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Abstract

Tumor necrosis factor (cachectin), a protein produced by
monocytes and macrophages, has been implicated as an im-
portant mediator of the lethal effects of endotoxic shock and
the cachexia of chronic infection. Recombinant human tumor
necrosis factor « (\TNF) was given intravenously to patients as
part of an antineoplastic trial. Fever, tachycardia, and at
higher doses, hypotension occurred after a single injection of
r'TNF. Metabolic effects after rTNF administration were dose
related and included enhanced energy expenditure with ele-
vated CO, production, increased whole body protein metabo-
lism and peripheral amino acid efflux from the forearm, and
decreased total arterial amino acid levels associated with a
significant increase in plasma cortisol. Elevated serum triglyc-
erides, as well as increased glycerol and free fatty acid turnover
were seen, suggesting increased whole body lipolysis and fat
utilization after rTNF. These findings indicate that administra-
tion of TNF in man reproduces many of the acute physiologic
and metabolic responses to tissue injury, including energy sub-
strate mobilization.

Introduction

Profound physiologic and metabolic alterations characteristi-
cally follow severe injury and are termed the acute-phase re-
sponse. These changes represent a transfer of carbon and en-
ergy sources from the peripheral tissues muscle and fat to the
liver for protein synthesis or to wounds for healing. The acute
responses of the body to tissue injury include increased O,
consumption (1), increased whole body protein turnover and
peripheral amino acid mobilization (2-4), increased lipolysis
and fat utilization (5, 6), and increased levels of catechol-
amines, glucagon, and cortisol (4). Certain of the metabolic
responses to tissue injury are simulated by a simultaneous
infusion of the three hormones, epinephrine, glucagon, and
cortisol (4); however, the full spectrum of the metabolic re-
sponse to injury cannot be adequately explained by the com-
bined action of these stress hormones. Precise characterization
of the mediators of the acute response to tissue injury is un-
known.

It has been suggested that the toxic and lethal manifesta-
tions of overwhelming infection are mediated by an endoge-
nous host factor, tumor necrosis factor (TNF)! (cachectin) (7,
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8). TNF, a monocyte-macrophage—derived polypeptide, was
initially described by Old and co-workers (9) to be the agent
responsible for the hemorrhagic necrosis in transplanted mu-
rine sarcomas after the administration of endotoxin. Subse-
quently, TNF was shown to have an amino acid sequence
homology with cachectin (10), whose effects of decreasing the
storage of fat have been suggested to contribute to the patho-
logical state of cachexia associated with severe weight loss (11,
12). A broader role for TNF in mediating the métabolic and
physiologic aspects of the acute response to tissue injury is
examined by the present study. To investigate the effects of
TNF as a mediator of potentially beneficial metabolic alter-
ations in the acute response to tissue injury in man, we studied
the metabolic actions of recombinant human TNFa (rTNF)
administered to 24 human subjects in an antineoplastic trial.

Methods

Patients and study design. 24 non-weight-losing adult human subjects
(17 male and 7 female ranging in age from 27 to 67 yr with a mean of
51.7+2.0 yr) with disseminated cancer were studied in an antineoplas-
tic trial. Patients were placed on metabolically defined diets, with a
calorie content of 130% of their basal energy expenditure (calculated
by the Harris-Benedict equation). Each patient received 1.5 g of pro-
tein/kg per d, with 30% of the diet as fat, and the remainder as carbo-
hydrate. At 4:00 p.m. on day 1, a primed constant intravenous infusion
of ['*Nlglycine was started and urine collection commenced. Patients
were kept fasting (except for water) from midnight up until 6 h after
r'TNF injection on the first day of treatment (day 2). Between 6:00 and
8:00 a.m. (day 2), patients underwent percutaneous placement of a
radial artery catheter and a retrograde antecubital deep basilic vein
catheter in the resting, supine position. After subjects had been allowed
to rest for 45 min, arterial and deep vein blood samples were with-
drawn for the determination of plasma amino acids and hormones.
Simultaneous forearm blood flow was measured using electrocapaci-
tance plethysmography. After this, indirect calorimetry, a primed-
constant intravenous infusion of 1-['“C]Na-palmitate, and a two-
staged primed-constant infusion of unlabeled glycerol were performed.
A peripheral venous 30-min rTNF infusion (1-300 pg/m?) was then
started and the glycerol- and palmitate-primed constant intravenous
infusions were repeated 2.5-6 h after rTNF infusion. Indirect calorim-
etry, arterial and venous amino acid levels, plasma hormone, and
substrate samples were collected, and forearm blood flow was mea-
sured again at 2.5 and 5 h after rTNF administration.

I'TNFa was supplied by Genentech Inc. (San Francisco, CA) and
was more than 99% pure (as determined by SDS-PAGE analysis),
containing < 1.0 ng endotoxin/mg protein as tested by the limulus
amebocyte lysate assay. The specific activity was 4 X 10" U/mg protein
as determined by the L cell assay with actinomycin D added. Subjects
received intravenous infusions of rTNF over 30 min at increasing dose
levels ranging from 1 to 300 ug/m? after signed, informed consent was
obtained. The protocol was approved by the Institutional Review
Board at Memorial Sloan-Kettering Cancer Center.

Indirect calorimetry. Expired air was collected in triplicate for
5-min periods into Douglas bags before, and then 2.5 and 5 h after
rTNF administration. Respiratory gas exchange analysis was per-
formed with a medical gas analyzer (1100; Perkin-Elmer Corp., Nor-
walk, CT). Oxygen consumption and carbon dioxide production were
determined.
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Amino acid flux. Arterial and deep vein blood samples were col-
lected for the determination of postabsorptive plasma amino acids
before, and 2.5 and 5 h after the rTNF infusion. Blood samples were
immediately centrifuged and stored at —70°C. Forearm blood flow was
measured simultaneously at these three time points using electrocapa-
citance plethysmography as described (13). Plasma amino acid flux
across the forearm was calculated as the arteriovenous concentration
difference times plasma flow at each point in time. Forearm plasma
flow was calculated from blood flow by the formula (one minus the
hematocrit) (14).

Whole body protein kinetics. Whole body protein turnover
(WBPT) was determined both before and acutely after rTNF adminis-
tration by measuring '’N enrichment in both urinary urea and ammo-
nia during a primed constant infusion of ['*N]glycine according to the
method of Picou and Taylor-Roberts (15) as modified and validated by
us (16). A priming dose of 2.6 mg [**N]glycine/kg was given intrave-
nously and then a continuous infusion of ['*N]glycine at the rate of
2.08 mg/kg per d was started and continued for 42 h with rTNF
administration done 19-20 h after the priming dose of ['*N Iglycine.
Before and during this study all urine was collected as 2-4-h samples,
processed, and stored at —20°C until analyzed. Urinary urea and am-
monia were isolated and their '*N enrichments were determined using
an isotope ratio mass spectrometer (16). WBPT was determined
under steady state conditions, from the isotopic infusion rate and
the mean plateau atom percent excess of urinary urea and ammonia.
Steady state conditions were achieved within 14 h both before and
after administration of rTNF. Protein synthesis and catabolism rates
were calculated from WBPT and nitrogen excretion and intake, respec-
tively (17).

Glycerol and free fatty acid kinetics. Glycerol turnover was calcu-
lated from steady state kinetics after a primed-constant two-stage intra-
venous infusion of unlabeled glycerol given before, and then 3.5-6 h
after rTNF infusion using a previously described and validated tech-
nique (5, 18). Free fatty acid turnover was calculated after a primed-
constant intravenous infusion of albumen-bound 1-['*C]Na-palmitate
before, and then 2.5-3.5 h after the administration of rTNF (6, 18).

Hormone and substrate determination. Plasma amino acid levels
were determined by column chromatography on an amino acid ana-
lyzer (119CL; Beckman Instruments, Inc., Palo Alto, CA) using lith-
ium citrate buffers with S-aminoethylcysteine as an internal standard
and ninhydrin as a color-developing agent. Serum triglyceride levels
were determined using computerized sequential multiple analysis
equipment (Technican Instruments Co., Tarrytown, NY), and plasma
lactate levels were measured spectrotometrically using a centrifugal
chemical analyzer (Multistat Plus, Instrumentation Laboratories, Lex-
ington, MA). Glycerol concentration in the plasma samples were de-
termined in triplicate using a glycerol kinase enzymatic procedure
adapted to a centrifugal chemical analyzer (Multistat Plus, Instrumen-
tation Laboratories). The method of Dole and Meinertz was used to
determine plasma free fatty acid concentration (19). The sodium salts
of free fatty acids were extracted into an aqueous phase to separate
them from other lipids and subsequently counted in a Tricarb liquid
scintillation counter (Packard Instrument Co., Inc., Downers Grove,
IL). Plasma cortisol and serum insulin (Diagnostic Products, Inc., Los
Angeles, CA) and total catecholamines, epinephrine plus norepineph-
rine (Roche Bipmedical Laboratories, Raritan, NJ), were determined
by standard radioimmunoassay techniques.

Statistics. All data were presented as the mean+SEM. Statistical
comparisons were made using the paired Student’s ¢ test to compare
values obtained before and after rTNF infusion. Significance, in all
cases, was designated at the level of 5%.

Results

All patients had dose-related peak elevations in temperature
after rTNF administration (Fig. 1) and associated tachycardia.
Hypotension (defined as > 25% decrease in mean blood pres-
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sure [systolic blood pressure + 2X diastolic blood pressure]/3)
was observed in 8 out of 24 patients, all at doses = 150 ug/m?
of rTNF. Patients with hypotension responded to treatment
with intravenous saline infusion except for one patient given
300 pg/m? who developed hypotension that required the use of
a vasopressor agent as well as saline infusion.

Significant increases in both oxygen consumption (30%)
and carbon dioxide production (24%) 2.5 h after = 100 ug/m?
of r'TNF were found (Fig. 2), which indicates that these pa-
tients became hypermetabolic. There was a significant increase
in WBPT (14%) and whole body protein synthesis (25%) at
rTNF doses of 100 ug/m? or greater (Fig. 3). An elevation in
whole body protein catabolism was also seen, although this
change did not reach statistical significance. Nitrogen balance
either became negative or more negative in 4 of 9 patients after
TNF. However, we detected 3-5% body weight loss after three
to four weekly injections of rTNF in only 4 out of 22 patients.

The output of total amino acids from the forearm in-
creased 5 h after rTNF injection (Table I). Patients given 10
pg/m? of rTNF had no significant change in the efflux of the
total amino acids from the forearm, while those who received
100 or 200 ug/m? of rTNF showed increasingly more efflux.
This was largely due to an increase in the gluconeogenic amino
acids alanine and glutamine. At the 200 xg/m? dose of rTNF,
the mean forearm blood flow increased 65% while the efflux of
total amino acids from the forearm increased 250% (Table I).

A decrease in total arterial amino acid concentrations was
found 5 h after rTNF injection, with a greater decrease noted
at each higher dose level that went up to a 39% decrease at 200
pg/m? of TNF (Table I). Plasma lactate levels increased 50%
from 10.3%+1.4 to 15.5+1.6 mg/dl at 2.5 h after rTNF at doses
of 200 ug/m? in four subjects.

The normally observed diurnal decrease in cortisol levels
was preserved at the 10 ug/m? dose of rTNF. In contrast, after
the administration of 100-ug/m? doses or even larger ones, a
mean increase of 170% in cortisol levels was noted (Table I),
which was comparable to the elevation noted in moderate
injury. Levels of insulin were not significantly altered after
rTNF (data not shown). A 60% increase in total plasma cate-
cholamine, from 12743 to 204+6 pg/ml, was found in four
patients 5 h after 200 ug/m? of rTNF; however, this change did
not reach statistical significance.

Serum triglycerides after rTNF increased 28% from
149+19 to 190+22 mg% in seven patients at 48 h after doses of
200 and 250 ug/m? of rTNF (P < 0.01 by paired Student’s ¢
test). We found a > 80% increase in glycerol turnover in three
of four patients studied at doses of 200, 250, and 300 ug/m? of
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rTNF. Similarly, there was a > 60% increase in free fatty acid
turnover in three of the four same patients after TNF.

Discussion

A single injection of rTNF in man resulted in a rapid mono-
phasic, pyrogenic response, associated tachycardia, and hypo-
tension (in 8 of the 24 patients). The increased O, consump-
tion and CO, production after TNF suggests that subjects be-
come hypermetabolic acutely after administration of this
cytokine. We have shown significant elevations in WBPT and
synthesis after TNF. Protein catabolism was found to be in-
creased but not statistically significant. Perhaps greater in-
creases in protein breakdown would be seen after more
chronic TNF administration and we are currently investigat-
ing this possibility. Other investigators have failed to show an
alteration in nitrogen balance after TNF administration (20);
however, we have reported an increase in total peripheral
amino acid efflux in five subjects after the administration of
intravenous TNF, as well as elevations in the acute-phase pro-
tein reactant, C-reactive protein (21).

The acute response to tissue injury is typified by a shift
from energy storage to energy utilization. One sees accelerated
net breakdown of skeletal muscle along with simultaneous
shift to anabolic metabolism by the liver (22). The increased
flux of total amino acids from the forearm after increasing

i
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doses of TNF in this investigation can be explained by in-
creased blood flow and unchanged uptake or release of amino
acids, or by decreased uptake and increased release of amino
acids, or by a combination of all three. The increase measured
in forearm blood flow is not sufficient to account for the in-
crease in amino acid efflux. Net amino acid release suggests an
increased protein breakdown or a relatively increased break-
down and decreased protein synthesis. The net decreased arte-
rial amino acid concentrations observed after rTNF suggest
increased uptake of amino acids by other organs such as the
liver, small intestine, or kidney.

The studies of Tracey, Beutler and co-workers have impli-
cated TNF in the lethal effects of endotoxin (7). In one series of
experiments, 100 ug/kg of recombinant human cachectin
given to dogs resulted in 100% mortality (23). We have dem-
onstrated pronounced metabolic effects from rTNF given to
human subjects at doses of 0.03 to 10 ug/kg (which are equiva-
lent to 1-300 ug/m?). This raises the possibility of a more
physiologic role for TNF at these lower doses. We have noted
increased amino acid uptake into the liver in rats given as little
as 2.5 ug rTNF/kg body weight and decreased amino acid
uptake into muscle at a 125-ug dose of rTNF/kg body weight,
which suggests a redistribution of amino acids from peripheral
skeletal muscle to the liver after TNF administration (24, 25).
A similar redistribution of amino acids from muscle to liver in
rats has been previously demonstrated in the setting of infec-
tion with Streptococcus pneumoniae or Salmonella typhimur-
ium (26).

Other authors have noted the effects of TNF/cachectin on
lipid metabolism. Cerami and co-workers (27) initially isolated
cachectin after investigating why rabbits with trypanosomiasis
developed a marked hypertriglyceridemia in the face of body
wasting or cachexia. Cachectin was found to decrease tran-
scription of the adipocyte lipoprotein lipase gene in vitro (12).
Feingold and Grunfeld (28) demonstrated that TNF also stim-
ulates hepatic lipogenesis in vivo in the rat. Other cytokines
have also been shown to induce alterations in lipid metabo-
lism. Hypertriglyceridemia and inhibited post-heparin lipase
activity have been seen in cancer patients treated with gamma
interferon (29). Our findings of elevated triglyceride levels in
patients who received 200 ug/m? or higher doses of rTNF and
increased glycerol and free fatty acid turnover after the admin-
istration of TNF indicate that TNF injection is associated
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Table I. Acute Alterations of Total Peripheral Plasma Amino Acid Flux, Total Plasma Arterial Amino Acid,
Forearm Blood Flow, and Plasma Cortisol after Intravenous rTNF Infusion into Patients

rTNF dose No. t* Total amino acid flux Total arterial amino acid Forearm blood flow Cortisol
nmolf/min 100 cc nmol/ml mif/min 100 cc pgldl

10 pg/m? I —666+65 2424+66 2.6+0.2 15.2+7.4
2 II —815+68 2030+154 4.3+0.1 5.8+11.5

100 pg/m? I —128+253 2436x17 4.9+0.8 15.8+8.8

3 II —895+213% 1627+141* 9.0+2.2 32.4+5.9

200 pg/m’ I —530+208 2528+113 4.4+1.3 10.9+1.4
4 I —1320+264¢ 1550£76* 7.3+0.7 30.0+2.5¢

* rTNF was infused into a peripheral intravenous catheter over a 30-min interval at the doses indicated. To compare the physiologic and meta-
bolic responses of patients within each group, blood samples were obtained before infusion (I) and 5 h after infusion (II). Values are means+SE.
* Signifies P < 0.05, ¢ indicates P < 0.005 by paired Student’s ¢ test, I vs. IL

acutely with increased whole body lipolysis and fat utilization,
such as that commonly observed in tissue injury (5, 6).

It is interesting that rTNF administration was followed by
fever in all subjects, but patients failed to become hypermeta-
bolic and failed to develop significant changes in amino acid
and protein metabolism or hormonal levels at the lower doses
of r'TNF (1-10 ug/m?). To confirm these observations that
energy mobilization occurs after the administration of TNF,
independent of temperature elevation, we are currently inves-
tigating the ability of indomethacin to abrogate these meta-
bolic changes by blocking the febrile response after TNF ad-
ministration. Preliminary data indicates that increases in en-
ergy and lipid metabolism as well as hormonal changes are
seen in patients receiving TNF and gamma interferon who are
apyrexial on indomethacin.

After TNF had been given to a subject, a suggestion of
increased catecholamine levels was noted at the higher doses of
TNF; however, statistically significant elevations were demon-
strated only in cortisol levels. We have previously demon-
strated elevations in plasma glucagon levels after TNF admin-
istration to rats (25), and others have detected elevated cate-
cholamine levels after cachectin is given to dogs (23). It is
unlikely that the elevation we detected in cortisol would solely
explain the altered amino acid and protein kinetics we have
observed after TNF administration; proteolysis and increased
total arterial amino acid levels, rather than the decreased levels
that we observed after rTNF, are seen after cortisol infusion in
human subjects (30, 31). We measured IL-1 levels in six pa-
tients before, 2.5, and 5 h after the administration of 200-250
ug/m? r'TNF, using a bioassay sensitive to = 0.08 U/ml, and
found no detectable levels (M. Palladino, personal communi-
cation). It is unlikely, therefore, that TNF-induced circulating
IL-1 contributes significantly to the acute metabolic alter-
ations that we describe in the present investigation.

A single injection of rTNF in man produces many of the
physiologic and metabolic changes seen in the acute response
to injury. We have shown that TNF induces increased energy
expenditure, increased whole body protein and lipid metabo-
lism, and increased peripheral amino acid efflux when admin-
istered to human subjects. The studies of Cerami and co-
workers have implicated TNF in the lethal effects of endotoxin
(7, 8) and have recently shown that an MADb against TNF
protects against lethal bacteremia (32, 33). In contrast to the
pathological effects of TNF in endotoxic shock and in ca-
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chexia, we have demonstrated potentially beneficial effects of
TNF upon energy substrate mobilization in the body’s re-
sponse to tissue injury as an adaptation for survival.
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