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The underlying alterations in energy de-
mand and tissue fuel supply associated with
various forms of injury and shock have been
the subject of a great deal of research in
recent years (1). In this context the adipose
tissue mass assumes special importance, since
it represents usually at least 15% of body
weight and it is the major storehouse to satis-
fy energy requirements.

In our earlier work we have investigated
the changes in norepinephrine (NE)-stimu-
lated lipolysis by isolated fat cells brought
about by hemorrhagic (2) and endotoxic
shock (3). Injection of E. coli endotoxin into
dogs increased the NE-induced lipolytic re-
sponse in SC, O and mesenteric (M) fat
cells, as evidenced by increased FFA and G
release (3). In an attempt to elucidate the
mechanism whereby endotoxin renders the
fat cells more metabolically responsive to
NE, the interaction between endotoxin and
fat cells én vitro was investigated. The
present communication reports the results of
these in vitro studies.

Materials and Methods. Fat cells were iso-
lated by collagenase digestion of canine sub-
cutaneous and omental adipose tissue ac-
cording to the method of Rodbell (4). An
aliquot of the washed cells was used as un-
treated control. The rest of the washed cells
were exposed to E. coli endotoxin (Difco) in
a concentration of 0.2 ug/0.5 ml of cell sus-

1 Present address: Departments of Medicine and
Physiology, L. S. U. Medical Center, New Orleans,
Louisiana, 70112.

pension for 10 min at 37° in a metabolic
shaker. The 0.5 ml cell suspension corre-
sponded to about 90-100 mg wet weight of
the original adipose tissue. The cells were
then washed three times and incubated in
plastic, capped culture tubes, in Krebs—Ring-
er bicarbonate (KRB) buffer containing 4%
bovine serum albumin, 5.5 pmoles/ml glucose,
and 0.2 ug/ml NE. The gas phase for incuba-
tion was 95% 0O2:-5% CO.. Incubation was
carried out at 37° in a metabolic shaker for 2
hr. The untreated cells (designated as “before
endotoxin” cell populations) were incubated
under identical conditions. At the end of the
incubation period aliquots of the medium were
taken for FFA (5) and G analyses (6). Tri-
glyceride (TG) content of each incubation
tube was determined from the amount of to-
tal FFA after saponification. Cell diameters
were determined in each experiment with the
aid of a light microscope fitted with a calibrat-
ed ocular. The diameters of 100 cells from
several fields were measured and the mean di-
ameter, variance and the amount of TG per cell
were calculated (7). By these means we were
able to express our results not only relative to
TG content, but also on the basis of cell num-
ber.

Assay of cAMP was based on the competi-
tive binding of ®H-labeled and unlabeled
cAMP to a binding protein (8). Kits for the
performance of the assay were purchased
from Nuclear Dynamics, Inc., E1 Monte, CA.

When cells were assayed for cAMP con-
tent before and after endotoxin exposure in
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TABLE 1. Effect of Endotoxin Treatment in Vitro on the NE-Induced Lipolytic Response of Isolated Fat
Cells.®

G released in 2 hr (umoles)

FFA released in 2 hr (umoles)

per mm TG per 109 cells per mm TG per 108 cells
Before
SC 1.13 0.159 2.33 0.328
O 1.16 0.171 2.35 0.346
After
sSC 3.60 0.506 6.21 0.877
O 4.88 0.716 9.97 1.47

sThe cells were incubated for 10 min at 37 ° in a metabolic shaker. Dosage of endotoxin was 0.2 ug/0.5 ml
cell suspension, corresponding t. about 90-100 mg wet weight of the original adipose tissue.

vitro, 1.5 ml of Dole’s solution and 1.0 ml
heptane were added to 0.5 ml of cell suspen-
sion. The cells were homogenized in this mix-
ture for 20 sec with a glass pestle and a
motor driven homogenizer. The phases were
allowed to separate. The top layer was taken
off and used for TG determination, the lower
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phase was placed in a vacuum oven at room
temperature for 20 min, then centrifuged at
5000 rpm for 10 min. The clear aqueous
supernatants were extracted 5 times with 2
vol of ether after the addition of 0.1 ml of 1
N HCL The extracts were then dried in a
water bath at 40-45° under a stream of nitro-
gen, stored at —20° and later redissolved in
50 mM sodium acetate (pH 4), just prior to
pertorming the binding assay.

When cAMP was assayed in cells that were
also studied with respect to their NE-
induced lipolytic response, the procedure was
as follows: At the end of the NE incubation
period, the incubation tubes were placed on
crushed ice to permit the fat cells to float to
‘the top. The infranatant incubation medium
was aspirated with a capillary pipet and used
for FFA and G determinations. To the fat
cells were added 0.3 ml KRB medium, 1.5 ml
Dole’s solution and 1.0 ml heptane. All sub-
sequent steps were identical with those de-
scribed for cells that were treated with en-
dotoxin only.

Results. A. Effect of endotoxin treatment
in vitro on the NE-induced lipolytic response
of isolated fat cells. Endotoxins form aggre-
gates easily and also complex with a number
of other natural products. Therefore in as-
sessing the effects of endotoxin on fat cells
one cannot exclude the possibility of some
direct interaction between the endotoxin mo-
lecule and portions of the cell membrane. In
order to test this possibility, isolated fat cells
were exposed to endotoxin iz vitro as de-
scribed in the Methods section. NE-induced
lipolysis was then evaluated by the rate of G
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and FFA release, and compared to rates ob-
tained before endotoxin exposure. Results of
a representative experiment are shown in Ta-
ble I. Each value is the mean of duplicate
incubations. The release of both G and FFA
upon NE stimulation is enhanced by en-
dotoxin. Cells isolated from both SC and O
sites respond in this manner.

B. Time course of FFA and G release.
Examples of the time course of G and FFA
release by isolated O fat cells in the presence
of 0.2 ug/ml NE are given in Fig. 1. These
are data taken from one of the four experi-
ments done in this group, and each point
represents the mean of duplicate determina-
tions. The release was linear for 2 hr of
incubation. When fat cells pretreated with
endotoxin in vitro were incubated for 30 min
or longer, the release of both G and FFA was
higher than before endotoxin treatment. Al-
though intracellular cAMP was also measured
at each time interval, no direct relationship
was evident between the level of the cyclic
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nucleotide and the extent of lipolysis. Lipoly-
sis proceeded in a linear fashion concurrently
with lower levels of cAMP than were ob-
tained shortly after NE application. This is
in accordance with the reported formation
and release of a hormone antagonist by rat
adipocytes (9).

C. NE dose response curves in vivo and in
vitro. On the hormone-receptor interaction
level, the enhanced lipolytic response to NE
stimulation following endotoxin treatment (in
2ivo or in vitro) could theoretically result
from an improved affinity of the receptor(s)
for NE or from the unmasking of receptor
sites previously not exposed.

Preliminary dose-response studies have in-
dicated that the concentration of NE we cus-
tomarily use for incubation (i.e., 0.2 pg/ml)
is far from saturating (10). We therefore
undertook to investigate the lipolytic re-
sponse as a function of increasing NE con-
centration (up to saturation) before and af-
ter endotoxin treatment iz wvitro. Figure 2
shows representative data from one of the
five dose-response experiments. As can be
seen, at each dose level, even at saturation,
the NE-induced G and FFA release is higher
after endotoxin treatment than before. The
concentration of NE at which half maximal
stimulation occurs shows no consistent
changes due to endotoxin,

D. Effect of endotoxin treatment in vitro
on cAMP content. Exposure of isolated SC
and O fat cells to endotoxin iz vitro (as
described in the Methods section) resulted in
statistically significant increases in cAMP
content, Figure 3 shows the mean increases
from control values = standard error of the
mean in this nucleotide, exhibited by SC and
O adipocytes. The mean increase is about
threefold compared to the untreated control
level.

E. Effect of graded doses of NE on cAMP.
Stimulation of lipolysis by graded doses of
NE in fat cells was also accompanied by
increasing levels of intracellular cAMP.

o \ n 3 4 s Table II shows the results of one of the four
pg/mi NE experiments. The cells were incubated for 2

F16. 2. NE dose-response curves with respect to G hr, and each value is the mean of duplicate
determinations., Even in the absence of NE,

and FFA release. SC fat cells were incubated for
the endotoxin-treated cells had a higher

2 hr as described under Methods.
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F16. 3. Intracellular cAMP increase in SC and 0 fat cells after exposure to endotoxin in vitro.

cAMP content than normal cells, as also
shown under Sect. D. At each concentration
of NE the cells pretreated with endotoxin
responded with even higher levels of cAMP.
Discussion. The reactivity of fat cells can
be influenced by digestion with various bac-

TABLE II. cAMP Content of Subcutaneous® Fat

Cells After Incubation in the Presence of Increasing

Concentrations of NE, Before and After Exposure
to Endotoxin in vitro.e

cAMP content/108 cells (pmoles)

NE (pug/ml) Before After
0 0.165 0.361

0.2 0.833 7.08

0.5 0.755 35.23

1.0 0.978 29.19

2.0 3.7 45.68

5.0 5.57 11.16

“The conditions of endotoxin exposure were the
same as dcscribcd:in Tab]c:I.

terial products. Enhanced binding of *3I-
insulin to fat cells results from digestion with
phospholipase C from C. welchii. Concur-
rently, phospholipase C destroys the capacity
of these cells to increase the rate of glucose
oxidation in response to insulin. Digestion of
fat cells with neuraminidase from C. per-
fringens results in a profound loss in the
capacity of these cells to increase the rate of
glucose transport in response to insulin (11,
12).

Results of the studies reported here show
that following endotoxin exposure in vitro,
canine fat cells release more G and FFA
upon NE stimulation than what is evoked by
the same dose of NE under contrel condi-
tions. Such an alteration in a vital metabolic
activity of the cell is very likely to be indica-
tive—at least partially—of some changes
brought about by endotoxin at the site of the
biochemical communications junction, the
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cell membrane. In recent years several mito-
chondrial functions have been shown to be
altered by endotoxin (13), suggesting changes
in the mitochondrial membrane,

Three approaches have been employed to
study the mechanism of the increased NE-
induced lipolytic response due to endotoxin
treatment. One approach has been at the hor-
mone-receptor interaction level. The NE
dose-response studies established that even
the maximal lipolytic response was increased
after endotoxin exposure, without a consistent
change in the affinity of the receptor for NE
(i.e., the dose at which the magnitude of the
lipolytic response was half maximal). The
interpretation of such data is consistent with
the availability of additional receptor sites.
The concept of previously unavailable recep-
tor sites being uncovered by endotoxin is
supported by the compatibility of the NE
dose-response curves with respect to G and
FFA release with the Clark-Stetton model
(14, 15). Plotting velocity of response against
hormone concentration, gives a hyperbolic
form, which resembles a real dose-response
curve for NE acting on G and FFA release
by adipocytes (Fig. 2) before and after treat-
ment of the cells with endotoxin.

Perturbation of certain lipid and/or pro-
tein components of the membrane by en-
dotoxin could account for the availability of
receptor sites previously unexposed. The rela-
tionship between binding and activation by
NE may be changed also by endotoxin. It is
conceivable that under control conditions
(before endotoxin treatment) not all of the
specific binding sites for NE are “coupled” to
the adenylate cyclase system. Exposure to
endotoxin may increase the number of bind-
ing sites that are functionally involved in
the activation process.

In the second approach the effect of en-
dotoxin treatment on the level of intracellular
cAMP was evaluated. The statistically sig-
nificant increases in cAMP content of both
SC and O cells could be due to activation of
adenylate cyclase and/or inhibition of phos-
phodiesterase. The former is more likely,
since cyclase is membrane bound, whereas
phosphodiesterase is primarily found in the
microsomal fraction, although present in the
cell membrane to some extent also, especially
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in the brain. Endotoxin is likely to interact
with the plasma membrane of these cells
rather than the intracellular contents.

The possibility of indirect activation of
adenylate cyclase by endotoxin due to re-
moval of Ca?t —a key component (16)
—from the cell membrane must be consid-
ered also. Changes in Ca2* binding alter many
of the physical properties of the membrane
(17). In addition to changes in lipoprotein
structure, endotoxin may also cause alter-
ations in ionic distribution within the mem-
brane, Calcium is known to inhibit cyclase
(17) and is implicated in the activation of
phosphodiesterase. Binding of Ca® + by en-
dotoxin, which has been reported (18), and
which also promotes the influx of Nat (17),
may contribute to the accumulation of cAMP
by derepression of cyclase and inactivation
of diesterase.

Prostaglandins have emerged as en-
dogenous modulators of hormone-induced
lipolysis in adipose tissue (19). It has been
shown that in order for prostaglandins to act,
they need an intact fat cell membrane. In
rat fat cell particles, when no response to
PGE, can be obtained, adenylate cyclase can
still be activated by epinephrine and inhib-
ited by propanolol (20). Interaction with

" endotoxin may result in such alterations in

the plasma membrane that the prostaglandin
effect is no longer possible, thus an inhibitory
influence on lipolysis is removed.

As a third approach, the relationship be-
tween intracellular cAMP level and lipolysis
was explored. Assay of cAMP levels in homog-
enates of rat epididymal fat pads previously
exposed to epinephrine has established be-
fore that addition of a lipolytic hormone en-
hances the level of this cyclic nucleotide
(21). Increasing concentrations of NE re-
sulted in increasing levels of cAMP in SC
cells, as shown in Table II. After endotoxin
treatment the cells started out with a higher
cAMP level. Subsequent NE stimulation fur-
ther elevated the level of the cyclic nucleo-
tide. Beyond an intermediate dose of NE,
however, no additional increases in cAMP
content were elicited.

The data did not reveal any simple, direct
correlation between cAMP content and G or
FFA release. This is not totally unexpected
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since the exact relationship between cyclase
and hormone receptors as well as information
transfer to other enzymes and their sub-
strates are as yet undefined.

The mere presence of a high level of
cAMP in the fat cell is not necessarily indic-
ative of equally high levels in all intracellu-
lar compartments, some of which may be
more crucial or the final expression of the
lipolytic response than others. Butcher et al.
(21) have found that when cAMP reached
an elevated level in epididymal fat pads, one
or more components of the system involved
in FFA release had become saturated, and
the cyclic compound was no longer a limiting
factor on the rate of FFA release. In the
studies reported here it was found that the
enormously elevated cAMP levels (up to
30-40-fold) at graded doses of NE after en-
dotoxin action did not induce a correspond-
ingly high FFA or G release. One interpre
tation of these data would be that cAMP is
less effective in endotoxin-treated cells pos-
sibly due to some other effect of NE—which
is part of the total response of the cell to this
hormone—being blocked by endotoxin. Fur-
ther studies are in progress to resolve these
alternatives.

Summary. This study was designed to in-
vestigate the mechanism of interaction be-
tween endotoxin and isolated canine fat cells.
Exposure to endotoxin in vitro elicited a
higher NE-stimulated lipolytic response than
that obtained from normal cells. The release
of G and FFA in both normal and endotox-
in-treated cells was linear for 2 hr.

NE dose-response studies revealed in-
creased G and FFA release at each dose level
including saturation, after endotoxin treat-
ment, without consistent changes in the dose
at which half-maximal response occurred.
The NE dose-response curves were compati-
ble with the Clark-Stetton model of hormone
action. Thus the data are consistent with the
interpretation of a greater number of recep-
tor—hormone complexes being involved after
exposure to endotoxin. Endotoxin-treated fat
cells of both SC and O origin had a signifi-
cantly higher cAMP level, which was further
elevated by subsequent NE stimulation,
manyfold above the level of normal cells.
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‘The results suggest that exposure of iso-
lated fat cells to endotoxin #n vitro causes
alterations in the lipoprotein components as
well as in the ionic distribution within the fat
cell membrane.
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