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Abstract

The in vivo alterations in organ-specific substrate processing

and endogenous mediator production induced by endotoxin
were investigated in healthy volunteers. An endotoxin bolus
(20 U/kg) produced increased energy expenditure, hyperglyce-
mia, hypoaminoacidemia, and an increase in circulating free
fatty acids. These changes included increased peripheral lac-
tate and free fatty acid output, along with increased peripheral
uptake of glucose. Coordinately, there were increased splanch-
nic uptake of oxygen, lactate, amino acids, and free fatty acids,
and increased splanchnic glucose output. There were no

changes in circulating glucagon, or insulin and transient
changes in epinephrine and cortisol were insufficient to explain
the metabolic changes. Plasma cachectin levels peaked 90 min
after the endotoxin infusion, and hepatic venous (HV) cachec-
tin levels (peak 250±50 pg/ml) were consistently higher than
arterial levels (peak 130±30 pg/ml, P < 0.05 vs. HV). No
interleukin la or 1,8 was detected in the circulation. Circulat-
ing interleukin 6, measured by B.9 hybridoma proliferation,
peaked 2 h after the endotoxin challenge (arterial, 16±2 U/ml;
HV, 21±3 U/ml). The net cachectin efflux (- 7 Mg) from the
splanchnic organs demonstrates that these tissues are a major
site for production of this cytokine. Hence, splanchnic tissues
are likely influenced in a paracrine fashion by regional cachec-
tin production and may also serve as a significant source for
systemic appearance of this cytokine. (J. Clin. Invest. 1990.
85:1896-1904.) cachectin/tumor necrosis factor * cytokines -
glucose * lactate - lipopolysaccharide

Introduction

Invasive infection by gram-negative bacteria elicits significant
alterations in energy and substrate metabolism. From animal
studies it is apparent that these perturbations of metabolic
homeostasis are dependent upon an interaction between pe-
ripheral tissue substrate stores and splanchnic organs (1, 2). In
situations of acute infectious injury or an ongoing inflamma-
tory process, a flow of substrates necessary for gluconeogenesis
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and synthesis of acute-phase proteins proceeds from the pe-
riphery to the splanchnic organs. The temporal characteristics
of this coordinated metabolic response as well as the mecha-
nisms responsible for this response to injury in humans are
incompletely understood.

A complex array of host endogenous mediators triggered
by infectious stimuli is presumed to produce the constellation
of clinical findings associated with infection. The roles of clas-
sical hormones such as the catecholamines, cortisol, and glu-
cagon have been studied (3, 4). Persistent elevations of combi-
nations of glucagon, epinephrine, or cortisol produced by con-
stant infusions of these hormones mimic some of the changes
seen in injury (5-10). However, the correlation between alter-
ations in circulating levels of such hormones and the meta-
bolic changes acutely induced by infection is still poorly char-
acterized.

A class of proteins secreted by activated blood monocytes
and tissue histiocytes, collectively termed cytokines, is attract-
ing attention for their role as significant endogenous mediators
of infectious injury. One of these cytokines, cachectin/tumor
necrosis factor-a (TNF-a/cachectin),' has been frequently de-
tected in the circulation of patients suffering various infections
(1 1, 12). Infusions of high doses of cachectin have been asso-
ciated with counterregulatory hormone responses, shock, and
death (13, 14). Sublethal infusions of cachectin in animals
have resulted in peripheral nitrogen wasting, lactic acidosis,
and a hepatic acute-phase protein response (15, 16). Further-
more, administration of antibodies specific for cachectin pre-
vented cardiovascular collapse and death in rabbits receiving
endotoxin (17), and in primates receiving an otherwise lethal
dose of Escherichia coli (18). Administration of antibodies to
cachectin during bacteremia also attenuates the appearance of
other endogenous mediators such as interleukin 1 (IL- 1) and
interleukin 6 (IL-6), as well as counterregulatory hormones
(19). Thus, cachectin likely plays not only an essential but also
proximal role in the mediator response to injury.

In addition to their vital roles in metabolic processes, the
splanchnic organs also possess a large store of tissue macro-
phages capable of producing inflammatory proteins (20). It is
hypothesized that cytokines, produced by cells in the splanch-
nic organs may act in a paracrine fashion to govern local meta-
bolic responses to injury, or may exert effects in distant organs
when released from the tissues into the circulation. However,
there is no definitive documentation of a splanchnic produc-
tion of cytokines in vivo and the contribution of the splanch-
nic pool of macrophages to local and systemic cytokine pro-
duction remains unclear.

1. Abbreviation used in this paper: TNF, tumor necrosis factor.
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In an effort to address these issues, the present study was
designed to assess the regional and systemic alterations in both
substrate processing and endogenous mediator production
during controlled endotoxemia.

Methods

Subjects. Six subjects aged 26±1 yr and within 10% of ideal body
weight for age, sex, and height (Metropolitan Life Table, 1983) were
admitted to the Adult Clinical Research Center of the New York
Hospital-Cornell Medical Center after screening by complete physical
examination, blood count, serum biochemical analysis, electrocardio-
gram, and chest roentgenogram. The study was approved by the Insti-
tutional Review Board of the New York Hospital-Cornell Medical
Center and informed written consent was obtained from each subject
before enrollment into the study.

Study protocol. The volunteers were admitted to the Clinical Re-
search Center for a 5-d period. From the time of admission until
discharge all subjects were allowed to ambulate within the ward but
were restricted from any other physical activity. Subjects were weighed
daily at 6 a.m. after voiding. Oral temperatures were monitored every 8
h during a 3-d period of equilibration. During these first 3 d in the
hospital, each subject was fed orally with a defined formula diet (Sus-
tacal, Mead-Johnson & Co., Evansville, IN) in six equal portions daily.
This diet was provided at 1.2 times the measured resting energy ex-
penditure. Feedings were discontinued at 8 p.m. on hospital day 3
when an intravenous infusion of 5% dextrose (50 mg/kg per h) was
begun and continued throughout the subsequent study period in order
to simulate the clinical situation of dextrose infusions in hospitalized
patients.

At 9 a.m. on day 4, a transcutaneous hepatic vein catheter was
inserted under fluoroscopic guidance through a femoral site. A retro-
grade femoral venous catheter and a radial arterial catheter were also
placed. The position of the hepatic venous catheter in the right hepatic
vein was verified by contrast radiography. Blood pressure, heart rate,
rectal temperature, and respiratory rates were continuously moni-
tored. After baseline metabolic rate measurements and blood sam-
plings for substrates, hormones, and monokines, each subject received
an intravenous (femoral vein) injection of National Reference Bacte-
rial Endotoxin (Lot EC-5, 20 U/kg over 5 min). The endotoxin was
prepared from Escherichia coli 01 13 and was provided by Dr. H. D.
Hochstein (Office of Biologics, Food and Drug Administration) (21).
Repeated measurements for metabolic rate, substrate concentrations,
organ substrate flux, hormone levels, and cytokine levels were per-
formed over the next 6 h as outlined below.

Metabolic rate. Measurements of oxygen consumption (VO2), car-
bon dioxide production (VCO2), and minute ventilation were per-
formed in the supine position with a Beckman Metabolic Measure-
ment Cart-l (Sensormedics Corp., Anaheim, CA). This system con-
tained an OM- 1 oxygen analyzer and LB-2 carbon dioxide analyzer.
The instrument was calculated before and after each test using a mini-
mumof two standard calibration gases (100% nitrogen, and 16%:4%
oxygen/carbon dioxide) (22). Metabolic rate (MR) was estimated using
the de V. Weir formula (23): MR(calories per minute) = 3.941 * V02
+ 1.106 VC02-

Extremity and splanchnic blood flow. Extremity blood flow (lower
extremity) was performed before and after each blood sampling for
substrate concentrations using electrocapacitance plethysmography
(24). Splanchnic blood flow was estimated by a primed (12.5 mg)
continuous (0.5 mg/min) intravenous infusion of indocyanine green
(25). The infusion was started 1 h before the endotoxin challenge. Four
simultaneous arterial and hepatic venous samples were collected at
5-min intervals immediately before the endotoxin challenge. Simulta-
neous samples were then collected at half-hour intervals after the en-
dotoxin administration. Blood samples were centrifuged, and the ab-
sorbance of the plasma fraction determined at 805 nm. Hematocrits
were determined every 2 h and the estimated splanchnic blood flow

(ESBF, milliliters per minute) calculated as: ESBF = R -([art]
- [ven])-' ( - Hct)-', where R (milligrams per minute) is the dye
disappearance rate which is approximated by the dye infusion rate, and
[art] - [ven] (milligrams per milliliter) is the arterial-venous difference
in dye concentration as determined spectrophotometrically (26).

Splanchnic and extremity 02 consumption. Simultaneous arterial,
femoral venous, and hepatic venous blood samples were collected in
heparinized syringes at baseline, and at 2, 4, and 6 h after the endo-
toxin challenge. Analysis for levels of P02 and Pco2 were performed
using an automated blood gas analyzer (BGM 1312, Instrumentation
Laboratory, Lexington, MA). Splanchnic and extremity 02 consump-
tion was calculated as: Blood flow- [(0.34XHb)(02 Sat - O2Satven)
+ (0.031 XPo2, - Po2,n)], where Hb is the hemoglobin concentration,
and 02 Sat is the oxygen saturation.

Substrateflux. Arterial, femoral venous, and hepatic venous sam-
ples for substrate analysis were drawn simultaneously. Substrate flux
was calculated as the product of the arterial-venous difference in sub-
strate concentration and the organ blood flow. A positive value repre-
sents a relative uptake across the extremity or splanchnic bed whereas a
negative flux indicates an efflux.

Substrate concentrations. Plasma glucose concentrations were de-
termined using an automated glucose analyzer (model 23A, Yellow
Springs Instrument Co., Yellow Springs, OH) employing the glucose
oxidase reaction (27). Whole blood was immediately precipitated in
ice-cold perchloric acid and stored at -70'C until analysis by an enzy-
matic assay for lactate concentration (28). Plasma free fatty acid con-
centration was determined on heparinized plasma by the method of
Dole and Meinertz (29). Plasma triglyceride concentrations were de-
termined enzymatically (30). Plasma amino acids were determined by
anion exchange chromatography on an HPLCsystem (Perkin-Elmer
Corp., Norwalk, CT) using a three-buffer lithium system with norleu-
cine as an internal standard (31) and a Pickering post-column ninhy-
drin detection system (Pickering Laboratories, Mountain View, CA).

Hormones. Cortisol (32) and insulin (33) were measured by radio-
immunoassay on specimens collected in tubes containing EDTA.
Plasma for glucagon was collected with EDTAand aprotinin before
analysis by radioimmunoassay (34). Epinephrine levels were deter-
mined by radioenzymatic assays (35) on specimens collected in tubes
containing EGTAand reduced glutathione. Arterial specimens were
used for all determinations of hormone levels.

Cytokines. Simultaneous arterial and hepatic venous blood sam-
ples at baseline, and at 15-min intervals after the endotoxin challenge
were collected in heparinized tubes. These were immediately centri-
fuged at 4°C to separate the plasma, which was stored at -70°C until
determination of cachectin level by a previously described ELISA (36).
The lower limits of detection for this ELISA is 34 pg/ml.

Plasma was assayed for IL-la and IL-I using monoclonal anti-
bodies specific for either IL-la or IL-1 jI and two-site ELISAs as pub-
lished for IL- I # (37). The detection limits in plasma of IL- l a and IL- 1,
were 56 and 31 pg/ml, respectively.

IL-6 levels were also measured using the murine hybridoma cell
line B9 (38). Briefly, serial dilutions of heat-inactivated (56°C for 30
min) plasma were incubated in triplicate with 2,000 B.9 cells for 84 h
in 96-well microtiter plates. 344,5-Dimethyl-thiazol-2-yl)2,5-diphen-
yltetrazolium bromide (MTT, 300 gg/ml) was added; 3 h later the
supernatant was removed and the cells lysed with isopropanol-0.004N
HC1. Cell proliferation was estimated colorimetrically in an ELISA
plate reader (570, 690 nm). One unit is half-maximal stimulation of
B.9 proliferation.

Statistical analysis. All data are expressed as means±SEM. Stan-
dard paired Student's t tests were used for single comparisons.
ANOVAand Newman-Keuls tests, where appropriate, were used to
identify statistical significance for multiple comparisons.

Results
Vital signs (Fig. 1). A single intravenous bolus of endotoxin at
20 U/kg produced a pyrogenic response in the volunteers
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Figure 1. Vital signs: temperature, heart rate,
mean blood pressure, and minute ventilation im-
mediately before (t = 0) and after the endotoxin
challenge. Time is shown in hours.

within 90 min. This fever was sustained for the duration of the
study period. A tachycardia was also noted within 90 min of
the LPS infusion. Mean blood pressure was unchanged in re-

sponse to this dose of LPS.
Organ blood flow (Table I). Splanchnic blood flow at base-

line was 1.23±0.07 liters/min, similar to previously reported
values (39). Within 1 h after the endotoxin infusion, splanch-
nic blood flow increased significantly, peaking 3 h after the
endotoxin infusion at 91% higher than baseline. No significant
change in extremity blood flow occurred in response to the
endotoxin infusion.

Oxygen consumption (Table I). Total body oxygen con-

sumption increased significantly (28%, P < 0.05 vs. basal)
within 2 h after the endotoxin infusion and continued to rise.

The total body oxygen consumption remained elevated (40%,
P < 0.01 vs. basal) at the six hour time point. Coordinately, the
splanchnic oxygen extraction increased significantly (64%, P
< 0.01 vs. basal) within 2 h but declined to baseline values by
the 6-h time point. At the height of the increase in splanchnic
metabolic activity (2 h after the endotoxin challenge) the esti-
mated splanchnic oxygen consumption increased from 34% of
total body 02 consumption (baseline) to 43% of total body 02

consumption. This mimics the disproportionate increase in
splanchnic 02 consumption compared with total body 02

consumption seen in septic humans (39). Extremity oxygen
extraction remained unchanged until the 6-h time point when
it decreased. The continued elevated total body oxygen con-

sumption at the 6-h time point probably reflects both the in-

Table I. Blood Flow, Oxygen Utilization, and Metabolic Rate in Subjects before (t = 0) and after Endotoxin Administration

Time

min

0 60 120 180 240 300 360

Blood flow
Splanchnic (liters/min) 1.2±0.1 1.4±0.1* 2.3±0.2t 2.4±0.3* 2.0±0.1t 1.7±0.2* 1.6±0.2
Extremity (ml/min per 100 cm3 tissue) 1.8±0.3 2.4±0.2 1.6±0.2 1.8±0.2 2.4±0.3 2.2±0.5 2.3±0.3

Time

min

0 120 240 360

02 consumption and metabolic rate
Splanchnic 02 extraction (ml/min) 61±5 100± 13t 90±12* 72± 14
Extremity 02 extraction (gl/min per 100 cm3 tissue) 125±26 126±18 117±9 80±7*
V02 (ml/min) 181±17 232±24* 265±26*§ 253±21*
MR(kcal/kg per d) 16.4±1.1 19.4±0.9 22.5±0.9* 21.4±0.7t

Values are means±SE. Abbreviations: V02, total body 02 consumption; MR, metabolic rate. * P < 0.05 vs. t = 0; t P < 0.01 vs. t = 0;
§ P <0.05 vs. t = 120.
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Figure 2. Arterial levels, splanchnic flux, and extrc
cose and lactate. The units for glucose are shown

positive value in flux indicates net uptake of the st

ilature secondary of glutamine and alanine, increases significantly (P < 0.05 vs.
le cycling second- basal) between 2 to 6 h after the endotoxin challenge.
40). Lipid metabolism. Arterial free fatty acid (FFA) levels in-
xin infusion pro- creased throughout the 6 h after the endotoxin challenge
< 0.05 vs. basal) (Table III), and were associated with an increase in net efflux
sociated with this of FFA from the extremity (P < 0.01 vs. basal). An increase in

glucose uptake. hepatic uptake of FFA and a transient increase in efflux of
cose output from triglycerides from the splanchnic bed at 2 h after the endotoxin
Dr the endotoxin infusion were also observed.

Hormonal changes (Table IV). Arterial cortisol levels in-
n response to the creased significantly (P < 0.01) within 2 h after the endotoxin
;istent increase in challenge and persisted through 6 h at elevated levels. Arterial
etween 4 and 6 h epinephrine was only transiently elevated between 1 and 2 h (P
asal). Coinciden- < 0.05) after the endotoxin bolus, while glucagon and insulin
take of this three levels did not change in response to the endotoxin infusion.
ixin infusion, and Cachectin. Arterial levels of cachectin were detectable

within 45 min after the endotoxin challenge, peaked by 90
oaseline, the con- min, and were undetectable by 180 min after the endotoxin
te were higher in' infusion (Fig. 3). The hepatic venous cachectin levels were
circulation (41). significantly higher than the arterial levels whenever this pro-

ed endotoxin ad- tein was detectable in the circulation. A net splanchnic ca-
[). This effect was chectin efflux was calculated by multiplying the arterial-he-
ds and for gluta- patic venous level differences of cachectin by the estimated
Lting amino acid splanchnic blood flow (Fig. 3). When this net splanchnic pro-
heral amino acid duction of cachectin was integrated over time, it was estimated
take, particularly that 77g of cachectin were released into the systemic circu-

lation from the splanchnic bed in response to the current dose
of endotoxin. This is equivalent to the lowest doses currently

_ 1.25 tested as cancer chemotherapy (42, 43). The half-life of the
recombinant protein in circulation of cancer patients receiving

_1 00_ TNF as chemotherapy is estimated as 14-16 min, while the
_~\volume of distribution of the recombinant protein was esti-

E mated as 30-60 liters (43). By using these values, a rough
0.75 E estimate of total body TNFproduction may be obtained from

the arterial concentrations of the protein after endotoxin chal-
0. 50 lenge assuming first-order decay kinetics. By optimizing the

production rate per minute over t = 30 to t = 150 after LPS
_ 500 challenge and using numerical integration, the total produc-
_ 400 ^ tion of TNF is estimated to be 13-26 ,ug for the current endo-

400 toxin dose. Thus, approximately one-half to one-quarter of the
_ 300 total body cachectin production likely comes from the

20 o splanchnic tissues.
_ .200E QIL-I. IL-la and IL-I# were only detected in the hepatic
100 venous plasma of one volunteer at 3 h after endotoxin chal-

-,0 lenge (IL-la, 490±36 pg/ml; IL-1I3, 822±54 pg/ml). IL-la or
IL-I# was not detected in any other plasma sample before or

-0.0 @within 6 h after endotoxin challenge. To test for the possible
interference of plasma components with IL-1 detection, re-

- -0.1 combinant IL- l a or IL- I 3 was added to IL- 1-negative plasmas
and then assayed. Over a concentration range of 9.8-2,500

_ -0.2 g pg/ml, mean recovery as measured by ELISA was consistently
:Z > 82% for both IL- l a and IL- I,.

- -0.3 E IL-6. IL-6 levels as measured by the B9 hybridoma prolif-
75sOeration bioassay increased rapidly after endotoxin challenge,

-0.4 E peaking at 2 h, and returning to baseline by 6 h (Table V). The
hepatic venous levels were not significantly different than the
arterial levels.

Discussion
mity flux of glu-

cn the left axis. A The essential role of the liver and other splanchnic organs in
ubstrate. the metabolic and overall response to injury has been inferred
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Table II. Amino Acid Response to Endotoxin

Time

min

0 120 240 360

nmol/ml

Arterial amino acid levels
Total amino acids 2,996±167 2,347±118* 2,426±51* 2,659±113
Essential amino acids 979±65 805±45* 800±45* 825±51
Branched chain amino acids 462±39 396±34 401±33 393±33
Glutamine 564±29 441±26* 432±10* 510±16*
Alanine 304±44 22 1±22 229± 17 296±39

Time

min

0 120 240 360

gumol/min

Hepatic amino acid flux
Total amino acids 375±108 719±68* 615±48 630±70
Essential amino acids 96±38 217±4* 101±74 186±26
Branched chain amino acids 26±14 71±12 75±21 55±12
Glutamine 85±23 168±16* 128±9 104± 12
Alanine 112±22 196±20* 209±4* 213±26*

Time

min

0 120 240 360

nmol/min per 100 cm3 tissue

Extremity amino acid flux
Total amino acids -516±153 -606±207 -334±77 -405±88
Essential amino acids -96±30 -153±46 -117±43 -103±26
Branched chain amino acids -30±11 -60± 16 -9±29 -35+ 10
Glutamine -125±38 -138±38 -92±33 -82±45
Alanine -122±33 -147±39 -134±26 -142±25

Values are means±SE. Total amino acids include all amino acids except citrulline, asparagine, and ornithine. A positive (+) flux indicates net
uptake of amino acids; a negative (-) flux indicates net efflux. Time 0 is inmediately before endotoxin administration. * P < 0.05 vs. t = 0;
P <0.01 vs. t = 0; P <0.05 vs. t = 120.

from clinical data demonstrating that liver dysfunction in in-
jury is associated with a markedly higher mortality rate (44),
and the ability to increase oxygen delivery to the splanchnic
organs in sepsis correlates with a lower mortality (45). Previous
studies of bacteremic burn patients have demonstrated that
splanchnic metabolic alterations including increases in blood
flow, oxygen uptake, glucose output, lactate uptake, and up-
take of the gluconeogenic amino acids accompany injury (46).
Such increases in splanchnic metabolic activity have also been
observed in septic surgical patients (39). Although these pre-
vious studies suggest an essential role for the splanchnic bed in
the hypermetabolism, hyperglycemia, hypoaminoacidemia,
and hyperlipidemia that accompany injury, the multitude of
stimuli encountered in the critically ill patients examined in
these studies proscribe attributing any direct cause-effect rela-
tionship fdr any single stimulus. Specifically, the relative con-

tribution of the endotoxemia/bacteremia associated with in-
fection (47-49) cannot be clearly discerned from these studies.
Furthermore, no study has examined the acute splanchnic
changes that occur after infectious injury. The current study
demonstrates that exposure to even a small dose of endotoxin
acutely reproduces many of the splanchnic metabolic re-
sponses associated with injury. Additionally, the splanchnic
production of the cytokine cachectin demonstrates that re-
gional tissue capacity for cytokine production may vary in
response to endotoxin challenge and that this regional cyto-
kine production may be important in the local and systemic
changes during injury.

Using selected venous cannulations, we demonstrate that
rapid alterations, occurring in both peripheral skeletal muscle
and the splanchnic organs, combine to produce the clinical
picture of acute endotoxemic injury. The peripheral metabolic
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Table III. FFA and Triglyceride Changes after an Endotoxin Bolus

Time

min

0 120 240 360

FFA
Arterial levels (meq/liter) 0.25±0.05 0.58±0.08* 0.71±0.09t 0.68±0.05t
Splanchnic flux (,ueq/min) 68±22 388±95* 363±70* 300±81
Extremity flux (neq/min per 100 cm3 tissue) -73±30 -227±77 -388±58$ -353±56t

Time

min

0 120 240 360

Triglyceride
Arterial levels (mmol/dl) 1.7±0.1 1.8±0.2 1.8±0.2 1.6±0.2
Splanchnic flux (gmol/min) -60±40 -180+70* -64±10 -50±60
Extremity flux (nmol/min per 100 cm3 tissue) 7±70 -63±70 11±90 -75±73

Values are means±SE. For flux determinations, a positive value indicates net uptake, and a negative value indicates efflux. Time is shown in
minutes after the endotoxin challenge. t = 0 is immediately before endotoxin administration. * P < 0.05 vs. t = 0; * P < 0.01 vs. t = 0.

responses to the current endotoxin bolus included an extrem-
ity FFA efflux and an extremity lactate efflux that was inde-
pendent of alterations in extremity blood flow or extremity
oxygen consumption. Simultaneously, there was an increase in
splanchnic oxygen consumption, uptake of FFA and the glu-
coneogenic substrates lactate and alanine, and an increase in
splanchnic effilux of glucose. These data are consistent with the
increase in whole-body lipolysis and fat utilization observed in
injury (50, 51). The mobilization of FFA from the peripheral
stores is an important adaptive response in injury (52) that
along with the peripheral mobilization of three-carbon and
nitrogenous substrates provides oxidative fuel and substrate
for hepatic triglyceride (53), glucose, and protein synthesis.
The splanchnic metabolic alterations seen in the current study
are particularly favorable for splanchnic glucose production
and emphasize the important role of the splanchnic bed, as the
major store of glycogen and the major site of gluconeogenesis
(54), in regulation of circulating glucose levels.

Metabolic changes after infectious injury have long been
attributed to changes in circulating counterregulatory hor-
mones (4-9, 32). After the current endotoxin challenge, the

only counterregulatory hormone demonstrating a persistent
change in circulating level was cortisol. Although sustained
increases in circulating cortisol levels produce an acute in-
crease in peripheral tissue efflux of amino acids (10) as well as
increased levels of circulating amino acids (55), neither of
these changes in amino acid metabolism was noted in the
current study. Additionally, cortisol alone does not signifi-
cantly effect splanchnic glucose production (3). Thus it is un-
likely that the elevation of cortisol alone was responsible for
the increased splanchnic glucose production or for other meta-
bolic changes documented in the current study. These coun-
terregulatory hormones are likely more important in the
chronic stages of infectious injury, or in more severe acute
injury than that seen in the current study.

In vitro as well as animal studies have identified effects
attributable to cachectin that may influence several of the met-
abolic changes seen after endotoxin challenge. In the L-6
myoblast, cachectin stimulates glucose uptake and increased
lactate production (56). Administration of cachectin to ani-
mals also produces increased lactate efflux from the periphery
(13), increased glucose turnover in splanchnic organs (57), as

Table IV. Hormonal Profile before (t = 0) and after the Endotoxin Challenge

Time

min

0 60 120 180 240 300 360

Cortisol (ng/ml) 130±50 177±44 313±32$ 345±37t 324±27* 271±20t 204±27*
Epinephrine (pg/ml) 83±28 236±61* 208±32* 180±48 111±17 107±8 101±23
Glucagon (pg/ml) 161±26 ND 189±39 ND 137±17 ND 140±19
Insulin (gU/ml) 15±3 13±2 11±3 14±3 12±2 16±4 24±8

Values are means±SE. * P < 0.05 vs. t = 0; * P < 0.01 vs. t = 0; ND, not determined.
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Figure 3. Circulating cachectin levels and splanchnic cachectin ef-
flux. Arterial (Art.) and hepatic venous (Hep. vein) cachectin concen-
trations in response to the endotoxin challenge is illustrated in the
top panel. The broken line indicates the lower limits of detection for
the cachectin assay. Splanchnic cachectin efflux calculated as [(Art.)
- (Hep. vein)] X Splanchnic plasma flow is illustrated in the lower
panel. t = 0 is the measurement immediately before the endotoxin
injection. Numerical integration of the splanchnic cachectin efflux
curve indicates that - 7 jsg of cachectin is released.

well as increased hepatic uptake of the amino acid analogue
amino-isobutyric acid (58), lipolysis (42), triglyceride produc-
tion, and hepatic lipogenesis (59). Of note is the fact that tran-
sient appearance of cachectin in the circulation of the human,
as produced by bolus injections of this cytokine during cancer
chemotherapy, is sufficient to produce many of the physiologic
effects associated with this molecule (42, 43, 60). In the current
study, the temporal relationship between cachectin production
and the metabolic changes (increased extremity lactate output,
increased hepatic glucose production, and increased hepatic
amino acid uptake) strongly suggest a role for this cytokine or
the mediator cascade triggered by this cytokine in the acute

Table V. Arterial and Hepatic Venous IL-6 Levels

Time

min
Level 0 120 240 360

U/mi

Arterial 0.6±0.4 16.0±1.7* 5.2±0.9* 1.2±0.5
Hepatic venous 0.0±0.0 20.8±3.0* 5.4±1.0* 0.0±0.0
Means±SEM. * P < 0.05 vs. t = 0. B9 proliferation measured in
units of hybridoma growth factor per milliliter.

metabolic responses to endotoxemia. Given the inherent tox-
icities of cachectin, as evidenced by animal studies and by
observations in tumor-bearing patients receiving cachectin as
cancer chemotherapy, use of infusions of cachectin in normal
subjects or use of highly invasive hepatic vein catheterizations
in patients receiving cachectin cannot be justified. Further-
more, no antibody to cachectin is currently available for
human use. Thus, definitive proof of the role for this cytokine
as a principal inducer of metabolic changes during injury is
lacking in humans. Nevertheless, the data from both animal
and patient studies as well as the recent observations that
monoclonal antibodies to cachectin not only block propaga-
tion of the mediator cascade, but also block the acute meta-
bolic alterations accompanying bacteremia in primates (19)
strongly support the concept that cachectin is a pivotal media-
tor after infectious injury.

It is clear that production of cytokines in vivo may occur in
a variety of tissues. Gene transcription for cachectin/TNF is
increased at numerous sites including liver, kidney, lung, and
spleen after endotoxin injection in rodents (61). Gene tran-
scription for IL-1 is also increased following injury at many
tissue sites (62). Production of cytokines at the various tissues
may vary depending upon the location of the injurious stimu-
lus. In meningitis, for example, levels of cachectin/TNF (63)
or IL-6 (64) are decidedly higher in the cerebrospinal fluid
than in the systemic circulation. Additionally, intratracheal
administration of LPS in experimental models is associated
with significant increases in the TNF levels in the bronchoal-
veolar lavage fluid but no detection of this cytokine in the
circulation whereas administration of LPS intravenously in-
creased circulating levels without effecting cytokine levels in
the bronchoalveolar lavage fluid (65). The splanchnic bed
contains a large number of tissue macrophages such as the
hepatic Kupffer cells, which are capable of producing cyto-
kines such as cachectin in vitro (20). Hence, in response to an
appropriate stimulus such as LPS, this splanchnic pool of mac-
rophages may produce cytokines in sufficient quantity to in-
fluence local splanchnic metabolic processes. An overflow of
such regionally produced cytokines into the systemic circula-
tion may further influence whole body homeostasis. The pres-
ent study is the first demonstration in humans that the
splanchnic bed maybe a significant source of cytokine produc-
tion in vivo. Furthermore, the current study demonstrates that
differential rates of cachectin production by various tissues, or
"'compartmentalized" production of cytokines, may occur in
response to a controlled systemic stimulus.

Although endotoxin is a potent inducer of IL- I production
by monocytes and macrophages in vitro, little or no IL- 1 a or
IL- I( was detected in the circulation up to 6 h after endotoxin
challenge. The failure to observe increased circulating levels of
IL- I in human subjects does not appear to be the result of IL- I
binding to a2-macroglobulin, IL- I degradation, or other inter-
fering substances since recombinant IL- 1 added directly to
plasma was recoverable by ELISA. These data suggest that
circulating forms of IL- I may not be primarily responsible for
the acute response to endotoxin in man.

Other cytokines and hormones certainly participate in
these acute responses to endotoxin. In addition to cachectin,
IL-6 levels also acutely rise in response to endotoxin challenge
(66). Cytokines such as interferon-y (67), or macrophage in-
flammatory protein (68) have also been suggested to partici-
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pate in the host response to injury. The roles of these and other
mediators, as well as the synergistic interactions between these
cytokines and classical hormones in injury require further in-
vestigations.

The current study is a clear demonstration of the essential
role the splanchnic organs play in the acute metabolic re-
sponses to endotoxin. It is increasingly evident that a complex
cascade of endogenous mediators, including cytokines and
classic counterregulatory hormones, orchestrate these re-
sponses to endotoxemia. Although the exact roles and interac-
tions of the various mediators require further investigation, the
current study is the first demonstrating that endotoxin alone is
sufficient in producing the splanchnic metabolic alterations
associated with severe injury. Furthermore, the demonstration
of splanchnic production of cachectin provides evidence that
compartmentalized production of cytokines maybe important
in the natural course of disease.
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