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Administration of Endotoxin, Tumor Necrosis Factor, or Interleukin 1 to Rats
Activates Skeletal Muscle Branched-Chain a-Keto Acid Dehydrogenase

M. Daud Nawabi, Kevin P. Block, Munna C. Chakrabarti, and Maria G. Buse
Departments of Medicine and Biochemistry, Medical University of South Carolina, Charleston, South Carolina 29425

Abstract

Protein catabolic states (i.e., sepsis and trauma) are thought to
be associated with accelerated oxidation of branched-chain
amino acids (BCAA). Branched-chain a-keto acid dehydroge-
nase (BCKAD), the rate-limiting enzyme for BCAA oxidation
by muscle, is regulated by phosphorylation/dephosphoryla-
tion. Skeletal muscle BCKAD was only 2-4% active in control
rats. Intravenous injection of Salmonella enteritidis endotoxin
(0.25-10 mg/kg) did not change total BCKAD activity, but
increased the percent active enzyme in muscle three- to four-
fold in 4-6 h. Identical results were observed in adrenalecto-
mized rats pretreated with one dose of a-methylprednisolone
(2.5 mg/kg i.p.) 30-60 min before saline or endotoxin injec-
tion, indicating that endotoxin’s effect was not mediated by
hypersecretion of adrenal hormones. Cortisone pretreatment of
normal rats (100 mg/kg per d) for 2 d prevented endotoxin-in-
duced activation of muscle BCKAD, suggesting that endoge-
nous secretion products mediated BCKAD activation by endo-
toxin. Human recombinant tumor necrosis factor-a and/or
IL-18 or a (50 ug/kg) increased muscle BCKAD activation
two- to fourfold in normal rats 4-6 h after intravenous injec-
tion. We conclude that cytokine-mediated activation of muscle
BCKAD may contribute to accelerated BCAA oxidation in
septicemia. (J. Clin. Invest. 1990. 85:256-263.) branched-
chain a-keto acid dehydrogenase - endotoxin » enzyme activa-
tion  interleukin-1 « skeletal muscle « tumor necrosis factor

Introduction

Septic shock is one of the most common problems encoun-
tered in surgical intensive care units (1). Septicemia is charac-
terized by severe muscle wasting with the majority of amino
acids being released from skeletal muscle for eventual uptake
by the liver for glucogenesis (2) and synthesis of acute phase
plasma proteins (3, 4). The ability of muscle to utilize glucose,
fat, and ketones as energy sources is compromised during sep-
tic shock (5-10). However, total body leucine oxidation was
increased by ~ 50% in rats with Pseudomonas aeruginosa
bacteremia (11).
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Woolf and co-workers (12, 13) studied femoral arteriove-
nous amino and keto acid differences in dogs treated with
Escherichia coli endotoxin and concluded that branched-
chain amino acids (BCAA)' were actively taken up and oxi-
dized by muscle during sepsis. Similar findings were reported
in studies of septic patients (14). Oxidation of medium L-[1-
14Clleucine by isolated muscles from septic man (3) and rabbit
(15) was shown to be increased. The mechanism responsible
for the apparent increase in BCAA catabolism is not known.

The rate-limiting enzyme for BCAA metabolism in skeletal
muscle is branched-chain «-keto acid dehydrogenase
(BCKAD), an enzyme related both structurally and function-
ally to the pyruvate dehydrogenase complex (16, 17). BCKAD
is controlled by a phosphorylation (inactivation)-dephosphor-
ylation (activation) mechanism catalyzed by an intrinsic ki-
nase and phosphatase (16, 17). As of this writing, no reports of
septicemia’s effect on BCKAD activity have appeared in the
literature. In contrast, septicemia has been shown to decrease
the activation state of the pyruvate dehydrogenase complex in
skeletal muscle (18). BCKAD activity is normally very low in
muscle and has proved difficult to quantitate. Recently, we
have shown that the complex is activated rapidly after leucine
infusion (19), glucocorticoid treatment (20), or ingestion of a
protein meal (21).

Administration of bacterial endotoxin elicits the systemic
manifestations observed in animals with gram hegative septi-
cemia (i.e., fever, hypotension, shock, tissue injury). There is
increasing evidence that these changes are not direct effects of
endotoxin, but are mediated by potent cytokines released by
macrophages and probably other cells, in response to stimula-
tion by bacterial endotoxin (reviewed in 22). Foremost among
these are tumor necrosis factor-a (TNF, cachectin) and IL-18,
which are now available in recombinant form. While both
IL-1 and TNF can mimic many of the systemic effects of
endotoxin, TNF may be the major cytokine released by endo-
toxin activated macrophages (23, 24). Indeed, endotoxin-in-
duced shock and death has been prevented by administering
antibodies to TNF to experimental animals before endotoxin
administration (25, 26). IL-1 (27, 28) and TNF (29-32) have
been implicated as causative agents of accelerated muscle pro-
tein catabolism in conditions such as sepsis and cachexia;
other studies suggest that neither agent induces muscle protein
degradation, which may be caused by a yet unidentified cyto-
kine (33-36).

In this study we administered endotoxin or cytokines to
rats to assess their effect on the activation state of muscle
BCKAD. Our data indicate that intravenous endotoxin ad-
ministration results in activation of muscle BCKAD within 4
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h; the effect is not mediated by stimulated glucocorticoid se-
cretion. Furthermore, injection of TNF or IL-18 or a cause
similar BCKAD activation in muscle.

Methods

Animals. Male Wistar (WI) BR rats (Charles River Laboratories, Wil-
mington, MA), weighing 150-250 g, were fed a common rodent chow
containing 27% mixed protein (Wayne Rodent Blox; Continental
Grain, Chicago, IL) and water ad lib. throughout the study. Rats fed
this diet consume ~ 15 g of feed per d and grow 6 g/d. 2 d of cortisone
treatment (see dose below) does not alter food intake (20). Food was
withdrawn 1-2 h before injections of endotoxin, cytokine, or saline.
Rats were kept on a 12-h-12 h light-dark cycle in a room maintained at
26°C. Rats were anesthetized with methoxyflurane (Metofane; Pit-
man-Moore, Washington Crossing, NJ) during intravenous injections
and all surgical procedures.

Treatments

Endotoxin administration. The effects of endotoxemia on muscle
BCKAD were investigated in rats administered lipopolysaccharide B
Salmonella enteritidis endotoxin (Difco Laboratories, Detroit, MI) via
tail vein. Endotoxin diluted in 0.9% (wt/vol) saline was given in doses
ranging from 0.25 to 10 mg/kg body wt. Control rats received an equal
volume of 0.9% (wt/vol) saline.

In one study rats were pretreated with glucocorticoids before endo-
toxin administration. Cortisone acetate (100 mg/kg; General Inject-
ables and Vaccines, Bastian, VA) or saline was administered subcuta-
neously, daily at 5 p.m. for 2 d and once again 1 h before intravenous
endotoxin (10 mg/kg) administration. On the morning of the endo-
toxin treatment, cortisone and saline groups were divided as follows
(subcutaneous injection-intravenous injection): (@) Saline-saline; (b)
saline-endotoxin; (c) cortisone-saline; (d) cortisone-endotoxin.

In some studies rats underwent bilateral adrenalectomy (Adx) 5-7
d before endotoxin treatment and were provided with a 1% NaCl
solution as well as drinking water to maintain salt balance. Controls
underwent sham operations. In preliminary studies, administration of
endotoxin (10 mg/kg) to Adx rats resulted in 100% mortality 3 h
postinjection. Therefore, a replacement dose of 6-a-methylpredniso-
lone (2.5 mg/kg) (MP; Elkins-Sinn, Inc., Cherry Hill, NJ) or saline was
administered intraperitoneally 30-60 min before intravenous endo-
toxin or saline treatment. Four groups of rats were studied in parallel
(Adx/control-intraperitoneal injection-intravenous injection): (@) con-
trol-MP-saline; (b) Adx-saline-saline; (c) Adx-MP-saline; (d) Adx-MP-
endotoxin. In the glucocorticoid and Adx studies, rats were killed and
samples for muscle BCKAD and blood and muscle BCAA measure-
ments were taken 6 h after intravenous administration of endotoxin or
saline.

Cytokines. Human recombinant TNF (9.6 X 10° U/mg), IL-18 (5
X 107 U/mg) and IL-1a (0.94 X 107 U/mg), gifts from Biogen Research
Corp. (Cambridge, MA) were prepared in PBS containing 1 mg/ml
BSA and administered intravenously to intact rats. Controls received
intravenous injections of equal volumes of PBS containing albumin.
Preparations of TNF and IL-1 contained < 0.12 ng/ml of endotoxin.

Cytokines were administered as a single bolus at doses ranging
between 10 and 100 ug/kg i.v. TNF doses were calculated to yield
maximal plasma concentrations similar to the peak TNF concentra-
tion measured in rabbit plasma (~ 2.5 X 10° U/ml) after injections of
highly purified lipopolysaccharide (LPS) (26). Assuming distribution
in the extracellular space of ~ 25% of body wt the maximal concen-
tration of TNF that could have reached muscle cells after bolus of 50
pg/kg iv. (5 X 10° U/kg) would be 2 X 10° U ml.

BCKAD assay. The method for determining BCKAD activity and
activation state in muscle has been described in detail previously (19,
20). Briefly, hindlimb muscles were frozen in situ with Wollenberger
tongs precooled in liquid nitrogen. BCKAD was extracted from pow-
dered frozen muscle in the presence of protease, phosphatase, and

kinase inhibitors and then precipitated with polyethylene glycol. Basal
(in vivo) BCKAD activities were determined immediately after redis-
solving the precipitated proteins, and total (fully active) enzyme activi-
ties were measured after preincubation of the extract at 37°C with 15
mM Mg?* before assay. BCKAD was quantitated by '“CO, release
from 0.1 mM a-keto[ 1-'“Clisocaproate at 37°C. Mean total activities
measured in different studies ranged from 32 to 48 nmol-min~'-g
muscle™!, with an overall mean for all observations (n = 219) of
37.1+2.5. No significant differences in total BCKAD activities were
observed in response to any of the experimental manipulations, there-
fore results are presented as percentage of BCKAD in the active form,
calculated as (basal activity/total activity) X 100.

Other analyses. Amino acid concentrations in plasma and muscle
extracts were measured as described previously (37). Plasma corticoste-
rone concentrations were measured by RIA using antiserum B3-163
from Endocrine Sciences (Tarzana, CA) according to instructions sup-
plied by the manufacturer.

Statistical analyses of differences between groups were performed
by Student’s ¢ test (38) and by analysis of variance followed by a
multiple comparison test (Peritz F test [39]) as appropriate. Values for
percent active complex were subjected to square root transformation
before statistical analysis as percentages are distributed binomially
rather than normally (38). Simple linear correlations were determined
by standard methods (38). All values shown are means+SEM.

Results

Effects of endotoxin. As reported previously, in saline injected
rats (19-21), the activation state of skeletal muscle BCKAD
was very low (only 2-4% active). Intravenous injection of en-
dotoxin (10 mg/kg) caused time-dependent activation of the
complex (Fig. 1). While the mild increase in activity observed
2 h after injection was not significant, muscle BCKAD activity
was increased three- to fivefold over basal levels (P < 0.01) 4-8
h after endotoxin administration. This increase represented
activation of the enzyme complex, since total enzyme activity
was unchanged at all time points (48+3 nmol/min per g; n
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ticosterone concentrations were measured as described in Methods.
Values are means+SEM for three rats/group for the 2- and 8-h time
points; the 4-h time point (n = 9) represents pooled data from time
course and dose response studies (Fig. 2) and the 6-h time point (n =
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three studies. *P < 0.01 compared with control values.
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= 38). Maximal BCKAD activation was observed 6 h after
endotoxin injection, it decreased by 8 h, although it was still
significantly above control levels (P < 0.01). Controls were
killed at various time intervals after saline injection; as pre-
viously reported (20) BCKAD activity was unchanged and not
distinguishable from uninjected controls.

The transamination product of leucine, a-ketoisocaproate
(KIC) is a potent inhibitor of BCKAD kinase (16, 17). For the
reason that endotoxin increases net protein catabolism in
muscle (40), it seemed possible that the activation of the com-
plex after endotoxin administration resulted from increased
availability of intracellular leucine and KIC which would be
reflected in changes in circulating leucine concentrations. As
shown in Fig. 1, plasma leucine increased from 130 to 240 uM
6 h after endotoxin, and the changes in circulating leucine
paralleled those of BCKAD activity (r = 0.69; P < 0.01; n
= 38). Plasma isoleucine, valine, and phenylalanine concen-
trations increased in parallel with circulating leucine (data not
shown).

We reported previously that increased circulating gluco-
corticoids result in activation of muscle BCKAD, although the
magnitude of activation observed (20) was less than that after
endotoxin injection (Fig. 1). Since endotoxin injection may
stimulate glucocorticoid secretion, corticosterone in plasma
was measured in the time course study. No statistically signifi-
cant change in circulating corticosterone concentrations was
observed after endotoxin administration (Fig. 1).

An endotoxin dose response is shown in Fig. 2. BCKAD
activity was significantly increased (~ 50% activation above
control) 4 h after the injection of 0.25 mg/kg endotoxin (P
< 0.01). Maximal activation (approximately three to four
times baseline) was observed 4 h after injecting 1 mg/kg endo-
toxin with higher doses causing no further activation. It is
noteworthy that, while endotoxin doses between 1 and 10
mg/kg significantly increased circulating leucine (~ 80% in-
crease, Fig. 2, P < 0.05), 0.25 mg/kg endotoxin activated
BCKAD without a detectable increase in circulating leucine.
Plasma levels of the other BCAA and phenylalanine paralleled
those of leucine (see Table I for representative measurements).

Pretreatment with glucocorticoids elicits resistance to en-
dotoxin and in vitro exposure of peritoneal macrophages to
glucocorticoids before endotoxin challenge prevents TNF pro-
duction in response to endotoxin at a transcriptional and
posttranscriptional step (41). We tested the effect of pretreat-
ing rats for 2 d with cortisone (100 mg/kg per d) on endotoxin

* L Figure 2. Effect of in-
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Table I. Effects of Endotoxin, TNF and IL-1 Administration on
Circulating BCAA and Phenylalanine Concentrations in the Rat

Plasma amino acid concentration

Group n Leu Ile Val Phe
nmol/ml
Control* 38 140%5 84+3 20710  63%2
Endotoxin
(0.25 mg/kg) 6 12419  69+7  175+10% 65+2
Endotoxin (10 mg/kg) 9 209+20% 110x11% 291+32% 101+17%
IL-18 (50 ug/kg) 6 14710 86+10 218+29 671
TNEF (50 ug/kg) 6 1276 77+3 179+10  58%3

* Control values were pooled from the relevant studies. All rats were
killed 4 h after injection. Plasma amino acid concentrations were de-
termined as described in Methods. Values are means+=SEM for num-
ber of rats given.

¥ P < 0.05 compared with control values.

induced muscle BCKAD activation. As reported previously
(20) glucocorticoid treatment caused significant (approxi-
mately two times, P < 0.05) activation of BCKAD (Fig. 3).
The dose of cortisone acetate used suppressed endogenous
plasma corticosterone to undetectable levels in saline injected
rats, although after endotoxin challenge plasma corticosterone
increased significantly (P < 0.01) in cortisone-suppressed rats.
Also, endotoxin administration resulted in a significant (P
< 0.05) although modest (~ 20%) increase in plasma cortico-
sterone when given to normal rats. Endotoxin treatment of
saline-pretreated controls activated muscle BCKAD approxi-
mately fourfold; this effect was significantly greater than the
activation observed with glucocorticoid treatment alone (P
< 0.01). Injection of endotoxin into glucocorticoid treated rats
caused no greater activation than that observed with cortisone
treatment alone, indicating that cortisone treatment prevented
endotoxin induced BCKAD activation. Circulating plasma

Figure 3. Effect of glu-
cocorticoid pretreat-
ment on endotoxin-me-
diated activation of
muscle BCKAD. Rats
20 were injected daily for 2
d and on the morning
of the experiment with
cortisone acetate (Cort.,
100 mg/kg s.c.). Control
rats (Con.) received an
equal volume of saline.
On the day of the ex-
periment rats were in-
jected with 10 mg/kg
300 endotoxin (Endo) or sa-

Pl L . . .
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% € 2001 activity, plasma leucine
Fi and oot_‘tioosterone con-
=0 centrations were mea-

1001 4 sured as in Fig. 1.
Values are means+=SEM
for six to eight rats per
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leucine (Fig. 3), the other BCAA, and phenylalanine (data not
shown) also failed to increase in glucocorticoid-treated rats
after endotoxin injection.

To further rule out the possibility that endotoxin-induced
activation of muscle BCKAD was mediated by endogenous
adrenal secretion products, the effects of endotoxin were stud-
ied in rats 5 d after adrenalectomy. Because in preliminary
experiments all adrenalectornized rats died within 4 h after
endotoxin injection, the experimental design was modified to
include a single injection of a-methylprednisolone (MP, 2.5
mg/kg i.p.) 30—60 min before the injection of endotoxin (10
mg/kg i.v.) (Fig. 4). With this experimental design, endotoxin
caused no mortality in adrenalectomized rats within 6 h. Adre-
nalectomy alone did not affect the activation state of muscle
BCKAD, and the injection of a small dose of MP caused only
minimal activation of the complex (~ 30% above baseline, P
< 0.01) in both control and in adrenalectomized rats. As in
control rats, administration of endotoxin to adrenalectomized
MP-treated rats caused fourfold activation of muscle BCKAD
activity in 6 h (P < 0.01). Fig. 4 also demonstrates that adrenal-
ectomized rats had undetectable levels of corticosterone in
plasma, and that plasma leucine increased after endotoxin
treatment in adrenalectomized-MP treated rats (P < 0.01) to
the same degree as in intact rats treated with endotoxin. These
results rule out the possibility that endotoxin-induced muscle
BCKAD activation is mediated by adrenal secretion products,
although a permissive role for glucocorticoids cannot be dis-
missed. ,
Effects of IL-1 and TNF. Endotoxin is known to stimulate
secretion of cytokines by macrophages and the studies in Fig. 3
suggested that the effect of endotoxin on BCKAD activation
may be mediated by endogenously secreted cytokines. Since
IL-1 and TNF are major products of activated macrophages,
and are known to mimic some of the effects of endotoxin, their

Figure 4. Effect of en-
dotoxin administration
on muscle BCKAD,
plasma leucine and cor-
ticosterone concentra-
tions in adrenalecto-
mized rats. Rats were
adrenalectomized
(ADX) 5 d before ex-
periments. A single
maintenance dose of a-
methylprednisolone
(MP; 2.5 mg/kg i.p.)
was administered 30-60
min before endotoxin
(ENDO, 10 mg/kg i.v.)
to avoid high rates of
mortality. Rats were

% Active BCKAD

MP CON MP ENDO

300 JE Plasma [Leu]
[1 Plasma [Cort]

200

100 |

Plasma [Leu] (uM) &
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J i'.; ; killed 6 hours after en-
9 CON CON. ENDO. ADX: )( ADX-MP: d(!to.nn ().r sallne ad-
WP CON. MP  ENDO ministration. Muscle
BCKAD activity,

plasma leucine and corticosterone concentrations were measured as
in Fig. 1. Values are means+SEM. CON - MP, intact MP pretreated
rats (n = 4); ADX-CON, ADX rats injected with saline (n = 5);
ADX-MP, ADX rats treated with MP followed by saline (# = 6);
ADX-MP-ENDO = ADX rats treated with MP followed by endo-
toxin (n = 7). Intact controls treated with saline (CON, n, 16) or with
endotoxin (ENDO, n, 10) are shown for comparison and are from
Fig. 1.

effects on muscle BCKAD activity were tested. The time
course of activation of muscle BCKAD after injection of 50
ug/kg i.v. IL-1p to intact (nonadrenalectomized) rats is shown
in Fig. 5. The activation state of BCKAD was unaltered at 2 h
and increased about fourfold 4 h after IL-18 administration.
Activation of BCKAD at 6 h was slightly less than at 4 h, but
was still more than threefold above control. At no time point
after IL-18 injection was there a detectable change in the con-
centrations of circulating leucine (Fig. 6), or in the concentra-
tions of the other BCAA or phenylalanine (Table I). Injection
of 100 ug/kg IL-18 caused no greater activation of BCKAD 6 h
after injection (10.6+1.1%, n = 6) then 50 ug/kg (10.2+0.9%, n
= 10). IL-1e (50 or 100 ug/kg) caused approximately twofold
activation of BCKAD 4 h after injection (control = 2.9+0.2%;
IL-1a = 5.410.4% and 5.8%1.1 for 50 and 100 ug/kg; respec-
tively; n = 3—-4/group). .

The time course for activation of muscle BCKAD after
injection of 50 ug/kg i.v. TNF to intact rats is shown in Fig. 6
A. Unlike the results obtdined with endotoxin and IL-18,
muscle BCKAD was activated as early as 2 h after TNF admin-
istration. Maximal enzyme activation was observed 4 h after
TNF injection and returned towards control values by 6 h.
Circulating leucine concentrations were not significantly al-
tered by TNF treatment (Fig. 6 4). A dose response to TNF
obtained 4 h after intravenous injection to intact rats is shown
in Fig. 6 B. At a dose of 10 ug/kg TNF we observed a small but
significant activation of muscle BCKAD, while approximately
threefold activation was observed after the injection of 50 or
100 ug/kg. While 100 ug/kg TNF caused slightly greater acti-
vation than 50 ug/kg, the difference was not statistically signif-
icant (P > 0.05 < 0.1). As with IL-1, TNF administration
caused no change in circulating levels of leucine, other BCAA
or phenylalanine (Table I).

Because IL-1 and TNF act via separate receptors (22), we
examined the possible additive effects of cytokines on muscle
BCKAD activity. Administration of 100 ug/kg of IL-18 or
TNF separately caused no clinically evident ill effects while
when given together they caused 100% mortality at 6 h and
50% at 4 h. (n = 4-6/group). Administration of 50 ug/kg of
IL-18 and TNF together caused no mortality and resulted in
8.9+0.8% BCKAD activation after 6 h (n = 4), which is similar
to the activity observed after administering IL-18 alone
(Fig. 5).

Since it was surprising that cytokine treatment resulted in
muscle BCKAD activation without a concomitant rise in cir-
culating léucine, in some experiments the concentrations of
BCAA and phenylalanine were also measured in muscle, 4 h

" 0 Figure 5. Time course
] [ 0 of muscle BCKAD acti-
24 I . -  Vvation and circulating
? ] -2 £ leucine concentrations
- | 20 . after Interleukin-18 ad-
§ % ministration. IL-1 (50
§ 6] ® _ ug/kgi.v.) was adminis-
2. [ = tered and rats were
] *  Kkilled2,4,and6 h
2 - %0 later. Controls received
0 ° equal volumes of PBS
Contel 2 . s containing albumin.
Muscle BCKAD activ-

Time (hours)
ity and plasma leucine

concentrations were measured as in Fig. 1. Values are means+SEM
for 4-10 rats per group. *P < 0.01 vs. control value.
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Figure 6. Effect of tumor necrosis factor administration on muscle
BCKAD activity and plasma leucine concentrations. (4) TNF (50
pg/kg i.v.) was administered and rats killed 2, 4, and 6 h later. Con-
trols received an equal volume of PBS containing albumin. Muscle
BCKAD activity and plasma leucine were measured as in Fig. 1.
Values are means+SEM for four to six rats per group. *P < 0.01 vs.
control value. (B) Increasing doses of TNF were administered intra-
venously and rats killed 4 h later. Controls received PBS containing
albumin. Muscle BCKAD activity and plasma leucine concentra-
tions were measured as in A. Values are means+SEM for 6-13 rats
per group. *P < 0.01 vs. control value.

after intravenous injections of saline, TNF (10, 50, or 100
ug/kg) or endotoxin (5-10 mg/kg) (Table II). With each dose
of TNF tested (n = 6-8/group) most amino dcid concentra-
tions in muscle were slightly higher in the treated rats than in
controls, but the differences were not significant. When all
TNF-treated rats were analyzed as one group regardless of dose
(n = 20) and compared to controls (n = 16), only the concen-
tration of phenylalanine was found to be significantly in-
creased (~ 30%, P < 0.05) in the treated group. The plasma
phenylalanine concentrations were essentially identical in the
two groups (553 uM in controls and 58+2 uM in TNF
treated), as were those of the plasma BCAA (Table I and Fig.
6). In contrast, treatment with endotoxin caused significant
increases in the concentrations of BCAA, and phenylalanine
in muscle (P < 0.05); the increase in valine was significant only
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when the treated rats were compared to the concurrently as-
sayed controls (n = §, P < 0.05). The data in Table II relates
amino acid concentrations to tissue weight; since endotoxin
increased thé concentrations of BCAA and phenylalanine in
plasma, the intracellular concentrations of amino acids were
also calculated as previously described (20), assuming that the
ratio of intra- and extracellular water to muscle weight was not
altered by the experimental treatments and that extracellular
water was at equilibrium with plasma. The endotoxin induced
increases in calculated intracellular leucine, valine, and phe-
nylalanine were significant (P < 0.02 compared to controls in
the same experiment, n = 5/group) but isoleucine was not
(data not shown). The endotoxin effects on amino acid con-
centrations in skeletal muscle shown are similar to those re-
ported in septic rats (42).

Discussion

The data presented demonstrate that endotoxin causes dose
dependent activation of skeletal muscle BCKAD. within 4 h
after intravenous injection. In contrast to liver, skeletal muscle
BCAA transaminase is abundant while the second enzyme of
BCAA catabolism, BCKAD, is largely in the inactive form in
the postabsorptive state (17). Therefore, in this tissue BCKAD
is considered rate-limiting for BCAA catabolism. This does
not rule out the possibility that mitochondrial BCKA trans-
port may be rate-limiting under certain conditions (43). In
view of its mass, (~ 40% of body wt) skeletal muscle contrib-
utes significantly to BCAA oxidation by the organism (17).
Although the actual contribution of muscle to total body
BCAA oxidation has not been determined, studies with per-
fused hindquarters (reviewed in 17, 44) suggest that a 10%
contribution in normal, chow-fed rats, at rest, in the postab-
sorptive state may be a conservative estimate. Hence, the
three- to fourfold activation of BCKAD observed after endo-
toxin treatment, may account for, or at least contribute to the
accelerated oxidation of BCAA observed with septicemia.
While the increased concentrations of circulating glucocorti-
coids associated with sepsis (45) may contribute to BCKAD
activation (20), our data indicate that endotoxin-induced
muscle BCKAD activation is not mediated by stimulation of
glucocorticoid secretion, since it also occurs in adrenalecto-
mized rats receiving a single, minimally activating dose of MP
(Fig. 4).

The fact that pretreatment of rats for 2 d with relatively
high doses of cortisone prevented the activation of muscle
BCKAD after endotoxin injection is consistent with the hy-
pothesis that endotoxin-induced BCKAD activation is me-
diated by cytokines. Glucocorticoid treatment is known to
prevent or blunt the response of macrophages to endotoxin,
i.e., the synthesis and release of TNF (41), IL-1 (46) and that of
histamine (47). Indeed, injection of rats with either TNF or
IL-1 activated muscle BCKAD to a similar degree as endo-
toxin administration, although TNF activated the complex
more rapidly than the other treatments. The reason for the
difference in plasma amino acid profiles between rats treated
with endotoxin (1-10 mg/kg) and cytokines is not clear. In
postabsorptive rats, circulating BCAA presumably increase
when the rate of net protein catabolism exceeds the rate of
BCAA oxidation. The observed differences may reflect the
release of other unidentified cytokines in response to endo-
toxin which promote net protein catabolism (33, 34) and/or
differences in the mode of administration (i.e., single bolus



Table II. Effects of Endotoxin and TNF on Amino Acid Concentrations in Muscle

Treatment Dose n Leu Ile Val Phe
ng/kg for TNF and nmol/g muscle
mg/kg for endotoxin
Saline 16 85+7 58+4 218+22 64x5
TNF 10 6 99+7 70+5 263+49 . 79+8
TNF 50 6 91+18 58+10 255+38 96+21
TNF 100 8 94+12 617 268+24 84+9
All TNF treated 10-100 20 96+7 63+4 262+21 86+7*
Endotoxin 5-10 5 163+16* 80+8* 262+22 106+11*

Saline injected controls were studied concurrently with experimentals and data are pooled. TNF data are from studies shown in Fig. 6 B. Endo-
toxin studies are from a separate experiment. All rats were killed 4 h after injections, muscles were frozen, and amino acid concentrations in

homogenates measured, after deproteinization with 5% sulfosalicylic acid, as described (37).

injection vs. endogenous production of cytokines) and/or syn-
ergistic effects of various endogenously released cytokines, i.e.,
TNF and IL-1 (31). Note, that a low dose (0.25 mg/kg) endo-
toxin acted like the cytokines, i.e., BCKAD, was activated
without a concomitant increase in plasma BCAA or phenylala-
nine.

While there is an extensive and rapidly growing literature
concerning the effects of IL-1 and TNF on a number of organ
systems and cell lines, there is surprisingly little information
concerning their effects on skeletal muscle metabolism or on
amino acid metabolism in general. TNF causes rapid depolar-
ization of rat skeletal muscle in vitro, with maximal effects at
10~° M (48). In vitro, TNF or IL-1 did not affect lactate or
alanine release, by rat diaphragms within 2 h, although glucose
oxidation was mildly stimulated (49). Marked acceleration of
glucose transport, glucose transporter synthesis, lactate pro-
duction and glycogenolysis was observed in a muscle derived
cell line (L-6 myotubes) upon exposure to TNF, but not
IL-1 (50).

The effects of these cytokines on muscle protein turnover is
controversial. Two laboratories (33, 35) failed to detect an
effect of recombinant IL-1, TNF, or a number of other identi-
fied macrophage products on protein degradation or synthesis
by isolated rat skeletal muscles during 2-h incubations. Fur-
thermore, muscles removed from rats 4 to 24 h after injections
of IL-1 or TNF showed no evidence of accelerated net protein
degradation in vitro (34). The cytokine doses administered
(34) were 2-80-fold greater than those that caused maximal
BCKAD activation after intravenous bolus injection in our
study. Since crude IL-1, prepared from media conditioned by
endotoxin stimulated macrophages (33, 35) or serum from
infected cattle (33) stimulated muscle protein degradation in
vitro, a yet unidentified cytokine(s) was suggested to mediate
the protein catabolic effects of septicemia. 6 h infusions of
recombinant rat IL-1, at much lower doses than those used
here, did not affect either muscle protein turnover or whole
body leucine oxidation (36). Recently, Flores et al. (31) re-
ported accelerated muscle protein degradation in rats infused
for 6 h with TNF or IL-1 with doses (one-half as the initial
bolus) similar to those used here. Based on in vivo measure-
ments of [ 1-'“C]leucine kinetics, they also observed an increase
in the percent leucine oxidized in rats treated with 100 ug/kg
TNF. Although no increase in total body leucine oxidation
was observed, this may be a reflection of the kinetic model
used; calculations were based on the specific radioactivity of

* P < 0.05 compared with control values.

leucine in plasma whereas the muscle/plasma ratio of leucine
specific radioactivity declined during cytokine infusions (31).

The apparent increase in muscle phenylalanine in TNF
treated rats observed here, is consistent with the report (31)
that TNF accelerates net muscle protein degradation, because
phenylalanine is not synthesized or degraded by muscle; how-
ever, an effect on transport cannot be ruled out. The lack of a
significant concomitant increase in muscle BCAA may re-
flect the accelerated oxidation of the BCAA in situ. In a num-
ber of conditions, i.e., uncompensated insulinopenic diabetes
(51), glucocorticoid excess (20) and chronic acidosis (52) accel-
erated net protein degradation is associated with activation of
muscle BCKAD and with accelerated BCAA oxidation by
muscle. While in many protein catabolic conditions circulat-
ing and muscle BCAA concentrations are increased (7, 18, 20,
51) they are decreased in chronic metabolic acidosis (52).
BCAA and specially leucine have been suggested to inhibit
protein degradation and to stimulate muscle protein synthesis
(reviewed in 53). If activation of muscle BCKAD can be
equated with accelerated flux of leucine through the oxidative
pathway (there have been no reports so far where this did not
occur), then conceivably decreased leucine in a critical, intra-
cellular pool may contribute to net protein degradation.

IL-1 and TNF have no structural homology and bind to
separate receptors (54), some of their biological actions are not
shared (reviewed in 22). At much higher doses than those used
here (0.6—4 mg/kg i.v.) TNF elicits the systemic effects charac-
teristic of endotoxin shock in rats, i.e., hypotension, hypogly-
cemia, lactic acidosis, and death (55, 56). The strongest argu-
ment supporting a role for TNF in septic shock is derived from
the findings that (a) circulating TNF increases markedly
within 2 h after LPS injection and () pretreatment of mice or
rabbits with anti-TNF antibody prevents systemic effects and
death caused by lethal doses of LPS (25, 26).

As discussed in Methods, the TNF doses that activated
muscle BCKAD likely resulted in serum TNF concentrations
that occur in vivo early in the course of gram negative infec-
tions (26). Exposure to endotoxin elicits TNF secretion by
macrophages, which then become refractory, i.e., subsequent
endotoxin exposure does not elicit TNF secretion (23, 26).
This may explain why increased circulating TNF is not con-
sistently observed in septic patients (57-59). The half life of
TNF in the circulation is very short, < 15 min, and it is prefer-
entially taken up by tissues other than muscle (60). Various
interactions between cytokines have been reported, which in-
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clude TNF and IL-1 stimulation of the synthesis and/or release
of other mediators or cytokines or of each other (22, 61, 62).
The similarity of the responses to IL-1 and TNF in our experi-
ments and the lack of a significant additive effect suggest that
muscle BCKAD activation induced by the two cytokines was
either mediated by a factor(s) released in response to both
cytokines, or one cytokine induced secretion of the other (22),
or if they acted via separate receptors on muscle cells, these
induce BCKAD activation through a shared common
pathway.

Since BCKAD activation by each of the agents tested in
our experiments occurred within 4 h after intravenous injec-
tion, and since IL-1 and TNF are known to exert many of their
effects by modifying gene expression, (23, 24, 32, 50, 54, 62),
an attractive hypothesis for the observed BCKAD activation
by TNF and IL-1 would entail transcriptional regulation of
BCKAD-kinase or BCKAD-phosphatase or that of their pro-
posed modulator proteins (16, 17). KIC is a potent inhibitor of
BCKAD-kinase, and in many conditions, muscle BCKAD ac-
tivation correlates with plasma and intracellular concentra-
tions of leucine (19-21). However muscle BCKAD activation
has been observed without concomitant increases in leucine,
i.e., after the co-injection of a-methylprednisolone and insulin
(20) in chronic acidosis (52), or after exercise (63). The intra-
mitochondrial concentration of KIC, which affects BCKAD
activation, reflects the intracellular leucine and KIC concen-
trations as well as the activity of the mitochondrial transport
system for branched chain a-keto acids, which in turn is mod-
ulated by ApH (43). Increased lactate production (50, 55) may
lower the cytosolic pH in muscle resulting in increased ApH,
accumulation of intramitochondrial KIC, and BCKAD acti-
vation. Reduction in the intramitochondrial ATP/ADP ratio
could also contribute to BCKAD activation (63). Further stud-
ies of the actual mechanism(s) by which cytokines and endo-
toxin activate BCKAD complex seem warranted; they may be
relevant to proposed nutritional therapy of septic patients (64)
and to the ongoing investigations of the use of cytokines in
cancer therapy (65, 66).
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