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Metabolic Acidosis Stimulates Protein Degradation in Rat Muscle
by a Glucocorticoid-dependent Mechanism
R. C. May, R. A. Kelly, and W. E. Mitch
Department of Medicine, Harvard Medical School and the Brigham and Women's Hospital, Boston, Massachusetts 02115

Abstract

Metabolic acidosis is associated with enhanced renal ammonia-
genesis which is regulated, in part, by glucocorticoids. The in-
teraction between glucocorticoids and chronic metabolic acidosis
on nitrogen utilization and muscle protein metabolism is un-
known. In rats pair-fed by gavage, we found that chronic acidosis
stunted growth and caused a 43% increase in urinary nitrogen
and an 87% increase in urinary corticosterone. Net protein deg-
radation in incubated epitrochlearis muscles from chronically
acidotic rats was stimulated at all concentrations of insulin from
o to 104 MU/ml. This effect of acidosis persisted despite sup-
plementation of the media with amino acids with or without in-
sulin, indomethacin, and inhibitors of lysosomal thiol cathepsins.
Acidosis did not change protein synthesis; hence, the increase
in net protein degradation was caused by stimulation of prote-
olysis. Acidosis did not increase glutamine production in muscle.
The protein catabolic effect of acidosis required glucocorticoids;
protein degradation was stimulated in muscle of acidotic, adre-
nalectomized rats only if they were treated with dexamethasone.
Moreover, when nonacidotic animals were given 3 isg/100 g of
body weight dexamethasone twice a day, muscle protein deg-
radation was increased if the muscles were simply incubated in
acidified media. Weconclude that chronic metabolic acidosis
depresses nitrogen utilization and increases glucocorticoid pro-
duction. The combination of increased glucocorticoids and aci-
dosis stimulates muscle proteolysis but does not affect protein
synthesis. These changes in muscle protein metabolism may play
a role in the defense against acidosis by providing amino acid
nitrogen to support the glutamine production necessary for renal
ammoniagenesis.

Introduction

In humans and experimental animals, the response to metabolic
acidosis is characterized by an increase in urinary ammonia
coupled to a rise in plasma glutamine extraction by the kidney.
Whether this response results in increased urinary nitrogen ex-
cretion and by implication, negative nitrogen balance, is less
clear. A decline in urea production proportionate to the increase
in urinary ammonium during acidosis could serve to minimize
nitrogen excretion and thereby preserve nitrogen stores. Certain
observations suggest that this does not occur. When fasted rats
are fed hydrochloric acid, there is no change in their urea ex-
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cretion despite a fourfold rise in urinary ammonia (1). In hu-
mans, correction of the acidosis associated with starvation or
chronic renal failure suppresses, rather than augments, urea
production (2, 3). If urea production is not diminished by aci-
dosis, the nitrogen required for renal ammoniagenesis must be
supplied by increased protein catabolism. The improved growth
of children with renal tubular acidosis following alkali therapy
suggests that acidosis does impair overall nitrogen utilization
(4). A catabolic response to acidosis is likely to involve skeletal
muscle, the major repository of protein, but it is unknown
whether metabolic acidosis increases protein degradation (PD)'
or inhibits protein synthesis (PS) in muscles of fed animals. Most
studies of the effect of acidosis on muscle nitrogen metabolism
have focused on glutamine release but have not found an in-
creased release consistently (5-9). Moreover, glutamine release
is a poor marker of muscle protein turnover because it is syn-
thesized in muscle (10, 1 1).

In addition to any direct effect of acidosis on protein turnover,
there are humoral factors that could interact with acidosis to
alter protein metabolism. For example, plasma corticosterone
levels are high in chronically acidotic rats ( 12) and glucocorticoids
suppress PS and may stimulate PDin muscle (13-17). Acidosis
also increases urinary prostaglandin E2 (PGE2) in rats (18), an
eicosanoid known to increase muscle PDin vitro (19, 20).

To clarify the effect of metabolic acidosis on nitrogen utili-
zation and muscle protein metabolism, we measured rates of
growth, total nitrogen excretion and net urea production in
chronically acidotic rats. Wealso measured rates of protein syn-
thesis and degradation in muscles of these rats and assessed the
role of potential mediators of altered muscle protein turnover.

Methods

Animals. Male Sprague-Dawley rats weighing 125-150 g (Charles River
Breeding Laboratory, Inc., Wilmington, MA) were used in all studies.
Four studies (studies I-IV) were performed. The rats were housed in a
temperature-controlled room with a 12-h light-12-h dark cycle and given
water and RMH1000 pellets (Agway Country Foods, Syracuse, NY)
containing 14%protein ad libitum. Over a 3- to 4d period, gavage feeding
was substituted for the pellets. The gavage-fed diet contained 12 g/d of
dry chow, consisting, by weight, of 14%casein (Vita-Free Micropulverized
Casein, U. S. Biochemicals, Cleveland, OH), 72% of a mixture of corn
starch and sucrose (5:4 wt/wt), 7%corn oil, 2%vitamins (ICN Nutritional
Biochemicals, Cleveland, OH), and 5%mineral salts. The diet was mixed
(1.67: 1, wt/vol) with water or a solution of ammoniumchloride (NH4CI)
to provide 4 mmol/100 g of body weight per day (-25% of nitrogen
intake) and given by gavage in two equal portions at 9 a.m. and 6 p.m.
for 5 d; the NH4C1 group also was given 0.25 MNH4CI to drink ad
libitum while the control rats drank water (study I). On the evening
preceding the experiment, acidotic and control rats were fed only the
acid load or the equivalent volume of water to reduce the variability
associated with differences in absorption of food.

1. Abbreviations used in this paper: ADX, adrenalectomized; PCA, per-
chloric acid; PD, protein degradation; PS, protein synthesis.
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In study II, the effects of acidosis were separated from those of feeding
ammonium. The dry laboratory diet was mixed with an equimolar
amount of HCI, NH4Cl, or ammonium acetate, and rats gavage-fed these
diets were compared to rats fed the diet mixed in water, all were given
water to drink.

In study III, rats weighing 75-100 g were adrenalectomized through
a dorsal incision and were fed RMH1000 diet and given 0.154 Msaline
to drink ad libitum for a period of 10-20 d before they were randomly
assigned to one of three groups: adrenalectomy (ADX) without supple-
mentation (group A); ADXwith low-dose dexamethasone (0.6 Mg/l00
g weight, twice daily subcutaneously) (group B); ADXwith high-dose
dexamethasone (3.0 Mg/100 g weight, twice daily subcutaneously) (group
C). The low dose of dexamethasone for group B rats was based on the
endogenous secretory rate of corticosterone in rats (21, 22), assuming a
relative dexamethasone to corticosterone potency ratio of 265:1 (23).
The dose for group C rats was chosen to correspond to the plasma cor-
ticosterone levels of stressed rats (17, 22). Rats of groups A-C were gavage-
fed using a protocol identical to study I, except that they were given
0.154 MNaCl to drink, potassium was deleted from the diet, and for
group A, the acid load was reduced to 3 mmol/ 100 g of body weight to
prevent excessive mortality (22, 24).

In study IV, the effects of prostaglandin synthesis inhibitors were
studied. Rats were gavage-fed as in study I, except that control and acidotic
rats received 3 mg indomethacin/kg orally twice daily. With this dose,
plasma indomethacin is .3 MM, a level that inhibits prostaglandin pro-
duction in rat muscle without causing hepatic injury or toxic accumu-
lation of the drug (25, 26).

In vivo studies. In study II, net urea nitrogen production and urinary
nitrogen excretion of rats gavage-fed NH4CI or an equimolar amount of
ammonium acetate were compared. Rats were placed in individual met-
abolic cages and urine was collected in acidified containers during days
3 and 4 of the protocol; total nitrogen was measured by the Kjeldahl
method (27). At the beginning and end of the collection period, rats
were weighed and tail vein blood was obtained in order to calculate the
urea appearance rate (28).

Hindquarter perfusion. The technique for perfusing the hindquarter
of anesthetized (5 mg pentobarbitol/ 100 g of body weight; i.p.) rats was
similar to that described previously (29, 30), and is based on the technique
of Ruderman et al. (31). Perfusates of 150 ml of aged, washed human
erythrocytes, hematocrit 25%, in Krebs-Henseleit buffer, prefiltered al-
bumin (final concentration 3 g/dl), 10 mMglucose, amino acids in con-
centrations found in rat plasma, and 0.5 mMcycloheximide were pre-
pared before each experiment. The pH of perfusate was altered by chang-
ing the bicarbonate concentration from 25 to 10 mM. Aliquots of media
were obtained at 30 and 90 min, and the rate of release of tyrosine was
measured from changes in its concentration and the volume of perfusate.
Total PD, expressed per gram of muscle perfused, was calculated using
relationships between body weight and muscle perfused established pre-
viously (28).

Epitrochlearis muscle incubation. Epitrochlearis muscles from anes-
thetized rats were removed, blotted, weighed, and incubated in flasks
containing 3 ml of modified Krebs-Henseleit buffer (13.5 mMbicar-
bonate) and 10 mMglucose which had been thoroughly gassed with 95%
O2/5% CO2(32). Unless specified, muscles of acidotic rats were incubated
in pH 7.15 media, because this was the average pH of their arterial blood
(Table I). Muscles of control rats were incubated at pH 7.40 in unmodified
buffer plus 10 mMglucose. After a 30-min preincubation, muscles were
removed, blotted, and transferred to flasks containing 3 ml of identical
media plus fatty acid and globulin-free albumin (0.2 g/dl) and varying
concentrations of insulin as indicated. The albumin was omitted when
insulin was not present to avoid any contaminating insulinlike activity
contained in the albumin. The flasks were stoppered and regassed for 3
min and then incubated for 2 h. At the end of 2 h, the muscles were
removed, blotted, and immediately homogenized in either 1.0 ml ice-
cold trichloroacetic acid (TCA) to measure tyrosine and phenylalanine
(33, 34) or 1 ml 10% perchloric acid (PCA) to measure glutamine, glu-
tamate (35), and tissue ATP and creatine phosphate content (36, 37).
Phenylalanine and tyrosine also were measured in the incubation media.

Table I. Effects of Chronic Metabolic Acidosis
on Nitrogen Excretion and Urea Appearance

Urea N Urinary
Blood pH appearance nitrogen

mgN/100 g mgN/100 g
48h 48h

Control 7.37±0.01 106.7±6.3 176.3±11.0
Acidotic 7.14±0.01* 96.7±12.9 252.1±7.8*

Values are means±standard error of the mean for at least seven rats in
each group. Control rats were gavage-fed a diet containing 4 mmol
ammonium acetate/I100 g per day while acidotic rats received an equi-
molar amount of ammonium chloride.
* P < 0.001 by unpaired t test compared to control.

During incubation in the standard media, we found no increase in
glutamine production by acidotic muscles, but tissue glutamate levels
were found to be low and this could have been rate-limiting for glutamine
synthesis. Thus, the experiment was repeated with media supplemented
with amino acids (except for tyrosine and glutamine) and ammonium
chloride at the concentrations found in rat plasma (38). With the sup-
plemented media, muscle glutamate in acidotic and control rats
(0.665±0.023 nmol/mg of wet weight for acidotic vs. 0.714±0.022 nmol/
mgof wet weight for control) did not differ and remained constant during
the incubation. One muscle was homogenized in 1 ml of iced 10% PCA
after the 30-min preincubation period, and the intracellular glutamine
concentration was measured. After the 2-h incubation period, the con-
tralateral muscle was homogenized in 1 ml of iced 10% PCA, and the
intracellular glutamine content and glutamine release into the media
were measured. The net rate of glutamine production was calculated as
the change in muscle glutamine content during the incubation period
plus the amount of glutamine released in the media.

In study IV, 3 MMindomethacin was included in the media since
this concentration inhibits prostaglandin production by muscle (26). The
importance of lysosomal cathepsins in mediating muscle proteolysis was
studied by incubating with 25 MMEP475, an inhibitor of lysosomal
cathepsins B, H, and L (39). Wehave found that 25 MMEP475 inhibits
cathepsin B activity by 95% in incubated epitrochlearis muscles (26).

Analytical procedures. In study I, 24-h urine specimens were centri-
fuged at 2,000 g for 10 min to remove particulate material and the su-
pernatants were stored at -70°C. Urinary corticosterone was extracted
into methylene chloride using [3Hlcorticosterone as an internal standard.
Each sample was applied to a disposable C18 cartridge (Sep-Pak; Waters
Associates, Millipore Corp., Milford, MA) and then consecutively washed
with 10 ml of water and 2 ml of 20% acetonitrile/water (vol/vol) before
elution with 100% acetonitrile; the flow rate was 0.5 ml/min. The eluate
was dried under nitrogen and reconstituted in I ml of 0. I MTris-Cl (pH
7.4); recovery was 92±4% (mean±standard deviation). The corticosterone
concentration in the reconstituted urine samples was measured using a
radioimmunoassay kit (Cambridge Medical Diagnostics; Billerica, MA).
50 Mul of each extract were mixed with 251-corticosterone and sheep an-
ticorticosterone antiserum and incubated overnight at 4°C; rabbit 'y-
globulin was added as a nonspecific carrier protein. Goat anti-y-globulin
was added the following morning and allowed to incubate for I h at
220C. 1 ml of saline was added and the samples were centrifuged at
2,000 g for 15 min before the radioactivity in the pellet (bound 125I-
corticosterone) was determined. Standard curves were constructed in
urine from ADXrats. The sensitivity of the assay was approximately 50
pg/ml. The primary antibody had the following crossreactivities with
other endogenous steroids: progesterone, 4.0%; 1 1-desoxycorticosterone,
2.5%; aldosterone, 2.0%; testosterone, 1.8%; androstenedione, 1.4%, 17
fl-estradiol, <0.01%; estrone, <0.01%; cholesterol, <0.01%.

The pH of aortic blood was measured on an Instrumentation Lab-
oratory Inc. (Lexington, MA) model 313 pH/blood gas analyzer. Net
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PD was calculated from the rate of release of tyrosine into the media,
because tyrosine (like phenylalanine) is neither synthesized nor degraded
in muscle and because we found that <6%of tyrosine release could be
attributed to changes in intracellular tyrosine in muscles of either control
or acidotic rats. PS was determined during a 2-h incubation by measuring
the incorporation of L-[U-'4C]phenylalanine (0.05 gCi/ml) into muscle
protein when 0.5 mMphenylalanine was added to the media to minimize
the reincorporation of the label. The intracellular specific radioactivity
of phenylalanine in muscles of control and acidotic rats was found to
be equal to that in the media after 30 min as reported previously (29).
Consequently, the incorporation of L-[U-'4Cjphenylalanine into muscle
protein was divided by the specific radioactivity of phenylalanine in the
media to calculate the rate of PS.

Materials. L-[U-`4C]phenylalanine was obtained from Swartz-Mann
(Dickinson and Company, Orange, NY), [3H]corticosterone from New
England Nuclear (Boston, MA) and reagent grade chemicals were pur-
chased from Fisher Scientific Company (Pittsburgh, PA). All enzymes,
except for urease (U. S. Biochemical, Cleveland, OH), NAD, NADPH
fatty acid, and globulin-free albumin, indomethacin, and cycloheximide
were purchased from Sigma Chemical Co. (St. Louis, MO). Dexameth-
asone and purified porcine insulin were purchased from Elkins-Sinn Inc.
(Cherry Hill, NJ) and Eli Lilly & Company (Indianapolis, IN), respec-
tively. The lysosomal cathepsin inhibitor, EP475, was kindly donated
by Dr. A. L. Goldberg, Harvard Medical School, Boston, MA.

Statistics. Results are presented as mean±standard error of the mean
and were compared using the paired and unpaired Student's t test and
analysis of variance. Results were considered significant at P < 0.05.

Results

Long-term studies of rats being pair-fed by gavage indicated that
chronic metabolic acidosis impaired growth (Figure 1). Com-
pared to initial weights, rats fed NH4Cl had gained significantly
less weight than nonacidotic rats fed the same diet without NH4Cl
(+37±5 g, acid vs. +55±3 g, control; P < 0.01). This suggests
that metabolic acidosis impairs nitrogen utilization.

To assess the effects of acidosis on nitrogen metabolism, uri-
nary nitrogen and the urea appearance rate were measured in
study II. Because rats were fed an equimolar amount of NH4Cl
or ammonium acetate, this study permitted us to distinguish
between the effects of ammonium and the resulting acidosis.
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Figure 1 The change in weight of rats gavage-fed diets identical in
protein and calorie content. Compared to initial weights, rats receiving
4 mmol NH4CI/ 100 g of body weight per day gained significantly less
weight (P < 0.05) than the nonacidotic, control group. Values shown
are mean±standard error of the mean.

The acidotic rats (pH 7.14±0.01) had a 43% increase in urinary
nitrogen despite an identical nitrogen intake (Table I). Although
fecal nitrogen was not measured, it seems unlikely that the higher
nitrogen excretion by acidotic rats was due to differences in ni-
trogen absorption in that none of the rats had diarrhea. Chronic
metabolic acidosis did not increase urea production (Table I),
in agreement with other reports (40). Because the urinary am-
monium of NH4Cl-treated rats is substantially higher than that
of rats treated with equimolar ammonium bicarbonate (40), it
is likely that the increased urinary nitrogen (Table I) was due to
ammonium. These results (Fig. 1; Table I) indicate that nitrogen
utilization is markedly impaired by chronic metabolic acidosis.

In vitro studies. To study the effects of an acute pH change
on muscle proteolysis, the isolated hindquarter of normal rats
was perfused with pH 7.0-7.2 media. Proteolysis was unaffected
by acute acidosis (1 37.6±7.5 nmol of Tyr/g. h, pH 7.15 media
vs. 138.0±6.0 nmol of Tyr/g- h, pH 7.4 media). This was con-
firmed when epitrochlearis muscles from normal rats were in-
cubated at pH 7.15 with 102 or 103 ,uU/ml of insulin. Net PD
in these muscles incubated in acid was not different from that
of contralateral muscles incubated at pH 7.40 (Table II). This
effect of acidosis could not be attributed to impaired viability
of the incubated muscles (Table III). The values of ATP and
creatine phosphate content were similar to those we have mea-
sured previously in incubated epitrochlearis muscle and in in-
situ freeze-clamped skeletal muscle (1 1, 41).

In contrast, net PD was significantly increased in muscles
from chronically-acidotic rats both in the absence of insulin and
at all concentrations of insulin studied (Fig. 2). The abnormal
net PDwas not corrected by incubating muscles in pH 7.4 media
and persisted when the incubation media was supplemented with
insulin and amino acids at concentrations found in normal rat
plasma (38) (Table II).

To determine whether the higher rate of net PD in muscles
of acidotic rats was due to inhibition of PS, this was measured
both with and without 104 tU/ml insulin. PS did not differ be-
tween acidotic and control rats (44±2.4, acid vs. 44.0±2.1 nmol
Phe/g. h, control without insulin; 60.0±1.8, acid vs. 65.4±4.4
nmol Phe/g - h control at 104 AU/ml of insulin). Thus, the in-
crease in net PDwas due to stimulation of muscle PD.

To examine whether this catabolic effect was due to am-
monium, two separate controls were studied. Although net PD
in rats treated with HCOwas stimulated to a lesser extent than
by treatment with NH4Cl, all acidotic rats had a significantly
higher rate of muscle proteolysis compared to control rats (Table
IV). The arterial blood pH of rats receiving ammonium acetate
was 7.36±0.01, and net PD in their muscles was not different
statistically from that of control rats (Table IV). Thus, the stim-
ulatory effect of NH4Cl on muscle proteolysis was due, at least
indirectly, to the metabolic acidosis and not to any independent
effect of ammonium.

To determine whether the catabolic effect of acidosis requires
lysosomal proteolysis, an inhibitor of lysosomal thiol proteases,
EP475, was used. A concentration of 25 ,uM EP475 reduces
cathepsin B activity by 95% in incubated epitrochlearis muscles
(26). Muscles from NH4Cl-treated rats had a higher rate of net
PDthan control rats, both in the presence and absence of EP475;
net PDwas reduced by a small and comparable degree in muscles
from both groups (Table V), suggesting that the proteolytic effect
of chronic acidosis primarily involves nonlysosomal pathways.

The possibility that stimulated prostaglandin synthesis me-
diates the accelerated proteolysis of metabolic acidosis was stud-

616 R. C. May, R. A. Kelly, and W. E. Mitch



Table IL Influence of pH, Amino Acid, and Insulin Supplementation of the Media
and Indomethacin Treatment on Net Protein Degradation in Incubated Muscles

Net protein degradation

Treatment Incubation condition pH 7.15 media pH 7.40 media %Change

nmol tyrosineig per h

Untreated (6) 102 ttU/ml insulin 112.3±4.8 117.8±5.6 4.2±5.0
104 1sU/ml insulin 83.4±1.6 85.6±5.8 1.0±5.8

Chronic acidosis (6) No additions 174.1±12.4 179.1±9.7 3.1±2.0

Untreated (6) Amino acids 97.5±2.3
Amino acids + 103 MU/ml insulin 47.2±3.0

Chronic acidosis (6) Amino acids 120.8±2.5t
Amino acids + 103 AU/ml insulin 72.3±2.8t

Indomethacin (9) 3 ,M indomethacin 137.9±3.6
3 MMindomethacin + 103 MU/ml insulin 89.5±4.9

Indomethacin 3 MMindomethacin 176.8±18.1
+ chronic acidosis (8) 3 MU/ml insulin + 103 MU/ml insulin 132.9±17.0*

Values are mean±standard error of the mean with the numbers of rats studied indicated in parentheses. Muscles are incubated in Krebs-Henseleit
buffer containing 10 mMglucose supplemented with insulin, amino acids, and indomethacin as indicated. By paired comparison, the pH of the
media did not affect net protein degradation in muscles of untreated or acidotic rats. * P < 0.05. t P < 0.01 by unpaired analysis compared to
muscles of rats in the respective nonacidotic control group.

ied by incubating muscles from control and acidotic animals in
the presence or absence of 3 AsM indomethacin. This concen-
tration inhibits PGE2 release from incubated muscle by 87%
(26). Indomethacin reduced the rate of net PD in muscles from
both groups of rats by a comparable degree (Table V), but it did
not correct the accelerated PDassociated with chronic metabolic
acidosis. In another experiment, rats were given 3 mg of indo-
methacin/kg by gavage twice daily throughout the period of study
and 3 ,AM indomethacin was added to the preincubation and
incubation media. Despite this regimen, muscles from acidotic
rats still had a significantly higher rate of net PD than their
controls (Table II). These results indicate that the increased
muscle proteolysis of acidosis does not depend upon prosta-
glandin production.

Table III. Effects of Acidosis on Tissue Levels
of ATP and Creatine Phosphate

ATP Creatine phosphate

103 zU/Ml 103 yU/Ml
Basal insulin Basal insulin

'mol/g I'mol/g jumol/g smol/g

Control 5.95±0.97 5.36±0.38 16.02±0.87 16.49±0.94
Acidosis 6.23±0.63 6.68±0.86 17.86±1.48 16.49±0.94

Values are the mean±standard error of the mean from muscles from
seven acidotic or seven control rats. Rats were gavage-fed the control
or NH4CI-supplemented (4 Mmol/100 g weight per day) diet and the
muscles were incubated in Krebs-Henseleit buffer at pH 7.4 (control)
or pH 7.1 (acidosis) plus 10 mMglucose without (basal) or with 103
MU/ml insulin.

The possibility that adrenal hormones are important for the
catabolic effect of acidosis was examined by comparing rates of
PS and net PD in muscles of ADX rats (group A), ADX rats
supplemented with a low (group B) or a high physiologic dose
of dexamethasone (group C). One muscle from each animal in
groups B and C was incubated in pH 7.15 media, and the con-
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Figure 2. The dose-response relationship between insulin and net pro-
tein degradation in muscles incubated for 2 h in Krebs-Henseleit bi-
carbonate buffer, 10 mMglucose, 0.2 g/dl albumin, and different con-

centrations of insulin. Muscles from control rats were incubated at pH
7.40 and muscles from acidotic rats were incubated at pH 7.15. Net
protein degradation was measured as tyrosine released into the media.
Values at each concentration of insulin are the mean±standard error

of the mean from muscles of at least six acidotic or six control rats.

Differences are significant at each insulin concentration (P < 0.05).
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Table IV. Effects of Chronic Metabolic Acidosis
on Net Protein Degradation in Incubated Muscle

Net protein degradation

Treatment 102 pU/ml insulin 103 pU/ml insulin

nmol tyrosinelg per h nmol tyrosineig per h

Control (14) 107.6±5.3 81.0±4.3
NH4CI (12) 141.6±7.3t 116.0±12.6*
HC1(10) 120.9±3.3* 98.2±3.9f
NH4acetate (6) 99.5±11.7 81.0±7.1

Values are mean±standard error of the mean with the number of rats
studied indicated in parentheses. Muscles were incubated in media
containing 102 or 103 AU/ml as indicated.
*P<0.05.
4 P < 0.01 compared to values obtained from muscles of control rats.

tralateral muscle was incubated in pH 7.4 media. As expected
(15, 17), a high physiologic dose of glucocorticoids depressed PS
compared to the low dose or unsupplemented ADXrats (Table
VI). Within each group, there was no significant difference in
muscle PS between control and acidotic rats. Importantly, aci-
dosis did not increase net PD in muscles of unsupplemented
ADXrats. Net PDin muscles of acidotic, ADXrats treated with
low-dose dexamethasone (group B) was increased when com-
pared to nonacidotic control muscles. This is consistent with
the interpretation that even a low level of glucocorticoids will
permit expression of the proteolytic effect of acidosis. However,
net PD in the nonacidotic, control muscles of group B rats was
slightly less than that in muscles of unsupplemented, ADXrats
(group A). Therefore, the findings in muscles of group B rats
could be due to inhibition of PD in the control group rather
than an increase in proteolysis in the acidotic group. The inter-
action between glucocorticoids and acidosis was clarified in the
studies of ADXrats given higher doses of dexamethasone (group
C). Net PD in muscles of group C control rats (Table VI) was
the same as that of acidotic and nonacidotic, unsupplemented
ADX(group A) or intact, control rats (Fig. 2). In sharp contrast,
net PD in muscles of chronically acidotic group C rats was high
and indistinguishable from that of intact acidotic rats (Fig. 2).
Because these results suggest that the proteolytic effect of acidosis
in muscle requires a high glucocorticoid level, we measured the
24-h corticosterone excretion rates of intact control and acidotic
rats. As shown in Fig. 3, acidotic rats excreted more corticoste-
rone on the average (6.4±0.9, acid vs. 3.4±0.5 g corticosterone/
kg- d; P < 0.02), though values for the two groups overlapped.

Results from experiments using pH 7.40 and pH 7.15 media
also emphasize the importance of glucocorticoids in the proteo-
lytic response to acidosis. Muscles of 18 nonacidotic ADXrats

treated with 3 ,g/100 g dexamethasone twice daily (group C,
control) exhibited accelerated proteolysis when incubated at pH
7.15. In a paired experiment, net PD of muscles incubated at
pH 7.15 was significantly (P < 0.001) higher than that of the
contralateral muscle incubated at pH 7.40 (Table VI). A pro-
teolytic response to acute acidosis was not observed during in-
cubation of muscles of nonacidotic, intact group A or group B
rats (Table VI).

Chronic metabolic acidosis did not stimulate muscle gluta-
mine production (3.18±0.38, acid vs. 3.03±0.17 gmol/g h,
control) even though net PD was higher (Table II). Likewise,
acidosis did not cause a significant rise in the aortic-inferior
vena caval difference in whole blood glutamine. Whenrats were
given HCO(study II) and compared to control rats, the arterio-
venous glutamine differences across the hindquarter were
+38+33, acid and -52±54 MiM, control).

Discussion

Although previous reports have documented impaired growth
in acidotic rats (42), the metabolic consequences of chronic aci-
dosis have not been delineated. In rats fed isonitrogenous diets,
we have established that acidosis increases total urinary nitrogen
without changing net urea production (Table I). Because growth
was impaired while urea production was unchanged, the in-
creased nitrogen excretion must mean that acidotic rats have
impaired nitrogen utilization. Wefound that the catabolic effect
of acidosis extends to skeletal muscle protein. Because PS was
unaffected by acidosis (see above), the increase in net PD in
muscle (Fig. 2) must have been caused by stimulation of pro-
teolysis. Acute exposure to an acidified perfusate or incubation
media alone did not stimulate proteolysis in muscle, even though
sufficient time (30 min) was allotted for equilibration of the
intracellular pH at a new steady-state value (43). Moreover,
muscle proteolysis in ADX, chronically acidotic rats was not
increased despite an acidosis of both a degree and duration com-
parable to that of intact, acidotic rats. Finally, the increase in
muscle PD induced by chronic acidosis was not reversed by
incubating at pH 7.40. This indicates that the abnormalities in
protein turnover are not responsive to an acute rise in extracel-
lular and presumably intracellular pH (43).

In muscle, PD is mediated by lysosomal and cytoplasmic
proteolytic pathways, but the factors controlling flux through
these pathways are unknown (44, 45). Because EP475, at doses
known to inhibit lysosomal cathepsin B, H, and L activity (19,
26) did not correct the increased net PDin muscles of acidotic
rats, it is likely that the excessive proteolysis of chronic acidosis
occurs through nonlysosomal pathways (20). This assumes that
most of the important lysosomal proteases were inhibited in this
experiment. In addition, the accelerated proteolysis is not de-
pendent on PGE2 synthesis since indomethacin, at doses suffi-

Table V. IEffects of Indomethacin and Inhibition of Lysosomal Thiol Proteases on Net Protein Degradation in Incubated Muscles

Control Acidotic

Addition No addition Addition %Change No addition Addition %Change

EP 475 (25 MM) 138.92±8.2 120.6±5.9 9.2±5.6 171.4±9.3 152.6±10.8 8.1±3.7
Indomethacin (3 MM) 142.8±4.4 132.4±2.1 6.8±3.5 171.5±9.4 152.3±5.3 8.9±2.4
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Table VI. Interaction between Metabolic Acidosis and Dexamethasone on the Components of Muscle Protein Turnover

Protein synthesis Net protein degradation

pH 7.15 pH 7.40 pH 7.15
Media Media Media pH 7.40 Media

nmol phenylalanine/g per h nmol tyrosine/g per h

Adrenalectomy Control ND 38.3±2.1 ND 133.3±2.6
Acidotic 43.9±2.2 ND 138.4±3.8 ND

Adrenalectomy + dexamethasone Control 44.4±2.2 43.0±3.9 125.4±3.7 126.9±3.9
(0.6 og/lI00 g, twice daily) Acidotic 46.1±1.9 48.8±1.4 139.5±3.4t 143.7±3.1t

Adrenalectomy + dexamethasone Control 34.2±1.4§ 35.2±1.8§ 152.6±5.3§ 135.6±4.9*§
(3 Ag/I00 g, twice daily) Acidotic 32.8±1.5§ 33.7±1.4§ 156.2±4.2§ 159.8±5.3t§

Values are mean±standard error of the mean for control and acidotic rats gavage-fed the control diet or the NH4Cl-supplemented diet for 5 d.
Protein synthesis was measured in muscles of six or more rats in each group. Net protein degradation was measured in muscles of 11 or more rats
in each group. For each group, except unsupplemented, ADX rats, one muscle was incubated at pH 7.15 and the contralateral muscle at pH 7.40
for paired analysis. ND, not determined. * P < 0.01 by paired t test. t P < 0.05 by unpaired t test compared to control rats treated with the
same dose of dexamethasone. § P < 0.05 compared to rats treated with 0.6 ,g/ 100 g dexamethasone twice daily (analysis of variance).

cient to block prostaglandin synthesis (20, 26), did not correct
the abnormal protein turnover.

Despite an increase in proteolysis, glutamine production by
muscle was not increased by chronic acidosis, confirming pre-
vious reports (7-9). Because muscle can convert certain amino
acids to glutamine (10, 46), the increase in PDwould be expected
to stimulate glutamine production. Consequently, our results
and those of others (7-9) suggest that acidosis lowers glutamine
synthesis in muscle. It is unlikely that substrate availability could
have limited glutamine synthesis because muscles were incubated
in media containing ammonium and amino acids, and tissue
glutamate levels were the same for both acid and control muscles.
This finding contrasts with the report of Schrock and Goldstein
who found that the arteriovenous glutamine difference across
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Figure 3. Urinary free corticosterone values of individual rats. Aci-
dotic rats were gavage-fed a diet supplemented with 4 mmol NH4CI/
100 g of body weight per day. Mean values were significantly different
(P < 0.05).

hindlimbs of chronically acidotic rats was increased (5). In that
study, the rats were not pair-fed and it is possible that decreased
food intake by the acidotic rats caused the difference since star-
vation increases glutamine efflux from peripheral tissues (46).

Several reports have documented the importance of gluco-
corticoids in the renal response to metabolic acidosis. In ADX
rats, there is impaired renal glutamine uptake and ammonia-
genesis in response to acidosis (47), and increasing doses of glu-
cocorticoids raise ammonia excretion (48). Wehave extended
the report (12) that acidosis raises plasma corticosterone by
showing that corticosterone production, as reflected in its 24-h
urinary excretion, is stimulated by acidosis (Fig. 3). Urinary cor-
ticosterone excretion by rats also rises with other stresses (49)
and more accurately estimates corticosterone production than
a single plasma level which can increase in response to blood
sampling or anesthesia (50). Because other factors that affect
corticosterone production in small rodents, such as handling,
feeding schedules, and ambient temperature (51), were the same
for both control and acidotic rats, we conclude that the higher
corticosterone excretion in the acidotic group must have been
caused by the acidosis.

The present study elucidates a new mechanism by which
adrenal glucocorticoids coordinate the response to metabolic
acidosis. Glucocorticoids are necessary for the increased muscle
proteolysis of acidosis. This conclusion was reached because
proteolysis was not stimulated in muscles from chronically aci-
dotic, ADX rats and because the increase in PD was restored
(Table VI) in ADXrats supplemented with dexamethasone at
doses calculated to achieve plasma glucocorticoid levels in
stressed rats. Dexamethasone was used in these experiments be-
cause its long half-life provides a consistent glucocorticoid effect
throughout the day (22). The proteolytic response to acidosis in
ADX animals treated with 3 gg of dexamethasone/100 g of
weight twice daily was not due to a nonspecific or pharmacologic
effect of this synthetic steroid because neither PD nor PS in
muscles of nonacidotic rats in this group were different from
values measured in muscles of nonacidotic, intact rats (Table
VI; Fig. 2).

Generally, glucocorticoids affect muscle protein turnover by
inhibiting PS (15-17). Increased PD, in response to glucocor-
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ticoids, has only been noted in starved, immature rats (14). Con-
sequently, it was interesting that proteolysis increased rapidly
when muscle from mature, nonacidotic, dexamethasone-treated
ADXrats were incubated in acidic media (Table VI). This in-
dicates that glucocorticoids can prime proteolytic pathways to
respond to an acute stress in certain catabolic conditions.

These results suggest that skeletal muscle shares in the met-
abolic response to acidosis by providing nitrogen for renal am-
moniagenesis. Although the primary source for glutamine that
is extracted by the kidney remains undefined, we found no ev-
idence for increased glutamine release by muscle. Other possi-
bilities include increased hepatic glutamine synthesis (52, 53)
or decreased glutamine utilization by small intestinal epithelia.
In response to other catabolic stimuli, increased amino acid re-
lease from muscle results in a proportionate rise in hepatic urea
synthesis (28, 54). In contrast, acidosis did not increase urea
production despite increased release of amino acids from muscle
(Table I). Thus, amino acids released from muscle could be used
by the liver to synthesize glutamine. In fact, several groups have
found that acidosis stimulates hepatic glutamine synthesis in
rats (52, 53, 55). If inhibition of intestinal glutamine utilization
during acidosis provided the sole source of extra glutamine for
the kidney, urea synthesis should have risen when muscle pro-
teolysis increased, but this did not occur. Moreover, studies of
intestinal glutamine utilization in chronically acidotic rats, in-
cluding incubated intestinal segments (56), the isolated perfused
intestine (57), the arteriovenous glutamine flux across the in-
testine (5), and incubation of intestinal epithelial cells (58), have
found no evidence for inhibition of intestinal glutamine utili-
zation. Therefore, we conclude that proteolysis is increased in
skeletal muscle in chronic metabolic acidosis, and that it is me-
diated, in part, by a rise in glucocorticoid secretion. Wepropose
that mobilization of amino acids from muscle is an important
physiologic response to chronic acidosis because it provides
amino acid nitrogen for hepatic glutamine production and sub-
sequent renal ammoniagenesis.
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