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Abstract

Tumor necrosis factor (TNF) administration produces an in-
crease in plasma triglycerides that may be due to inhibition of
adipose lipoprotein lipase activity and/or a stimulation of he-
patic lipogenesis. We now report that TNF administration to
insulinopenic diabetic rats increases serum triglycerides (2 h,
2.4-fold; 17 h, 4.3-fold). Adipose tissue lipoprotein lipase ac-
tivity was markedly decreased in diabetic animals compared
with controls and was not further inhibited by TNF. Incorpora-
tion of tritiated water into fatty acids in the liver was increased
45% 1-2 h after TNF and 87% at 16-17 h. These results
indicate that the TNF-induced increase in circulating lipid
levels can occur in the absence of a TNF-induced inhibition of
adipose tissue lipoprotein lipase activity. Moreover, the clear-
ance from the circulation of triglycerides in chylomicrons was
similar in control and TNF-treated animals; these results pro-
vide further evidence that the removal of triglyceride-rich lipo-
proteins is not altered in the TNF-treated animals. Our data
suggest that the TNF-induced stimulation of hepatic lipid syn-
thesis may play an important role in the increase in serum
triglycerides. In addition, TNF administration to diabetic ani-
mals leads to an elevation in serum glucose levels (73% at 17 h)
without a change in serum insulin levels. Thus, TNF stimula-
tion of hepatic lipogenesis is independent of changes in insulin.

Introduction

Disturbances in intermediary metabolism occur in association
with infections by microorganisms (1). Hyperlipidemia, pri-
marily due to the accumulation of VLDL, is one such meta-
bolic aberration (2, 3). Hyperlipidemia in models of infection
has been observed in a wide variety of species including
humans, monkeys, rabbits, dogs, and rats (2-10). Studies have
shown that model infections result in both a decrease in the
metabolism of circulating lipoproteins (8, 9) and an increase in
hepatic lipid synthesis (10).
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The response to infections involves many cell types and is
mediated by cytokines (11-13). Beutler and Cerami have pro-
posed that tumor necrosis factor (TNF)! is responsible for the
hyperlipidemia that occurs in association with infection (14).
Previously we have demonstrated that the administration of
purified TNF to intact rats results in an increase in plasma
triglyceride levels (15). In our studies, 2 h after TNF adminis-
tration plasma triglyceride concentrations were increased 2.2-
fold and remained elevated for at least 17 h (1.7-fold increase).
Plasma cholesterol concentrations also increase in response to
TNF administration.

Studies from several laboratories have demonstrated that
TNF in vitro decreases the activity of lipoprotein lipase in
cultured fat cells (16-18), an effect that is due to the decreased
synthesis of the enzyme (17). Recent experiments have dem-
onstrated that the administration of purified TNF to intact
animals can decrease adipose tissue lipoprotein lipase activity
(19). A decrease in adipose lipoprotein lipase activity could
lead to a decreased clearance of triglyceride-rich lipoproteins,
such as VLDL, from the circulation and thereby result in hy-
perlipidemia. Thus, the hyperlipidemia that accompanies in-
fections could be mediated solely by a TNF-induced inhibition
of adipose tissue lipoprotein lipase activity.

However, we have recently shown that TNF administra-
tion to intact animals stimulates lipid synthesis in the liver
(15). The hepatic incorporation of tritiated water into fatty
acids was increased 1.6-fold at 1-2 h after TNF administra-
tion, and the ability of TNF to stimulate hepatic fatty acid
synthesis persisted for an extended period of time (1.3-fold
increase at 16-17 h). Moreover, we have also observed that
hepatic cholesterol synthesis was increased in TNF-treated an-
imals. Thus, TNF stimulates both hepatic fatty acid and cho-
lesterol synthesis, and this central effect of TNF could contrib-
ute to the observed hyperlipidemia.

The purpose of the present study was to determine whether
inhibition of adipose tissue lipoprotein lipase by TNF is a
prerequisite for the induction of hyperlipidemia by TNF ad-
ministration or whether stimulation of hepatic lipid synthesis
by itself could produce hyperlipidemia in TNF-treated ani-
mals. To this end we have studied the effect of TNF adminis-
tration on plasma lipid levels and hepatic lipid synthesis in the
streptozotocin-induced diabetic rat. Insulinopenic diabetes
mellitus is associated with a markedly decreased activity of
adipose tissue lipoprotein lipase (20, 21); therefore, we rea-
soned that under such circumstances TNF would not result in
a further diminution of lipoprotein lipase activity, allowing us
to elucidate more clearly the role of hepatic synthesis. In addi-

1. Abbreviations used in this paper: TNF, tumor necrosis factor.



tion, we also compared the clearance of chylomicrons from the
circulation in control and TNF-treated animals to determine if
the administration of TNF altered the clearance of a triglycer-
ide-rich lipoprotein.

Methods

Materials. Tritiated water (1 Ci/g) was purchased from ICN Radio-
chemicals (Irvine, CA). 26-['*C]Cholesterol, 4-['“C]cholesterol, ['*C]-
oleic acid, ["“C]triolein, and '*I-labeled receptor grade porcine insulin
were purchased from New England Nuclear (Boston, MA). The TLC
polygram Sil G plates were purchased from Brinkmann Instruments,
Inc. (Westbury, NY). Ultrafluor scintillation fluid was purchased from
National Diagnostics, Inc. (Somerville, NJ). Unlabeled rat insulin was
obtained from Novo (Wilton, CT). Guinea pig anti-rat insulin serum
was purchased from Linco (Eureka, MO). Human TNF-alpha with a
specific activity of 5 X 107 U/mg produced by recombinant DNA
technology was kindly provided by Dr. H. M. Shepard from Genen-
tech, Inc. (San Francisco, CA). Ketodiastix were obtained from Ames
Division, Miles Laboratories (Elkhart, IN).

Animal procedures. Male and female Sprague-Dawley rats (~ 200
g) were purchased from Simonsen Animal Vendors (Gilroy, CA). The
animals were maintained on a reversed 12-h light cycle (3 a.m.-3 p.m.
dark, 3 p.m.-3 a.m. light) and were fed Simonsen rat chow and water
ad lib. In female rats diabetes was induced, as in previous studies (22),
by injecting the animals intraperitoneally after an overnight fast with
40 mg/kg streptozotocin in a 1-M sodium citrate buffer (pH 4.5). The
urines of the animals administered streptozotocin were periodically
analyzed with Ketodiastix and animals were eliminated from the study
if they did not have at least 1% glucosuria at all times or if they were
ketonuric.

The animals were injected via the tail vein with 25 ug of TNFin 0.5
ml of 0.9% saline or saline alone 10-14 d after streptozotocin adminis-
tration. This dose is approximately one-quarter that shown to produce
tumor necrosis in vivo (23) and is the optimal dose for increasing
hepatic lipid synthesis in nondiabetic animals (15). Because TNF ad-
ministration induces anorexia (24) all animals were fasted after injec-
tion to control for the effects of nutrition status on lipid synthesis.

Lipogenesis. At the time indicated after TNF administration, the
animals were injected intraperitoneally with tritiated water (50 mCi). 1
h later the animals were killed and weighed and a blood specimen was
obtained. The livers were removed and individually weighed, and the
lipid was saponified by refluxing overnight in a solution of 45% KOH,
water, and 70% ethyl alcohol (2:1:5). The flasks were cooled and inter-
nal standards of ['*C]cholesterol and ['*CJoleic acid were added before
extracting the nonsaponifiable material three times with 25 ml of pe-
troleum ether. The petroleum ether extract was dried, dissolved in
chloroform, and then applied to TLC plates. The plates were devel-
oped in ethyl acetate: benzene (1:5) and the bands corresponding to
standards of cholesterol were cut from the plate and counted by liquid
scintillation. The window settings of scintillation counter were ad-
justed so that < 0.2% of the tritium counts were recorded in the '“C
window and ~ 10% of the '“C counts in the tritium window. Calcula-
tions were corrected for spillover of *H, spillover of '“C, background,
and recovery of internal standard.

After acidifying the saponified material to pH < 2 with concen-
trated hydrochloric acid, the fatty acids were extracted three times with
petroleum ether. The extract was dried, dissolved in chloroform, and
an aliquot counted as described above. The specific activity of the
tritiated water was determined individually for each animal by mea-
suring the disintegrations/minute per milliliter of plasma at the end of
the experiment and dividing by millimoles of water/milliliter plasma
(52 mmol/ml plasma assuming that plasma is 93% water). The validity
of our methodology for measuring lipid synthesis has been demon-
strated in earlier publications (22, 25).

Serum chemistries. Serum triglyceride levels were measured using
diagnostic kit No. 405 (Sigma Chemical Co., St. Louis, MO) after
extraction with Dole’s reagent. Serum cholesterol levels were measured
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by using diagnostic kit No. 351 (Sigma Chemical Co.). Serum glucose
levels were determined using a glucose analyzer (Yellow Springs In-
strument Co., Yellow Springs, OH).

Serum insulin levels were determined using a double antibody
technique. Guinea pig anti-rat insulin serum (Linco) was used as the
first antibody. Unlabeled rat insulin (Novo) was used as a standard.
The tracer was '*’I-labeled receptor grade porcine insulin.

Adipose tissue lipoprotein lipase analysis. At the time indicated
after TNF administration, animals were killed and the periovarian fat
pads were removed. Lipolytic activity was determined by the method
of Pykalisto et al. (26), as described previously (27). Briefly, the sub-
strate, unlabeled triolein (200 mg), 4.0 uCi of ['“C]triolein, and 3.0 mg
of lecithin were homogenized with 1.2 ml of 10% fatty acid-free bovine
albumin (pH 8.2), 0.5 ml of normal plasma (LPL cofactor), and 6.2 ml
of 1.0 M Tris-HCl buffer (pH 8.2) using a sonifier (model S-125;
Branson Sonic Power Co., Danbury, CT) for 3 min (setting 3 and
maximal tuning). An aliquot of the resultant emulsion (0.2 ml) and 0.1
ml of the heparin-extracted medium of periovarian adipose tissue
(adipose LPL) were incubated in a metabolic shaker at 37°C for 60
min. The reaction was stopped by addition of 10 ml of Dole’s extrac-
tion mixture. Triglycerides (triolein) and fatty acids (oleic acid) were
extracted from the incubation mixture by three washings with heptane.
Subsequently, the oleic acid was separated from triolein by the stan-
dard sequential alkalinization-reacidification heptane extraction pro-
cedure. The final heptane phase was transferred to counting vials and
evaporated under nitrogen. The generated ['“CJoleic acid was mea-
sured on a Tri-Carb liquid scintillation spectrometer (model B2450;
Packard Instrument Co., Inc., Downers Grove, IL). The standard con-
sisted of 20-ul of the substrate emulsion. This was extracted initially by
5.0 ml of heptane in 2.5 ml water and then by 2.5 ml heptane. Both
extracts were added to the counting vials, evaporated, and measured. 1
U of lipoprotein lipase activity is defined as equivalents of FFA/g of
tissue per h.

Chylomicron clearance studies. The major mesenteric lymph duct
was cannulated in male rats. After establishment of lymph flow, the
animals were administered 50 uCi of 4-['*C]cholesterol and 100 xCi of
[*H]triolein in 2 ml of a corn oil-milk emulsion. The lymphatic drain-
age was collected in iced tubes for 18 h. Chylomicrons were isolated by
layering 5 ml of lymph under 0.15 M NaCl and centrifuging at 5 X 10°
g/min at 10°C. Labeled chylomicrons (10 mg of triglyceride) were
injected via the tail vein into male rats to whom either 25 ug TNF or
saline was administered intramuscularly 1 h before study. Blood sam-
ples (0.075 ml) from the tail vein were obtained at 2, 4, 6, 8, 10, 12, 14,
16, 18, and 20 min after chylomicron administration. The blood sam-
ples were extracted with Dole’s reagent and an aliquot of liver with
chloroform-methanol (2:1). The lipid phase was counted as described
above. The ¢, of disappearance from the circulation of both the [*H]-
triglyceride and ['*C]cholesterol associated with the chylomicrons was
calculated by linear regression analysis using Sigma-Plot (Jandel Scien-
tific, Sausolito, CA) on an IBM personal computer A.T.

Statistical differences were determined by using a two-tailed ¢ test.

Resuits

The quantity of food intake is an important variable affecting
serum lipid and glucose levels and hepatic lipid synthesis. TNF
administration leads to anorexia; therefore, to control the
quantity of food intake in individual groups of animals, all
animals were fasted after TNF or saline administration. This
resulted in a decrease in the serum glucose, triglyceride, and
cholesterol levels in the diabetic control animals fasted 17 h vs.
2 h (Figs. 1-3). Similarly, hepatic cholesterol and triglyceride
synthesis were also decreased in the diabetic control animals
fasted 17 h vs. 2 h (Figs. 5 and 6).

Serum glucose levels. The effect of TNF administration on
serum glucose levels in diabetic animals is dependent on the
time of measurement. 2 h after TNF treatment no significant
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Figure 1. The effect of
TNF on serum glucose
levels. Values are
2h 17h mean=SE. Open bars
* are diabetic animals ad-
ministered saline (con-
] trol,C;n=11at2h
FL and 15 at 17 h) and

hatched bars are dia-
betic animals adminis-
tered TNF(T:n=11at
2hand 15at 17 h). At
17h P <0.001.
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alteration in serum glucose concentration was observed (Fig.
1). At 17 h, though, the serum glucose levels were significantly
higher in the animals administered TNF (73% increase) com-
pared with control animals (Fig. 1). Additionally, we observed
that serum glucose concentrations were increased 70% as early
as 4 h after TNF treatment. Despite the increase in serum
glucose levels after TNF administration, ketones were not de-
tectable in the urine. In the streptozotocin-induced diabetic rat
serum insulin levels were very low (1.36+0.23 ng/ml) and did
not change after TNF administration (0.98+0.17 ng/ml).

In nondiabetic animals we have also observed a slight in-
crease in serum glucose levels in animals treated with TNF
(nondiabetic animals [n = 24] 17 h after 25 ug TNF 137+4.6
vs. nondiabetic animals [# = 25] administered saline 105+3.9
mg/dl, P < 0.001).

Serum lipid levels. The administration of TNF to diabetic
animals resulted in a rapid and sustained increase in the serum
triglyceride levels (Fig. 2). 2 h after TNF administration serum
triglyceride levels were increased 2.4-fold, and at 17 h they
were increased 4.3-fold as compared with matched diabetic
animals that were administered saline. The pattern of the in-
crease in serum triglyceride levels in response to TNF adminis-
tration in diabetic animals was similar to our observations in
control animals (15).

As shown in Fig. 3, serum cholesterol levels are signifi-
cantly increased 17 h after TNF administration. At 2 h there
was a tendency for the serum cholesterol to be increased in the
TNF animals, but this difference did not reach statistical sig-
nificance. In prior studies we also observed a significant in-
crease in serum cholesterol levels in nondiabetic animals only
after an extended period of time (7 and 17 h) (15).

Adipose tissue lipoprotein lipase activity. Adipose tissue
lipoprotein lipase activity was assayed in diabetic animals 90

Figure 2. The effect of
TNF on serum triglyc-
eride levels. Values are
mean=SE. Open bars

i 2504 2h 17 h are diabetic animals ad-

g ministered saline (con-

T 2001 * trol, C:n=11at2h

2 150l and 15 at 17 h) and

g hatched bars are dia-

© 1001 * betic animals adminis-

= tered TNF (T: n = 11 at

£ 07 H % 2hand 15at 17 h). At

3 . 1 2hP<0.05and at 17
¢ T c T h P <0.001.
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Figure 3. The effect of

TNF on serum choles-

terol levels. Values are
17h meanzSE. Open bars

are diabetic animals ad-
| %
c T

ministered saline (con-
tro,bC;n=11at2h
and 15 at 17 h) and
hatched bars are dia-
betic animals adminis-
tered TNF (T: n =11 at
2hand 15at 17 h). At
17h P < 0.01.
min and 17 h after TNF administration (Fig. 4). For compari-
son, lipoprotein lipase activity in nondiabetic animals is also
presented. Adipose tissue lipoprotein lipase activity was con-
siderably reduced in the insulinopenic diabetic rats. Most im-
portantly, TNF administration did not further inhibit adipose
tissue lipoprotein lipase activity in the diabetic rat at either
early or late time points.

Lipid synthesis. The effect of TNF administration on the
incorporation of tritiated water into fatty acids in the liver of
diabetic animals is shown in Fig. 5. TNF treatment resulted in
a rapid increase in hepatic fatty acid synthesis (1-2 h, in-
creased 45%) and this effect persisted for an extended period of
time (16-17 h, increased 87%). As noted earlier, the animals
were fasted after saline or TNF administration, which ac-
counts for the reduced fatty acid synthesis observed in the 17-h
experiment. Thus, TNF stimulates hepatic fatty acid synthesis
in diabetic animals in a manner similar to that which we ob-
served in control animals (15).

The effect of TNF administration on the incorporation of
tritiated water into cholesterol in the liver of diabetic animals
is shown in Fig. 6. Similar to our previous observations in
control animals, TNF administration to diabetic animals sig-
nificantly increased hepatic cholesterol synthesis only after an
extended period of time (79% increase at 16-17 h). At earlier
time periods TNF treatment had no significant effect on cho-
lesterol synthesis in the liver of diabetic animals.

Previous studies by our and other laboratories have dem-
onstrated that small intestinal cholesterol synthesis is increased
in diabetic animals (22, 28); therefore, we quantitated lipid
synthesis in the small intestine of diabetic animals 16-17 h
after TNF administration. TNF administration did not affect

N
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Figure 4. The effect of
TNF on adipose tissue
lipoprotein lipase activ-
ity. Values are
mean+SE. Open bars
are diabetic animals ad-
ministered saline (DC;
n=6at2handSat 17
h), hatched bars are dia-
betic animals adminis-
tered TNF (DT n=6
at2hand 5at 17 h),
and double hatched
bars are nondiabetic
control animals (C; n

= 5 at both time points).
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Figure 5. Effect of TNF

35
h . .
304 2h 17 on hepatic fatty acid
* .
25. synthesis. Values are
mean+SE expressed as
201 umol/h per total organ.

* At 1 or 16 h after the
administration of TNF
% or saline the animals
I-LI were injected with 50
cC T mCi i.p. of tritiated
water. | h later the ani-
mals were killed and the livers were removed, weighed, and saponi-
fied in a KOH-ethanol solution. The incorporation of tritiated water
into fatty acids was determined after petroleum ether extraction.
Open bars are diabetics administered saline (C; n = 5at 2 h and 10
at 17 h) and hatched bars are diabetics administered TNF(T: n =5
at2hand 10at 17 h). At2h P<0.02 and at 17 h P < 0.05.
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either the inéorporation of tritiated water into fatty acids or
cholesterol in the small intestine of diabetic animals (fatty
acids: diabetic (n = 5), 32.2+3.2 vs. diabetic plus TNF (n = 5),
37.2+2.6 umol tritiated water incorporated per h NS; choles-
terol: diabetic, 10.3+1.4 vs. diabetic plus TNF, 8.6+0.6 umol
tritiated water incorporated per h NS). These results are simi-
lar to previous results in control animals where we observed
that the stimulation of lipogenesis by TNF was specifically
localized to the liver (15).

Chylomicron clearance. Table I presents the ¢, of disap-
pearance from the circulation of chylomicrons labeled with
[*H]triglyceride and ['*C]cholesterol in normal animals and
normal animals administered TNF 60 min before study. In
normal rats the 7, of clearance of chylomicrons labeled with
triglycerides is 3.23+0.22 min and the ¢,,; of clearance of chy-
lomicrons labeled with cholesterol is 5.66+0.43 min. These
results are similar to previous observations in this and other
laboratories (29-31). In TNF-treated animals the ¢,,, of clear-
ance of the labeled chylomicrons is very similar to that ob-
served in the control animals (¢,,, for triglycerides, 3.09+0.27
min; ¢, for cholesterol, 5.50+0.35 min). The quantity of la-
beled triglycerides and cholesterol localized in the liver at 20
min after the administration of labeled chylomicrons was simi-
lar in the control and TNF-treated animals (triglyceride: con-
trol, 18.9+£2.10%, TNF, 16.7+1.71%; cholesterol: control,
80.9+1.44%, TNF, 78.7+4.34% of the administered label). In
these experiments TNF was administered intramuscularly to

o sl 2h 17 h Figure 6. The effect of
a TNF on hepatic choles-
-Fé. 40 terol synthesis. Values
o " " are mean+SE expressed
s> as umol/h per total
= O
2 E 24 organ. Atlorl6h
83 after the administration
S o7 of TNF or saline the
© animals were injected

C T C T

with 50 mCi i.p. of tri-
tiated water. 1 h later
the animals were killed and the livers were removed, weighed, and
saponified in a KOH-ethanol solution. The incorporation of tritiated
water into cholesterol was determined after petroleum ether extrac-
tion. Open bars are diabetics administered saline (C: n = 5 at 2 h and
10 at 17 h) and hatched bars are diabetics administered TNF (Trn=
Sat2hand 10 at 17 h). At 17 h P < 0.05.

Effect of Tumor Necrosis Factor on Lipid Metabolism in Diabetes

Table I. The t,,; of Disappearance of Chylomicrons
from the Circulation

Triglyceride label Cholesterol label

min min
Control (n =9) 3.23+0.22 5.66+0.43
TNF (n=17) 3.09+0.27 5.50+0.35

NS NS

The mesenteric lymph from rats administered 4-['“C]cholesterol and
[*H]triolein was collected and the chylomicrons isolated by centrifu-
gation. The labeled chylomicrons (10 mg of triglyceride) were in-
jected intravenously into male rats administered 25 pg i.m. TNF or
saline 1 h before study. Blood samples were obtained every 2 min for
20 min, extracted with Dole’s reagent, and the lipid phase counted
by liquid scintillation. The ¢,,, of disappearance from the circulation
of both the [*Hjtriglyceride and ['*C]cholesterol associated with the
chylomicrons was calculated as described in Methods.

allow performance of chylomicron clearance using the tail
vein. In parallel experiments TNF was shown to increase
serum triglycerides 80 min after administration of 25 ug i.m.
(control, 48+2.1 mg/dl; TNF, 66+3.1 mg/dl, P < 0.01). These
results demonstrate that TNF treatment does not effect the
clearance of a triglyceride-rich lipoprotein under conditions
that produce a rise in serum triglycerides.

Discussion

The administration of TNF to intact animals leads to hyperlip-
idemia. There are two known mechanisms by which an in-
crease in serum lipids could occur after TNF treatment. First,
the ability of TNF to reduce adipose tissue lipoprotein lipase
activity in cultured fat cells is well documented (16-18). A
decrease in adipose tissue lipoprotein lipase activity could lead
to a decreased clearance from the circulation of triglyceride-
rich lipoproteins and thereby result in hypertriglyceridemia.
Second, recent studies by this laboratory have demonstrated
that TNF administration to intact animals stimulates hepatic
lipid synthesis (15) which could lead to an increased hepatic
lipoprotein secretion, thereby resulting in hyperlipidemia. The
relative importance of these two mechanisms in causing the
hyperlipidemia induced by TNF administration is unknown.

In the present study we determined the effect of TNF ad-
ministration on circulating lipid levels and hepatic lipid syn-
thesis in streptozotocin-induced insulinopenic diabetic rats.
The presence of insulin deficiency is well known to decrease
markedly the activity of adipose tissue lipoprotein lipase (20,
21). In the present experiments we observed that adipose tissue
lipoprotein lipase activity in the diabetic rats was < 20% of
that seen in control animals. Most importantly, the adminis-
tration of TNF to diabetic animals did not result in a further
decrease in adipose tissue lipoprotein lipase activity. The
above finding is in contrast to the findings in nondiabetic rats
where decreases in adipose tissue lipoprotein lipase activity
have been observed several hours after TNF administration
(19). Thus, in insulinopenic diabetic animals adipose tissue
lipoprotein lipase activity is markedly decreased and no fur-
ther effect is seen in response to TNF administration.

TNF administration to diabetic animals results in a
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marked increase in serum triglyceride levels. 2 h after TNF
treatment serum triglyceride levels were increased 2.4-fold and
remained elevated for at least 17 h (increased 4.3-fold). Serum
cholesterol levels were also increased at 17 h (34%). Thus, TNF
administration to diabetic animals results in an increase in
circulating lipid levels similar to those levels previously re-
ported by this laboratory in nondiabetic animals, despite the
absence of an effect on adipose tissue lipoprotein lipase ac-
tivity.

In diabetic animals treatment with TNF increases hepatic
lipid synthesis. The incorporation of tritiated water into fatty
acids in the liver was increased 45% 1-2 h after TNF, and 87%
at 16-17 h. In agreement with our previously reported obser-
vations, the incorporation of tritiated water into cholesterol in
animals treated with TNF was significantly increased only
after an extended period of time (increased 79% at 16-17 h).
At early time periods after TNF administration, cholesterol
synthesis was not significantly different. The magnitude of the
increase observed in hepatic lipid synthesis after TNF adminis-
tration to diabetic animals is similar to that observed pre-
viously in normal animals.

These results indicate that TNF administration stimulates
hepatic lipid synthesis in diabetic animals. Given the absence
of a TNF effect on adipose tissue lipoprotein lipase activity in
diabetic animals, the increase in circulating lipid levels after
TNF administration is probably due to the TNF-induced stim-
ulation of hepatic lipid synthesis in this experimental model.
These results clearly indicate that, at least under these experi-
mental conditions, the TNF-induced increase in circulating
lipid levels can occur in the absence of a further inhibition of
adipose tissue lipoprotein lipase activity.

Additional evidence that hepatic lipid synthesis may be of
importance is our observation that lipoprotein clearance is not
altered by TNF administration. In nondiabetic animals that
were administered TNF, the clearance of triglyceride and cho-
lesterol labeled chylomicrons from the circulation is almost
identical to the clearance seen in normal animals (¢, triglycer-
ide: control, 3.23+0.22 min, TNF, 3.09+0.27 min; ¢,/; choles-
terol: control, 5.66+0.43 min, TNF, 5.50+0.35 min). These
results suggest that the increase in serum triglycerides after
TNF administration is not due to a defect in the removal of
triglyceride-rich lipoproteins from the circulation, and provide
further support for our hypothesis that the increase in hepatic
lipid synthesis contributes to the TNF-induced hyperlipid-
emia.

An additional important finding of the present study is that
TNF administration to diabetic animals leads to elevated
serum glucose levels. Serum glucose levels were increased 70%
by 4 h after TNF administration and at 17 h glucose levels
were increased 73% in the TNF-treated diabetic animals. In
our streptozotocin-induced diabetic animals serum insulin
levels were very low and did not change in response to TNF
administration. Thus, the increased serum glucose levels in the
TNF-treated diabetic animals are not due to a primary effect
on insulin secretion and therefore must be due to alterations in
glucose metabolism. The mechanism by which TNF alters
glucose metabolism in streptozotocin-induced diabetic ani-
mals is currently under investigation. Additionally, the ab-
sence of an increase in serum insulin after TNF administration
in these diabetic rats indicates that TNF stimulates de novo
hepatic fatty acid synthesis by a mechanism independent of
insulin.
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In conclusion, the present study demonstrates that TNF
administration to diabetic animals results in hyperlipidemia
that is not the result of the inhibition of adipose tissue lipo-
protein lipase activity by TNF. However, hepatic lipid synthe-
sis is increased after TNF administration, suggesting that
TNF-induced stimulation of hepatic lipid synthesis may ac-
count for the increase in serum lipid levels in diabetic animals.
Our hypothesis is further supported by the observation that
there is no decrease in the removal of chylomicrons, a triglyc-
eride-rich lipoprotein, from the circulation of TNF-treated
animals.
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