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Abstract. Attempts were made to isolate an intact protein—glycogen complex from rat
skeletal muscle in acute and chronic uremia and after different treatment regimes. In control
animals the amount of glycogen in the 30-pellet fraction was 16.5 mg and in rats with chronic
uremia 27.6 mg. The yields of glycogen phosphorylase and synthetase do not correlate with the
quantity of glycogen during isolation. In the presence of ATP, calcium, and magnesium,
flash activation of phosphorylase was four to six times slower in rat than in rabbit muscle. In
acute uremia, after feeding a mixed low-protein diet and Walser ketoacid mixture, a pro-
tein—glycogen complex could not be isolated. Additional administration of propranolol re-
sulted in yields of only 10 and 7 ug glycogen after binephrectomy and ureter ligation,
respectively. In contrast, glycogen concentration increased dramatically after sham opera-
tion (4.55 mg glycogen/mg protein). Additional administration of high doses of serine re-
sulted in an increase of glycogen in the complex of 21.5 mg (134.3 ug glycogen/mg protein) in
acute uremia. Kinetic analysis of phosphorylase activation in the presence of ATP, calcium,
and magnesium indicated an intact protein—glycogen complex under these conditions.
Glycogen concentrations were correlated with phosphorylase phosphatase activity. Con-
stant amounts of sarcoplasmic reticulum calcium ATPase were isolated under all conditions
tested. Our data suggest a key role of serine in the glycogen metabolism of muscle in acute

uremia.

It has long been established that under
uremic conditions, glycogen metabolism of
striated muscle is altered. However, the
changes which take place in chronic uremia
greatly differ from those present during
acute renal insufficiency. Bergstrom and
Hultman (1) found a distinct fall in muscle
glycogen of patients with acute renal fail-
ure, whereas glycogen content was normal
in patients with chronic renal insufficiency.
The following factors may contribute to the
altered muscle glycogen metabolism in
uremia: insulin resistance (2), catechol-
amine stimulation of glycogenolysis (3, 4),
calcium activation of phosphorylase kinase
through alterations in the calcium transport
system of the sarcoplasmic reticulum (4, 5),
proteolytic activation of the key enzyme of
glycogen metabolism (6, 7), and uncon-
trolled actomyosin ATPase by altered sub-
unit structure of the troponin complex (3).

A study of the protein—glycogen com-
plex was undertaken to provide further in-
formation on the regulation of glycogenol-
ysis in different experimental models of

acute and chronic uremia. This structure
contains all enzymes which are involved in
the regulation of muscle glycogen metabo-
lism (8). The Ca** activation of phosphory-
lase b (EC 2.4.1.1) and phosphorylase
kinase (EC 2.7.1.38) is associated with the
muscle protein—glycogen complex in a way
similar to that seen in intact tissue during
muscle contraction (9). In parallel with
kinase activation the antagonistic enzyme
phosphorylase phosphatase (EC 3.1.3.17)
is inhibited in the muscle protein—glyco-
gen complex (10), whereas no such regula-
tion could be observed on purified en-
zymes. Furthermore, phosphorylase b can
be allosterically activated by AMP. In
resting muscle phosphorylase b is essen-
tially inactive in spite of the presence of
0.4 mM AMP, 7.2 mM ATP, and 0.2
mM glucose-6-P (11). Purified phosphory-
lase b dissolved in the same medium ex-
hibits approximately 100 times more ac-
tivity (12). Attention was therefore focused
on the protein—glycogen complex.
The aims of the present study were:
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(1) to isolate and characterize pro-
tein—glycogen complexes from rat skeletal
muscle in different states of uremia;

(2) to examine the possible effects of a
high-calorie mixed low-protein diet in com-
bination with the following:

(a) selected amino acids and their keto
analogs to examine their effects on gly-
cogen synthesis and to assess the nitrogen-
sparing effects of the keto analogs;

(b) propranolol to abolish the cat-
echolamine-induced stimulation of glyco-
genolysis in acute uremia;

(c¢) high doses of serine since this
amino acid was shown to stimulate gluco-
neogenesis in isolated hepatocytes (7) as
well as muscle glycogen synthesis (4) in
different models of acute uremia.

Materials and Methods. /. Experi-
mental protocol. Female Sprague—Dawley
rats (Fa. Wiga, Sulzfeld, West Germany)
with an initial weight of 180—-220 g were used
for the experiment. Animals were separately
housed in individual cages in a room at con-
stant temperature and humidity with a con-
trolled light cycle of 12 hr on and 12 hr off.
Until the time of the experiment, the
animals had access to water and Altromin
standard feed ad libitum. All the operations
were performed under ether anesthesia.
Untreated control animals (CO) and chron-
ically (90% nephrectomy) uremic rats
(CU) had free access to food and water.
Sham-operated (SOP), binephrectomized
(BN), and ureter-ligated (UL) rats were
postoperatively caged individually and tube
fed every 8 hr as follows:

(a) on a mixed low-protein diet (MLPD,
Berodiat V, produced by Boehringer, In-
gelheim, West Germany, containing: 33.4 g
carbohydrate, 11.4 g fat, 0.7 g protein, 1.7
mg vitamin E — acetate = a total of 48 g) in
a dosage of approximately 40 kcal’kg/24 hr
at a protein ration of 0.12 g/kg;

(b) on a MLPD in combination with the
mixture of essential amino acids and keto
analogs (KAA according to Walser (24))—
this mixture was prepared by Pfrimmer &
Company, Erlangen, West Germany;

(c) on a MLPD, KAA in combination
with the 8 blocking agent (BB) propranolol
(Dociton; ICI-Pharma, Plankstadt, West
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Germany, 0.8 mg/kg/8 hr subcutaneously);

(d) on a MLPD, KAA in combination
with propranolol and a high dose of [-serine
(0.5 g/kg/8 hr); [-serine (SER) was obtained
from Pfrimmer & Company, Erlangen,
West Germany.

Animals were killed by decapitation
60 hr after the induction of acute uremia
and 8 weeks after the induction of chronic
uremia. Isolation of the protein—glycogen
complex was carried out according to
Meyer et al. (8) using the first of the three
procedures they describe. This group iso-
lated a protein—glycogen complex from
rabbit skeletal muscle. In the present study,
when rat skeletal muscle was used, it was
necessary to remove muscle from 8 to
10 animals for each study group, in order to
obtain sufficient muscle (minimum 100 g)
for protein—glycogen complex analysis.
Each animal was sacrificed and immedi-
ately placed in iced water for 15 min in order
to prevent muscle glycogen degradation.
Each of the experiments was performed in
duplicate (180 rats).

2. Analytical methods and measure-
ments. The material obtained by acid pre-
cipitation of the crude extract (CE) and
following differential centrifugation (90 min
at 80,000g, i.e., 30,000 rpm) will be re-
ferred to as the 30-pellet fraction (30-P).
The flash activation of phosphorylase in the
glycogen particle was performed according
to the method of Heilmeyer et al. (9). Pro-
tein was anlayzed by the method of Lowry
et al. (13); glycogen was estimated by a
modification of the Montgomery method
(14) as previously described (15); phosphate
was determined by the method of Fiske and
Subbarow (16); phosphorylase activity was
estimated according to Hedrick and Fischer
(17), and glycogen synthetase (EC 2.4.1.11)
by the method of Thomas et al. (18). Phos-
phorylase kinase was estimated by the
method of Jennissen and Heilmeyer (19).
This enzyme was isolated according to the
method of Cohen (20) with the modification
described by Jennissen and Heilmeyer (21).
Phosphorylase b crystallized three times
was prepared using the method of Krebs
and Fischer (22) and phosphorylase phos-
phatase activity was measured by the



SERINE AND GLYCOGEN METABOLISM IN UREMIA

method of Haschke et al. (10). The activity
of the calcium transport ATPase (EC
3.6.1.3) in the sarcoplasmic reticulum was
measured according to the method of De-
Meis and Hasselbach (23) with the modifi-
cations of Horl et al. (24). y**P-Labeled
ATP was prepared by the method of Glynn
and Chappel (25). Gel electrophoresis in the
presence of sodium dodecyl sulfate was
carried out according to the method of
Weber and Osborn (26). Blood urea nitro-
gen (BUN) was analyzed automatically by
routine methods.

Results. Protein—glycogen complexes
were isolated from skeletal muscle of:

(I) untreated control rats (BUN 16.5 +
1.2 mg/dl),

(I) chronically uremic rats (BUN 78.3 +
6.1 mg/dl),

(III) sham-operated rats tube fed with
MLPD and KAA

(IV) sham-operated rats fed with MLPD,
KAA, and injected with propranolol,

(V) bilaterally nephrectomized rats fed
with MLPD and KAA (BUN 380 = 16
mg/dl),

(V1) bilaterally nephrectomized rats fed
with MLPD, KAA, and injected with pro-
pranolol (BUN 362 + 16 mg/dl),

(VII) ureter-ligated rats fed with MLPD,
KAA, and injected with propranolol (BUN
363 = 18 mg/dl),

(VIII) bilaterally nephrectomized rats
fed with MLPD, KAA, SER, and injected
with propranolol (BUN 340 = 14 mg/dl),

(IX) bilaterally nephrectomized rats fed
with MLPD, KAA in a high dosage of 2.1
g/’kg/24 hr (10-fold higher than in groups
III-VIII) and injected with propranolol
(BUN 355 = 12 mg/dl),
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(X) bilaterally nephrectomized rats fed
with MLPD, SER, and injected with pro-
pranolol (BUN 365 + 21 mg/dl).

Animals of groups III-X were decapi-
tated 60 hr after operation. The levels of
glycogen, glycogen phosphorylase, and
synthetase activities are shown in Tables
I-III. It can be seen that injection of pro-
pranolol results in high levels of glycogen in
the 30-pellet fraction of sham-operated rats
supplemented with high-calorie, low-
protein diet and ketoacids according to
Walser. This could not be seen in rats 60 hr
after bilateral nephrectomy or ureter liga-
tion under these conditions (groups VI and
VII). However, after the additional admin-
istration of high doses of serine high levels
of glycogen could be measured in crude
muscle extracts as well as in protein—
glycogen complexes of acutely uremic
animals (group VIII).

A strong correlation between glycogen
concentration in the protein—glycogen
complex and the specific activity of phos-
phorylase phosphatase was observed. For
example, the glycogen concentration in the
protein—glycogen complex of untreated
control rats was 166.7 ug/mg protein with a
phosphorylase phosphatase specific activ-
ity of 10.6 X 1073 unit/mg whereas 60 hr
after binephrectomy in animals on a high-
calorie diet, the Walser ketoacid mixture
and propranolol, the glycogen concentra-
tion was 0.11 ug/mg protein in the complex
and the specific activity of the enzyme
was 0.75 X 107® unit/mg. In contrast, the
antagonistic enzyme, phosphorylase ki-
nase, seems to be independent of the gly-
cogen concentration in the protein—gly-
cogen complex. For example, in untreated

TABLE I. EFFecTs OF DIFFERENT DIETS ON GLYCOGEN CONTENT (2 g) DURING ISOLATION
OF THE PROTEIN—GLYCOGEN COMPLEX

Fraction 1 1I 111 v \'A VI Vil VIII IX X
Crude extract 35,400 38,100 1100 25,500 2300 1925 1650 26,300 3050 2250
Acid pellet 17,300 27,850 74 4,830 — 20 20 22,200 1680 100
30-pellet 16,500 27,650 10 4,550 — 10 7 21,500 1545 40
No. of animals 8 8 8 8 10 10 10 10 8 10

Note. Isolation of the protein—glycogen complex (30-pellet) was carried out according to Meyer et al. (8).
Glycogen was estimated by a modification of the Montgomery method (14). Symbols I-X represent the

different treatment regimes as described under Results.
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TABLE II. EFFECTS OF DIFFERENT DIETS ON PHOSPHORYLASE ACTIVITY (% UNITS) DURING
ISOLATION OF THE PROTEIN—GLYCOGEN COMPLEX

Fraction I II I v \" VI VIl VIII IX X
Crude extract 43,900 40,800 38,400 19,550 7800 7300 11,300 10,250 18,700 30,300
Acid pellet 29,600 6,400 4,750 5,100 450 540 580 2,450 2,400 5,800
30-pellet 1,600 1,950 2,010 1,540 230 230 310 2,100 1,450 1,200
No. of animals 8 8 8 8 10 10 10 10 8 10

Note. Isolation of the protein—glycogen complex (30-pellet) was carried out according to Meyer ef al. (8).
Phosphorylase activity was measured according to Hedrick et al. (17). Symbols I-X represent the different

treatment regimes as described under Results.

controls the specific activity of phosphor-
ylase kinase was 0.25 unit/mg (glycogen
166.7 ng/mg protein) whereas in chronic
uremic rats, glycogen concentration was
158.0 ug/mg and the specific activity of
the enzyme 0.025 unit/mg. After serine
administration during acute uremia when
glycogen concentration was 134.4 ug/mg
protein, the kinase activity was 0.053 unit/
mg protein.

Figure 1 demonstrates the flash activa-
tion of phosphorylase in a protein—glyco-
gen complex isolated from untreated rab-
bits and rats as well as acutely uremic rats.
At starting point 0, a small transformation
from phosphorylase b to a takes place
(probably due to traces of free calcium ions
in the incubation medium). Eight percent
phosphorylase in active a form could be
determined in the protein—glycogen com-
plex of untreated control rabbits and rats.
After the addition of ATP, calcium, and
magnesium, the enzyme is flash activated.
About 60% of the enzyme transforms into
active a form. The following step of the
phosphorylase phosphatase activation
causes a dephosphorylation of phosphor-
ylase a. Repeated supplements of ATP

TABLE IlI. EFFeEcTs OF DIFFERENT DIETS

cause repeated flash activations of phos-
phorylase. When ATP is added to a pro-
tein—glycogen complex obtained from
acutely uremic rats treated with a mixed
low-protein diet, the Walser ketoacid mix-
ture, propranolol, and high doses of serine,
again a small flash activation is triggered by
traces of calcium in the medium. After
about 12 min, approximately 30% of the
phosphorylase in the active a form is pres-
ent under these conditions. The supple-
mentation of ATP, magnesium, and calci-
um causes a flash activation of the phos-
phorylase with a transformation from b
to a of about 68%. Repeated addition of
ATP resulted in repeated flash activations
of phosphorylase. On the other hand, after
the addition of ATP and magnesium to
phosphorylase in the 30-pellet suspension
obtained from acutely uremic rats exclu-
sively fed on a mixed low-protein diet in
combination with the Walser ketoacid
mixture, 70% of the enzyme exists in active
a form. The addition of more calcium and
magnesium does not result in further
stimulation. Finally, Fig. 1 shows differ-
ences of a phosphorylase flash activation in
a protein—glycogen complex isolated from

ON SYNTHETASE ACTIVITY (2 UNITS) DURING

ISOLATION OF THE PROTEIN—GLYCOGEN COMPLEX

Fraction I II III v \" \"2 | VII VIII IX X
Crude extract 43,000 30,350 15,000 12,120 6420 6500 6700 14,000 10,700 20,200
Acid pellet 16,200 16,500 7,600 5,360 1330 1500 1550 6,050 7,000 9,800
30-pellet 2,850 3,400 2,650 3,000 385 250 550 3,300 2,400 2,200
No. of animals 8 8 8 8 10 10 10 10 8 10

Note. Isolation of the protein—glycogen complex (30-pellet) was carried out according to Meyer et al. (8).
Synthetase was estimated by the method of Thomas ez al. (18). Symbols I-X represent the different treatment

regimes as described under Results.
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Fi1G. 1. Differences in flash activation of phos-
phorylase in the protein—glycogen complex isolated
from rat and rabbit skeletal muscle as well as effects of
various diets on flash activation of phosphorylase in
the glycogen—protein complex isolated from skeletal
muscle of acute uremic rats. 460 ul 30-P fraction
(25—-40 mg protein/ml in 50 mM Na-glycerophosphate,
1 mM EDTA, pH 6.8) was incubated with 25 ul MgCl,
(100 mM) and 10 ] ATP (50 mM, pH 7.0). Samples (20
nl) were taken at the times indicated in the figure. 10 ul
CaCl, (40 mM) was added after 105 sec. ATP was
added as shown in the figure. O, Untreated rabbits; (I)
@, untreated control rats; (VI) B, bilaterally nephrec-
tomized rats fed with MLPD, KAA, and injected with
propranolol (the specific activities of the enzyme in the
presence and absence of AMP (2 mM) were 2.61 and
1.07 umol X min~! X mg™! protein in the 30-P fraction,
respectively); (VIII) A, bilaterally nephrectomized
rats fed with MLPD, KAA, SER, and injected with
propranol.

the skeletal muscle of untreated control rats
in comparison to a protein—glycogen com-
plex isolated from skeletal muscle of un-
treated rabbits. It can be seen that after the
addition of ATP, calcium, and magnesium,
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of 0.5 mmol/liter, only a 30% conversion of
phosphorylase can be produced; there is a
return to initial values after 2 min. Once
again, the phosphorylase in the 30-pellet
suspension of acutely uremic rats fed on a
high-calorie, low-protein diet in combina-
tion with the Walser ketoacid mixture is
maximally activated and proves to be un-
affected by ATP stimulation.

The specific activity of the sarcoplasmic
reticulum calcium ATPase was 0.99 pmol X
min~! mg protein™! in untreated controls
and 0.57 wmol X min~! X mg™! protein in
chronic uremia. The specific activity of this
enzyme was 0.76 in group IV compared to
1.67 and 1.83 umol X min~! X mg™! protein
in the acutely uremic groups VI and VII,
respectively. The yield of the calcium
ATPase in the 30-pellet fraction was in the
range of 13 to 22% of crude extract values.

Discussion. According to the studies of
Meyer et al. (8), the protein—-glycogen
complex isolated from rabbit skeletal mus-
cle is a specific functional cell unit. We
were able to isolate and characterize pro-
tein—glycogen complexes from rat skeletal
muscle in different states of uremia. In
contrast to rabbit muscle (8), the percent-
age yield of phosphorylase during isolation
of the protein—glycogen complex under
control conditions does not correlate with
the glycogen concentration. Obviously, rat
muscle glycogen phosphorylase and syn-
thetase exhibit weaker binding to glycogen,
than do rabbit muscle glycogen metaboliz-

80

binephrectomized rats
7 with MLPD - KiA
o 1 mlATP
& 05mN TP

b0

the flash activation and inactivation of N e - =
phosphorylase in the rabbit muscle pro-

tein—glycogen complex proceeds about
four times faster.

Figure 2 shows the effects of various .
ATP concentrations on the conversion of 7
phosphorylase b to a. At a concentration of

1 mmol/liter ATP, there is an increase to a °
level of 60% of the a form; this decreases to
the initial value (approximately 8% a form)
after 5 min. The identical activation curve is
achieved with a concentration of 2.0
mmol/liter ATP. Using an ATP concentration

404

/s phosphorylase a

conlrol rals
o | ml AIP
& 0.5l ATP

T T T T T T
0 1 4 3 4 S 6

minutes

FiG. 2. Effects of different ATP concentrations on
phosphorylase b to a conversion in a protein—glyco-
gen complex. Incubation medium consisted of pro-
tein—glycogen complex fraction, 1 and 0.5 mmol/liter
ATP, 5 mmol/liter MgCl, and 1 mmol/liter CaCl,.
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ing enzymes. At any rate, there is almost
double the yield of phosphorylase a com-
pared to b during the individual isolation
phases. In our opinion, there are two ways
of interpreting this phenomenon: either the
phosphorylated form of phosphorylase
(phosphorylase a) might be more tightly
bound to glycogen than the unphosphory-
lated b form, or perhaps during isolation,
the AMP activation of phosphorylase b is
partially lost. Hickenbottom (27) has dem-
onstrated the same relationship for glyco-
gen and glycogen synthetase in rabbit
skeletal muscle as Meyer et al. (8) for
glycogen and phosphorylase. In acute
uremia, this correlation is valid after isola-
tion of a protein—glycogen complex orig-
inating from skeletal muscle in bine-
phrectomized rats receiving in addition to a
varied high-calorie, low-protein diet, the
Walser (28) ketoacid mixture, propranolol,
and high doses of serine.

In the present study glycogen catabolism
was prevented by Kkilling the animals and
placing them in iced water for 15 min. It can
be argued that, even in the extract prepared
thereafter, the measured active fractions of
phosphorylase and synthetase would not
resemble the in vivo situation. However, it
must be stressed that the percentage of
phosphorylase a activity to total phos-
phorylase activity was 6% in the crude extract
and 8% in the protein—glycogen complex
of control rats. The quick freeze approach
was not possible because this technique
does not deliver enough material to iso-
late the protein—glycogen complex.

Our data show a clear correlation be-
tween glycogen concentration in the pro-
tein—glycogen complex and the specific
activity of phosphorylase phosphatase. For
example, the glycogen concentration in the
protein—glycogen complex of untreated
control rats was 166.7 ug/mg protein with a
specific activity of phosphorylase phos-
phatase of 10.6 X 1072 units/mg, whereas 60
hr after binephrectomy in animals on a
high-calorie diet, the Walser ketoacid
mixture and propranolol, the glycogen con-
centration was 0.11 pg/mg protein in the
complex and the specific activity of the en-
zyme was 0.75 X 1072 units/mg. The finding
of a decreased recovery of phosphorylase
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phosphatase in many of these instances
may be related to the fact that the glycogen
level of the tissue decreased markedly. Pre-
sumably the various enzymes of the pro-
tein—glycogen complex are present due to
their binding to glycogen.

According to the studies of Horl and
Heilmeyer (30), phosphorylase phospha-
tase is also associated with membrane frac-
tions of the sarcoplasmic reticulum and
involved in the regulation of calcium trans-
port ATPase. Since fragments of the sar-
coplasmic reticulum are isolated in associ-
ation with the protein—glycogen complex
(8), the regulation of the calcium transport
ATPase in the sarcoplasmic reticulum must
be taken into consideration when discuss-
ing the system involved in transforming
phosphorylase a to b. Moreover, phos-
phorylase phosphatase activity is regulated
by the inhibitor-1 which can be phosphory-
lated or dephosphorylated (31). Since an
intact protein—glycogen complex with a
high specific activity of phosphorylase
phosphatase can be isolated from acutely
uremic animals fed with high doses of
serine, a high-calorie diet, Walser ketoacid
mixture, and injected with propranolol, the
question arises as to what extent serine ad-
ministration influences the phosphorylase
phosphatase inhibitor.

In the protein—glycogen complex iso-
lated from skeletal muscle of untreated
control animals, we find 8% of phos-
phorylase in the active a form after the ad-
dition of ATP and magnesium (Fig. 1).
Phosphorylase in the protein—glycogen
complex isolated from acutely uremic rats
fed on a high-calorie diet combined with the
Walser ketoacid mixture and propranolol is
maximally activated (70% of the enzyme is
in the active a form). Furthermore phos-
phorylase stimulation by the addition of
calcium, magnesium, and ATP is impossi-
ble (Fig. 1). Evidently, phosphorylase
phosphatase is completely inactivated
under these conditions (7). By feeding ad-
ditional large doses of serine, however, the
proportion of phosphorylase a is decreased
to 30% and further permits the typical flash
activation of phosphorylase under these
circumstances (Fig. 1).

In acute uremia, it is unlikely that ele-
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vated catecholamine levels are the only
reason for stimulation of phosphorylase a in
the protein—glycogen complex since the
administration of a B-adrenergic blocker
does not affect the transformation of phos-
phorylase b to a (7). The close correlation
between glycogen concentration and phos-
phorylase phosphatase activity, however,
suggests a regulatory mechanism via phos-
phorylase phosphatase in acute uremia.
Phosphorylase b to a transformation in
acute uremia could also be brought about in
the following three ways: (i) A calcium-
induced stimulation of phosphorylase
kinase with synchronized inactivation of
phosphorylase phosphatase; (ii) an inactiva-
tion of phosphorylase phosphatase through
interaction with the sarcoplasmic reticu-
lum; (iii) an activation of phosphorylase
by a catecholamine-induced phosphory-
lation of phosphatase inhibitor-1 (32—35).
Glycogenolysis caused by acute uremia is
specifically different from a purely stress-
induced stimulation of glycogen break-
down. Our data suggest that glycogenoly-
sis in acute uremia may be caused at least
in part by proteolytically activated phos-
phorylase kinase (7).

In accordance with the studies on chronic
uremic patients (1) and chronic uremic rats
(3) glycogen content was normal in the
crude skeletal muscle extract (Table I). In
contrast to animals with acute uremia
glycogen content in the protein—glycogen
complex of rats with chronic uremia was
doubled compared to their respective un-
treated controls.

The favorable effects of high doses of
serine on muscle glycogen metabolism that
we observed during acute uremia are im-
pressive. Synthesis of glycogen from lac-
tate in frog and rabbit muscle has previ-
ously been demonstrated (40). Crabtree et
al. (41) found pyruvate carboxylase, phos-
phoenolpyruvate carboxylase, and fructose
diphosphatase activities in crude homoge-
nates of vertebrate and invertebrate mus-
cle. These results as well as our findings
offer the possibility of gluconeogenesis
from serine not only in liver and kidney but
also in skeletal muscle. Treatment of
animals with only serine cannot prevent
glycogenolysis in acute uremia. Our data
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suggest, however, that the combination of
high doses of serine with other amino acids
may be supportive in the therapy of acute
renal failure.
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