kg. The two exercised animals, 5-98
and 5-99, differ a little from the others, but in a way to be expected from

their greater lean body mass.
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DISCUSSION

Because of the stability of albumin, and of I"¥-albumin when kept sterile,
I*'-albumin in the body must be catabolized by proteolytic enzymes. Since
we find no evidence of breakdown in rabbit blood (1), these enzymes must
be situated either on the internal surfaces of vessels, or at extravascular
sites such as on the surfaces of, or inside, cells. Fig. 2, taken from model D
(1), represents the various breakdown sites as a single compartment outside
the plasma containing 2, grams of albumin reacting with proteolytic enzymes.
In theory, the rate of breakdown might be controlled either by the rate at
which albumin enters the breakdown compartment, when the proteolytic
enzymes are in excess, or by the quantity of the proteolytic enzymes, if these
are maintained saturated or nearly saturated with substrate. In the former
case, if the rate depends, for instance, on diffusion or on an unsaturated
transport mechanism (7), it should have the characteristics of a first order

SYNTHESIS

k,

PLASMA X ’ v EXTRAVASCULAR

D S

<1

BREAKDOWN

Ficure 2. Diagrammatic representation of the model (D) of albumin synthesis and
catabolism (1).

% = total intravascular albumin (gm.).

ks = Iractional rate constant acting on %.
ks% = breakdown of albumin (gm./day).

# = quantity of albumin reacting with proteolytic enzyme in the breakdown site.

rate process. If, however, the transport system to the breakdown site or the
proteolytic enzymes in the site were saturated with albumin, the behavior
should be zero order. Assuming that each of the animals of Tables I and II
was healthy, the data in these tables may be used to distinguish between
these two possibilities. Two findings are then clear: (1) Excluding for reasons
already given, the exercised animals, 5-98 and 3-99, the rate of catabolism
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per unit body weight, ks%/W, is remarkably constant irrespective of the
plasma albumin concentration (Fig. 1a); (2) the tracer rate constant, &;,
is not independent of the plasma albumin concentration, but rather varies
approximately as its reciprocal (Fig. 1 4). In the Appendix it is shown that
(1) implies a zero order process. It is also shown that if the breakdown of
native albumin follows a first order rate process, then k; should be inde-
pendent of plasina albumin concentration which (2) contradicts. Finally, the
Appendix shows that higher order catabolic processes can be ruled out.
These findings strongly suggest that within this range of albumin concentration,
the rate of albumin breakdown is controlled by a saturated proteolytic en-
Zyme system or transport systemn, the activity of which closely parallels body
weight. This conclusion assumes, of course, that the behavior of the process
between animals is indicative of the nature of the process within individual
animals, and it does not preclude an unsaturated system at lower albumin
concentrations.

These ideas are at variance with other current ideas. Thus Gitlin (8) on
the basis of the exponential decline of gamma-globulin infused into the blood
stream of children suffering from agammaglobulinemia, and of fibrinogen
infused into children with afibrinogenemia, concludes that breakdown of
the plasma proteins follows a first order rate process, and McFarlane (9) on
the basis of the exponential decline of infused pneumococcus antibody
globulin in rabbits, and other less direct evidence, comes to the same con-
clusion. Such evidence is suggestive but may only be relevant for plasma
globulins. McFarlane (9) proposes as a possible mechanism of regulation of
plasma protein level a constant rate of synthesis by the liver and an exponen-
tial rate of breakdown. Our results suggest for albumin in healthy animals the
direct opposite, namely a variable (regulated) rate of synthesis and a rela-
tively constant rate of breakdown. At present little is known about the factors
affecting albumin breakdown in man or animals. Rothschild and collabo-
rators (10, 11) have shown by measurements of the breakdown flux with
I**-albumin that desiccated thyroid, prednisone, and hydrocortisone may
increase the rate of breakdown in patients by 30 per cent. It has been claimed
(12) that a protein-free diet in rats may reduce, and a high protein diet may
increase, the rate of albumin breakdown, though objections may be raised
to the methods used for calculating breakdown flux, and to some of the
animals not being in a steady state. Presumably these hormone and dietary
effects act on the enzyme or transport system. Something is known of the
breakdown sites. The experiments of Miller and coworkers (2) with isolated
perfused rat livers showed that C1*O, was released when CM-labelled plasma
proteins were perfused. Gordon (3) and Cohen and Gordon (5) showed that
the rate of release of I'3! from “screened” preparations of rat I'*-albumin by
the isolated perfused rat liver could only account for from one-tenth to one-
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seventh of the rate of breakdown in the living rat. Gitlin and coworkers (4)
claim that the kidney and reticulo-endothelial system of mice are also sites
of breakdown of I'*-albumin, but the experiments of Freeman and coworkers
(13) using the isolated perfused rat liver seem to exclude the Kupffer cells as
sites of breakdown of I'3l-albumin. In the living rat Freeman and coworkers
found that injections of carbon particles increased the fractional rates of
breakdown of I'*-albumin but greatly depressed the plasma albumin con-
centrations. Their data are insufficient to determine whether the carbon
injections altered the absolute breakdown flux in the whole animal, but they
might perhaps be explained by reduced synthesis with not greatly altered
breakdown of albumin.

APPENDIX

A. THE FIRST ORDER NATURE OF THE TRACER RATE CONSTANT, ki, IN A SINGLE
EXPERIMENT IN A SINGLE ANIMAL IN A GIVEN STEADY STATE Coansider an I®¥-albumin
experiment in which the volume of plasma remains constant. Let the total amount
of albumin in the plasma, % (grams), be maintained at a constant value by a constant
influx, %, {grams/day), from synthesis and a constant efflux, B (grams/ day), of albu-
min destined for breakdown (Fig. 2). The steady state equation is thus

e F—B=0 o))

Now if a small amount of tracer (I'¥-albumin), » << %, is added to the plasma, so
that x 4 ¥~ i, we accept the approximation of replacing ¥ by % + x in Equation
1. Next because the tracer is also participating in lymphatic exchange we write for
emphasis ¥ = x(¢), so that the arguments hold for the general plasma activity fune-
tion. Equation 1 can then be written in the form

d ._ . E x(2) _
{86+ o} b - [ + 200 ] -0 @

in which the bracketed derivative is understood to be that rate of change of x{#)
related to the breakdown process. In the last term, consider again, ¥ -+ x o~ %,
so that

dz dx(t) — 0]
{E}+{TJ—""‘B B

by applying Equation 1,

{d;?)} - _;2 (1) (3)

== - k3 x(t)
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in which 4; = B/% represents a first order rate constant of I**-albumin breakdown
under these conditions, irrespective of the order of the reaction governing the ca-
tabolism of native albumin, as was assumed in the previous paper (1). Thus 4;, the
fractional rate of breakdown of I**l-albumin, is also under these conditions identical
with the fractional rate of breakdown of native albumin, and B = k;3.

B. THE RELATIONSHIP BETWEEN THE TRACER RATE CONSTANT k3, THE FLUX,
k3%, AND THE PLASMA ALBUMIN CONCENTRATION, /, WITH DIFFERENT ORDERS OF THE
BREAKDOWN PROCESS IN A SERIES OF EXPERIMENTS Suppose that an animal can
change from one steady state, in which d%/dt = k., — B = 0 and # is fixed in value,
to anather, in which # has changed and %, = B may or may not have changed.
The breakdown process acting on native albumin might obey zero order, first order,
or n order kinetics. Let £; represent the rate constant of any order of catabolic reac-
tion, In conformity with classical kinetic theory k, “acts” on the concentration of
albumin raised to some power. Let ¢ (gm./liter) be the albumin concentration; then
kw", in which = = 0, 1, 2 ... or some fractional power, is the order of the reaction,
and is related in some way (requiring definition) to B, and hence to kZ.

Case 1 Suppose the breakdown occurs through all the plasma and is mediated
by proteolytic enzymes contained in the plasma. Note that % is defined by 2V, in
which V{liters) is the volume of plasma and hence also the volume through which
the catabolic enzyme is distributed. It thus follows that

ka® = kwV (4)

and hence

ks = kot (4 a)

Reasons have already been given for concluding that breakdown does not occur in
the plasma and therefore case 2 is considered.

Case 2 Suppose, as in Fig. 2, that breakdown takes place in a breakdown
compartment containing 7 grams of albumin. This albumin may be pictured quite
generally as that reacting with an enzyme system or distributed through a certain
volume of catabolic cells, or may further be considered as that reacting with some
transport system. Let # = v(87), in which it is assumed that the concentration asso-
ciated with 7 is a constant fraction, 4, of the albumin concentration in the plasma,
¢, and v may be considered the volume of distribution for 4. Since v, unlike ¥V, cannot
be measured, it is presumed to be directly proportional to body weight, W (kg.).
Thus v = jW, in which j is a constant.

Equation 4 now becomes

kax = kp(30)HW (5)
= Kyu*W
in which Ky = k6", and Equation 44 becomes

ks = EpmW/V G )
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When comparing results in animals of different sizes it is convenient to make com-
parisons on the basis of unit weight. Equation 5 now becomes

k3/W = Ky (6)

and the solution for &; becomes

by = Ky"W/z (64a)

which may be rewritten

ks = K \W/V

Equation 6 defines the flux behavior, and Fig. 1 a shows that when &%/kg. is
plotted against albumin concentration, ¢, the results imply that K" is a constant.
It follows that n = 0, i.e., the process is of zero order, since for > 0 the function
would not behave independently of 2.

From Equation 6 a it is noted that for:

n =0, ks = KyW/Ve, and when W/V = constant, k; is related to 1/z;

n =1, ks = KiW/V, and when W/V = constant, k; is independent of concentra-
tion;

n =2 ks = KyW/V, and when W/V = constant, k; is a linear function of con-
centration.

Note that W/V = We/%.

REFERENCES

. Reeve, E. B, and Roserts, J. E., 7. Gen. Physiol., 1959, 43, 415.

. MiLLER, L. L., Burge, W. T., and Harr, D. E., Fed. Froc., 1955, 14, 707.

. Goroon, A. H., Biochem. ., 1957, 66, 255.

G, D., KLNENBURG, J. R., and Hucues, W, L., Nafure, 1958, 181, 1064,

CoHEN, S., and GorboN, A. H., Biockem. ¥., 1958, 70, 544.

Zizza, ¥., and RervE, E. B, Am. 7. Physiol., 1958, 194, 522,

. Bray, H. C., and Wurrg, K., Kinetics and Thermodynamics in Biochemistry,

New York, Academic Press, Inc., 1957, 179.

. GrtLiN, D., Ann. New York Acad. Sc., 1957, 70, 122.

. McFARLANE, A. S., Pragr. Biophysics, 1957, 7, 116.

10. RoruscHiLn, M. A., Bauman, A., YaLow, R. S, and Berson, 8. A, 7. Clin.
Inv., 1957, 36, 422.

11. Rorascamn, M. A., ScHrEBER, S. S., Oratz, M., and McGee, H. L., 7.
Clin. Ino., 1958, 37, 1229.

12. Jerray, H., and WinzLER, R, J., 7. Biol. Chem., 1958, 231, 1il.

13. FrEEMAN, T., Goroon, A. H., and HumpeREY, J. H., Brit. F. Exp. Patk., 1958,

39, 459,

NGk N

[{a oo}



