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Muscle Protein Turnover and Glucose
Uptake in Acutely Uremic Rats

EFFECTS OF INSULIN AND THE DURATION

OF RENAL INSUFFICIENCY

ANDREWS. CLARKand WILLIAM E. MITCH, Department of Medicine,
Harvard Medical School and The Brigham and Women's Hospital,
Boston, Massachusetts 02115

A B S T R A C T Acute renal failure (ARF) in rats is as-
sociated with increased amino acid release from pe-
ripheral tissues and insulin resistance. To study whether
abnormal protein and carbohydrate metabolism are
linked in ARF, the effects of insulin on net muscle
protein degradation (T) and on glucose uptake were
measured in the perfused hindquarters of paired ARF
and sham-operated (SO) rats. The basal rate of T in-
creased 40% after 24 and 98% after 48 h of ARF. In-
sulin was less effective in decreasing T in ARF (-79%
SO vs. -22% ARF 24 h and -64% SO vs. -23% ARF
48 h; P < 0.01). Protein synthesis (PS) and protein
degradation (PD) were measured independently in in-
cubated epitrochlearis muscles; the increase in T after
24 h of ARF was due specifically to increased PD,
while PS was unchanged. At this stage, insulin was less
effective in decreasing PD in ARF (-10% ARF vs.
-23% SO; P < 0.02), although PS responded normally.
After 48 h of ARF, the further increment in T was
caused by the additional appearance of depressed basal
and insulin-stimulated PS. This was confirmed in the
perfused hindquarter (26±3 ARF vs. 38±3 SO, basal;
54±5 ARF vs. 73±7 SO, insulin-stimulated, nmol
phenylalanine/g per h; P < 0.05).

Although basal glucose uptake by hindquarters of
ARF and SO rats was comparable, insulin-stimulated
glucose uptake was 33% less at 24 and 44% less after
48 h of ARF. After 48 h of ARF, lactate and alanine
release were increased and net glycogen synthesis in
muscle was depressed. These abnormalities were even
more apparent in the presence of insulin. Inefficient
glucose utilization, estimated as the ratio of lactate
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release to glucose uptake, was correlated with T (r
= +0.78; P < 0.001).

In conclusion, after 24 h of ARF, both increased PD
and altered glucose utilization could be detected. After
48 h of ARF, T increased further because PS was de-
pressed. At this time, glucose utilization was clearly
abnormal and the results suggest that abnormal net
protein degradation in ARF may be a consequence of
defective glucose utilization.

INTRODUCTION

Acute renal failure (ARF)' leads to a constellation of
metabolic abnormalities by mechanisms that are poorly
understood. For example, in experimental animals
with ARF, there is increased hepatic production of
glucose and urea (1-4), resistance to insulin-stimulated
glucose and amino acid uptake by muscle (5, 6) and
accelerated release of amino acids from peripheral tis-
sues in situ and in vitro (4). Since insulin affects muscle
metabolism in normal animals by increasing the rate
of protein synthesis and decreasing the rate of protein
degradation (7), it seemed possible that the metabolic
abnormalities of acute uremia could be linked to an
abnormal response to insulin. It would be important
to determine whether muscle protein turnover is ab-
normal in ARF and whether it responds abnormally
to insulin, since excessive net protein degradation
would expand further the accumulated waste products
derived from protein catabolism.

Although changes in the components of muscle pro-

' Abbreviations used in this paper: ARF, acute renal fail-
ure; ECSA, extracellular specific radioactivity; ICSA, intra-
cellular specific activity; L/R, ratio of lactate release to glu-
cose uptake; SO, sham operated.
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tein turnover and their response to insulin have not
been documented in acutely uremic rats, Garber (8)
reported that protein turnover in incubated epi-
trochlearis muscles of chronically uremic rats was less
responsive to insulin than it was in muscles from con-
trol rats. In those experiments, the basal rates of release
of the major gluconeogenic and ureagenic precursors,
alanine and glutamine, were higher from muscles of
uremic rats than from control rats, even though their
release could be more readily suppressed by incubating
with insulin. However, the regulation of protein turn-
over in ARF may be quite different from that in
chronic uremia because muscle uptake of glucose and
amino acids is insensitive to insulin in acutely uremic
rats (5, 6).

In the present study, we sought to determine the
responsiveness of skeletal muscle from acutely uremic
rats to insulin. Thus, we measured the effects of insulin
on glucose uptake and on net protein degradation in
the isolated, perfused hindquarter from rats with acute
uremia at different stages of severity. Because the per-
fused hindquarter is composed of several tissues be-
sides muscle (9), the components of protein turnover
also were assessed in incubated epitrochlearis muscles
from rats of comparable age to confirm that abnor-
malities uncovered in the hindquarter also were pres-
ent in muscle.

METHODS
Animals. Male Sprague-Dawley rats weighing 180-220

g (Charles River Breeding Laboratories, Inc., Wilmington,
MA) were maintained on a 12-h-light/12-h-dark cycle for
at least 3 d before being studied. They were allowed to drink
water ad lib. and were fed RMH1000 chow (Agway Country
Foods, Agway Inc., Syracuse, NY) containing 14% protein
until -4 h before they underwent sham operation (SO) or
bilateral ureteral ligation to produce ARF. Adult rats were
used in all studies because muscle protein degradation
scarcely changes when they are starved 48 h (10-12),
whereas it changes markedly in immature rats after only
short periods of starvation. Therefore, changes in protein
degradation observed in rats with ARF would not be con-
fused with changes caused by starvation. Animals were
paired by weight and randomly assigned to undergo bilateral
ligation (ARF) or SO after anesthesia with 5 mg i.p./100 g
body wt of sodium pentobarbitol. After surgery, rats were
placed in individual wire-bottomed cages to prevent co-
prophagia and were deprived of food and water for periods
of either 20-24 or 44-48 h before being studied.

Materials. Radiolabeled compounds were obtained from
Schwartz/Mann Div., Becton, Dickinson & Co., Orangeburg,
NY, and reagent grade chemicals from Fisher Scientific Co.,
Pittsburgh, PA. Enzymes were obtained from Sigma Chem-
ical Co., St. Louis, MO, and crystalline bovine insulin from
Eli Lilly & Co., Indianapolis, IN. Bovine serum albumin
obtained from Miles Laboratories, Inc., Elkhart, IN, was
dissolved in Krebs-Henseleit bicarbonate buffer and dialyzed
against a 10-fold excess of the buffer for 24 h. The dialyzed
albumin solution was then stored at -20°C until used in
hindquarter perfusions.

Hindquarter perfusion. The perfusion procedure was
similar to that used previously (4, 13), based on the technique
of Ruderman et al. (14). Perfusates of 150 ml each were
prepared freshly before each experiment and gassed with
95% 02/5% C02. The media consisted of aged, washed hu-
man erythrocytes (hematocrit, 25%) in Krebs-Henseleit bi-
carbonate buffer, prefiltered albumin (final concentration,
3 g/dl), 10 mMglucose, 0.5 mMphenylalanine, and other
amino acids at concentrations found in rat plasma (15). In
experiments assessing the effects of insulin, 500 MuU/ml in-
sulin were added after the equilibration period (7, 16).

The experiments were planned so that the hindquarter
from an ARF rat was perfused simultaneously with the pre-
viously paired SO rat. The perfusate was recirculated in the
perfusion chambers for 15 or more minutes while it was
gassed and heated to 37°C. The pH was then checked and,
if necessary, adjusted to pH 7.4; the perfusion was begun
with a flow rate of 12-14 ml/min (Gilmont Flow Meter,
Gilmont Instruments, Inc., Great Neck, NY). After place-
ment of the aortic and vena caval cannulae, the spinal cord
was clamped to avoid high perfusion pressures occurring as
the animal died. The initial 20-30 ml of media were dis-
carded and the remainder was recirculated continuously for
a 30-min equilibration period and a subsequent 60-min ex-
perimental period. Experiments were discarded when there
was evidence of inadequate perfusion, e.g., a flow rate <10
ml/min, a rising perfusion pressure, or lactate release 8
,smol/g per h (4, 14).

Aliquots of perfusate were obtained at 30 and 90 min for
subsequent determination of glucose, lactate, tyrosine, phe-
nylalanine, and alanine concentrations. Rates of uptake or
release of these compounds were calculated from changes
in their concentration and the volume of the perfusate. They
were expressed per gram of muscle perfused, using the re-
lationships between body weight and muscle perfused from
ARF and SO rats determined previously (4).

In separate experiments, net flux of glucose into muscle
glycogen was determined as described by Richter et al. (16).
The rate of incorporation of [U-_4C]D-glucose into glycogen
in soleus, extensor digitorum longus, and red and white gas-
trocnemius muscle was measured during 60 min of perfusion
in the presence and absence of insulin.

Epitrochlearis muscle incubation. The epitrochlearis
muscle was used to study the effect of uremia on muscle
protein synthesis and degradation because its weight (28-32
mg) in adult rats is comparable to that of soleus and extensor
digitorum longus muscles of immature rats. In contrast to
these latter muscles, the epitrochlearis has a large surface
relative to its weight (17) and therefore, there is more equal
diffusion of substrates, a critical factor necessary for assessing
the components of protein turnover in vitro (18). The epi-
trochlearis contains -10-15% slow-twitch, red; 20% fast-
twitch, red; and 65% fast-twitch, white muscle fibers (17).
In previous studies, we had found that rates of protein syn-
thesis and degradation in the epitrochlearis of fed and
starved rats are quite similar to those measured by the per-
fused hindquarter technique (19).

After the rats were anesthetized, the muscles were dis-
sected free, blotted, weighed, and placed in a flask contain-
ing 3 ml of Krebs-Henseleit bicarbonate buffer, 10 mM
glucose, and 0.5 mMphenylalanine (±0.05 gCi/ml [U-
'4C]phenylalanine). Experiments were discarded if the mus-
cle weighed >40 mg. The flasks were stoppered, gassed for
3 min with 95% 02/5% C02, and placed in a rotating 60-
cycle/min bath maintained at 37°C. After 30 min of prein-
cubation, the muscles were removed, blotted, and trans-
ferred to fresh incubation flasks containing 3 ml of the same
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media ±1 m U/ml insulin as indicated, and incubated for
an additional 2-h experimental period. This concentration
of insulin was studied because it has been shown to cause
an increment in glucose uptake comparable to that produced
in the perfused hindquarter by 0.5 m U/ml insulin (20).

Protein synthesis. As shown by Li et al. (18), incorpo-
ration of radiolabeled amino acids into muscle protein will
vary depending on changes in the intracellular specific ra-
dioactivity (ICSA) of the amino acid. With a high concen-
tration of phenylalanine in the media, there is rapid equil-
ibration of the specific activity of phenylalanine between the
extracellular and intracellular compartments of muscle in
both fed and starved rats (7, 19) but because amino acid
transport is abnormal in muscle from uremic rats (6), we
measured the ICSA of the amino acids being studied (phe-
nylalanine and tyrosine) and compared them with the ex-
tracellular specific radioactivity (ECSA) of perfused and in-
cubated muscle at the beginning and end of the experimental
periods. Phenylalanine and tyrosine were chosen because
muscle neither synthesizes nor degrades these amino acids
(7, 18). To calculate the ICSA, previously determined values
(4) for water content and extracellular volume of perfused
muscle were used. The water content of the epitrochlearis
muscle (71.2±1.3% wt for ARF; 69.5±1.4% wt for SO; n
= 6) was measured by drying to constant weight; its extra-
cellular volume ('4C-insulin space) was determined to be
26.7±1.6% wt for muscles from ARF rats and 23.6±2.7% wt
for SO rats (n = 5). As shown in Fig. 1, the ICSA and ECSA
of phenylalanine were virtually identical after 30 min of
perfusion of hindquarters or incubation of epitrochlearis
muscles of rats with ARFand there was no significant change
in the ratio during the experimental period. The ICSA and
ECSA of tyrosine also equilibrated rapidly in incubations of
epitrochlearis muscle from rats with ARF and similar find-
ings for phenylalanine and tyrosine were obtained from SO
rats (data not shown). When the extracellular concentration
of tyrosine was 494 MM, the intracellular concentration of
tyrosine in uremic muscle after 30 min of incubation was
420±30 AMcompared with 427±32 MMin muscles from SO
rats. These findings confirm in muscle of acutely uremic rats
that with a high extracellular concentration of phenylalanine
or tyrosine there is rapid equilibration of the intracellular
compartment with extracellular amino acids (7, 19). Deter-
mining this characteristic permitted us to calculate synthesis
based on the ECSA of phenylalanine, thus considerably re-
ducing the number of analyses.

To determine protein synthetic rates in the hindquarter

1.%
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FIGURE 1 Mean (±SEM) values for the ratio between the
ICSA and ECSAof phenylalanine measured in the perfused
hindquarter (-) and in incubated epitrochlearis muscles
(0) of ARF rats. The ECSAand ICSA equilibrated after 30
min and did not change significantly during the experiments.

experiments, 0.05 gCi/ml of [U-'4C]phenylalanine were

added to the perfusate and samples of perfusate and gas-
trocnemius muscle were obtained after 30 and 90 min of
perfusion. The perfusate was deproteinized with an equal
volume of 10% TCA and the ECSA of phenylalanine was
determined. The muscle sample was weighed and imme-
diately homogenized in 3 ml of 10% TCA, washed succes-
sively with 10% TCA and ethanol/ether (1:1) and dissolved
in Soluene (Packard Instrument Co., Downers Grove, IL) for
scintillation counting with correction for quenching using
an external standard. The difference in the radioactivity in-
corporated into muscle protein during the experimental pe-
riod divided by the average ECSAwas used to estimate the
rate of protein synthesis (7, 12).

To determine the rate of protein synthesis in experiments
using the epitrochlearis muscle, 0.05 gCi/ml of [U-
'4C]phenylalanine was added to the media and one muscle
was harvested, washed, and dissolved in Soluene, as de-
scribed above, for determination of radioactivity after 30
min of the preincubation period; the contralateral muscle
was treated similarly at the end of the experimental period.
As with the perfusion experiments, the difference in incor-
porated radioactivity was then divided by the ECSAof phe-
nylalanine and expressed per gram of muscle weight to cal-
culate the rate of synthesis. This procedure corrected for
variable rates of ['4C]phenylalanine incorporated during the
period when the ICSA of phenylalanine was rising.

To assess the effect of insulin on protein synthesis in the
epitrochlearis muscle, the ["4C]phenylalanine incorporated
into protein was determined without added insulin in eight
muscles during the initial 30 min. The rate of incorporation
was quite uniform in ARF and SO rat muscle (coefficient of
variation <7%). This initial amount of ['4C]phenylalanine
was subtracted from that incorporated during paired ex-

periments in which one muscle was incubated without in-
sulin and the contralateral muscle with 1 mU/ml insulin.

Protein degradation. In the perfused hindquarter ex-

periments, net rates of protein degradation were measured
from the change in the perfusate content of tyrosine (12).
In experiments with incubated epitrochlearis muscle, total
protein degradation was measured by incubating with 0.5
mMcycloheximide (10, 19) and calculating the rate of re-
lease of tyrosine into the incubation media during the 2-h
experimental period.

Analytic procedures. Phenylalanine and tyrosine were
measured fluorometrically (21-23); lactate, alanine, and urea
were measured by enzymatic assays as previously described
(4); and glucose was measured with a Glucose Analyzer 2
(Beckman Instruments, Inc., Fullerton, CA). There was no

significant difference in the results obtained with this ana-

lyzer and those obtained with glucose oxidase and peroxidase
(24). Muscle glycogen was isolated by dissolving the tissue
in 30% potassium hydroxide and subsequent precipitation
in ethanol, as described by Good et al. (25). Creatinine was
measured with a Creatinine Analyzer (Beckman Instru-
ments, Inc.). Arterial blood pH was measured with an In-
strumentation Laboratory, Inc. (Lexington, MA) model 313
pH/Blood Gas Analyzer. The ATP and creatine phosphate
content of muscle were measured in freeze-clamped samples
by enzymatic methods (26).

During measurement of serum insulin concentrations by
radioimmunoassay (27), several of the samples were ob-
served to form a gel. Since gel formation would interfere
with the radioimmunoassay, subsequent samples were mixed
with polyethylene glycol (28) to remove large proteins before
measuring immunoreactive insulin. Insulin recovery from
sera treated in this fashion is 95±2% (28).
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Statistical differences in results were tested by analysis of
variance (29), except for changes in protein synthesis and
degradation induced by insulin, the effects of insulin on the
rate of alanine release from the perfused hindquarter, and
changes in net muscle glycogen synthesis during perfusion.
These results were examined by the t test.

RESULTS

Table I shows initial weights, changes in weight, and
values of arterial pH and blood chemistries for rats
with ARF and for SO control rats fasted for 24 and
48 h after surgery. Weight loss by SO rats was signif-
icantly greater than that of ARF rats. This presumably
was due to the difference in fluid excretion of the two
groups. As expected, the concentrations of urea and
creatinine was increased significantly in the uremic
rats. After 48 h, the arterial blood pH was slightly
lower in ARF rats and plasma potassium was signifi-
cantly higher than in SO rats. The concentrations of
serum glucose of ARF rats was not different statisti-
cally from that of SO rats after 24 or 48 h of fasting.
The serum insulin concentrations also were not dif-
ferent statistically, presumably because insulin secre-
tion was not stimulated and possibly because the kid-
neys retained some ability to degrade insulin.

The content of ATP and creatine phosphate mea-
sured in freeze-clamped gastrocnemius muscle ob-
tained in situ from four fed, anesthetized rats were
4.6±0.2 and 15.3±1.4 gmol/g muscle respectively.
These values were not different statistically from those
measured in gastrocnemius muscles of four ARF rats
at the end of a perfusion experiment (4.2±0.1 gmol/
g muscle ATP and 15.0±1.6 ,mol/g muscle creatine
phosphate). This indicated that perfusion did not lead
to exhaustion of high-energy phosphate stores.

Table II shows the net rates of protein degradation

TABLE II
Net Tyrosine Released from Perfused Hindquarters of SOand

Acutely Uremic Rats at 24 and 48 h after Surgery

Time SO Acute uremia
after

surgery Basal Imulin Basal Insulin

h nmol/g/h

24 52±8 11±6 73±8 57±9
48 55±3 20±4 109±12 84±8t

The results are expressed as mean±SEMfrom seven to nine per-
fusions of SO and ARF rats. Results obtained after 48 h of ARF
were significantly greater than those obtained at 24 h.
*P < 0.01.
t P < 0.02.

calculated as net tyrosine released by the perfused
hindquarters of uremic and control rats at 24 and 48
h after surgery. Net tyrosine release in the absence
(basal) or presence of insulin was increased signifi-
cantly (P < 0.001) by uremia. In the basal state, net
protein degradation was 40% higher after 24 h of
uremia and 98% higher after 48 h. Insulin reduced net
tyrosine about 20% from hindquarters of uremic rats
after both 24 and 48 h. In marked contrast, insulin
substantially (P < 0.005) suppressed net tyrosine re-
lease by hindquarters of SO rats at 24 h (79%) and 48
h (64%) after surgery. This suggests that muscle pro-
tein synthesis or degradation or both were markedly
abnormal in uremia. To investigate which of the com-
ponents of muscle protein turnover was responsible for
these changes, we measured the rates of protein syn-
thesis and of total protein degradation in incubated
epitrochlearis mnuscles. As shown in Table III, the basal

TABLE I
Body Weight and Blood Chemistries of Acutely Uremic and SORats

24kh 48b

SO Acute uremia SO Acute uremia

Initial body weight (g) 215±10 211±9 219±9 213±13
Change in body weight (%) -13.2±0.4 -8.1±0.5- -19.0±0.4 -12.1±0.5-
Serum urea nitrogen (mg/dl) 12±3 98±17- 14±1 157±12-
Serum creatinine (mg/dl) 0.3±0.1 4.6±0.2° 0.5±0.1 6.4±0.4
Serum glucose (mg/dl) 132±10 117±12 104±10 135±12
Serum insulin (;iU/ml) 8.5±2.2 12.6±5.4 7.3±1.2 5.6±1.0
Arterial blood pH 7.36±0.05 7.34±0.02 7.34±0.03 7.27±0.02
Plasma sodium (meqlliter) 142±1 142±2 143±3 141±1
Plasma potassium (neqlliter) 5.0±0.2 7.4±0.4- 4.3±0.2 9.1+0.5-
Plasma calcium (mg/dl) 8.2±0.9 9.6±0.4 9.1±0.5 8.0±0.3

Mean±SEMvalues for groups of 6 to 10 rats are shown.
Pp < 0.01 compared with SO rats.
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TABLE III
Components of Protein Turnover in the Incubated Epitrochlearis Muscle of Fasted SOand ARF Rats

S0 ARF

Basal Insulin Change Basal Insulin Change

Protein synthesis
(nmol Phe/g/h)

24 h 33±3 56±4 +64±4 31±3 51±3 +69±6
48 h 36±1 54±3 +52±5 30±1 46±11 +69±9

Protein degradation
(nmol Tyr/g/h)

24 h 142±5 119±9 -23±4 179±71 161±6° -10±2
48 h 140±4 112±3 -20±3 169±6° 140±8° -16±3

The results are expressed as mean±SEM from experiments using at least six rats. The change induced by insulin was
significant (P < 0.001).

P < 0.01, compared with results from SO rats.
I P < 0.02, compared with results from SO rats.

rates of muscle protein synthesis in ARF and SO rats
after 24 h were comparable, but the basal rate of pro-
tein degradation in uremic muscles was significantly
higher than in SO muscles (P < 0.025). Insulin stim-
ulated protein synthesis similarly in ARFand SOmus-
cles after 24 h. In contrast, insulin was less effective
in suppressing protein degradation in ARF, lowering
it only 10% while inducing a 23% decrease in SOmus-
cle (P < 0.02).

After 48 h, the basal rate of protein synthesis was
lower (P < 0.005) and the basal rate of protein deg-
radation remained higher (P < 0.025) in muscles from
ARF rats. At this more advanced stage of ARF, insulin
induced a similar percentage increase in the rate of
muscle protein synthesis in both ARFand SOmuscles.
However, the absolute rates of both basal and insulin-
stimulated protein synthesis were lower in muscles
from ARF rats (P < 0.02). At 48 h, muscle protein
degradation measured in the presence of insulin was
significantly higher in ARF rats compared with SOrats
(P < 0.01).

Fig. 2 shows the effects of incremental doses of in-
sulin on the rate of protein synthesis in incubated ep-
itrochlearis muscles. This figure indicates that there
was resistance to the anabolic effects of insulin after
48 h of ARF (30). At every level of insulin, protein
synthesis was higher in muscles of the control rats.

To confirm the development of defective muscle
protein synthesis in ARF, the perfused hindquarter
was studied. After 48 h, basal protein synthesis (26±3
ARF vs. 38±3 SO, nmol phenylalanine incorporated/
g per h) was 30% lower in perfused muscle from ARF
rats (Fig. 3). With insulin, protein synthesis was stim-
ulated to a similar degree in perfused hindquarters of
both SO and ARF rats, but once again the absolute

rate (54±5 ARF vs. 73±7 SO nmol phenylalanine/g
per h) was 25% lower in ARF (P < 0.05).

Table IV shows the rates of glucose uptake and lac-
tate release by the perfused hindquarters of SO and
ARF rats 24 and 48 h after surgery. Basal rates of
glucose uptake were similar at 24 h after surgery and
similar to rates previously reported for rats starved 48
h (14). In contrast, when insulin was added, the in-
crease in glucose uptake during perfusions of ARF rats

80

70

60

PROTEIN SYNTHESIS
50 -

40 -

30 -

20 L

0 10 102 103 0 105

INSULIN [p4U/mI]
FIGURE 2 The rate of protein synthesis (nanomoles phe-
nylalanine per gram per hour) measured in epitrochlearis
muscles when the incubation media contained different con-
centrations of insulin. Protein synthesis is expressed as nano-
moles of phenylalanine incorporated into a gram of muscle
per hour of incubation. 0, values (mean ±SEM) from ARF
rats; 0, values from SO rats. The rates were significantly
(P < 0.05) different at 0, 15, 75, 1,000, and 10,000 uU/ml
insulin.
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FIGURE 3 The mean (±SEM) rates of muscle protein syn-
thesis measured in the isolated perfused hindquarter from
SO (open bars) and ARF (closed bars) at 48 h after surgery
are shown. The rates of basal and insulin-stimulated protein
synthesis (nanomoles per gram per hour) were lower (P
< 0.05) in hindquarters of ARF rats.

was 33% less (P < 0.001) than that measured in SO
rats. At 48 h after surgery, basal glucose uptake by the
hindquarters of ARF and SO rats was similar and
higher than at 24 h. However, the same pattern was
found; the increase in glucose uptake by the hind-
quarter during stimulation by insulin was 44% less (P
< 0.02) in ARF rats compared with SO rats.

During perfusion of hindquarters of uremic rats, the
basal rate of lactate release at 24 h was -25% greater
than that of the SO rats, although this difference was
not different statistically. By 48 h, the basal rate of
lactate release was -36% higher in ARF rats com-
pared with SO rats (P < 0.005). Thus, as uremia pro-
gressed, the basal lactate release increased 43%. This
could not be accounted for by fasting alone, since the
increase in lactate release measured after 48 h of star-
vation of SO rats was only 30%. Addition of insulin
after 24 and 48 h increased lactate release above basal
rates by a comparable percentage in both groups of

rats, but it always was higher in ARF rats (Table IV).
Thus, lactate release from peripheral tissues was in-
creased after 24 and 48 h of uremia both in the pres-
ence and absence of insulin.

The ratio of lactate release to glucose uptake (L/R)
was calculated as an estimate of the efficiency of glu-
cose utilization. In the basal state, it was 18% higher
from the hindquarters of ARF rats after 24 h and was
39% higher (P < 0.005) after 48 h compared with SO
rats. The addition of insulin significantly reduced L/
R in SO rats after both 24 (43%; P < 0.005) and 48
(38%; P < 0.02) h. However, in ARF rats, insulin did
not have a significant effect on this ratio.

To examine the other major metabolite released
during anaerobic metabolism of glucose, we measured
the efflux of alanine from perfused hindquarters after
48 h. Previously, we found that the basal rate of alanine
release was 854±18 from ARF and 736±24 nmol/g
per h from SO rats (4). In the present experiments,
addition of insulin to the perfusate decreased alanine
release to 145±15 nmol/g per h during perfusion of
SO rats (P < 0.005). In contrast, alanine release by
hindquarters of ARF rats perfused with insulin was
significantly higher (557±26 nmol/g per h; P < 0.005).
Thus, in ARF, basal lactate and alanine release were
higher and less responsive to the effects of insulin.

To examine the effects of ARFon glycogen synthesis
in muscle, we measured the rate of incorporation of
glucose into the glycogen of several muscles of the
perfused hindquarter (Table V). The basal rate of net
glycogen synthesis in ARF was lower in each of the
four muscles sampled, although the differences were
not significant statistically. When insulin was added,

TABLE IV
Glucose Uptake and Lactate Release by Perfused Hindquarters of Fasted SOand ARF Rats

so

Basal Insulin

ARF

Basal Insulin

Glucose uptake (,smol/g/h)
24 h 4.61±0.26 13.97±0.36 4.66±0.30 11.02±0.56*
48 h 6.37±0.51 13.65±0.73 6.84±0.44 10.94±0.741

Lactate release (Amol/g/h)
24 h 3.50±0.42 5.78±0.64 4.37±0.55 7.67±0.71
48 h 4.58±0.35 5.33±0.51 6.25±0.291 7.46±0.59t

L/R
24 h 0.76±0.09 0.43±0.03 0.90±0.07 0.72±0.06t
48 h 0.66±0.04 0.41±0.06 0.95±0.08 0.75±0.07t

The results are expressed as mean±SEMfrom eight to 12 perfusions of SOand ARF rats. Insulin did not
suppress the L/R significantly after 24 h of ARF but altered it slightly at 48 h (P < 0.05). In contrast,
insulin effectively suppressed the ratio at 24 (P < 0.005) and 48 (P < 0.02) h in SO rats.

P < 0.05, compared with results obtained during perfusion of SO rats.
I P < 0.01, compared with results obtained during perfusion of SO rats.
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TABLE V
Net Rate of Muscle Glycogen Synthesis in Perfused Hindquarters of ARFand SO Rats after 48 h

Soleus Red gastrocnemius White gastrocnemius Extensor digitorum longus

Rats Basal Insulin Basal Insulin Basal Insulin Basal Insulin

jumoi/g wet wt/h

ARF 0.68±0.26 7.89±1.45 0.35±0.21 7.65±0.85° 0.24±0.08 1.55±0.38& 0.23±0.08t 6.26±0.70°
so 1.89±0.86 10.78±1.06 1.49±0.72 13.96±1.64 0.53±0.28 3.63±0.50 1.41±0.43 13.72±1.04

The results (mean±SEM) of four paired perfusions in the absence and of eight perfusions in the presence (plus insulin) of 0.05 mU/ml

insulin are presented.
P < 0.01, compared with muscles from SO rats.

t P < 0.05, compared with muscles from SO rats.

glucose flux into glycogen was significantly lower in
all but the slow-twitch, red soleus muscle of ARF rats.

The observations that ARF caused the concurrent
development of partial resistance both to insulin-me-
diated glucose metabolism and to insulin-mediated
suppression of net protein degradation suggested that
these defects might be related. Therefore, the rate of
net tyrosine release was compared with the lactate
release/glucose uptake ratio in individual experiments
performed with and without insulin at 48 h after sur-
gery. As shown in Fig. 4, there was a significant pos-
itive correlation (r = 0.78; P < 0.001) such that as the
lactate release/glucose uptake ratio increased there
was a higher net rate of tyrosine released.

DISCUSSION
These results document that ARF induces abnormal

muscle protein turnover and that the abnormalities
become more pronounced as uremia becomes more
severe. Moreover, we found that the ability of insulin

150

1001

NET TYROSINE RELEASE
50

-50

to correct changes in net protein turnover is reduced
by ARF. After 24 h of ARF, the increase in net tyrosine
release from the hindquarter was due primarily to in-
creased muscle protein degradation, which responded
poorly to insulin. In contrast, the basal rates of muscle
protein synthesis in ARFand SOrats were comparable,
and they were stimulated to a similar degree by in-
sulin. Others (31), using a cell-free preparation with
ribosomes isolated from rat muscle, have also reported
normal rates of protein synthesis 24 h after nephrec-
tomy. After 48 h of ARF, we found that protein syn-
thesis in both incubated and perfused muscle was de-
pressed in addition to the augmented rate of protein
degradation (Table III, Fig. 3). Clearly, these changes
in muscle protein turnover could account for the in-
creased release of amino acids from the hindquarters
of acutely uremic rats we noted previously (4).

These experiments confirm that there is resistance
to insulin-stimulated glucose uptake by peripheral tis-
sues early in ARF (5). They also show that this defect

r =0.78 A

A
,& ,.I

A AlAA,
-0A,-o

0*

0.2 - 0.4 * 0.6 0.8 1.0 1.Z

LACTATE RELEASE/GLUCOSEUPTAKE

FIGURE 4 The relationship between net tyrosine release (nanomoles per gram per hour) and
L/R by the perfused hindquarter in individual experiments 48 h after surgery is shown. A and
* represent values from ARF and SO rats, respectively, perfused in the presence of insulin;
A and 0 represent values from ARFand SO rats, respectively, perfused without added insulin.
The relationship is significant (r = +0.78; P < 0.001).
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persists through 48 h of ARF and that there are ab-
normalities in glucose disposal. The possible fates of
glucose taken up by muscle include entry into glyco-
gen or anaerobic metabolism to pyruvate, which can
enter the Krebs cycle for oxidative metabolism or can
be converted to lactate or alanine for release into the
circulation (32). This presumes that futile cycling of
glucose, entry into the pentose phosphate shunt, and
the intracellular accumulation of glycolytic metabo-
lites are minimal in muscle from fasted rats (33-36).
After 48 h, we found that in ARF the basal rate of
lactate released could account for -47% of the glucose
taken up and that insulin did not change this propor-
tion (38%) significantly. In contrast, the basal efflux of
lactate from control hindquarters accounted for only
33% of the glucose taken up and was reduced to 20%
(P < 0.05) by insulin. Since alanine release also was
suppressed to a greater extent by insulin in SO com-
pared with ARF rats, it must be concluded that the
ability of insulin to direct the disposal of glucose into
more preferable metabolic pathways such as oxidative
metabolism or glycogen synthesis (32) was reduced.
Since oxidative metabolism represents <5% of total
glucose disposal by the perfused hindquarter of fasted
rats (36), it would appear most likely that a block in
glycogen deposition develops in acute uremia. This
conclusion is supported by the results in Table V. Net
glycogen synthesis clearly was lower in muscles of ARF
compared with SOrats. Thus, after 24 h of ARF, three
defects in insulin-responsive muscle metabolism were
observed: there was a reduced effect of insulin on pro-
teolysis, insulin-induced glucose uptake was dimin-
ished, and the ability of insulin to reduce the propor-
tional release of lactate was decreased. These persisted
through 48 h of acute uremia.

After 48 h of ARF, in both the perfused hindquarter
(Fig. 3) and incubated muscle (Fig. 2, Table III), basal
and insulin-stimulated muscle protein synthesis were
reduced. Since insulin was able to increase protein syn-
thesis in ARF and in SO muscle by a similar percent-
age, the sensitivity to insulin apparently was not im-
paired. In fact, no significant difference in the half-
maximal stimulation of protein synthesis in muscles
from SOand ARF rats could be detected (Fig. 2). On
the other hand, the rate of protein synthesis in uremic
muscles was lower at each level of insulin tested, in-
dicating clearly the presence of insulin resistance (30).
Although starvation can reduce the capacity for pro-
tein synthesis (11), the present results indicate that
ARF induces an additional, presumably postreceptor,
defect in insulin-stimulated muscle protein synthesis.
The appearance of this additional defect presumably
accounts for the further increase in net tyrosine release
by the perfused hindquarters of ARF rats after 48 h,
compared with that occurring after 24 h (Table II).

There have been few reported studies examining the
components of muscle protein turnover in rats with
ARF. 48 h after bilateral nephrectomy, Shear (37) in-
jected ['4Cjleucine into rats and found that incorpo-
ration of the label into muscle protein was reduced;
rates of muscle protein catabolism and net protein
turnover were not reported. Differences in the rates
of uptake and of metabolism of leucine also were not
reported. Since alterations in either of these could af-
fect the intracellular specific radioactivity of leucine
and hence the rate of incorporation of the label into
muscle protein (18), it is unclear whether this finding
was due solely to decreased protein synthesis.

Apparently, muscle protein degradation is increased
in immature (90 g) rats after 24 h of ARF, while muscle
protein synthesis is unaffected (38). In that preliminary
report, since the effects of insulin and 48 h of ARF on
rates of muscle protein synthesis and degradation were
not included, it is unknown whether immature rats
with ARF also develop progressive defects in muscle
protein turnover. Flugel-Link et al. (39), using the
hemicorpus perfusion technique, found that in the
absence of insulin the rate of muscle protein synthesis
of starved, adult rats 30 h after bilateral nephrectomy
was -33% lower than in SO rats, but the difference
was not significant statistically. On the other hand, net
protein degradation was increased significantly by
-37%. From these reports (38, 39) and the present

data, the initial abnormality in muscle protein turn-
over induced by ARFappears to be accelerated protein
degradation.

The concurrent appearance of defects in the re-
sponsiveness of glucose metabolism and muscle protein
turnover to insulin in ARFsuggests that abnormal reg-
ulation of muscle protein turnover may be a conse-
quence of defective glucose utilization. This is sup-
ported by the relationship shown in Fig. 4, in which
inefficient glucose utilization was found to be corre-
lated with increased net protein degradation. First, net
protein degradation may have increased because en-
ergy extraction from glucose was restricted, necessi-
tating energy extraction from amino acids (and espe-
cially branched-chain amino acids; 40). Another po-
tential explanation would be that a change in the redox
state of muscle caused a secondary change in the rate
of net protein degradation. Tischler (41) and Heddon
and Buse (42) have suggested that a decrease in the
cytoplasmic NADH/NADratio is associated with an
increase in the net rate of muscle protein degradation.
In the present study, the increased proportional efflux
of lactate from muscle compared with the uptake of
glucose could have lowered the NADH/NAD ratio
and, according to this hypothesis, could have caused
a net increase in proteolysis.

Clearly, the correlation we found (Fig. 4) does not
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necessarily mean that defective glucose metabolism
caused an increase in net protein degradation. It is
possible that the two defects developed in parallel and
that some other mechanism, e.g., amino acid defi-
ciency caused by defective amino acid transport (6),
the accumulation of a uremic toxin (43), or resistance
to the direct inhibitory effect of insulin on muscle pro-
tein degradation, led to increased protein degradation.
Nevertheless, the close relationship between ineffi-
cient glucose utilization and impaired protein metab-
olism plus the temporally associated, progressive de-
velopment of these abnormalities in ARF suggest that
all may be linked to a single metabolic defect.
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