
Muscle wasting in insulinopenic rats results from activation of
the ATP-dependent, ubiquitin-proteasome proteolytic pathway
by a mechanism including gene transcription.

S R Price, … , L S Phillips, W E Mitch

J Clin Invest. 1996;98(8):1703-1708. https://doi.org/10.1172/JCI118968.

In normal subjects and diabetic patients, insulin suppresses whole body proteolysis suggesting that the loss of lean body
mass and muscle wasting in insulinopenia is related to increased muscle protein degradation. To document how
insulinopenia affects organ weights and to identify the pathway for accelerated proteolysis in muscle, streptozotocin-
treated and vehicle-injected, pair-fed control rats were studied. The weights of liver, adipose tissue, and muscle were
decreased while muscle protein degradation was increased 75% by insulinopenia. This proteolytic response was not
eliminated by blocking lysosomal function and calcium-dependent proteases at 7 or 3 d after streptozotocin. When ATP
synthesis in muscle was inhibited, the rates of proteolysis were reduced to the same level in insulinopenic and control rats
suggesting that the ATP-dependent, ubiquitin-proteasome pathway is activated. Additional evidence for activation of this
pathway in muscle includes: (a) an inhibitor of proteasome activity eliminated the increased protein degradation; (b)
mRNAs encoding ubiquitin and proteasome subunits were increased two- to threefold; and (c) there was increased
transcription of the ubiquitin gene. We conclude that the mechanism for muscle protein wasting in insulinopenia includes
activation of the ubiquitin-proteasome pathway with increased expression of the ubiquitin gene.

Research Article

Find the latest version:

https://jci.me/118968/pdf

http://www.jci.org
http://www.jci.org/98/8?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI118968
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/118968/pdf
https://jci.me/118968/pdf?utm_content=qrcode


 

Insulinopenia and Muscle Proteolysis by the Ubiquitin–Proteasome Pathway

 

1703

 

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/96/10/1703/06 $2.00
Volume 98, Number 8, October 1996, 1703–1708

 

Rapid Publication

 

Muscle Wasting in Insulinopenic Rats Results from Activation of the
ATP-dependent, Ubiquitin–Proteasome Proteolytic Pathway by a
Mechanism Including Gene Transcription

 

S. Russ Price, James L. Bailey, Xiaonan Wang, Claudine Jurkovitz, Brian K. England, Xiaoyu Ding, Lawrence S. Phillips,*
and William E. Mitch

 

Renal Division and 

 

*

 

Division of Endocrinology and Metabolism, Emory University School of Medicine, Atlanta, Georgia 30322

 

Abstract

 

In normal subjects and diabetic patients, insulin suppresses

whole body proteolysis suggesting that the loss of lean body

mass and muscle wasting in insulinopenia is related to in-

creased muscle protein degradation. To document how insu-

linopenia affects organ weights and to identify the pathway

for accelerated proteolysis in muscle, streptozotocin-treated

and vehicle-injected, pair-fed control rats were studied. The

weights of liver, adipose tissue, and muscle were decreased

while muscle protein degradation was increased 75% by in-

sulinopenia. This proteolytic response was not eliminated

by blocking lysosomal function and calcium-dependent pro-

teases at 7 or 3 d after streptozotocin. When ATP synthesis

in muscle was inhibited, the rates of proteolysis were re-

duced to the same level in insulinopenic and control rats

suggesting that the ATP-dependent, ubiquitin–proteasome

pathway is activated. Additional evidence for activation of

this pathway in muscle includes: (

 

a

 

) an inhibitor of protea-

some activity eliminated the increased protein degradation;

(

 

b

 

) mRNAs encoding ubiquitin and proteasome subunits

were increased two- to threefold; and (

 

c

 

) there was in-

creased transcription of the ubiquitin gene. We conclude

that the mechanism for muscle protein wasting in insuli-

nopenia includes activation of the ubiquitin–proteasome

pathway with increased expression of the ubiquitin gene. (

 

J.

Clin. Invest.

 

 1996. 98:1703–1708.) Key words: protein deg-

radation 
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Introduction

 

The loss of lean body mass is a devastating complication of di-
abetes. The mechanisms causing this problem are unknown
but measurement of whole body protein turnover in insulin-
dependent, diabetic patients indicates that protein degradation
and leucine oxidation are increased (1, 2). In poorly controlled

diabetic patients or rats, there is excessive urinary excretion of
3-methylhistidine, a nonmetabolizable amino acid found ex-
clusively in contractile proteins (3, 4), and insulinopenia in-
creases protein degradation in the perfused rat hindquarter
(5). These reports indicate that muscle protein degradation is
activated by insulinopenia.

Does insulin directly suppress muscle protein degradation?
Addition of insulin to cultured L8 myotubes or other types of
cells decreases proteolysis (6, 7). Infusion of insulin into the
forearm of healthy subjects suppressed the rate of appearance
of phenylalanine compatible with decreased protein degrada-
tion (8, 9). In rats with chronic renal failure (CRF),

 

1

 

 insulin
suppresses protein degradation in incubated muscle and the
perfused hindquarter (10, 11). Of interest, the extent of the
suppression of protein breakdown after insulin was compara-
ble in muscles of CRF and control rats (11).

An unanswered question is, Which proteolytic pathway is
stimulated by insulinopenia? In muscle, there are four path-
ways for protein degradation: lysosomal proteases including
the cathepsins; calcium-dependent proteases; cytosolic ATP-
dependent; and cytosolic ATP-independent proteolytic path-
ways. In hepatocytes, insulin suppresses the formation of
autophagic vacuoles and protein degradation in lysosomes,
suggesting that lysosomes could be activated when the level of
insulin is low (12). The ATP-dependent ubiquitin–proteasome
pathway is activated in several catabolic states (13–19). Pro-
teins degraded in this pathway are first conjugated to ubiquitin
in an ATP-dependent reaction. The ubiquitin–protein conju-
gates are then degraded by the 26S proteasome in an ATP-
dependent reaction which unfolds the protein, releases ubiq-
uitin, and degrades the protein to small peptides and amino
acids (20–22). The proteasome is composed of a 20S core con-
taining multiple subunits arranged in four rings of seven
subunits each and 19S “cap” complexes of multiple protein
subunits, some of which exhibit ATPase activity (23). The
present studies were designed to assess the impact of insuli-
nopenia on organ weights including muscle mass. In addition,
we sought to determine which proteolytic pathway(s) is acti-
vated in muscle of these rats. 

 

Methods

 

Materials.

 

Streptozotocin (STZ) was purchased from Pfanstiehl Lab-
oratories, Inc. (Waukegan, IL), ZetaProbe GT membranes from Bio-
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Rad Laboratories (Hercules, CA), [

 

32

 

P]dCTP and [

 

32

 

P]CTP from
Amersham (Arlington Heights, IL), and Multistix 10 SG reagent
strips from Miles Inc. (Elkhart, IN). All other chemicals or reagents
were purchased from Sigma Chemical Co. (St. Louis, MO). The pro-
teasome inhibitor MG132 was generously provided by ProScript, Inc.
(Cambridge, MA).

 

Rat model.

 

After ether anesthesia, rats weighing 

 

z

 

 150 grams
were given a single tail vein injection of STZ (125 mg/kg prepared
fresh in 0.1 M citrate buffer, pH 4.0) at 7 a.m. These rats were fed
23% protein chow ad libitum for the first day and the quantity of food
eaten by the STZ-treated rats was measured. Vehicle-injected, con-
trol rats were pair-fed the same amount of food. Urine was collected
to measure glucosuria and ketonuria using Multistix 10 SG reagent
strips. At 6 p.m. the night before an experiment, food was removed
from both groups of rats to eliminate the variability related to differ-
ences in food absorption. After muscles were removed, arterial blood
was collected to measure blood glucose.

 

Measurement of muscle protein degradation.

 

The mixed-fiber epi-
trochlearis muscles were dissected from the forelimbs of insulinopenic
and pair-fed, vehicle-injected control rats and preincubated at resting
length for 30 min at 37

 

8

 

C in 95% O

 

2

 

/5% CO

 

2

 

 in Krebs-Ringer bicar-
bonate (KRB) media, pH 7.4, containing 10 mM glucose and 0.5 mM
cycloheximide (13, 14). The muscles were then placed in fresh media,
regassed, and incubated for 2 h at 37

 

8

 

C. At the end of the incubation
period, TCA (final concentration, 10%) was added to precipitate pro-
teins; tyrosine in the media was measured to calculate the rate of pro-
tein degradation. In another experiment, we measured the intracellu-
lar pool of free tyrosine in muscle to assess its impact on measured
protein degradation (14).

The influence of insulinopenia on different proteolytic pathways
was evaluated by measuring the rates of protein degradation in an
epitrochlearis muscle incubated with inhibitors of different pathways
while the contralateral muscle was incubated without these inhibitors.
Results were compared with those from muscles of the control rat in-
cubated in the same fashion. Lysosomal and calcium-activated pro-
teases were blocked by fixing the muscle at resting length and adding
1 mU/ml insulin, branched-chain amino acids (200 

 

m

 

M valine, 170

 

m

 

M leucine, 100 

 

m

 

M isoleucine) and 10 mM methylamine (an inhibi-
tor of lysosomal function), by deleting calcium from the KRB and by
adding 50 

 

m

 

M trans-epoxysuccinyl-

 

l

 

-leucylamido-(4-guanidino bu-
tane) (E-64), a potent inhibitor of the calpains and lysosomal pro-
teases cathepsins B, D, H, and L (24, 25). ATP in muscles was de-
pleted by replacing glucose with 5 mM 2-deoxyglucose and adding 0.5
mM DNP to the media (13, 14). In other experiments, the protea-
some was inhibited by adding 30 

 

m

 

M MG132 (14, 26–28).

 

Northern blot hybridizations.

 

RNA was isolated from the mixed-
fiber, gastrocnemius muscles using TriReagent (Molecular Research
Center, Cincinnati, OH) and separated in a formaldehyde/agarose gel
by electrophoresis before transfer to a ZetaProbe GT membrane
(Bio-Rad). The blots were sequentially hybridized with cDNA
probes for human ubiquitin and rat proteasome C3, C5, and C9 sub-
units which were labeled with [

 

32

 

P]dCTP using the random-primer
method (13, 29, 30). After overnight hybridization, the membranes
were washed once with 2

 

3

 

 SSC/0.5% SDS at 42

 

8

 

C followed by two
washes with 0.5

 

3

 

 SSC/0.5% SDS at 65

 

8

 

C; the washed membranes
were exposed to x-ray film at 

 

2

 

80

 

8

 

C with intensifier screens. Autora-
diographic bands were quantified using a scanning densitometer
(model 1680; Bio-Rad).

 

Nuclear run-on assays.

 

Nuclei were isolated from 12–13 grams of
hindquarter muscle of insulinopenic and pair-fed, control rats and
run-on assays were performed as described (14). After removal of un-
incorporated [

 

a

 

-

 

32

 

P]CTP, equivalent dpm of 

 

32

 

P-labeled transcripts
from each reaction were hybridized with immobilized cDNAs for
human ubiquitin, rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and human 

 

g

 

-actin for 3 d; washes were performed as de-
scribed (14).

 

Statistical analysis.

 

Values are presented as means

 

6

 

SEM. Results
were analyzed using Student’s 

 

t

 

 test when results from two experi-

mental groups were compared or using ANOVA when data from
three groups were studied; for data analyzed by ANOVA, pair-wise
comparisons were made by the Student-Newman-Keuls test.

 

Results

 

Initially, control rats maintained their weight, but insuli-
nopenic rats lost weight (Fig. 1) in part because of a decrease
in food intake. Food intake was 12.7

 

6

 

0.7 grams/d for day 1
and rose to 24.7

 

6

 

0.6 grams/d by day 6. In spite of the increase
in food, insulinopenic rats still did not gain weight. Rats in-
jected with STZ developed persistent glucosuria by day 1. On
day 7, the blood glucose in insulinopenic and control rats was
269

 

6

 

17 and 105

 

6

 

7 mg/dl (

 

P

 

 

 

,

 

 0.001), respectively. Insuli-
nopenic rats also developed ketonuria by day 1 but it disap-
peared by day 7 and on this day, the serum bicarbonate con-
centration was 26.6

 

6

 

1.1 mM in insulinopenic rats and 24.7

 

6

 

0.7
mM in control rats.

The muscles of insulinopenic rats were smaller than those
of the vehicle-injected, pair-fed, control rats (Table I). The loss
of muscle mass was not specific for fiber type because the
white-fiber extensor digitorus longus (EDL), the red-fiber so-
leus, and the mixed-fiber gastrocnemius muscles were all
smaller. Moreover, the muscle protein content (normalized for
DNA content) was lower in the EDL and soleus muscles of in-
sulinopenic rats compared with values from control rats. Note
that these differences were not due to a failure to grow be-
cause muscles of ad libitum fed rats with comparable body
weights to those of rats before STZ injection were larger (so-
leus 

 

5

 

 65.1

 

6

 

3.3 mg; EDL 

 

5

 

 52.9

 

6

 

1.6 mg; gastrocnemius 

 

5

 

811.3

 

6

 

5.5 mg) than those of rats after 7 d of insulinopenia.
Thus, muscle weight declined after STZ injection. The liver of
insulinopenic rats was also smaller than that of the pair-fed,

Figure 1. Daily weights of insulinopenic and sham-injected, pair-fed 
control rats. Mean6SE values of the body weights of nine pairs of in-
sulinopenic (filled circles) and pair-fed control (filled squares) rats are 
presented. Rats were weighed at 6 a.m. the morning of injection with 
STZ or vehicle and at 9 a.m. on subsequent days. Body weights on the 
day when muscles were studied are not reported since the rats were 
fasted the night before. *P , 0.001; ‡P , 0.0001.



 

Insulinopenia and Muscle Proteolysis by the Ubiquitin–Proteasome Pathway

 

1705

 

control rats (Table I). Finally, the epididymal fat pads in insuli-
nopenic rats were undetectable in rats after 7 d compared with
those of pair-fed, control rats (Table I).

To determine which proteolytic pathway is activated in
muscle, we measured protein degradation in the mixed-fiber
epitrochlearis muscle of insulinopenic and pair-fed, control
rats (31). First, we assessed the role of lysosomal and calcium-
activated proteases by incubating one muscle under basal con-
ditions and the contralateral muscle under conditions that in-
hibit lysosomal function and calcium-activated proteases (16).
The basal rate of protein degradation was higher in muscles of
insulinopenic rats and this difference was not eliminated by
blocking lysosomal and calcium-dependent proteases (Fig. 2).
Blocking these proteases reduced protein degradation 21% in
muscles of control rats and 16% in muscles of insulinopenic
rats (

 

P

 

 

 

5

 

 NS). The differences in tyrosine release between
control and insulinopenic rat muscles cannot be attributed to
accumulation of intracellular tyrosine because we measured
the free tyrosine concentration in muscles incubated with in-
hibitors of lysosomal function, calcium-activated proteases,

and ATP production. There was no significant difference in
the values found in muscles of control and insulinopenic rats in
muscles incubated without inhibitors (118

 

6

 

15 and 121

 

6

 

16
nmol tyrosine/gram of wet weight of muscle, respectively); in
muscles incubated with inhibitors, these values were 109

 

6

 

8
and 102

 

6

 

13 nmol tyrosine/gram of wet weight, respectively.
Thus, the rate of tyrosine release reflects protein degradation.
Similar findings were obtained in muscles from rats with CRF
and their pair-fed control rats (14) and in septic rats (15).

To investigate whether the increase in proteolysis was re-
lated to activation of an ATP-dependent pathway, one muscle
from an insulinopenic or pair-fed, control rat was incubated
with inhibitors of lysosomal and calcium-dependent proteases
and the contralateral muscle of each rat was incubated under
identical conditions except that inhibitors of ATP synthesis
were added. As in the previous experiment, blocking lysoso-
mal and calcium-dependent proteases did not prevent the in-
crease in protein degradation in muscles of insulinopenic rats.
This difference was blocked by the inhibitors of ATP synthesis
(Fig. 3).

 

Table I. Organ Weights and Protein Content of Muscles from Insulinopenic and Pair-fed, Control Rats

 

Group
Soleus
weight

Soleus
protein content

EDL
weight

EDL
protein content

Gastrocnemius
weight

Liver
weight

Epididymal
fat weight

 

mg

 

m

 

g protein/

 

m

 

g DNA mg

 

m

 

g protein/

 

m

 

g DNA grams grams grams

 

7 day Control 78.1

 

6

 

3.1 79.4

 

6

 

4.3 97.3

 

6

 

3.1 106.7

 

6

 

5.9 1.10

 

6

 

0.04 6.39

 

6

 

0.19 0.37

 

6

 

0.02

Insulinopenic 44.5

 

6

 

1.5* 66.1

 

6

 

3.0

 

‡

 

43.0

 

6

 

1.6* 74.2

 

6

 

3.2

 

§

 

0.48

 

6

 

0.02* 3.91

 

6

 

0.06* NF*

3 day Control 76.7

 

6

 

3.1 91.4

 

6

 

3.0 81.0

 

6

 

1.6 133.9

 

6

 

7.4 0.993

 

6

 

0.04 5.52

 

6

 

0.16 0.49

 

6

 

0.02

Insulinopenic 62.9

 

6

 

4.0

 

i

 

85.3

 

6

 

3.0 62.2

 

6

 

3.0

 

§

 

112.6

 

6

 

1.5

 

i

 

0.763

 

6

 

0.03

 

§

 

5.07

 

6

 

0.23 0.23

 

6

 

0.03*

Values are mean

 

6

 

SEM of measurements made at 3 (

 

n

 

 

 

5

 

 8) or 7 d (

 

n

 

 

 

5

 

 9) after STZ injection; 

 

NF

 

, none found. 

 

‡

 

P

 

 

 

,

 

 0.05 vs. control, 

 

i

 

P

 

 

 

,

 

 0.01; 

 

§

 

P

 

 

 

,

 

0.001; *

 

P

 

 

 

,

 

 0.0001.

Figure 2. Insulinopenia does not increase muscle proteolysis through 
lysosomal and calcium-activated protease pathways. At 7 d after STZ 
injection, total protein degradation (open bars) was measured in one 
epitrochlearis muscle of six pairs of insulinopenic and pair-fed control 
rats while the contralateral muscle was incubated with inhibitors of 
lysosomal and calcium-dependent proteases (solid bars). Total pro-
teolysis was increased by insulinopenia (P , 0.005) and this response 
persisted after inhibiting lysosomal and calcium-dependent proteoly-
sis (P , 0.005).

Figure 3. Insulinopenia stimulates an ATP-dependent proteolytic 
pathway in muscle. At 7 d after STZ injection, protein degradation 
was measured in one epitrochlearis muscle of six pairs of insulinopenic 
and pair-fed control rats incubated with inhibitors of lysosomal func-
tion and calcium-dependent proteases (open bars) while the con-
tralateral muscles were incubated with the same inhibitors plus
2-deoxyglucose and dinitrophenol to prevent ATP synthesis (solid 

bars). When ATP production was halted, the increase in muscle pro-
tein degradation (P , 0.02) was eliminated.
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To provide evidence for involvement of the ubiquitin–pro-
teasome pathway in the proteolytic response to insulinopenia,
we compared the levels of mRNAs encoding components of
this pathway in muscles of experimental and control rats. 7 d
after STZ injection, there was an increase in mRNAs for ubiq-
uitin, C3, C5, and C9 proteasome subunits in muscles of insuli-
nopenic rats (Fig. 4). Ubiquitin mRNA was increased 3.360.4
fold (P , 0.0005) while mRNA levels of the proteasome C3,
C5, and C9 subunits were increased 3.260.4 (P , 0.001),
3.560.4 (P , 0.0006), and 2.260.2 (P , 0.002) fold, respec-
tively.

To determine if shorter periods of insulinopenia also stimu-
late the ubiquitin–proteasome pathway in muscle, we studied
rats 3 d after STZ injection. Both muscles and fat pads were
smaller at 3 d after STZ; the protein content of the white-fiber

EDL muscle was lower in insulinopenic rats but the protein
content in the red-fiber soleus muscle was not different from
that of control rats (Table I). To document involvement of the
proteasome, one muscle was incubated under conditions that
block lysosomal and calcium-activated protein degradation
while the contralateral muscle was incubated under identical
conditions except that MG132, an inhibitor of proteasome ac-
tivity, was added (14, 26, 28). Inhibition of lysosomal and cal-
cium-dependent proteases did not eliminate the increase in
muscle protein degradation at 3 d after STZ (Fig. 5); the mag-
nitude of the increase in muscle proteolysis was comparable
with that at 7 d after STZ (Figs. 2 and 3). In the presence of
MG132, the increase in muscle proteolysis was eliminated. The

Figure 4. mRNAs encoding proteins of 
the ubiquitin–proteasome pathway are in-
creased in muscles of insulinopenic rats af-
ter 7 d. At 7 d after STZ injection, RNA 
from muscles of pair-fed control (C) and 
insulinopenic (I) rats was hybridized with 
cDNA probes for human ubiquitin and C3, 
C5, and C9 subunits of the rat proteasome. 
The corresponding ethidium-stained 18S 
and 28S ribosomal RNA bands are also 
shown as are densitometric measurements 
(mean6SE, n 5 6) of the mRNA values 
normalized to the corresponding 18S val-
ues. Results are expressed as the fold in-
crease in the value found in the muscles of 
pair-fed, control rats.

Figure 5. Insulinopenia increases proteasome-dependent protein 
degradation in muscle. At 3 d after STZ injection, protein degrada-
tion was measured in one epitrochlearis muscle of eight pairs of insuli-
nopenic and pair-fed control rats incubated with inhibitors of lysoso-
mal function and calcium-dependent proteases (open bars); the 
contralateral muscle was incubated with the same inhibitors plus the 
proteasome inhibitor MG132 (solid bars). This inhibitor blocked the 
increase (P , 0.008) in protein degradation induced by insulinopenia.

Figure 6. 3 d of insulinopenia increases mRNAs encoding proteins of 
the ubiquitin–proteasome pathway in muscle. At 3 d after STZ injec-
tion, RNA from muscles of pair-fed control and insulinopenic rats 
was hybridized with cDNA probes for human ubiquitin and C3, C5, 
and C9 subunits of the rat proteasome. Shown are results of densito-
metric measurements (mean6SEM, n 5 5 pairs) of the mRNA (nor-
malized to the corresponding 18S RNA) which are expressed as the 
fold increase in the value found in muscles of control rats.
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stimulation of muscle protein degradation was also eliminated
by giving insulin to STZ-injected rats, suggesting that insulin
may directly or indirectly suppress activity of this pathway
(Price, S.R., manuscript in preparation). Concurrent with the
increase in protein degradation at 3 d after STZ injection, the
levels of mRNAs encoding ubiquitin and proteasome subunits
were increased (Fig. 6).

To determine the mechanism for the increase in levels of
mRNAs encoding components of the ubiquitin–proteasome
pathway, we performed a nuclear run-on assay using nuclei
isolated from muscles from rats 3 d after STZ injection and
from control rats. We found that insulinopenia stimulates tran-
scription of the ubiquitin gene (Fig. 7). In contrast, the tran-
scription of two genes encoding proteins that do not partici-
pate in protein degradation (GAPDH and g-actin) was
unchanged (Fig. 7).

Discussion

We found that insulinopenia induced by STZ causes substan-
tial loss of body weight and the mass of muscle, liver, and adi-
pose tissue. Others have provided evidence that the loss of
muscle mass with insulinopenia is related to accelerated pro-
tein degradation. For example, urinary 3-methylhistidine ex-
cretion is increased in diabetic patients (4) and rats (3) and the
rate of protein degradation is increased in the perfused hind-
quarter muscles of insulinopenic rats (5). The latter experi-
ments were performed in rats the first day after injection with
65 mg/kg STZ, but accelerated muscle proteolysis was not
present at 3, 7, or 28 d after the same dose of STZ, nor was the
proteolytic pathway stimulated by insulinopenia identified
(32). When rats were given a higher dose of STZ (125 mg/kg),
muscle protein degradation increased but it was concluded
that this response was due in large part to decreased food in-
take because control rats given the same amount of food also
had increased muscle protein degradation (32). In the present
studies, we controlled for this factor by using a pair-feeding
protocol. Moreover, the food intake was sufficient to support
growth in pair-fed, control rats (Fig. 1).

What proteolytic pathway is activated by insulinopenia? It
is well-established that insulin can suppress lysosomal proteo-
lysis (12), so it was surprising to find that inhibition of lysoso-
mal function had no significant impact on muscle proteolysis.
Kettelhut et al. (33) reported that calcium- and ATP-depen-
dent muscle proteolysis were increased during the acute phase

of insulinopenia (1–3 d after injection of STZ) but by day 5,
muscle protein breakdown returned to normal. We did not
find that calcium-dependent proteolysis played an important
role. However, ATP-dependent muscle proteolysis was acti-
vated early and persisted for at least 7 d. Recently, there has
been an explosion of interest in the role of the ATP-depen-
dent, ubiquitin–proteasome proteolytic system in degrading
muscle proteins. The ATP-dependent, ubiquitin–proteasome
pathway in muscle is activated in several states associated with
muscle wasting including acidosis (13), uremia (14), sepsis
(15), fasting (16), cancer (17, 18, 34), muscle denervation (19),
and burn injury (35). The present results indicate that insuli-
nopenia also stimulates this pathway in muscle. As in the other
catabolic conditions, the increase in protein degradation was
accompanied by increased levels of mRNAs encoding compo-
nents of this pathway in muscle. We determined that this re-
sponse is due in part to stimulation of gene expression because
results from a nuclear run-on experiment showed increased
transcription of the ubiquitin gene in muscle. The only other
condition in which increased transcription of components of
this pathway has been documented is chronic uremia (CRF)
(14). In CRF, we found that the response is related to the pres-
ence of acidosis and/or glucocorticoids because rats with CRF
are acidotic and have increased production of glucocorticoids
(10) and correcting the acidemia of CRF blocks the increase in
mRNAs encoding components of the ubiquitin–proteasome
pathway (14). The link to glucocorticoids arises from our re-
sults showing that acidosis in normal rats increases glucocorti-
coid excretion, muscle proteolysis, and the levels of mRNAs of
components of this pathway (11, 13), while adrenalectomy
blocks the rise in these mRNAs (29). In the latter experiment,
we found that a combination of acidosis plus a physiologic
dose of glucocorticoids was required for the increase in
mRNAs. In the present studies, we found high levels of the
mRNAs encoding ubiquitin and the C3, C5, and C9 subunits of
the proteasome at 7 d after STZ injection even though the se-
rum bicarbonate was normal. Consequently, it is difficult to as-
cribe these responses to acidosis especially since our earlier re-
port showed that in metabolic acidosis the ubiquitin mRNA
level returns to control values within 24 h of correcting meta-
bolic acidosis (13).

Do the changes in protein degradation, levels of mRNAs
for ubiquitin and proteasome subunits, and gene transcription
in response to insulinopenia occur in all fiber types of skeletal
muscle? The answer to this question cannot be determined
easily because the amount of muscle and the methods required
to evaluate these responses preclude us from making these
measurements in the same muscle. We predict that these re-
sponses occur in most muscles because: (a) epitrochlearis mus-
cles used to measure proteolysis and gastrocnemius muscle
used to measure mRNAs are mixed-fiber muscles (36, 37) and
the proteolytic responses to acidosis, CRF, and starvation are
similar in both muscles (13, 14, 16); (b) we found that mRNAs
for ubiquitin and subunits of the proteasome are increased in
white-fiber EDL and mixed-fiber gastrocnemius muscles in re-
sponse to acidosis and glucocorticoids (29); and (c) the in-
creased proteolysis and mRNA levels of ubiquitin in response
to starvation and denervation occur in both the white-fiber
EDL and red-fiber soleus muscles (16, 38).

In conclusion, the present findings indicate that the loss of
lean body mass in insulinopenia results in part from muscle
wasting due to activation of the ubiquitin–proteasome pro-

Figure 7. Insulinope-
nia increases ubiquitin 
gene transcription in 
muscle. Nuclei were 
isolated from muscles 
of insulinopenic (I) 
and pair-fed, control 
(C) rats to perform a 
nuclear run-on assay. 
Radiolabeled tran-
scripts were hybridized 
with g-actin, GAPDH, 
or ubiquitin cDNA in-
serts (2 mg each) and 

the results from one pair of insulinopenic and control rats are shown; 
identical results were obtained from three pairs of rats.



1708 Price et al.

teolytic pathway. This activation includes increased gene tran-
scription, resulting in an increase in mRNAs encoding compo-
nents of this pathway. Characterization of the factors that
regulate the expression of these genes will be an important
step in understanding the mechanism(s) causing protein catab-
olism in disease states characterized by muscle wasting.

Acknowledgments

We acknowledge the valuable contribution and technical assistance
of Mark Lin and Rafael Caban.

These studies were supported by National Institutes of Health
grants DK37175 and DK45215 (W.E. Mitch), T32DK07656 (J.L. Bailey),
DK-50740 (S.R. Price) and DK48124 and DK33475 (L.S. Phillips).

References

1. Nair, K.S., G.C. Ford, and D. Halliday. 1987. Effect of intravenous insu-
lin treatment on in vivo whole body leucine kinetics and oxygen consumption in
insulin-deprived Type I diabetic patients. Metab. Clin. Exp. 36:491–495.

2. Nair, K.S., G.C. Ford, K. Ekberg, E. Fernqvist-Forbes, and J. Wahren.
1995. Protein dynamics in whole body and in splanchnic and leg tissues in type I
diabetic patients. J. Clin. Invest. 95:2926–2937.

3. Nakhooda, A.F., C.-N. Wei, and E.B. Marliss. 1980. Muscle protein ca-
tabolism in diabetes: 3-methylhistidine excretion in the spontaneously diabetic
“BB” rat. Metab. Clin. Exp. 29:1272–1277.

4. Marchesini, G., G. Forlani, M. Zoli, and E. Pisi. 1982. Muscle protein
breakdown in uncontrolled diabetes as assessed by urinary 3-methylhistidine
excretion. Diabetologia. 23:456–458.

5. Smith, O.L.K., C.Y. Wong, and R.A. Gelfand. 1989. Skeletal muscle pro-
teolysis in rats with acute streptozotocin-induced diabetes. Diabetes. 38:1117–
1122.

6. Gulve, E.A., and J.F. Dice. 1989. Regulation of protein synthesis and
degradation in L8 myotubes: effects of serum, insulin, and insulin-like growth
factors. Biochem. J. 260:377–387.

7. England, B.K., J.L. Chastain, and W.E. Mitch. 1991. Abnormalities in
protein synthesis and degradation induced by extracellular pH in BC3H1 myo-
cytes. Am. J. Physiol. 260:C227–C282.

8. Gelfand, R.A., and E.J. Barrett. 1987. Effect of physiologic hyperin-
sulinemia on skeletal muscle protein synthesis and breakdown in man. J. Clin.

Invest. 80:1–6.
9. Louard, R.J., D.A. Fryburg, R.A. Gelfand, and E.J. Barrett. 1992. Insulin

sensitivity of protein and glucose metabolism in human forearm skeletal mus-
cle. J. Clin. Invest. 90:2348–2354.

10. May, R.C., R.A. Kelly, and W.E. Mitch. 1987. Mechanisms for defects in
muscle protein metabolism in rats with chronic uremia. The influence of meta-
bolic acidosis. J. Clin. Invest. 79:1099–1103.

11. May, R.C., R.A. Kelly, and W.E. Mitch. 1986. Metabolic acidosis stimu-
lates protein degradation in rat muscle by a glucocorticoid-dependent mecha-
nism. J. Clin. Invest. 77:614–621.

12. Furuno, K., M.N. Goodman, and A.L. Goldberg. 1990. Role of different
proteolytic systems in the degradation of muscle proteins during denervation
atrophy. J. Biol. Chem. 265:8550–8557.

13. Mitch, W.E., R. Medina, S. Greiber, R.C. May, B.K. England, S.R.
Price, J.L. Bailey, and A.L. Goldberg. 1994. Metabolic acidosis stimulates mus-
cle protein degradation by activating the ATP-dependent pathway involving
ubiquitin and proteasomes. J. Clin. Invest. 93:2127–2133.

14. Bailey, J.L., X. Wang, B.K. England, S.R. Price, X. Ding, and W.E.
Mitch. 1996. The acidosis of chronic renal failure activates muscle proteolysis in
rats by augmenting transcription of genes encoding the ATP-dependent, ubiq-
uitin–proteasome pathway. J. Clin. Invest. 97:1447–1453.

15. Tiao, G., J.M. Fagan, N. Samuels, J.H. James, K. Hudson, M. Lieber-
man, J.E. Fischer, and P.-O. Hasselgren. 1994. Sepsis stimulates nonlysosomal,
energy-dependent proteolysis and increases ubiquitin mRNA levels in rat skel-
etal muscle. J. Clin. Invest. 94:2255–2264.

16. Wing, S.S., and A.L. Goldberg. 1993. Glucocorticoids activate the ATP-
ubiquitin-dependent proteolytic system in skeletal muscle during fasting. Am. J.

Physiol. 264:E668–E676.
17. Costelli, P., C. García-Martínez, M. Llovera, N. Carbó, F.J. López-Sori-

ano, N. Agell, L. Tessitore, F.M. Baccino, and J.M. Argilés. 1995. Muscle pro-
tein waste in tumor-bearing rats is effectively antagonized by a b2-adrenergic
agonist (Clenbuterol). Role of the ATP-ubiquitin-dependent proteolytic path-
way. J. Clin. Invest. 95:2367–2372.

18. Baracos, V.E., C. DeVivo, D.H.R. Hoyle, and A.L. Goldberg. 1995. Ac-
tivation of the ATP-ubiquitin-proteasome pathway in skeletal muscle of
cachectic rats bearing a hepatoma. Am. J. Physiol. 268:E996–E1006.

19. Medina, R., S.S. Wing, and A.L. Goldberg. 1995. Increase in levels of
polyubiquitin and proteasome mRNA in skeletal muscle during starvation and
denervation atrophy. Biochem. J. 307:631–637.

20. Goldberg, A.L. 1995. Functions of the proteasome: the lysis at the end
of the tunnel. Science (Wash. DC). 268:522–523.

21. Hilt, W., and D.H. Wolf. 1996. Proteasomes: destruction as a pro-
gramme. Trends Biochem. Sci. 21:96–102.

22. Ciechanover, A. 1995. The ubiquitin-proteasome proteolytic pathway.
Cell. 79:13–21.

23. Dubiel, W., K. Ferrel, G. Pratt, and M. Rechsteiner. 1992. Subunit 4 of
the 26S protease is a member of a novel eukaryotic ATPase family. J. Biol.

Chem. 267:22699–22702.
24. Hanada, K., M. Tamai, T. Adachi, K. Oguma, K. Kashiwagi, S. Ohmura,

E. Kominami, T. Towatari, and N. Katunuma. 1983. Characterization of the
three new analogs of E-64 and their therapeutic application. In Proteinase In-
hibitors: Medical and Biological Aspects. N. Katunuma, editor. Springer-Ver-
lag, Tokyo. 25–36.

25. Gronostajski, R.M., A.B. Pardee, and A.L. Goldberg. 1985. The ATP
dependence of the degradation of short- and long-lived proteins in growing fi-
broblasts. J. Biol. Chem. 260:3344–3349.

26. Jensen, T.J., M.A. Loo, S. Pind, D.B. Williams, A.L. Goldberg, and J.R.
Riordan. 1995. Multiple proteolytic systems, including the proteasome, contrib-
ute to CFTR processing. Cell. 83:129–135.

27. Read, M.A., A.S. Neish, F.W. Luscinskas, V.J. Palombella, T. Maniatis,
and T. Collins. 1995. The proteasome pathway is required for cytokine-induced
endothelial-leukocyte adhesion molecule expression. Immunity. 2:493–506.

28. Palombella, V.J., O.J. Rando, A.L. Goldberg, and T. Maniatis. 1994.
The ubiquitin-proteasome pathway is required for processing the NF-kappaB
precursor and the activation of NF-kappaB. Cell. 78:773–785.

29. Price, S.R., B.K. England, J.L. Bailey, K. Van Vreede, and W.E. Mitch.
1994. Acidosis and glucocorticoids concomitantly increase ubiquitin and pro-
teasome subunit mRNA levels in rat muscles. Am. J. Physiol. 267:C955–C960.

30. Feinberg, A.P., and B. Vogelstein. 1983. A technique for radiolabeling
DNA restriction endonuclease fragments to high specific activity. Anal. Bio-

chem. 132:6–13.
31. Clark, A.S., and W.E. Mitch. 1983. Comparison of protein synthesis and

degradation in incubated and perfused muscle. Biochem. J. 212:649–653.
32. Goodman, M.N. 1987. Myofibrillar protein breakdown in skeletal mus-

cle is diminished in rats with chronic streptozotocin-induced diabetes. Diabetes.

36:100–105.
33. Kettelhut, I.C., M.T. Pepato, R.H. Migliorini, R. Medina, and A.L.

Goldberg. 1994. Regulation of different proteolytic pathways in skeletal muscle
in fasting and diabetes mellitus. Braz. J. Med. Biol. Res. 27:981–993.

34. Temparis, S., M. Asensi, D. Taillandier, E. Aurousseau, D. Larband, A.
Obled, D. Béchet, M. Ferrara, J.M. Estrela, and D. Attaix. 1994. Increased
ATP-ubiquitin-dependent proteolysis in skeletal muscles of tumor-bearing rats.
Cancer Res. 54:5568–5573.

35. Fang, C.-H., H.J. James, C. Ogle, J.E. Fischer, and P.-O. Hasselgren.
1995. Burn injury stimulates multiple proteolytic pathways in skeletal muscle,
including the ubiquitin-energy-dependent pathway. J. Am. Coll. Surg. 180:161–
170.

36. Nesher, R., I.E. Karl, K.E. Kaiser, and D.M. Kipnis. 1980. Epitrochle-
aris muscle. I. Mechanical performance, energetics, and fiber composition. Am.

J. Physiol. 239:E454–E460.
37. Ariano, M.A., R.B. Armstrong, and V.R. Edgerton. 1973. Hindlimb

muscle fiber populations of five mammals. J. Histochem. Cytochem. 21:51–55.
38. Medina, R., S.S. Wing, and A.L. Goldberg. 1995. Increase in levels of

polyubiquitin and proteasome mRNA in skeletal muscle during starvation and
denervation atrophy. Biochem. J. 307:631–637.


