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Abstract

Metabolic acidosis often leads to loss of body protein due
mainly to accelerated protein breakdown in muscle. To identify
which proteolytic pathway is activated, we measured protein
degradation in incubated epitrochlearis muscles from acidotic
(NNH4CI-treated) and pair-fed rats under conditions that block
different proteolytic systems. Inhibiting lysosomal and cal-
cium-activated proteases did not reduce the acidosis-induced
increase in muscle proteolysis. However, when ATPproduction
was also blocked, proteolysis fell to the same low level in mus-
cles of acidotic and control rats. Acidosis, therefore, stimulates
selectively an ATP-dependent, nonlysosomal, proteolytic pro-
cess.

Wealso examined whether the activated pathway involves
ubiquitin and proteasomes (multicatalytic proteinases). Acido-
sis was associated with a 2.5- to 4-fold increase in ubiquitin
mRNAin muscle. There was no increase in muscle heat shock
protein 70 mRNAor in kidney ubiquitin mRNA, suggesting
specificity of the response. Ubiquitin mRNAin muscle re-
turned to control levels within 24 h after cessation of acidosis.
mRNAfor subunits of the proteasome (C2 and C3) in muscle
were also increased 4-fold and 2.5-fold, respectively, with aci-
dosis; mRNAfor cathepsin B did not change. These results are
consistent with, but do not prove that acidosis stimulates mus-
cle proteolysis by activating the ATP-ubiquitin-proteasome-
dependent, proteolytic pathway. (J. Clin. Invest. 1994. 93:
2127-2133.) Key words: glyceraldehyde-3-phosphate dehydro-
genase * lysosomes- messenger RNA* proteases - proteolysis

Introduction

In humans, conditions associated with metabolic acidosis are
often characterized by negative nitrogen balance and loss of
body protein. For example, the poor growth of children with
renal tubular acidosis can be sharply improved by providing
them with supplements of sodium bicarbonate (1). In normal
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adults, metabolic acidosis stimulates intracellular protein deg-
radation and oxidation of branched-chain amino acids (2).
Moreover, the nitrogen balance of patients with chronic renal
failure improves when they are given sodium bicarbonate (3).

Evidence from experimental animals shows that metabolic
acidosis depresses growth and increases urinary excretion of
nitrogen and 3-methylhistidine, suggesting increased protein
catabolism in skeletal muscle (4, 5). By using the constant
infusion of L-[1-4C]Ileucine technique in intact, awake rats,
May et al. (6) recently showed that metabolic acidosis stimu-
lates overall protein degradation and leucine oxidation in vivo.
In related experiments, May et al. (4) demonstrated that pro-
tein degradation increases in muscles of fed rats made acidotic
by adding acid to their food, while protein synthesis does not
change. Similarly in cultured myocytes, acidification of the
media stimulates overall protein degradation (7).

Like other mammalian cells, skeletal muscle contains at
least four intracellular proteolytic systems which appear to
serve distinct functions (8). The major cytosolic pathway is a
soluble, multienzyme system that requires ATP and the poly-
peptide cofactor, ubiquitin (9). In this system, proteins to be
degraded are covalently linked to multiple ubiquitin chains
which marks them for rapid hydrolysis by the 26S (1,500 kD)
proteasome complex (also called the "multicatalytic protein-
ase") (9-1 1 ). The proteolytic core of this multienzyme com-
plex is the 20S (600 kD) proteasome particle which contains
12-15 distinct subunits (1 1, 12). This pathway catalyzes the
selective degradation of abnormal proteins and many short-
lived regulatory polypeptides (9, 13). Recent data indicate that
in response to denervation or fasting, this system is responsible
for the enhanced degradation of most proteins in muscle, espe-
cially myofibrillar components ( 14, 15 ).

Endocytosed proteins and most membrane components
are degraded by another proteolytic system, acidic proteases in
lysosomes, but this organelle also appears to be important in
degrading certain cytosolic proteins, especially in catabolic
states ( 16). In most mammalian cells, protein breakdown in-
creases up to twofold by this autophagic pathway upon depri-
vation of insulin or glucose ( 16). In muscles, as in other tissues,
this lysosomal process can be sharply reduced by adding insu-
lin and amino acids, and can be blocked selectively either by
adding weak bases which inhibit lysosomal acidification or by
adding inhibitors of lysosomal proteases ( 14, 17, 18).

A third proteolytic system present in muscle proteins in-
volves the calcium-activated proteases (calpains I and II).
These enzymes are activated by treatments that raise intracel-
lular calcium ( 17, 18) and appear important in the proteolysis
occurring in muscular dystrophy ( 19) or after muscle damage
( 17). Finally, mammalian cells contain a degradation system
not involving lysosomes that does not require calcium nor
ATP (8, 20).
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The relative importance of these four processes for the deg-
radation of different proteins in muscle is unclear in normal
conditions and in states associated with accelerated proteolysis.
For example, it is not known whether the enhanced muscle
proteolysis stimulated by metabolic acidosis is due to activa-
tion of all proteolytic pathways or of a specific pathway. The
present experiments were directed at identifying which proteo-
lytic system in skeletal muscle is stimulated by metabolic aci-
dosis. Since skeletal muscle plays a critical role in the response
to acidosis and since other conditions that stimulate muscle
proteolysis (e.g., denervation and fasting) seem to activate the
ATP-dependent proteolytic pathway in muscle (8, 15), we
concentrated on evaluating the ATP-ubiquitin-proteasome
system. Our results suggest that in muscle of acidotic rats, this
proteolytic pathway is activated, including up-regulating the
abundance of mRNAsencoding protein components of this
degradative system.

Methods

Male Sprague-Dawley rats weighing 125-150 g were purchased from
Harlan (Indianapolis, IN) and fed 24%protein rat laboratory diet for at
least 3 d before beginning a gavage-feeding protocol (4, 6) that induces
metabolic acidosis while ensuring an equivalent intake of protein ( 1.7
g/d), energy (49.9 kcal/d), vitamins, and minerals. The protocol
avoids the confounding effects of starvation on muscle protein turn-
over ( 15). For 5 d, 4 mmol of ammonium chloride (NH4CI) per 100 g
of body wt/day were added to the gavage feeding of acidotic rats and
0.25 MNH4Cl was added to their drinking water; control rats were
gavage-fed the same diet but no NH4C1and drank tap water. In our
earlier report, we found that changes in muscle protein turnover were
caused by acidosis and not by feeding ammonium (4). Wealso mea-
sured (21) the systolic blood pressure and heart rate by the tail-cuff
method (IITC Life Science Instrument, Woodland Hills, CA) before
and at the end of this protocol which induces acidosis.

Initial experiments evaluated the influence of lysosomal and cal-
cium-activated proteases by comparing total protein degradation in
one muscle incubated in a standard media and the contralateral muscle
incubated with inhibitors of lysosomal and calcium-activated proteases
(22, 23). In these experiments, epitrochlearis muscles from acidotic
and control rats were dissected and one was fixed at resting length by
pins placed through the proximal aponeurosis and distal tendons into a
plastic support. Individual muscles were preincubated for 1 h at 37°C
in 3 ml of KRB (pH 7.4) containing 10 mMglucose and 0.5 mM
cycloheximide. This concentration of cycloheximide blocks protein
synthesis > 95% (22) and was added to block reutilization of tyrosine
released from degradation of muscle proteins. Acidosis does not change
protein synthesis in muscle (4). Lysosomal and calcium-dependent
proteases were blocked in the contralateral muscle maintained at rest-
ing length by preincubation in 3 ml of calcium-free KRB(pH 7.4)
prepared containing 10 mMglucose, 1 mUhuman insulin (plus 0.1%
bovine albumin to prevent insulin binding to glass), branched-chain
amino acids ( 170 gM leucine, 200 mMvaline, 100 mMisoleucine)
and 0.5 mMcycloheximide with inhibitors. Insulin, branched-chain
amino acids and 10 mMmethylamine were added to inhibit lysosomal
acidification and function (20, 22-24), while maintaining muscles at
resting length, deleting calcium from the media and adding 50 ,uM
trans-epoxysuccinyl-L-leucylamido-(4-guanidino butane) (E-64),' a
potent inhibitor of the calpains as well as the lysosomal proteases ca-
thepsins B, H, and L (23, 25), was used to prevent activation of cal-

1. Abbreviations used in this paper: E64, trans-epoxysuccinyl-L-leucy-
lamido-(4-guanidino)butane; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HSP70, heat shock protein 70; SSPE, 0.15 MNacl,
0.01 MNaH2PO4, 1 MEDTA.

cium-dependent proteases. After 1 h of preincubation, each muscle was
transferred to a flask containing fresh media and incubated at 370C for
a 2-h experimental period. All flasks were gassed with 95%02/ 5%CO2
for 3 min at the beginning of both the preincubation and experimental
periods. At the end of the experimental period, media samples were
collected, and TCA(final concentration, 10%) was added to precipitate
protein. The free tyrosine released into the media was measured to
determine the overall rate of protein degradation ( 14, 17, 22, 23).

ATP-dependent proteolysis. To determine the contribution of the
nonlysosomal, ATP-dependent proteolytic process to the increased
muscle protein degradation associated with metabolic acidosis, mus-
cles were fixed at resting length and initially incubated under the condi-
tions described above to block both the lysosomal and calcium-depen-
dent proteolytic systems. In earlier experiments (4) we reported that
acidosis does not reduce the ATPcontent of incubated muscles, and in
preliminary experiments, we found that adding insulin, glucose, amino
acids, and methylamine and E-64 does not change the level of ATPin
incubated muscles. To measure the ATP-dependent process, the epi-
trochlearis muscle from one forelimb was depleted of ATPby preincu-
bating for 1 h and then incubating it with 5 mM2-deoxyglucose and 0.5
mMdinitrophenol. The media consisted of calcium-free KRBwith
insulin, branched-chain amino acids, methylamine and E-64 but no
glucose. Preliminary experiments showed that the ATP content of
muscles incubated under these conditions decreased by > 95%. The
rate of protein degradation in the ATP-depleted muscle was compared
to the rate in the contralateral muscle incubated in the same media but
with 10 mMglucose and no 2-deoxyglucose or dinitrophenol. The
difference in the rates of proteolysis between the muscles was taken to
represent the ATP-dependent component.

mRNAlevels. To obtain a sufficient quantity of mRNAto analyze
differences in levels of specific mRNAtranscripts, we studied the gas-
trocnemius muscle which, like epitrochlearis, is a mixed fiber muscle
(26). Individual, intact muscles were isolated and weighed, and their
content of protein (27) and DNA(28) was measured. The total RNA
content was determined by homogenizing 100-150 mgof muscle in 1.5
ml TriReagent (Molecular Research Center, Cincinnati, OH) and cen-
trifuging at 14,000 g for 5 min. RNAin the clear supernatant was
isolated according to the manufacturer's protocol and dissolved in For-
mazol (Molecular Research Center) before absorbances at 260 and 280
nmwere measured. Total RNAwas separated in a 1%agarose/formal-
dehyde gel and transferred to a Nytran hybridization membrane
(Schleicher & Schuell, Inc., Keene, NH).

After cross-linking with UV-irradiation, RNAwas stained with
methylene blue (29). 18S and 28S ribosomal RNAwas quantified by
analysis of the density of the ribosomal RNAbands. Subsequently, the
membrane was hybridized at 42°C overnight in 5 X SSC, 0.1% SDS,
50% formamide, 5 X Denhardt's solution, 10% polyethylene glycol
containing 100 ,g/ml denatured herring testis DNAwith a glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) cDNA probe (30); the
GAPDHcDNA was labelled with [32P]dCTP (31). After hybridiza-
tion, the membrane was washed once in 2 X SSC/0.5% SDSat 42°C
for 20 min and twice in 0.2 x SSC/0.5% SDSat 65°C for 20 min each.
GAPDHmRNAabundance was quantified by analysis of the density
ofthe autoradiographic signal; the intensity of the GAPDHmRNAwas
tested to determine if it is proportional to the duration of exposure of
the film.

For Northern blotting, total RNAwas isolated by homogenizing
tissues in guanidinium isothiocyanate and using the guanidinium
isothiocyanate/cesium chloride method (29). RNA( 10 Ag) was sepa-
rated by electrophoresis in a 1%agarose gel containing 0.2 Mformalde-
hyde and transferred to a nylon membrane (Gene Screen, Dupont-
NENResearch Products, Boston, MA). RNAwas crosslinked to the
membrane by UV-irradiation and the membranes were hybridized at
65°C with 32P-labeled cDNA probes prepared by the random-primer
method (29, 31 ). The hybridization buffer was 1 x Denhardt's solu-
tion, 0.05 MTris-HCl (pH 7.5), 1 MNaCl, 0.1% sodium pyrophos-
phate, 1% SDS containing 100 gg/ml denatured salmon sperm DNA.
After hybridization, the filters were washed in 0.5 x SSC/ 1% SDSat
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420C or 650C. Filters were then exposed to XAR-2 films (Eastman
Kodak Co., Rochester, NY) at -70'C for autoradiography.

To evaluate the level of mRNAfor cathepsin, we used a 513-bp
Hind III/EcoR I restriction fragment of a human cathepsin B cDNA
(bases 665-1177; kindly supplied by Dr. D. Steiner, University of Chi-
cago) that exhibits 82.5% identity to the corresponding region of a
rodent cathepsin B cDNAsequence (32). The fragment was subcloned
into pGEM3zf (Promega Corp., Madison, WI) and the 513-base
cRNA probe was synthesized in the presence of [a-32P]CTP (3,000
Ci/mmol) using T7 RNApolymerase. The RNAblot was prehybri-
dized at 500C in 5 X Denhardt's solution, 1%SDS, 5 X 0.15 MNaCI,
0.01 MNaH2PO4, 1 MEDTA (SSPE), 50% deionized formamide,
10% polyethylene glycol containing 50 ,g/ml denatured herring testis
DNA. RNAwas then hybridized overnight with 55 ng of cRNAprobe
(7.7 X 108 dpm/pg RNA) in 2.5 X Denhardt's solution, 1% SDS, 5
x SSPE, 50% formamide, 10% polyethylene glycol containing 50 jg/
ml denatured herring sperm DNA. The blot was exposed for 7 d at
-70°C with intensifying screens after one wash with 2 x SSPE, 0.1%
SDSat 50°C and two successive washes with 0.2 x SSPE, 0.1% SDS
at 60°C.

Materials and reagents. The ubiquitin cDNAwas kindly provided
by Dr. M. Schlesinger (Washington University School of Medicine)
(33). The cDNA probe for heat shock protein 70 (HSP70) was pro-
vided by Dr. R. Voellmy (University of Miami School of Medicine);
cDNAs for subunits of the proteasome (34, 35) were generously pro-
vided by Dr. K. Tanaka (Tokushima University, Japan). E-64 was a
generous gift of Dr. K. Hanada (Taisho Pharmaceuticals, Tokyo,
Japan).

Radionucleotides were purchased from New England Nuclear
(Boston, MA), guanidinium isothiocyanate from Fluka (Ronkon-
koma, NY), cesium chloride from BRL (Bethesda, MD) and human
recombinant insulin from Novo Nordisk Pharmaceuticals (Princeton,
NJ). All other chemicals were obtained from Sigma Chemical Co. (St.
Louis, MO) and were of reagent grade.

Calculations. Values are presented as mean±SEM. Whenmuscles
from individual rats were compared, a paired Students's t test was used
while an unpaired t test was used to compare blood pH and bicarbonate
or muscle biochemical values. For comparing mRNAlevels, values in
muscles of groups of rats were averaged and an unpaired t test was used.
As a limit for significance, P < 0.05 was assumed.

Results

The pH and Pco2 in aortic blood was measured and the serum
bicarbonate was calculated to determine the degree of meta-
bolic acidosis and avoid the confounding influence arising
from any anesthesia-related, respiratory acidosis (36). Rats
treated with NH4Cl (aortic blood, serum bicarbonate of aci-
dotic rats was 1 1 ± 1 compared to 24±1 mq/liter in control rats;
n = 11 in each group, P< 0.01 by unpaired t test) had a similar
degree of metabolic acidosis as we found earlier (4, 6, 37).
Before the acid load, the mean values of the systolic blood
pressure and heart rate of six rats were measured by the tail cuff
method (21 ) were 151±4 mmHgand 460±17 beats/min; after
5 d of gavage feeding NH4Cl, the mean value was 167±6 and
465±21, respectively (P = NS, by paired t test).

Changes in protein degradation with acidosis. The results in
Table I confirm that metabolic acidosis stimulates protein deg-
radation in isolated epitrochlearis muscles (4). Wehave found
(4) that insulin, which suppresses autophagic vacuole forma-
tion ( 14, 16), decreased the rate of protein degradation in mus-
cles from control and acidotic rats by the same amount (over a
wide range of insulin concentrations) but did not reduce the
component stimulated by acidosis. Also adding an inhibitor of
thiol proteases, E-64, did not significantly changed the rate of

protein degradation in muscles of control or acidotic rats (4).
The present experiments provide further evidence that inhibit-
ing lysosomal and calcium-dependent proteases does not block
the component of protein degradation which is stimulated by
acidosis (Table I). In muscles of control rats, inhibition of
these proteolytic systems reduced protein degradation by 19%
and by 18% in muscles of acidotic rats.

In contrast, the increase in protein degradation in acidotic
muscles was eliminated when these muscles were also depleted
of ATPby treatment with inhibitors of respiration and glycoly-
sis (Table II). Since these experiments were carried out in mus-
cles in which lysosomal and calcium-dependent processes were
already blocked, we could evaluate the contributions of ATP-
independent and ATP-dependent proteolytic systems. With
ATPdepletion, protein breakdown decreased by 57 U in mus-
cles of acidotic rats and by 37 U in control rats. The resulting
fall in protein breakdown represents the fraction of muscle pro-
teolysis that is ATPdependent. This component accounted for
most, if not all, of the increase in proteolysis with acidosis.
Accordingly, the residual rates of protein degradation in mus-
cles of acidotic and control rats did not differ statistically. Thus,
acidosis appears to activate an ATP-dependent proteolytic
pathway, but does not affect the residual, ATP-independent,
nonlysosomal process.

Changes in mRNAwith acidosis. ATP is essential for the
predominant cytosolic protein degradation pathway in most
cells, including muscle (9, 13, 20). In this nonlysosomal pro-
cess, ATP is necessary first for the conjugation of ubiquitin to
cell proteins which are then rapidly hydrolyzed by the 26S
(1,500 kD) ATP-dependent complex containing the protea-
some (9-1 1 ). To test whether the ATP-dependent process acti-
vated by acidosis may involve ubiquitin and the proteasome,
we measured the levels of mRNAencoding these components
in muscles of normal and acidotic rats. RNAwas isolated from
the gastrocnemius because this muscle, like the epitrochlearis,
is a mixed-fiber muscle and it exhibits similar responses in
terms of protein synthesis and degradation as epitrochlearis
(22, 26). However, being larger, the gastrocnemius contains
sufficient RNAfor Northern analysis.

In Table III, values of weights and the protein, DNAand

Table L Blocking Lysosomal and Calcium-dependent Proteolysis
Reduces Protein Degradation Similarly in Muscles of Control
and Acidotic Rats

Additions Control rats Acidotic rats Difference

nmol tyrosineig per 2 h

None 142.3±2.4 166.8±5.1 24.5±5.6*
Inhibitors 113.2±4.2 131.3±4.1 18.1±5.8*
Lysosomal/calcium-

dependent process 29.1±4.8 34.5±6.5 6.4±8.1

Values are mean±SEMof the rate of protein degradation in incubated
epitrochlearis muscles of control and pair-fed rats. Muscles were
incubated in KRB(pH 7.4) supplemented with glucose, while the
contralateral muscle was maintained at resting length and incubated
in calcium-free KRB, supplemented with glucose, insulin, branched-
chain amino acids, methylamine, and E-64. * By ANOVA, there
was a significant (P < 0.02) increase in protein degradation in muscles
of acidotic rats and this increase persisted when lysosomal and cal-
cium-dependent proteolysis was inhibited.
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Table II. Evidence for ATP-dependent Protein Degradation
in Incubated Muscles of Acidotic Rats

Control Acidotic Increment

nmol tyrosin/g per h

Lysosomal/Ca2+-independent
process 101.6±4.1 128.3±5.1 26.7±7.9

ATP-depleted 64.4±3.6 71.2±4.4 6.8±6.5
ATP-dependent component 37.2±4.4 57.1±5.6 19.9±7.1

Values are mean±SEMof the rate of protein degradation in incubated
epitrochlearis muscles of six control and six pair-fed acidotic rats. To
isolate the influence of ATP-dependent proteolysis, the rate of protein
degradation in a muscle of a control or acidotic rat was measured
and the rate in the contralateral, ATP-depleted muscle was subtracted
from it. The lysosomal/calcium-independent process was measured
in muscles maintained at resting length and incubated in calcium-free
KRB(pH 7.4), supplemented with glucose, insulin, branched-chain
amino acids, methylamine, and E-64. ATP-depleted muscles were
incubated in the same media but glucose was removed and 2-deoxy-
glucose and dinitrophenol were added. By ANOVA, there was a sig-
nificant (P < 0.02) increase in protein degradation in muscles of
acidotic rats, but this difference disappears in muscles depleted of ATP.

RNAcontents of gastrocnemius muscles are presented. Mus-
cles isolated from acidotic rats weighed less than those of pair-
fed, control rats, related to a lower protein content, while there
was no difference in the DNAcontent of the muscle. Wealso
found no difference between the RNAcontents and the con-
tent of the 18S and 28S RNAs per Aeg of RNAin muscles of
acidotic and control rats were not statistically different. Further-
more, the abundances of GAPDHmRNA(a "house-keeping"
gene) in muscles of acidotic and pair-fed rats did not differ
significantly when evaluated as the ratios of GAPDHmRNA
to 18S RNAand of GAPDHmRNAto 28s RNA(Fig. 1). The
density of the GAPDHmRNAsignal was measured in the
linear range; the density ratio measured after 60 and 30 min of
exposure for control muscles was 2.08±0.04 and was
2.05±0.06 for muscles of acidotic rats.

Blots from muscles of normal and acidotic rats were hybrid-
ized with cDNAs for ubiquitin and the C2 and C3 subunits of
the proteasome. Fig. 2 shows the results of hybridizing with
ubiquitin cDNA, the C2 and C3 subunit cDNAs and with the
cDNA for a lysosomal enzyme, cathepsin B. When corrected
for differences in RNAloading using the GAPDHcDNA, aci-
dosis induced a 2.5- to 4-fold increase in mRNAfor ubiquitin
in different experiments. As reported previously ( 15), there are
ubiquitin mRNAtranscripts in rat muscle of - 2.4 and 1.3 kb

o C,

***@***w*#*@ GAPDH

.MW ~~~~~28S
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Figure 1. Hybridization signal for GAPDHmRNAfrom muscles of
six pairs of acidotic and pair-fed control rats. Also shown are the
density of 18S and 28S ribosomal RNAas determined by methylene
blue staining.

corresponding to the sizes of the polyubiquitin genes in other
species ( 13, 38). Both of these transcripts were increased to a
similar extent after NH4Cl treatment. A third, minor ubiquitin
transcript of - 0.9 kb could also be detected and presumably
corresponds to the product of the ubiquitin-extension gene (38).

These findings suggest a specific activation by acidosis of
the ATP- ubiquitin-dependent pathway in muscle. Further-
more, in muscles of acidotic rats, mRNAlevels for the protea-
some subunits which we assayed (C-2 and C-3) rose in parallel
with the increase in ubiquitin mRNA.Analysis by laser densi-
tometry (corrected for the level of GAPDHmRNA)revealed
that the level of mRNAfor the C-2 subunit was 4-fold higher in
muscle of five acidotic rats (P < 0.001 ) than in control rats.
The mRNAfor the C-3 subunit was increased with acidosis
(2.5-fold, P < 0.0 1). Similar results were found with two other
experiments of five rats in each group. Thus, the catabolic re-
sponse of muscle to acidosis is characterized by increased ex-
pression of components of the ATP-ubiquitin-proteasome-de-
pendent pathway. In contrast, we found no increase in mRNA
for the lysosomal protease, cathepsin B, in the muscles of the
acidotic rats (Fig. 2).

Since ubiquitin is a heat-shock protein in mammalian cells
(39), the increase in its mRNAduring acidosis could have
occurred as part of the cell's generalized response to stress. To
assess whether acidosis induced the heat-shock response in
muscle, we measured levels of mRNAfor the major cellular
heat shock protein, HSP70. As shown in Fig. 3, there was no
increase in the mRNAfor this stress protein. Wealso com-
pared ubiquitin mRNAlevels in kidneys from acidotic and
control rats. In contrast to our findings with muscle, there was
no increase in ubiquitin mRNAin kidneys (Fig. 3).

Table III. Biochemical Characteristics of Muscles of Control and Pair-fed Acidotic Rats

Muscle
weight DNA Protein RNA 18S 28S GAPDH/18S GAPDH/28S

mg mg/muscle mg/muscle mg/muscle per 10 jsg RNA

Control 1034±19 1110±28 119±5 934±54 0.036±0.005 0.041±0.007 1.284±0.133 1.246±0.235
Acidotic 883±34* 1161±55 175±7t 892±35 0.038±0.003 0.041±0.0003 1.180±0.069 1.117±0.069

Muscle weight and the content of DNA, protein and RNAare mean±SEMof values in gastrocnemius muscles of nine acidotic and six control
rats. Measurements of the muscle content of 18S, 28S, and GAPDHmRNAwere obtained from six acidotic and six pair-fed, control rats. * P
< 0.005, t p < 0.02.
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Figure 2. Northern blots to assess abundance of mRNAencoding
ubiquitin, C-2 and Cl-subunits of the proteasome, and cathepsin B
in muscles of acidotic and pair-fed, control rats.

The increase in ubiquitin mRNAin muscle was rapidly
reversed after the acidotic rats resumed eating a normal diet. At
different times after switching form NH4C1 treatment and ga-
vage feeding to 22% protein pellets and water ad lib., the levels
of ubiquitin mRNAin muscle were examined. By 6 h, the
ubiquitin mRNAin muscle was lower and it reached control
values by 24 h (Fig. 4).
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Figure 4. The increase in ubiquitin mRNAin muscles of acidotic rats
(circles) decreases rapidly after correction of the plasma bicarbonate
concentration (squares). Solid symbols are average values obtained
from control, gavage-fed rats. After the 5 d of gavage-feeding NH4Cl,
the experiment was begun and rats were provided with the standard
22% protein diet and tap water ad lib. Three rats were sacrificed at
each time period after beginning the experiment to measure mRNA
abundance (corrected for GAPDHmRNAabundance). After 24 h,
ubiquitin mRNAreturned to control values (P < 0.05 vs. initial val-
ues by unpaired t test) and serum bicarbonate concentration was 29
mM(P < 0.05 vs. initial values) indicating that the metabolic acidosis
had been corrected.

Discussion

These experiments have provided new insights into the mecha-
nisms by which metabolic acidosis causes negative nitrogen
balance and enhanced protein catabolism in skeletal muscle.
When muscles from acidotic rats were incubated in vitro, the
excessive protein breakdown persisted even when insulin and
amino acids plus methylamine were present to suppress the
lysosomal process and also when inhibitors of thiol proteases
and a calcium-free media were used to block both lysosomal
and calcium-activated proteases (Table I). However, this in-
crease in protein degradation was eliminated by blocking ATP
production in the muscles (Table II). Thus, acidosis seems to
stimulate selectively a nonlysosomal, ATP-dependent proteo-
lytic pathway as has been found to occur in response to fasting
and denervation atrophy ( 15 ).

Additional evidence for activation of the soluble, ATP-de-
pendent system was the large increase in mRNAfor ubiquitin
and for subunits of the proteasome in muscle of acidotic rats.
These results suggest that acidosis activates a coordinated, pro-

teolytic response, including increased expression of genes that
encode ubiquitin and subunits of the proteasome. The protea-

Figure 3. The abun-
dance of mRNAfor
ubiquitin and HSP70 in
gastrocnemius muscles
and for ubiquitin in
kidneys of five acidotic
and five pair-fed, con-
trol rats. There was a
significant (P < 0.02)
increase in ubiquitin
mRNAbut no signifi-

Muscle Muscle Kidney cant increases in levels
Ubiquitin HSP-70 Ubiquitin

of mRNAfor HSP70
in muscle nor of ubiquitin in kidneys. These data were corrected for
GAPDHmRNAabundance.
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some contains multiple proteolytic activities which are essen-
tial for degrading proteins conjugated to ubiquitin (9-12).
This response appeared to be specific for muscle because ubi-
quitin mRNAwas not increased in kidneys of acidotic rats.
Since mRNAfor other heat shock proteins or other proteases
(cathepsin B) failed to increase in muscle of acidotic rats, the
rise in ubiquitin mRNAdoes not seem to reflect a generalized
stress response (39), but instead appears to be linked to the
increased ATP-dependent proteolysis and to the simultaneous
rise in proteasome mRNA.

The ATP-ubiquitin-dependent proteolytic system has been
most thoroughly characterized in reticulocytes (9, 10, 13), but
it is also present in skeletal muscle (40). This system is gener-
ally considered as a constitutive pathway for the rapid degrada-
tion of abnormal or short-lived proteins (9, 10, 13). The pres-
ent findings and related ones ( 15), however, suggest that it can
be the primary system involved in degrading the bulk of muscle
proteins. In muscle, this degradative system appears to be pre-
cisely regulated and important in disease states. Recent studies
have indicated that the nonlysosomal, ATP-dependent proteo-
lytic system in muscle is activated in other catabolic conditions
including starvation ( 15 ), cortisol treatment (23) denervation
atrophy ( 15), after endotoxin treatment (Attaix and Goldberg,
manuscript in preparation) and cancer cachexia (Baracos et
al., manuscript in preparation). Muscle atrophy is a character-
istic feature of these conditions, and in each, evidence for acti-
vation of the soluble, ATP-dependent degradative process in
muscle was obtained using similar strategies as we have used
here. In starvation and denervation atrophy, the total RNA
content of the muscles decreased, while the mRNAfor the
polyubiquitin gene increased ( 15 ). Moreover, in response to
fasting or denervation, the extent of ubiquitination of cell pro-
teins, seems to be increased especially in the myofibrillar frac-
tion (Wing et al., manuscript in preparation). The present find-
ings resemble earlier observations on fasting in several respects:
Medina et al. ( 1 5 ) showed that the rates of proteolysis and
levels of mRNAfor ubiquitin rapidly returned to control levels
upon refeeding the fasted animals. Likewise, when the acidosis
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reversed to normal, the changes in ubiquitin mRNAreturned
to control levels rapidly. However, our results clearly are not
due to fasting, since the animals were gavage-fed. Moreover,
the RNAcontent of muscle was unchanged in acidosis unlike
the decrease in RNAcontent seen in muscles from starved rats
( 15). Secondly, the enhanced ATP-dependent proteolysis and
the rise in ubiquitin mRNAin muscle stimulated by fasting
require glucocorticoids (23), as does the increase in protein
degradation that is stimulated by acidosis (4). These similar
features suggest that acidosis and a number of catabolic condi-
tions activate the same integrated cellular response leading to
increased proteolysis. Coordinated regulation of mRNAof ubi-
quitin and proteasome subunits has also been reported in hu-
man leukemic during differentiation (41, 42).

The catabolic influence of acidosis is well established in
humans, in experimental animals and in incubated myocytes.
It may be that more severe acidosis is required to stimulate
muscle protein degradation because we did not examine less
severe degrees of acidosis. However, it is likely that acidosis-
stimulated protein degradation maybe the explanation for pro-
tein wasting in certain diseases such as chronic renal failure.
For example, we have found that the muscle protein loss in rats
with chronic uremia can be largely explained by acidosis-in-
duced stimulation of protein degradation in muscle (36). In
those experiments, simply supplementing the diet with sodium
bicarbonate eliminated the increase in muscle protein break-
down. Acidosis also stimulates the oxidation of branched-
chain amino acids and can account for accelerated degradation
of these amino acids in uremia (6, 43, 44). Since the adaptive
response to dietary protein restriction includes inhibition of
amino acid oxidation and protein degradation, the catabolic
influence of metabolic acidosis would be especially deleterious
in patients who eat poorly because of anorexia or who are being
treated with low-protein diets.

In summary, our results show that acidosis activates in
muscle, a coordinated program for catabolism of protein and
amino acids. These findings strongly suggest (but do not
prove) that the accelerated proteolysis is due to greater flux of
proteins through the ubiquitin-proteasome-dependent path-
way. Other types of experiments will be needed to confirm this
conclusion and identify the specific adaptations that trigger the
rapid ATP-dependent proteolysis and the associated increases
in mRNAfor critical components of this pathway.
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