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Short-Term Effects of Tumor Necrosis Factor
on Energy and Substrate Metabolism in Dogs

Yoichi Sakurai, Xiao-jun Zhang, and Robert R. Wolfe

The Metabolism Unit, Shriners Burns Institute, and Departments of Surgery and Anesthesiology,
The University of Texas Medical Branch, Galveston, Texas 77555-1220

Abstract

In vivo short-term effects of recombinant human TNF-a on
lipolysis, FFA flux, fat oxidation, triglyceride—fatty acid cy-
cling, and glucose kinetics were evaluated with stable isotopic
tracers and indirect calorimetry along with monitoring of hemo-
dynamic parameters in fasted dogs. High-dose TNF infusion
(10 ug/kg) caused a fall in mean arterial pressure (P < 0.01),
pulmonary arterial pressure (P < 0.001), and cardiac index
(CI) (P < 0.05). The rate of appearance of glycerol (Ra glyc-
erol) and the rate of appearance of FFA (Ra FFA) were de-
creased by 20% (P < 0.05) and by 42% (P < 0.01), respec-
tively. Total fat oxidation fell by 23% (P < 0.05). In contrast,
TNF infusion significantly increased glucose production by
13% (P < 0.05) and metabolic clearance rate of glucose by 25%
(P < 0.01). However, TNF infusion did not change energy
expenditure. Low-dose TNF infusion (3.5 ug/kg) caused
changes similar in all respects, except magnitude, to the high-
dose effects. There was a significant correlation between per-
cent change of CI (ACI) and percent change of rate of appear-
ance of palmitate (Ra palmitate; ARa palmitate ) (P < 0.0001, r
=0.69), Ra FFA (ARa FFA) (P < 0.0001, r = 0.60), and Ra
glycerol (ARa glycerol) (P < 0.0329, r = 0.36). The correla-
tion between ACI and ARa palmitate was greater than the
correlation between ACI and ARa glycerol (P = 0.028). We
conclude that the acute response to TNF causes a shift towards
carbohydrate as an energy substrate in a dose-dependent man-
ner by both decreasing the availability of FFAs and increasing
glucose production. (J. Clin. Invest. 1993. 91:2437-2445.) Key
words: stable isotopes « lipolysis - fatty acid flux « reesterifica-
tion « tumor necrosis factor

Introduction

In clinical situations such as trauma, sepsis, and cancer,
marked changes in glucose (1, 2) and lipid (3, 4) metabolism
occur that may affect both morbidity and mortality (5). Alter-
ations in lipid kinetics that ultimately lead to hepatic fat accu-
mulation, thereby possibly contributing to metabolic failure of
the liver (6, 7), have been of particular concern. Many studies
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have attempted to elucidate control mechanisms responsible
for altered substrate kinetics in critically ill patients (8). In this
regard, considerable interest has recently centered on the meta-
bolic effects of TNF, which is a polypeptide produced by lym-
phocytes or macrophages as part of the inflammatory reaction
to stress, infection, or malignancy (9, 10). TNF was originally
identified by its ability to cause hemorrhagic necrosis in certain
transplanted tumors ( 11) and was subsequently shown to have
cytotoxic and cytostatic effects on many transformed cells in
culture (12). TNF can be highly toxic and was shown to be an
important primary mediator of certain responses in endotoxin-
induced shock (13, 14). Furthermore, TNF was shown to de-
crease lipoprotein lipase (LPL) activity in the 3T3-L1 cell sys-
tem (15), which could be anticipated to cause an elevation in
plasma triglyceride concentration if it occurred in vivo. How-
ever, more recent data have failed to confirm an effect on LPL
in vitro (16). Another in vitro study showed that TNF de-
creased the synthesis and storage of lipid (17). Although there
is a report in which administration of TNF produced a hyper-
metabolic response, with increased glycerol and free fatty acid
turnover seen in some (but not all) patients with disseminated
cancer (18), the precise effects of TNF on lipid kinetics still
remained to be established.

Other aspects of the effect of TNF on lipid metabolism are
similarly uncertain, with conflicting reports regarding its effect
on adipocyte metabolism (17) and lipogenesis (19). A detailed
evaluation of the effects of TNF on fatty acid metabolism has
yet to be performed. Such an analysis should include quantifi-
cation of the triglyceride—fatty acid (TG-FA) cycle (20). In
this cycle, fatty acids released during the process of lipolysis are
subsequently reesterified rather than oxidized. Reesterification
can occur within the adipocyte (intraadipocyte recycling), or
the fatty acid can be released and reesterified in the liver (ex-
traadipocyte recycling). Since most fatty acids incorporated
into hepatic triglyceride come from peripheral lipolysis, an ele-
vated rate of extraadipocyte TG-FA recycling could lead to
hepatic fatty deposition if the mechanism for TG secretion
were defective. TG-FA cycling is under both hormonal (21)
and substrate (22) control. It has been shown to be elevated in
numerous pathological conditions (20, 23) and therefore ap-
pears to play a central role in the development of fatty livers in
critically ill patients.

The present study was performed to determine the effect of
recombinant human TNF-a on lipolysis, free fatty acid flux, fat
oxidation, TG-FA cycling, glucose kinetics, and energy expen-
diture, using anesthetized dogs. Stable isotopes were used to

1. Abbreviations used in this paper: Cl, cardiac index; GCMS, gas chro-
matography-mass spectrometry; LPL, lipoprotein lipase; MCR, meta-
bolic clearance rate; m/e, mass/charge ratio; Ra, rate of appearance;
TG-FA, triglyceride-fatty acid; TPRI, total peripheral resistance in-
dex.
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determine lipid and glucose kinetics by measuring the rate of
appearance (Ra) of glycerol, palmitic acid, and glucose in
blood plasma and indirect calorimetry was used to measure
energy metabolism.

Methods

Animals and experimental protocol. This study was approved by the
Animal Welfare Committee of The University of Texas Medical
Branch. Dogs were obtained > 1 wk before study and were housed in
the Animal Resource Center of The University of Texas Medical
Branch in accordance with the guidelines of the Committee on Care
and Use of Laboratory Animals of the Institute for Laboratory Animal
Resources, the National Research Council. The animals were fed with
a commercially available dog chow (Lab Canine Diet no. 5006; Purina
Molls, Inc., Richmond, IN). On the morning after an overnight fast of
16 h the animals were anesthetized with pentobarbital sodium (30 mg/
kg body wt; Abbott Laboratories, North Chicago, IL) and endotracheal
intubation was performed. The dogs spontaneously breathed room air.
After catheterization of the urinary bladder, the operative areas were
shaved and cleansed with povidone-iodine. With aseptic technique a
Teflon catheter (Intramedicut Catheter Kit; Sherwood Medical Indus-
tries Inc., St. Louis, MO) was placed in the common carotid artery for
arterial sampling and pressure monitoring. Another catheter was
placed in the ipsilateral external jugular vein for the infusion of iso-
topes, saline, and TNF. A Swan-Ganz thermodilution catheter (model
93-132-5F; American Edwards Laboratories, Irvine, CA) was placed
into the pulmonary artery through the contralateral external jugular
vein. Supplementary doses of anesthetic agent were given as required to
maintain light general anesthesia throughout the experiment. Cardiac
output was measured with the Swan-Ganz catheter and a cardiac out-
put computer (model 9520A; American Edwards, Palo Alto, CA). The
cardiac index was determined from the equation: body surface area
= 0.118 X body wt(kg)?/3. Total peripheral resistance index (TPRI)
was determined by dividing the mean arterial pressure by the cardiac
index (the results are reported as dyn -s-cm™ - m~2) (24). All of these
hemodynamic parameters were monitored every 20 min throughout
the experiment.

The experimental protocol is illustrated in Fig. 1. Oxygen con-
sumption and carbon dioxide production were measured by indirect
calorimetry using a metabolic cart (Horizon; SensorMedics Corp., An-
aheim, CA), from which energy expenditure was calculated. After base-
line blood samples were collected, a primed (17.6 umol/kg) constant
(0.22 upmol-kg™'-min~') infusion of [6,6-d,]glucose (98.5%
enriched; Tracer Technologies Inc., Somerville, MA) and [2-
d, 1glucose (98% enriched; MSD Isotopes, Montreal, Quebec, Canada)
was started and maintained for 240 min using a calibrated syringe
pump (Harvard Apparatus, South Natick, MA). The exact infusion
rate in each experiment was determined by measuring glucose concen-
tration in the infusate. At 30 min, a primed (1.5 pmol/kg) constant
(0.1 umol-kg™'-min~"') infusion of [2H]glycerol (98.2% enriched;
MSD Isotopes) dissolved in 0.9% NaCl and a constant (0.04
umol-kg™'-min~") infusion of [1-'*C]palmitic acid (99% enriched;
MSD Isotopes) bound to 5% albumin (Alpha Therapeutic Corp., Los
Angeles, CA) were started and maintained for 210 min. At 120 min,
one of two different doses of primed constant infusion of TNF (kindly
supplied by Genentech Inc., South San Francisco, CA ) was started and
maintained for 120 min. Group 1 (high-dose TNF infusion, n = 8)
received 10 ug/kg of TNF administered as a 2.5-ug/kg bolus followed
by a 62.5 ng-kg™'-min~! continuous infusion. Group 2 (low-dose
TNF infusion, n = 6) received 3.5 ug/kg of TNF administered asa 1.5
pg/kg bolus followed by a 16.7 ng-kg™' - min~! continuous infusion.
TNF was mixed with 0.9% saline containing 0.25% albumin to prevent
adhesion of TNF to the container and was infused at a constant rate of
0.25 ml/min. An equal amount of solution without TNF was given to
the control animals (group 3) in the last 2 h (n = 5). The total volume
of saline administered during the study was 15-20 ml-kg™'-h~'.
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Figure 1. The schematic representation of the experimental protocol.
*Priming dose of [6,6-d,]glucose and [2-d, Jglucose at 17.6 umol/kg.
*Priming dose of [*H;]glycerol at 1.5 umol/kg. $Priming dose of TNF
at 2.5 and 1.5 ug/kg for high-dose TNF infusion (group 1) and low-
dose TNF infusion (group 2), respectively. 'Blood samples were taken
for the measurement of enrichments. **Indirect calorimetry.
#Primed-continuous infusion of TNF in group 1 (62.5
ng-kg™'-min~"') and in group 2 (16.7 ng-kg™' - min~"). Saline was
infused in group 3 (control group).

Blood samples were taken before starting the isotope infusion to
determine baseline concentrations and background enrichment of glu-
cose, glycerol, and palmitic acid. Blood samples for the enrichment
were then taken at 105, 110, 115, and 120 min to determine basal
glucose and lipid kinetics (kinetics in period 1). After the start of TNF
or saline infusion, blood samples were also taken at 140, 160, 180, 200,
220, 225, 230, 235, and 240 min to determine the response to TNF
infusion (kinetics in period 2). The last four samples were used to
determine glucose and lipid kinetics during TNF infusion. All samples
were collected in 10-ml vacutainers containing lithium heparin and
placed on ice. Plasma was separated by centrifuge at 4°C and frozen
until further processing. Plasma samples for glucagon, insulin, and cate-
cholamine determinations were collected at 120 and 240 min. Plasma
sample for glucagon and insulin were collected in vacutainers contain-
ing EDTA with and without aprotinin (Sigma Chemical Co., St. Louis,
MO), respectively. Samples for catecholamine determination were col-
lected in vacutainers containing EDTA and lithium heparin.

Analysis of samples. Plasma norepinephrine, epinephrine, and do-
pamine concentrations were determined by HPLC. The plasma insulin
and glucagon concentrations were determined by radioimmunoassay.
The plasma samples were stored at —70°C until analysis. The plasma
concentration of glucose was determined by a glucose autoanalyzer
using the glucose oxidase reaction (Beckman Instruments, Inc., Fuller-
ton, CA). Plasma lactate concentration was determined by means of a
lactate analyzer (Yellow Springs Instrument Co., Yellow Springs,
OH). Plasma triglyceride concentration was measured enzymatically
(25) (RA-500; Technicon Instruments Corp., Tarrytown, NY). Blood
for analysis of [ 1-'>C]palmitic acid enrichment was collected and pro-
cessed, as described previously (26). Briefly, the FFA were extracted
from plasma and isolated by TLC, after which the methyl esters were
made. Concentrations of palmitic acid and total FFA were determined
by gas chromatography (model 5985; Hewlett-Packard Co., Palo Alto,
CA) using heptadecanoic acid (C-17) as an internal standard. The con-
centration of palmitic acid in the infusion mixture was also determined
by gas chromatography. Isotopic enrichment of palmitic acid was de-



termined by gas chromatography-mass spectrometry (GCMS ) (model
5992; Hewlett-Packard Co.). Ions of mass/charge ratio (m/e) 270 and
271 were selectively monitored in the electron impact ionization mode
for the ultimate computation of the tracer/tracee ratio.

Glycerol enrichment was also determined by GCMS. Before pro-
cessing the plasma, 0.00198 umol of [ 2-'*C]glycerol was added to 1 ml
of all samples, except the background samples, as an internal standard
to quantify the glycerol concentration. The plasma proteins were pre-
cipitated with barium hydroxide and zinc sulfate and the supernatant
was passed through a mixed-bed anion—cation exchange resin column
(Dowex AG-1-X8 and AG-50-W-X8, 200-400 mesh; Bio-Rad Labora-
tories, Richmond, CA ) and the trimethylsilyl derivative of glycerol was
made. GCMS analysis was used with electronic impact ionization and
ions were selectively monitored at m/e 205, 206, and 208 (27). The
apparent enrichment at m/e 208 was corrected for the contribution of
the internal standard. Glucose enrichment was determined as previ-
ously described (27). Plasma samples were processed with same proce-
dure as glycerol and subsequently reacted with acetic anhydride and
pyridine to form the penta-acetate derivative. GCMS was used with
electronic impact ionization, selectively monitoring ions at m/e 202,
201, and 200 to determine the enrichment of [ 6,6-d, ]glucose. Correc-
tion was made for the contribution of the singly labeled molecule (m/e
201) to the apparent enrichment at m/e 202. To analyze [ 2-d, ]glucose
enrichment, the trimethylsilyl derivative was made and ions were mon-
itored at m/e 205 and 204.

Calculations. The rate of appearance of palmitic acid (Ra palmi-
tate), glycerol (Ra glycerol), and glucose (Ra glucose) in plasma were
calculated as described by Steele (28). During the basal period (period
1), a physiological and isotopic steady state was present so that

Ra(umol-kg™'-min~') = F/IE, (1)

where F is the isotopic infusion rate (umol - kg ™! - min ') and /E is the
isotopic enrichment at plateau (tracer/tracee ratio).

After the administration of TNF (period 2), the steady state was
disturbed. In this case, the non-steady state form of the Steele equation

was used (28)

_F-VI(G+ G)/2)(E, — E)/(t — )] )
(E\ + E5)/2 ’

where C, and C, are the concentrations at times () 2 and 1, respec-
tively, and V'is the “effective volume of distribution” of the substrate.
Spline curve fitting, a technique that smoothly joins polynomial func-
tion segments, was used in describing the tracer/tracee ratio and sub-
strate concentration data (29). The effective volumes of distribution
used for palmitate and glycerol were 40 and 160 ml/kg, respectively.
Validation of the calculation of substrate flux using stable isotopes has
been described elsewhere in detail (30).

Metabolic clearance rate of glucose (MCR glucose) was calculated
by dividing Ra of [ 6,6-d, ] glucose by the corresponding plasma glucose
concentration. Normalizing glucose uptake by concentration to calcu-
late MCR is not entirely valid, since these two factors are not linearly
related over a wide range of concentrations and uptake rates (31).
Nonetheless, under the conditions of this experiment, it is a useful
expression of the effect of TNF on the relative ability of tissues to
remove glucose from the plasma.

The concentration of plasma glycerol (umol/ml) was determined
as follows:

Ra

0.00198
Plasma glycerol = E 3)

when 0.00198 umol of [ 2-'3C]glycerol was added to each 1-ml plasma
sample, and /E is the tracer/tracee ratio.

Total fat oxidation, carbohydrate oxidation, and resting energy ex-
penditure were calculated from oxygen consumption, carbon dioxide
production, and urinary nitrogen excretion using stoichiometric equa-
tions (32). Palmityl-stearyl-oleyl triglyceride (Cs;sH,0,04) Was consid-
ered to be a typical triglyceride (33) and total fatty acid oxidation was

determined by dividing total triglyceride oxidation by 3. In this study,
urinary nitrogen excretion was assumed to be constant (0.135
mg-kg™'-min").

The rate of appearance of FFA (Ra FFA) was calculated by divid-
ing Ra palmitate by the ratio of palmitate concentration/total FFA

concentration.
The rate of TG-FA cycling was calculated using both isotopic data

and indirect calorimetry. Intraadipocyte TG-FA cycling occurs when
FFAs released intracellularly during lipolysis are reesterified to triglycer-
ide within adipocytes. Extraadipocyte TG-FA cycling occurs when
FFAs and glycerol released into the bloodstream are reesterified in the
liver. Extraadipocyte TG-FA cycling occurs when the triglyceride
formed by fatty acid reesterification in the liver is released into the
bloodstream and subsequently hydrolyzed by LPL and reesterified
back to triglyceride again within the adipose tissue. Extraadipocyte
TG-FA cycling thus ultimately involves recycling of fatty acid within
the adipocyte, but the fatty acids transit through the plasma and then
back to the adipocyte.

The rates of intraadipocyte and extraadipocyte recycling (umol
fatty acid - kg ™' - min ') were calculated as follows:

Intraadipocyte recycling = 3 X Ra glycerol — Ra FFA (4)
Extraadipocyte recycling = Ra FFA — Total fat oxidation (5)
Total TG-FA cycling = 3 X Ra glycerol — Total fat oxidation. (6)

We have previously discussed in detail the validity of the assumptions
underlying these calculations (21).

The rate of glucose substrate cycling (umol - kg ™' - min ') was cal-
culated as follows:

Glucose cycling = Ra(2-d,) — Ra(6,6-d,), (7)

where Ra(2-d,) is the Ra glucose as calculated by the [ 2-d, ]glucose and
Ra(6,6-d,) is the Ra glucose as calculated by the [6,6-d,]glucose.
Statistical analysis. All data are presented as means+SEM. The
paired Student’s ¢ test between periods 1 and 2 in the control and TNF
groups was used to test the significance of difference. Linear-regression
analysis and ¢ test were used to test the statistical significance of the
correlation between cardiac index and rate of appearance. Fisher’s Z
transformation test was used to compare the extent of the correlation of
these parameters (34). P < 0.05 was considered statistically significant.

Results

All three groups were similar with respect to total body weight
(group 1 mean = 18.3 kg [range 14.5-22.7]; group 2 mean
= 17.7 kg [range 12.7-20.9]; group 3 mean = 18.1 kg [range
14.1-21.8]). Hemodynamic and metabolic parameters of the
control group did not significantly change throughout the ex-
periment, so all comparisons were made between periods 1 and
2 in TNF-infused animals.

TNF infusion caused a significant reduction in pulmonary
arterial pressure in both the high-dose (P < 0.001) and the
low-dose groups (P < 0.01) (Table I and Fig. 2). TNF infusion
also caused a significant fall in mean arterial pressure by 15%
(P <0.01)in the high-dose group and by 14% (P < 0.05) in the
low-dose group ( Table I and Fig. 2). High-dose infusion caused
a 20% reduction of cardiac index (CI) (P < 0.05), but the
low-dose TNF infusion caused only a 5% reduction of CI,
which was not statistically significant (P = 0.507) (Table I and
Fig. 2). TPRI did not change significantly in either TNF infu-
sion group (Table I), and no animals in either group died or
exhibited responses characteristic of the shock state.

The effects of TNF infusion on Ra of palmitate, FFA, and
glycerol are shown in Table II and Figs. 3 and 4. Ra of palmitic
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Table 1. Effects of TNF Infusion on Hemodynamic Parameters

Measurement
Group interval PAP MAP co Cl TPRI
mmHg mmHg liter/min ‘ liter- min™" - m™? dyn-s-cm™ - m™?

Control (saline) Period 1} 25+1 1556 4.34x1.94 5.32+0.41 2,396+19

n=>5 Period 2! 25+2 159+8 3.89+1.74 4.81+0.30 2,686+201
TNF (low dose)* Period 1 19+1 1507 3.77+0.39 4.77+0.32 2,671+285

n==6 Period 2 14£1%* 129611 3.50+0.52 4.42+0.58 2,570+433
TNF (high dose)* Period 1 25+4 163+5 3.58+0.45 4.40+0.24 3,034+23

n=38 Period 2 19+4' 138+£10%* 2.88+0.29% 3.55+0.24% 3,179+347

All values presented are means+=SEM. PAP, pulmonary arterial pressure; MAP, mean arterial pressure; CO, cardiac output; CI, cardiac index.
* 3.5 ug/kg; *10 ug/kg; ®basal period; " TNF infusion period; ' P <0.001 vs. basal value; ** P <0.01 vs. basal value; ¥ P < 0.05 vs. basal

value.

acid decreased significantly by 42% (P < 0.01) in the high-dose
TNF infusion group and by 20% (P < 0.05) in the low-dose
TNEF infusion group (Table II and Fig. 3). Similarly, Ra FFA
was significantly decreased by 46% (P < 0.05) and by 19% in
the high-dose and the low-dose TNF infusion groups, respec-
tively (Table Il and Fig. 4). The high-dose TNF infusion signifi-
cantly decreased Ra glycerol by 28% (P < 0.05) and the low-
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dose infusion caused a 13% reduction in Ra glycerol (Table II
and Fig. 4). The magnitude of the effect of TNF infusion on
the Ra of palmitic acid during the high-dose TNF infusion was
greater than that on the Ra glycerol (Fig. 4). This difference
reflected an 23% increase in intraadipocyte TG-FA cycling by
the high-dose TNF infusion (Table III), but the difference was
not statistically significant. In contrast, extraadipocyte TG-FA
cycling decreased from 1.50+2.57 umol-kg™'-min~! in the
basal period (period 1) to —0.18+1.78 umol - kg~ - min ! dur-
ing the high-dose TNF infusion period (period 2). Total TG-
FA recycling fell by 27% during the high-dose TNF infusion
(Table III).

There was a significant correlation between percent change
of CI and percent change of Ra palmitate (ARa palmitate) for
all animals infused with TNF (P < 0.0001, r = 0.69), Ra FFA
(ARa FFA) (P < 0.0001, r = 0.60), and Ra glycerol (ARa
glycerol) (P = 0.0329, r = 0.36) (Fig. 5). The correlation be-
tween ACI and ARa palmitate was greater than the correlation
between ACI and ARa glycerol (P = 0.028 by Fisher’s Z trans-
formation).

The change in Ra glycerol and Ra FFA caused correspond-
ing changes in plasma concentrations ( Table IV). Glycerol
concentration fell by 26% in the high-dose TNF group and by
22% in the low-dose TNF group, but the difference was not

Table I1. Effect of TNF on Glycerol and FFA Release

Measurement
Group interval Ra palmitate Ra FFA Ra glycerol
umol - kg™' - min~!

Control Period 1 261+0.14 11.72+1.23 4.69+0.44
(saline) Period 2 2.93+0.39 14.52+2.93 5.32+0.72
n=>5

TNF Period 1 2.20+0.25 8.05+1.53 3.57+0.83
(low dose) Period 2 1.75£0.20*  6.56+1.59 3.11%0.31
n==6

TNF Period 1 1.86+0.28 8.88+1.44 3.62+0.44
(high dose)  Period 2 1.07£0.20*  4.83+0.92¢* 2.60+0.68*
n=38

All values presented are means+tSEM. * P < 0.01 vs. basal value;

¥ P < 0.05 vs. basal value.
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Figure 3. Effect of two different doses of TNF on Ra palmitate. Data
are means+SEM. *P < 0.05 vs. basal value.

statistically significant. The FFA concentration fell by 33% in
the high-dose TNF group and by 28% in low-dose TNF group.
Plasma triglyceride concentration did not change significantly
during TNF infusion (Table IV).

The high-dose TNF infusion produced a significant de-
crease below basal value (P < 0.05) in plasma glucose concen-
tration and also in the low-dose TNF group (P < 0.05) (Table
V). High-dose of TNF infusion caused a significant increase (P
< 0.05) in plasma lactate concentration and no significant
change was seen in the low-dose TNF group (Table V). As
shown in Fig. 6, the plasma glucose level in the high-dose TNF
group decreased 10% below the basal value 40 min after the
start of TNF infusion. Plasma lactate in the high-dose TNF
group rapidly increased and remained 40-55% above basal
value. Ra glucose in the high-dose TNF group was significantly
elevated by 13% (P < 0.05) (Table VI). However, low-dose
TNF infusion did not increase Ra glucose. Glucose cycling was
also increased by 106% in the high-dose TNF group, but not

Basal TNF

12

10

pmol/kg-min
D

4 M
Ra Glycerol

2 * e

0 1 A | 1 1 1 J
100 120 140 160 180 200 220 240
Time (min)

Figure 4. Effect of high-dose TNF on Ra FFA and Ra glycerol. Data
are means+=SEM. *P < .05 vs. basal value.

Table I11. Effect of TNF on TG-FA Cycling

Measurement Intraadipocyte Extraadipocyte Total TG-FA
Group interval cycling cycling cycling
umol fatty acid-kg™' - min™!
TNF Period 1 2.56+0.80 1.50+2.57 4.06+2.70
(high dose)  Period 2 3.15+0.54 —0.18+1.78 2.97+1.74
n=28

All values presented are means+SEM.

significantly (P > 0.05) (Table VI). MCR glucose in the high-
dose TNF group was significantly increased by 25% (P < 0.01)
(Table VI) and by 10% in the low-dose TNF group.

The indirect calorimetry data are shown in Table VII.
High-dose TNF infusion caused no significant difference in
oxygen consumption, CO, production, or resting energy ex-
penditure. Total fat oxidation significantly decreased by 23% in
the high-dose TNF group (P < 0.05) since the high-dose TNF
infusion caused a significant elevation in respiratory quotient
(P < 0.05). Carbohydrate oxidation was increased from
16.9+4.1 umol - kg™ - min~"! in the basal period (period 1) to
23.3+6.8 umol - kg ™' - min~! in the high-dose TNF group.

Plasma concentrations of insulin, glucagon, and catechol-
amines in the high-dose TNF group are shown in Table VIII.
The plasma glucagon level significantly increased by 89% in

% change of C|

-80 .40 0 40
% change of Ra Paimitate

% change of Cl

Figure 5. Correlation
between CI and sub-
strate kinetics. (4) Per-
cent change of CI vs.
percent change of Ra
palmitate; (B) percent
change of CI vs. percent
change of Ra FFA; (C)
percent change of car-
diac index vs. percent
change of Ra glycerol.
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Table IV. Effect of TNF on Glycerol, Palmitate, FFA, and Triglyceride Concentration

Measurement

Group interval Glycerol Palmitate FFA TG

umol/ml mg/dl
Control (saline) Period 1 0.05+0.01 0.13+0.02 0.57+0.05 21.0+3.8
n=35 Period 2 0.06+0.01 0.13+0.01 0.52+0.03 19.0+3.1

TNF (low dose) Period 1 0.04+0.009 0.11+0.02 0.39+0.09 ND

n==6 Period 2 0.03+0.005 0.09+0.04 0.28+0.05 ND
TNF (high dose) Period 1 0.04+0.005 0.09+0.06 0.40+0.08 29.3+3.1
n=8 Period 2 0.03+0.003 0.06+0.04 0.27+0.05* 27.5+2.1

All values presented are means+SEM. ND, not done; TG, triglyceride.

period 2 (P < 0.01). There was no significant difference in
plasma insulin and catecholamine concentrations.

Discussion

Despite considerable recent research on the role of TNF in
pathophysiology, its effect on energy substrate kinetics is not
yet clear. In this study, we have documented that TNF, given in
a dose designed to parallel what might be encountered in re-
sponse to infection, caused a shift towards carbohydrate metab-
olism. Glucose oxidation increased owing to increased avail-
ability (production), whereas fat availability and oxidation
fell. These responses could be explained at least in part by the
changes in hormone concentrations. Glucagon significantly in-
creased, and it is well established that glucagon is the predomi-
nant stimulator of the accelerated rate of glucose production in
sepsis (35, 36). On the other hand, adrenergic activity has been
shown to be the most important stimulator of lipolysis (36),
and thus in the absence of a change in catecholamine concen-
tration, a stimulation of lipolysis would not have been ex-
pected.

Whereas all the data from our experiment are consistent
with the notion that TNF causes a shift towards carbohydrate
metabolism, these responses were somewhat unexpected, given
the previously published literature. TNF is proposed to be an
important mediator of many aspects of the response to endo-
toxin and sepsis (13, 37). However, increased lipolysis is com-
monly seen in septic humans (3) and dogs (38). Furthermore,
TNF infusion caused an increase in FFA flux in some (but not
all) patients with cancer (18), yet in our experiment, lipolysis

Table V. Effect of TNF on Glucose and Lactate Concentration

Measurement
Group interval Glucose Lactate
umol/ml

Control (saline) Period 1 6.15+0.29 0.37+0.06

n=35 Period 2 6.04+0.23 0.32+0.05
TNF (low dose) Period 1 6.13+0.16 0.47+0.05

n==6 Period 2 5.74+0.24* 0.75+0.18
TNF (high dose) Period 1 6.36+0.24 0.70+0.10

n=28 Period 2 5.80+0.24* 1.04+0.17*

Values are means=SEM. * P < 0.05 vs. basal value.
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* P < 0.05 vs. basal value.

(both Ra glycerol and Ra FFA) was significantly reduced in a
dose-dependent manner. One possible explanation is that the
dose of TNF we infused was below the dose needed in humans
to elicit a stimulation of lipolysis. However, the high-dose TNF
infusion was selected as appropriate to mimic the concentra-
tion that would be anticipated during systemic infection (37)
and, as cited above, systemic infection would be anticipated to
cause a stimulation of lipolysis. The fact that we observed a
significant fall in both cardiac output and arterial blood pres-
sure with the high dose indicates that in fact our dose was
adequate to cause at least some of the responses normally seen
in response to endotoxin. Furthermore, the fact that the low-
dose TNF infusion caused changes similar in all respects, ex-
cept magnitude, to the high-dose effects further argues against
the likelihood of different responses being obtained with a
high-dose TNF infusion.

One possible explanation for the inhibition of Ra palmitate
and FFA by TNF infusion is a decline in adipose tissue blood
flow resulting from the decrease in cardiac output. When all
results were taken together, there was a significant correlation
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Table VI. Effect of TNF on Glucose Production, Glucose
Clearance, and Glucose Cycling

Measurement Glucose
Group interval Ra glucose MCR glucose cycling
umol-kg™'+min~! ml-kg™' - min~’

Control Period 1 14.6+0.1 2.37+0.10  4.90+1.51
(saline) Period 2 13.8+1.1 2.24+0.17  4.64+1.15
n=>5

TNF Period 1 12.9+0.8 2.10+0.13 ND
(low dose)  Period 2 13.0+£0.9 2.31+0.21 ND
n=6

TNF Period 1 18.1+1.1 2.84+0.16 5.13+£2.06
(high dose) Period 2 20.7£1.9* 3.55+0.33* 10.58+4.30
n=_8

All values presented are means+=SEM. ND, not done. * P < 0.05 vs.
basal value. ¥ P < 0.01 vs. basal value.

between ACI and ARa palmitate (Fig. 5), ARa FFA (to a lesser
extent), and ARa glycerol. Since the FFA is not water soluble,
Ra FFA may be limited by the availability of albumin-binding
sites in the plasma in conditions of low adipose tissue blood
flow (39). On the other hand, since glycerol is water soluble
and its diffusion from adipose cell is not limited by the availabil-
ity of albumin-binding sites in the plasma, it has generally been
considered that Ra glycerol is not dependent on blood flow to
the adipose cell. Consistent with this concept, the correlation
between ACI and ARa palmitate was greater than the correla-
tion between ACI and ARa glycerol. However, the reason for
the weak correlation between ACI and ARa glycerol is not
clear. It is possible that TNF has a direct dose-dependent inhibi-
tory effect on lipolysis and on CI, therefore, the correlation of
the two factors reflects two distinct effects of TNF, rather than
a cause and effect relation of CI on Ra glycerol.

The other possible explanation for the inhibition of lipoly-
sis in this study and the generally encountered stimulation of
lipolysis in sepsis is a difference in the adrenergic response. In
this study, TNF infusion apparently did not cause an increase
in adrenergic stimulation, as indicated by relatively constant
plasma catecholamine concentrations. In contrast to the results
of our study, in other studies of sepsis, adrenergic activity was
increased (40) and beta-adrenergic blockade caused lipolysis to
return to the normal rate (41). Although catecholamines were
not measured in the study in cancer patients in which TNF was
found to occasionally stimulate lipolysis (18), the increase in

Table VII. Effect of TNF on Energy Metabolism

heart rate and oxygen consumption observed was consistent
with enhanced adrenergic stimulation. Furthermore, catechol-
amines increased in normal volunteers given TNF (42). Thus,
it seems that there is no direct effect of TNF to stimulate lipoly-
sis, and TNF may actually inhibit lipolysis. This observation is
consistent with data from in vitro experiments (43).

The so-called TG-FA cycle has been shown to be impor-
tant in regulating several aspects of lipid kinetics in vivo (44).
Within the adipocyte, the extent of reesterification determines
the relationship between lipolysis and the rate of release of FFA
into the plasma. During TNF infusion, the intraadipocyte recy-
cling of fatty acids increased, meaning that the release of fatty
acids was decreased to a considerably greater extent than was
the rate of lipolysis. The most likely explanation is that the
decrease in cardiac output, coupled with a shunting of blood
flow away from the fat, decreased albumin flow through the
adipose tissue to the point where the availability of fatty acid-
binding sites on albumin was limiting for the release of FFA
into plasma. It is also possible that the increased glucose pro-
duction during TNF infusion resulted in increased uptake of
glucose in the adipocytes. We have previously shown that the
availability of alpha-glycerol phosphate derived from plasma
glucose is rate limiting in the process of reesterification of FFA
within the adipocyte (45).

The reesterification in the form of fatty acids released from
the adipocytes into the plasma is termed extraadipocyte cy-
cling, in that the fatty acids have passed through the plasma
compartment in the process of recycling back into triglyceride.
This extraadipocyte recycling of fatty acids is normally the ma-
jor pathway of hepatic triglyceride synthesis (46 ); de novo he-
patic fatty acid synthesis normally does not occur to any signifi-
cant extent, even in the fed state (47). Furthermore, in criti-
cally ill patients, hepatic triglyceride synthesis from FFA is
increased by as much as fivefold (20). This contributes impor-
tantly to the development of fatty acid infiltration of the liver,
which is common in all forms of critical illness, irrespective of
the form of nutritional support. The primary basis for the in-
creased hepatic triglyceride synthesis in patients is the pro-
nounced stimulation of lipolysis in the absence of a corre-
sponding increase in the requirement for energy substrates. In
response to TNF, lipolysis was actually inhibited, and Ra FFA
decreased to an even greater extent owing to increased intra-
adipocyte recycling, whereas the overall energy requirement
(as determined by indirect calorimetry) remained constant.
Consequently, hepatic triglyceride esterification of plasma
FFA decreased significantly. Thus, the increased hepatic triglyc-
eride synthesis from plasma FFA commonly observed in criti-
cally ill patients cannot be ascribed directly to TNF, but rather

Oxygen

CO, Fat

Measurement
Group interval consumption production oxidation NPRQ REE
umol - kg™ - min~! cal-kg™' - min™!
Control (saline) Period 1 406.6+57.9 301.8+44.9 12.8+1.7 0.74+0.01 42.9+6.1
n=>5 Period 2 404.6+68.9 300.1+52.7 12.7+2.2 0.74+0.01 42.5+7.3
TNF (high dose) Period 1 334.6+24.7 269.3+24.6 7.60+0.7 0.79+0.02 35.3£2.9
n=3§ Period 2 330.1+37.8 278.5+40.3 5.82+0.7* 0.83+0.03* 35.4+4.2

All values presented are means+=SEM. NPRQ, nonprotein respiratory quotient; REE, resting energy expenditure. * P < 0.05 vs. basal value.
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Table VIII. Effect of TNF of Glucagon, Insulin, and Catecholamine Concentrations

Catecholamine -

Measurement
Group interval Glucagon Insulin Norepinephrine Epinephrine Dopamine
pg/ml wU/ml pg/mi
Control (saline) Period 1 133+11 5.4+0.2 218+25 1242 83+25
n=>5 Period 2 137426 5.0+0.0 218+17 14+4 17+34
TNF (high dose) Period 1 105+13 7.4+0.9 202+8 48+15 40+10
n=38 Period 2 198+35* 6.8+1.2 115426 76+25 44+13

All values presented are means+SEM. * P < 0.01 vs. basal value.

appears to occur secondarily to increase Ra FFA stemming
from increased adrenergic activity (20). Although our observa-
tion that TNF administration did not induce hypertriglyceride-
mia is consistent with other studies in dogs (48), this finding is
different from results from human cancer patients (18), mon-
keys (49), and rats (19). These conflicting results may be par-
tially explained by either species differences or dose of TNF
given, that is, 20 and 125 ug/kg of TNF were administered in
monkeys and in rats, respectively, which was 2- and 12-fold
more than we used.

Increased glucose production and utilization are major fea-
tures of the metabolic response to the infection (1, 2, 50).
Previous studies demonstrated that administration of TNF
causes hypoglycemia (51), and this finding has been partially
explained by the fact that TNF increases glucose utilization
both in vitro (52, 53) and in vivo (51, 54, 55), although there
are conflicting results (56). The most striking aspect of the
response to TNF in our study is the similarity to the response to
glucagon infusion. Glucagon infusion stimulates glucose pro-
duction and glucose cycling (21), and normalizing glucagon
concentration in critically ill patients also normalizes the accel-
erated rate of glucose production (57). Lipolysis is slightly in-
hibited during glucagon infusion probably because of the effect
of increased glucose production, and intraadipocyte TG-FA
cycling is also increased significantly (21). Thus, it seems that
the most important role of TNF in substrate metabolism may
be to stimulate glucagon secretion. On the other hand, our
study provides little support for the role of the catecholamines
as mediators of the response to TNF. In contrast to endotoxin
infusion in healthy subjects, in whom catecholamines increase
at 2 h (58), we found no increase in catecholamines during
TNF infusion.

Thus, we found a strong antilipolytic response to TNF infu-
sion, which is in contrast to the stimulation of lipolysis seen in
chronic sepsis. Glucose production was stimulated by TNF, in
a manner similar to the septic response. We therefore cannot
entirely attribute the response of substrate metabolism in sepsis
to the direct (or even indirect) effects of TNF. Alterations in
glucagon concentration and adipose tissue blood flow seem
likely candidates as mediators of some aspects of the responses
to TNF.
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