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Abstract

High-protein diets increase albumin synthesis in rats with
Heymann nephritis but albuminuria increases also, causing
serum albumin concentration to be suppressed further than in
nephrotic animals eating a low-protein diet. Experiments were
designed to determine whether dietary protein augmentation
directly stimulates albumin synthesis, or whether instead in-
creased albumin synthesis is triggered by the decrease in
serum albumin concentration. Evidence is presented that di-
etary protein augmentation directly stimulates albumin synthe-
sis, accompanied by a proportional increase in steady-state
hepatic albumin mRNAconcentration (AlbmRNA) and by an
increase in AlbmRNA transcription. Whenthe increased albu-
minuria resulting from dietary protein augmentation is blunted
with enalapril, serum albumin concentration is shown to in-
crease in nephrotic rats. Both albumin synthesis and
AlbmRNA increase in these animals despite the greater serum
albumin concentration. Albumin synthesis correlates inversely
with both serum albumin and serum oncotic pressure in ne-
phrotic rats fed 40% protein, but does not correlate with serum
albumin concentration in nephrotic rats fed 8.5% protein (LP),
even when serum albumin concentration is reduced. Albumin
masses are preserved in LP primarily because of reduced al-
buminuria. Reduced serum oncotic pressure and dietary pro-
tein augmentation combine to stimulate albumin synthesis in
nephrotic rats at the level of gene transcription.

Introduction

When dietary protein intake is increased from 8.5 to 40% in
nephrotic rats, the rates of both albumin synthesis and urinary
albumin excretion increase, but serum albumin concentration
tends to decrease. High-protein diets therefore do not lead to
correction of the depleted albumin stores in rats with Hey-
mann nephritis. These studies were designed to determine
whether the stimulus for increased albumin synthesis was the
increase in protein intake or instead whether albumin synthe-
sis is increased in response to a decrement in serum albumin
concentration caused by the increased proteinuria. The rate of
albumin synthesis depends in part upon adequate calorie and
protein intake. Although protein is widely regarded as the most
important dietary constituent for the maintenance of a normal
serum albumin concentration and a normal rate of albumin
synthesis, these parameters also depend on the relative pro-
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portion of protein to nonprotein calories. Maintenance of a
diet containing adequate calories but insufficient protein
causes reduced albumin synthesis, serum albumin concentra-
tion, and total body albumin mass (1-3). One would predict
that an ideal diet for patients with the nephrotic syndrome, a
disorder that bears much similarity to protein malnutrition,
should contain adequate calorie intake, and above all, an ade-
quate or, preferably, a high protein content. Increased dietary
protein intake, however, fails to increase either serum albumin
concentration or body albumin pools in either patients with
the nephrotic syndrome (4-7) or animals with experimentally
induced nephrosis (8).

The rates of both albumin synthesis and urinary albumin
excretion also increase in nephrotic patients when dietary pro-
tein intake is increased, but not in nephrotic patients or ani-
mals fed a low-protein diet (6, 8), although serum albumin
concentration may be quite low. The increase in albumin syn-
thesis in response to augmented dietary protein might be stim-
ulated by the decrease in serum albumin concentration result-
ing from increasing proteinuria, or instead the increased sup-
ply of dietary protein might stimulate albumin synthesis
directly.

To distinguish which of these two stimuli was responsible
for triggering the increased albumin synthetic rate, we exam-
ined the effect of increased dietary protein intake on albumin
pools and synthesis rate in rats with passive Heymann
nephritis while the increase in albuminuria was controlled by
the angiotensin converting enzyme inhibitor, enalapril. This
agent was previously found to prevent the increase in urinary
albumin excretion resulting from increased dietary protein in-
take in this model (9). If increased dietary protein is the proxi-
mate stimulus for increased albumin synthesis, the combined
use of enalapril and a high-protein diet should stimulate albu-
min synthesis and increase albumin pools in these nephrotic
rats. If albumin synthesis increases in response to worsening
hypoalbuminemia instead, then prevention of the increment
in urinary albumin excretion by angiotensin-converting en-
zyme inhibitors should remove the stimulus to increased albu-
min synthesis provided by dietary protein supplementation.

When fasted or protein-malnourished people or animals
are fed, the rate of albumin synthesis increases rapidly (10, I 1)
and the increase does not require the synthesis of albumin
mRNA, but instead is posttranscriptionally regulated at the
level of initiation of protein synthesis (12-14). Albumin syn-
thesis by isolated perfused livers of nephrotic rats is also in-
creased well above that measured in vivo if amino acids are
added to the perfusate in generous quantity (15). The rapidity
of the response to the addition of amino acids also suggests
posttranscriptional regulation. Steady-state hepatic albumin
mRNAcontent is increased in nephrotic rats (16), as is the rate
of transcription of albumin mRNA(17), suggesting that regu-
lation of albumin synthesis in nephrosis may occur at the step
of mRNAtranscription. Hepatic albumin mRNAwas mea-
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sured to determine whether increased dietary protein intake
would alter steady-state hepatic albumin mRNAcontent.

Methods

Nephrotic rats. Male Sprague-Dawley rats weighing 120-150 g were
injected intraperitoneally with sheep FX1A antiserum, (Dr. William
Couser, Seattle, WA)and fed Purina diet 5769 (Ralston Purina, Rich-
mond, IN) (8.5% casein) for a period of 11 d after injection with
antiserum. Thereafter they were studied in one of two experimental
protocols.

Protocol 1: nephrotic rats studied at 4 d after increased dietary
protein intake (n = 26). At the end of the initial 1 1-d period, all animals
were placed in metabolic cages. Half were fed Purina diet 5779 (40%
protein), while the other half remained on the low protein diet. The
two diets were isocaloric, containing identical amounts of fat and min-
erals, differing only in the proportion of calories provided either as
carbohydrate or as protein. Seven animals in the high protein group
(HPE 4), and five animals in the low protein group (LPE 4) had
enalapril added to their drinking water (40 mg/kg per d) at the same
time that dietary protein intake was increased, to blunt the increase in
proteinuria anticipated to result from the increased dietary protein
intake. The animals switched to 40%protein that were not treated with
enalapril are referred to as HP 4 (six animals), and the animals re-
maining on 8.5% protein as LP 4 (eight animals). 4 d later (15 d after
injection with antiserum) albumin distribution and rate of turnover
were measured as previously described (6, 8). Data from this experi-
mental protocol appear in Table I.

Protocol 2: nephrotic rats studied at 11 d after increased dietary
protein intake (n = 21). As in protocol 1, at the end of the initial 1 l-d
period, all animals were placed in metabolic cages and dietary protein
intake was increased to 40%in 11 animals. Enalapril (40 mg/kg per d)
was added to the drinking water on day 15, 4 d after the increase in
protein intake, in five of the animals eating the high-protein diet (HPE
1 1), and in five of the animals remaining on low protein (LPE 1 1). Rats
not receiving enalapril are referred to as HP 11 (six animals), and LP
11 (five animals). Albumin turnover and distribution were measured
starting 11 d after the increase in dietary protein intake, 22 d after
injection with antiserum. Data from this experimental protocol appear
in Table II.

Protocol 3: nonnephrotic control animals (n = 12). 12 rats were fed
an 8.5% protein diet for a period of 18 d, after which dietary protein
intake was increased to 40% in six rats (HPC). The remaining animals
continued on an 8.5% protein diet (LPC). Albumin turnover studies
were initiated 4 d after the increase in protein. Because the t1/2 of
1251-albumin is prolonged in nonnephrotic animals (18, 19), serum was
obtained daily for 8-9 d after injection. Calculations were performed
as in the nephrotic animals. Data from this experimental protocol
appear in Table III.

Albumin turnover. Albumin turnover and distribution were mea-
sured in all animals. Because both serum albumin concentration and
urinary excretion rate remained constant during the periods of study,
albumin turnover approximates the average rate of albumin synthesis
and is henceforth referred to as the rate of albumin synthesis. Rat
serum albumin (Sigma Chemical Co., St. Louis, MO)was obtained as
Cohn fraction V and purified by passage over diethylaminoethyl cel-
lulose (microgranular DE52; Whatman Instruments, Inc., Clifton, NJ)
and iodinated with chloramine T (20) as previously described (21).
Albumin was assayed in both urine and serum by a sensitive electro-
diffusion assay (6, 8, 22). Serum was noted to be turbid on occasion,
because of hyperlipidemia and was therefore centrifuged in a micro
air-driven ultracentrifuge (Beckman Instruments, Fullerton, CA) at
120,000 g for 15 min. Three I0-1Ad aliquots were counted in a gamma
counter (Searle Analytics, Des Plaines, IL) for 10 min. The plasma
radioactivity disappearance curve was integrated by the method of
trapezoids using the log tapazoidal rule (23-25). Plasma volume is

calculated by isotope dilution, and plasma albumin mass (PAM)I is the
product of serum albumin concentration and plasma volume. Steady-
state volume of albumin distribution (VD,,) was measured by the
method of Benet and Galeazzi (23) and total albumin mass (TAM) is
the product of VD., and serum albumin concentration (26).

Cakulated serum oncotic pressure. Protein concentration was de-
termined on ultracentrifuged serum using the method of Bradford
(27). Serum oncotic pressure was calculated using the method of Nitta
et al. (27) for determining oncotic pressure of serum with an albumin/
globulin ratio different from 1.

RNApreparation. At the conclusion of measurement of albumin
turnover, animals in protocols 1 and 3 were killed with sodium pento-
barbital (20 mg/kg i.p.); the liver was removed and frozen immediately
on dry ice. Total RNAwas isolated from 200 to 500 mgof frozen liver
by homogenization without prior thawing, in 4 Mguanidinium thiocy-
anate, followed by centrifugation through 5.7 MCsCI (28). Two sepa-
rate extractions were performed on fragments of tissue from each liver,
and the extracted RNAwas processed separately. Values presented
represent an average of at least two separate determinations.

20gg of precipitated RNAwas electrophoresed on a 1.5% agarose-
formaldehyde gel and then transferred from the agarose gel to nitro-
cellulose filters by capillary action (29). Degradation was determined
in two ways. Gels were permeated with ethydium bromide, visualized
with ultraviolet light and photographed. RNAsamples failing to show
the characteristic bands of ribosomal RNAat 18 s and 28 s were not
evaluated further.

Because mRNAspecies might be extracted at a different efficiency
than total RNA, each RNA sample was analyzed both for albumin
mRNA,and for the mRNAof the constitutively expressed cytoskeletal
protein, ft actin, as an internal standard. # actin mRNAis about the
same size as that of albumin and the expression of the fl actin gene
should be unaffected by processes that alter expression of the albumin
gene. After transfer of RNA, each nitrocellulose filter was analyzed
using specific cDNA probes to either albumin or to # actin mRNA
followed by autoradiography. The presence of degradation was de-
tected by either the absence of the characteristic band at 2 kD found
with either of these two RNAspecies, or the smearing of these bands. If
either situation was encountered, the RNA sample was not further
analyzed and RNApurification was repeated.

To determine the relative amount of specific mRNAs, quantitative
analysis was performed using dot-blot analysis. Serial dilutions of total
liver RNAwere applied in duplicate to nitrocellulose filters in a mini-
fold (Schleicher & Schuell, Keene, NH) (30). Duplicate nitrocellulose
filters were prepared so that one filter could be hybridized with a cDNA
probe prepared against albumin mRNAand the other with a , actin
probe. Filters were baked under vacuum for I h at 80°C and prehybri-
dized at low stringency. Each was then hybridized at 42°C with the
specific cDNA probes and washed at high stringency. Air-dried filters
were autoradiographed overnight at -70°C. The dots containing the
samples were then cut out and counted in a scintillation counter.

Labeling of cDNA probes. Rat albumin cDNA (pRSA- 13) synthe-
sized against purified rat albumin mRNAwas obtained as a kind gift
from Dr. T. D. Sargent (California Institute of Technology, Pasadena,
CA). The cDNA was inserted into the plasmid pBR322 and cloned in
Escherichia coli. Plasmid DNAwas cleaved with restriction enzyme
Pst I (31). The cDNA probe for # actin was propagated in the vector/
host system, Okayama Berg: E. coli mm294CI+. , actin cDNA was
cleaved from the plasmid DNAwith Pst I and Pvu 11 (32). Both cDNAs
were purified by gel electrophoresis and isolated from the agarose gel
by electroelution (29). Approximately 60 ng of pRSA- 1 3 and PHFBA-
I cDNA inserts were labeled separately (sp act, 1.0-1.5 X I09 cpm/,ug)
with [32P]dCTP by a random primer technique (33) and isolated using
Sephadex G-50 columns (Pharmacia Fine Chemicals, Piscataway, NJ)
eluted by centrifugation (29).

1. Abbreviations used in this paper: PAM, plasma albumin mass;
TAM, total albumin mass; VD, steady-state volume of albumin dis-
tribution.
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Northern blot analysis revealed that all hybridization of either al-
bumin mRNAor of # actin mRNAwas in a single band at 2 kD.
There was no evidence of hybridization with any smaller degradation
products in any group of animals. Any changes in albumin mRNA
hybridization therefore represented a change in full-length albumin
mRNA,and not in smaller partially degraded species. The expression
of ,B actin did not vary at all within the groups of rats studied, thus
validating its use as an internal standard.

Nuclear run-on assays. Nuclear run-on assays were performed to
determine whether the increase in steady-state albumin message re-
sulted from an increase in message transcription. Six additional ne-
phrotic rats were fed an 8.5% protein diet as described in protocol 1,
and protein intake was increased to 40% in three of the animals 11 d
after injection with FX IA antiserum. The animals were anesthetized
with sodium pentobarbital and hepatic nuclei isolated by the method
of Tata (34). Nuclei were incubated for 15 min at 30'C with 166 ACi
a[32P]UTP to label freshly synthesized RNA. Nuclei were treated with
400 ,g/ml proteinase K and nuclear RNA(35) was extracted with a
solution of hot phenol/chloroform/isoamyl alcohol in a ratio of
25:24:1. Nonradioactive cDNAs, one complementary to albumin
message, another to the 28 s ribosomal subunit (propagated in plasmid
PBR322, grown in E. coli strain HB 101, obtained as a gift from Dr.
Montgomery Bissel) were incubated at 100IC in 0.66 MNaOHand
fixed on a nitrocellulose filter in a Hybri-Slot (Bethesda Research Lab-
oratories, Gaithersburg, MD). The 28 s ribosomal RNAwas used as
the internal control in these experiments, because only very small
amounts of# actin are produced during these experimental conditions.
Labeled RNA (107 cpm/ml) was hybridized to the bound plasmid
DNA. The filter was washed at high stringency, treated with T1
RNAase, RNAase A, and proteinase K, patted dry, and autoradio-
graphed. Residual counts were a measure of 32p incorporated into
either newly synthesized 28 s ribosomal RNAor into newly synthe-
sized albumin mRNA.Each dot was quantitated by densitometry. The
rate of incorporation of 32p into albumin mRNAwas determined
relative to the rate of incorporation of 32p into 28 s ribosomal RNAby
calculating the ratio of densities of the dots.

Statistics. Plasma and total albumin mass, urinary albumin excre-
tion, and the rate of albumin turnover were all corrected for body
weight before analysis. Comparisons were performed using a one-way
analysis of variance (36). A value for P < 0.05 was considered to be
statistically significant.

Results

Rats fed a high-protein diet for 4 d (Table I, HP 4) had a
significantly greater albumin synthesis rate as well as signifi-
cantly more albuminuria than did rats maintained on 8.5%
protein (LP 4). Increased albumin synthesis was accompanied

by increased steady-state content of albumin mRNAin the
liver. Serum albumin concentration and total and plasma al-
bumin masses were unaffected by dietary protein augmenta-
tion alone, despite the increased rate of albumin synthesis.
Enalapril blunted the increase in albuminuria in nephrotic rats
fed 40% protein (Table I, HPE 4). Albuminuria was signifi-
cantly less in this group than in untreated nephrotic rats also
fed 40% protein, but remained significantly greater than in
either of the two groups of animals fed 8.5% protein (LP 4 and
LPE 4). Enalapril combined with a high-protein diet caused a
significant increase in serum albumin concentration com-
pared to any of the other groups of nephrotic animals studied
at 4 d (Table I). Even though serum albumin concentration
was significantly greater in HPE4, albumin synthesis was sig-
nificantly greater than in either group fed 8.5% protein (group
LP 4 and LPE 4). It is therefore not possible that hypoalbu-
minemia alone was the only driving stimulus for increased
albumin synthesis.

Albumin synthesis, factored for body weight, correlated
with the concentration of albumin mRNAin the liver of ne-
phrotic rats, (albumin synthesis = 7.74 mg/I00 g per h
X albumin mRNA/# actin mRNA+ 0.410 [r = 0.5526, P
< 0.01, Fig. 1 A]), or (albumin synthesis = 7.87 mg/100 g per h
X albumin mRNA/total liver RNA [counts bound to 20 ,g
total liver RNA] + 4.235 [r = 0.5313, P < 0.05, Fig. 1 B]). The
absolute rate of albumin synthesis correlated positively to total
liver albumin mRNAif one assumes complete extraction dur-
ing isolation of albumin mRNA(albumin synthesis = 7.87
mg/h X total counts hybridized to albumin mRNA+ 8.48
X 10-2 [r = 0.551, P < 0.01, Fig. 1 C]). Total counts hybrid-
ized to albumin mRNAper liver is the product of counts
hybridized to albumin mRNA/micrograms total RNAX liver
weight X total RNA/liver.

Transcription rate of albumin mRNArelative to that of 28
s ribosomal RNA in isolated hepatic nuclei was significantly
greater in nephrotic rats fed a 40% protein diet (0.201±0.025)
compared with those fed 8.5% protein, (0.071±0.007, P
< 0.01) (Fig. 2). Because dietary protein augmentation causes
increased production of ribosomal RNA(37, 38), these find-
ings suggest that the increase in hepatic albumin mRNAcon-
tent in nephrotic rats fed a high-protein diet results, at least in
part, from an enhanced transcription of mRNAfrom the al-
bumin gene.

After 11 d of feeding nephrotic animals a high-protein diet
(Table II, HP 11), both urinary albumin loss and albumin

Table I. Albumin Metabolism in Nephrotic Rats 4 d after Increasing Dietary Protein

Albumin Albumin mRNAalbumin/
Group n Weight Serum albumin UalbV PAM TAM synthesis mRNA jB actin

g mg/ml mg/100g. h- mg/i 00 g mg/100 go h- counts/20 ng

HP4 6 172.5±9.6 11.5±1.0 12.3±1.2*t 93±8.2 230±48 17.7±2.31*$ 2,041±389*$ 22.9±3.7*t
HPE4 7 187.4±14.1 17.8±2.0* 6.46±1.22*t 125±15* 317±37 15.6±2.45"§ 1,648±212*t 13.8±2.0*
LP 4 8 169.8±9.04 11.96±0.96 3.17±0.25 72.1±10.8 146±23 9.64±0.91 819±175 8.6±1.3
LPE 4 5 150.5±5.8 12.7±2.1 2.98±0.61 84.1±11.4 172±25 8.18±0.47 728±84 9.3±0.8

Results of experimental protocol 1. 11 d after the intraperitoneal injection of FX 1 A antiserum, dietary protein intake was increased from 8.5
to 40% in animals in groups HP4 and HPE4. Animals in groups LP 4 and LPE 4 remained on 8.5% protein. Enalapril was added to the drink-
ing water in groups HPE4 and LPE 4. 4 d later (15 d after injection with antiserum) albumin distribution and rate of albumin synthesis was

measured over a period of 4 d, after which hepatic albumin mRNAwas determined. * P < 0.02 vs LP. $ P < 0.05 vs LPE. § P < 0.05 vs LP.
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Figure 1. Data obtained from nephrotic rats studied in protocol I
(HPE 4, HP4, LPE 4, and LP 4). RNAwas not extracted from the
livers of three rats and thus no data points are expressed for those
animals. (A) Relationship between albumin synthesis rate (milli-
grams/ 00 grams body weight per hour) and the concentration of he-
patic albumin mRNAis expressed as the ratio of albumin mRNA/ft
actin mRNA.The ratio of activities is calculated after hybridization
of identical quantities of total liver RNAwith radioactive cDNA
probes specific to either albumin or , actin mRNA. (B) Relationship
between albumin synthesis rate (milligrams/I00 grams body weight
per hour) and the concentration of hepatic albumin mRNAex-
pressed as the ratio of albumin mRNA/total liver RNA. 20 ,g of
total RNAwere hybridized with a radioactive cDNAprobe specific
for albumin mRNA. (C) Relationship between albumin synthetic
rate (milligrams per hour) and total liver albumin mRNA(counts
hybridized to albumin mRNA/liver).

synthesis remained increased and no gradual increase in albu-
min pools occurred (Fig. 3, Table II). With continued feeding
of a low protein diet, urinary albumin excretion decreased (P
< 0.005 in LP 11 vs. LP 4) and serum albumin concentration
and albumin pools increased (P < 0.001 and 0.05, respec-
tively). Albumin synthesis remained unchanged in nephrotic
animals continued on a low-protein diet and studied at 11 d
(LP I 1) compared with those studied at 4 d (LP 4), despite the

increase in serum albumin concentration at the later time
point.

Serum albumin concentration (P < 0.001), PAM(P
< 0.01), TAM (P < 0.001), and albumin synthesis (P
< 0.0001) were all increased in HPC compared with LPC
(Table III). Albumin mRNA/total RNAand albumin mRNA/
,3 actin mRNAwere also increased significantly (HPC vs. LPC
P < 0.01 and 0.001, respectively). Because dot-blot hybridiza-
tions with RNApurified from the livers of nephrotic animals
or control animals were performed at different times, and the
specific radioactivity of the cDNAprobes was not the same in
each experiment, comparisons between albumin mRNAlevels
in nephrotic and control animals could not be made.

Albumin synthesis was significantly greater in LPE 11 than
in LPC(P < 0.005), and tended to be greater in LP 11. Serum
albumin concentration (P < 0.005), PAM(P < 0.0001), and
TAM(P < 0.01) were also significantly less in both LP 11 and
LPE 11 compared with LPC. Albumin synthesis however, was
not greater in either LP 4 or in LPE 4, compared with LPE 11
or LP 11, even though serum albumin concentration, PAM
and TAMwere much less in both LP 4 and LPE 4. Albumin
synthesis therefore can be increased in rats fed 8.5% protein,
but only to a limited extent.

The increase in albumin synthesis in the nephrotic animals
fed low protein occurred in response to only a small perturba-
tion in serum albumin concentration (LPE 1 Ivs. LPC). How-
ever, albumin synthesis rate did not increase further in low-
protein-fed nephrotic animals even when serum albumin
concentration was very low (LP 4, Fig. 4). In contrast, ne-
phrotic rats fed 40%protein exhibited no detectable increase in
albumin synthesis when serum albumin concentration was
only slightly reduced (Table II), but albumin synthesis in-
creased significantly in response to a further decrease in serum
albumin concentration (Fig. 3 A [Albumin synthesis
= 22 - (0.38 X serum albumin concentration) mg/100 g per h,
r = 0.5253, P < 0.01 ]) or oncotic pressure (Fig. 3 B [Albumin
synthesis = 23.9 - (0.569 X serum oncotic pressure) mg/100 g
per h, r = 0.46, P < 0.05]).

Low Protein-Low Protein Figure 2. Autoradiogramof radioactive RNAsyn-
thesized by rat liver nu-
clei after hybridization to
nonradioactive cDNA

AlbumincDNA ~~~~~~probes directed either
against albumin mRNA
or against the 28 s ribo-

28 s Ribosomal RNA cDNA somal subunit. Nuclei
were isolated from the
livers of nephrotic rats

LowProteinHigh Protein whose diets had been
Low Protein-High Protein switched from 8.5 to 40%

protein (low protein to
high protein), or from the

* .~~~~~~~~~~~~~~Albumin cDNA livers of rats that had
been continued on an
8.5% protein diet (low

28 s Ribosomal RNA cDNA protein to low protein).
S .' @;.4.if '5*. At.:-X< Nuclei were incubated

with [32p] UTPand total
RNAwas extracted after 30 min of incubation. The incorporation of 32P into albumin mRNAwas measured relative to 32P incorporation into
28 s ribosomal RNAusing densitometry.
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Table II. Albumin Metabolism in Nephrotic Rats 11 d after Increasing Dietary Protein

Group n Weight Serum albumin UalbV PAM TAM Albumin synthesis

g mg/ml mg/100 g -h' mg/O 00 g mg/100 g- h-'

HP 11 6 178.7±10.8 13.9±3* 12.1±1.4* 87±10* 196±25 20.0±0.71*
HPE 11 5 169.8±4.3 31.6±1* 1.62±0.07 172±9* 296±18* 7.46±0.61
LP 11 5 165.4±3.0 24.0±2.3 1.45±0.31 116±12 195±15 6.84±1.07
LPE 11 5 176.8±3.6 33.2±1* 0.47±0.13 158±3* 300±18* 7.47±0.61

Results of experimental protocol 2. 11 d after the intraperitoneal injection of FX 1 A antiserum, dietary protein intake was increased from 8.5
to 40% in animals in groups HP 11 and HPE 11. Enalapril was added to the drinking water in groups HPE 11 and LPE 11 4 d after the in-
crease in protein intake. Albumin turnover and distribution were measured starting 11 d after the increase in protein intake, 22 d after injection
with antiserum. * P < 0.05 vs. LP.

Discussion

Albumin synthesis rate varied inversely with serum albumin
concentration and oncotic pressure in nephrotic rats fed 40%
protein. This increased albumin synthesis was ineffectual in
causing an increase in serum albumin concentration when
urinary albumin excretion also was increased by the high-pro-
tein diet. Nephrotic rats fed a high-protein diet were neverthe-
less capable of increasing albumin synthesis when hypoalbu-
minemia occurred. In contrast, although albumin synthesis
increased in mildly hypoalbuminemic nephrotic rats eating a
low protein diet compared with control animals eating the
same diet, additional profound depletion of all albumin pools
failed to further augment albumin synthesis (Fig. 4). The lim-
ited ability of severely hypoalbuminemic nephrotic rats to in-
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crease albumin synthetic rate when fed a low-protein diet sug-
gests that the response to reduced serum albumin concentra-
tion is blunted by the low availability of protein in this diet.
The observation that albumin synthesis was greater in HPE4
than in LP 4 and LPE 4, even though all albumin pools were
greater in HPE4, indicates that the enhanced rate of albumin
synthesis was a direct result of dietary protein supplementa-
tion and not driven entirely by a decrement in serum albumin
concentration. Indeed, the higher rate of albumin synthesis
was directly responsible for the increase in albumin pools in
HPE 4, because urinary albumin excretion was significantly
greater than in either LP 4 or LPE 4.

Although serum albumin concentration, PAMand TAM
are decreased only slightly in LPC compared with HPC, both
albumin mass and albumin synthetic rate are dependent upon
protein intake even in normal animals. These observations
strongly support a hypothesis that augmentation of dietary
protein stimulates albumin synthesis directly.

Increased dietary protein intake might augment albumin
synthetic rate simply by providing increased substrate (amino
acids) necessary for protein synthesis. The increase in the he-
patic content of albumin mRNAsuggests that the effect of
dietary protein augmentation on albumin synthesis is more
complex. Albumin synthesis is regulated, at least in part, by
regulation of the steady-state content of albumin mRNAin the
liver. Whereas the steady-state concentration of a specific
mRNAmay be increased either by an increase in the rate of
gene transcription or by stabilization of mRNA, our data are
consistent with the hypothesis that dietary protein augmenta-
tion increases hepatic albumin mRNAin nephrotic rats by
increasing the rate of transcription of mRNAfrom the albu-

10 20 30

Serum Oncotic Pressure (mmHg)

Figure 3. (A) Relationship between the albumin synthetic rate (miii-
grams/l00 grams body weight per hour) and serum albumin concen-

tration in nephrotic rats either maintained on a diet containing 8.5%
protein (low protein); open symbols, broken line), or switched to a

40% protein diet (high protein; closed symbols, solid line). *, HPE
ll;o,LPE ll;A,HPE4;A,LPE4;*,HP ll;C,LP ll;v,HP4;v,
LP 4. (B) Relationship between the albumin synthetic rate (milli-
grams/100 grams body weight per hour) and calculated serum onco-

tic pressure in nephrotic rats either maintained on a diet containing
8.5% protein (low protein), or switched to a 40o protein diet (high
protein). Symbol notation is as in A.
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Table III. Albumin Metabolism in Nonnephrotic Rats after Increasing Dietary Protein

Serum Albumin Albumin mRNAalbumin/
Group n Weight albumin PAM TAM synthesis mRNA actin

g mg/ml mg/JOG g mg/J00 g- h-' counts/20 ng

HPC 6 220.5±4.1 42.7±0.6* 194±4.8t 489±20* 7.39±0.14* 5,622±428* 5.36±0.48*
LPC 6 223.3±4.8 37.9±0.7 166±6.3 441±31 5.05±0.11 2,213±343 2.74±0.34

Results of studies on nonnephrotic control animals (experimental protocol 3). After 18 d of consumption of an 8.5% protein diet, dietary pro-
tein intake was increased to 40% in HPCand retained at 8.5% in LPC. Albumin distribution and the rate of albumin synthesis were measured
between 4 and 13 d after the increase in protein intake, after which hepatic albumin mRNAwas measured in each animal. *P < 0.001 vs.
LP. *P<O.Olvs.LP.

min gene. A similar mechanism appears to be responsible for
the increase in albumin synthesis that occurs in nonnephrotic
rats as albumin mRNAis increased in control animals as well.

Two important factors regulating albumin synthetic rate
are nutritional status (39, 40) and oncotic pressure (41-44).
Katz et al. (15) found that albumin synthetic rate was in-
creased only twofold in the nephrotic rat in vivo, but could be
increased in the livers isolated from these animals to five times
the basal rate if amino acids were provided in the perfusate.
Albumin synthesis was inversely proportional to the oncotic
pressure of the perfusing solution in t'he isolated livers (1 5, 45).
It thus was possible that reduced serum oncotic pressure alone
provided only a partial impetus to albumin synthesis in ne-
phrotic rats, and that reduced oncotic pressure and excess
amino acid supply combined to further amplify albumin syn-
thetic response to hypoalbuminemia. Even the combination of
reduced serum oncotic pressure and a 40% protein diet may
not be sufficient to maximally stimulate albumin synthesis in
the nephrotic rat. The rate of albumin synthesis in HPE11 was
no greater than in HPC, although serum albumin concentra-
tion was significantly less in the nephrotic animals. Factors
other than dietary protein intake and serum oncotic pressure,
not identified in these experiments, may limit albumin syn-
thetic rate in the nephrotic syndrome.

Albumin pools and serum albumin concentration increase
during consumption of a low-protein diet only because the
reduction in urinary albumin excretion is more biologically
significant than is the reduction in albumin synthesis. In-
creased albumin synthesis that occurs in high-protein-fed ne-
phrotic rats is ineffectual in causing an increase in either serum
albumin concentration or albumin mass if urinary albumin
excretion is also increased as a result of consumption of the
high-protein diet. If this increase in albuminuria can be miti-
gated, albumin stores are increased in the nephrotic rat by
dietary protein supplementation.
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