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Extract

Experimentally induced endotoxemia in the rhesus monkey produced a two- to four-
fold increase in plasma triglyceride concentration; glucose administration partially
prevented this rise. Plasma free fatty acid and phospholipid values were depressed 40—
509 of control values whereas cholesterol values were unchanged. Endotoxin-treated
monkeys displayed slowed glucose disappearance (K values, 2.2 versus 1.1) and higher
levels of sugar in blood when given glucose (72 + 8 mg/100 ml versus 151 + 11 mg/
100 ml). These studies indicate that endotoxin has a marked effect on the pattern of
substrate utilization by the host.

Speculation

Alterations in lipid and carbohydrate metabolism affecting substrate utilization of the
host may account for many of the clinicopathologic events associated with endotoxe-
mia. Therapeutic measures designed to increase the availability of metabolic fuels for

efficient cellular fuel utilization might be of value to patients during endotoxemia.

Introduction

Gram-negative sepsis is associated with marked de-
rangements in lipid and carbohydrate metabolism in
man [9, 15, 16, 20] and experimental animals [6]. A
recent study [15] suggested that endotoxin, which cir-
culates during gram-negative sepsis, was responsible for
many physiologic alterations. To assess certain of these
changes in a prospective manner, we have studied the
sequential response of host lipid and carbohydrate
metabolism during experimentally induced endotox-
emia in the rhesus monkey.
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Materials and Methods

Twenty-four healthy monkeys which weighed 3-4 kg
were maintained on a commercial diet [22] for a mini-
mum of 4 months under optimal animal colony condi-
tions and then held 1 week in individual restraint
chairs. Monkeys were studied in four groups of six,
with each monkey that received endotoxin being
matched with a sham-inoculated control of similar
weight and sex.

Femoral arterial and venous catheters were inserted
36 hr before study; monkeys then were allowed only
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Fig. I. Sequential changes in plasma lipid concentrations of en-
dotoxin-treated monkeys without (left) and with (right) glucose
present. Data represent the mean =+ sEM values of six monkeys
in each group; points with sem values indicate significant (P <
0.05) change from base-line values of each group as determined by
paired ¢ tests; horizontal shaded bands represent the mean ==
seM of control values. All monkeys were fasted for 36 hr before
the study; groups plotted on the right were given a bolus intra-
venous injection of glucose at zero time. Mean =% sem absolute
base-line lipid values: triglycerides 29 = 3 mg/100 ml, free fatry
acids (FF4) 32 = 8 mg/100 ml, phospholipids 716 * 32 mg/100
ml, and cholesterol 122 = 3 mg/100 ml.

water until studied. After blood was obtained for base-
line laboratory wvalues, monkeys in two of the four
groups were given an intravenous bolus injection of
1.5 g/kg glucose as a 50% solution in water. This was
followed immediately by either 5 mg/kg Salmonella
typhimurium endotoxin [23], or, in control groups,
by 5 mg/kg 5% human serum albumin in 0.9% sodium
chloride; the four groups thus included endotoxemic
and control monkeys which were either glucose loaded
or fasted. Blood was sampled at 30-min intervals for

7 hr. Samples were treated with EDTA and their
plasma separated by centrifugation at 4°. Total and
differential whole blood counts and serum glutamic
oxaloacetic transaminase [24] were measured serially.
Body temperature was measured by indwelling rectal
probes and blood pressure by a transducer connected
to the arterial catheter [25].

Major plasma lipid classes and plasma glucose were
assayed by automated techniques [2, 18]. Plasma lipo-
protein concentrations were determined by the method
of Farber ¢t al. [5]. Plasma insulin was determined by
a coated charcoal radioimmunoassay method [11].

Gross and microscopic pathologic studies were con-
ducted on monkeys that died. Student’s ¢ test was used
to compare control and experimental test values of
each group.

Results

A febrile response was noted within 1 hr or less after
the intravenous injection of endotoxin in all experi-
mental monkeys and reached a peak at 4 hr. Hypo-
thermia often developed before death. During endo-
toxemia, monkeys exhibited polydipsia and lethargy
and in many instances manifested progressive stupor,
tachypnea, tachycardia, and deepening shock. Five of
the six monkeys given glucose died between 10 and 16
hr after endotoxin. Death occurred in three of the six
fasted endotoxemia monkeys at 2, 8, and 27 hr post-
challenge. No clinical differences were noted between
the glucose-loaded or fasted endotoxemic groups.

Leukopenia developed within 10 min after endo-
toxin and persisted throughout the study with nadir
values between 4-6 hr. The serum glutamic oxalo-
acetic transaminase values became slightly elevated in
all monkeys that died. Control monkeys exhibited no
hematologic or biochemical changes.

Figure 1 presents triglyceride, free fatty acid, phos-
pholipid, and total cholesterol values for each group
of monkeys plotted as percentage of control values.
Probability, P values, were determined by comparing
postchallenge values with control values from the same
monkeys using paired ¢ tests. Tables I and II present
the actual values in both fasted and glucose-infused
monkeys after endotoxin or sham injections.

During endotoxemia, triglyceride values increased
in both the glucose-loaded and fasted monkeys (Fig.
1), with individual values showing two to fourfold in-
crease by 7 hr. In the fasted endotoxemic monkeys,
triglyceride concentrations were significantly increased
above base-line control values by 2 hr and remained
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Table I. Plasma lipid values in fasted monkeys!

Time, hr
Lipid, mg/100 ml
0 1 2 3 4 5 6 7

Control

Triglyceride 43 + 9 49 4 4 53 &+ 8 i B 55 = 12 58 £ 13 62 + 12 57 £ 12

Free fatty acid 36 + 1C 29 + 5 28 £ 5 26+ 5 25+ 2 22 + 24 + 3 22 £ 2

Phospholipid 683 + 57 618 = 90 577 £ 70 550 =+ 61 557 + 67 605 2 67 602 + 66 560 + 63

Cholesterol 126 + 9 125 + 9 125 4 10 119 + 8 116 = 9 121 &= 8 118 &= 7 114 = 8
Endotoxin

Triglyceride 33 £ 3 30 =6 46 4 6 69 £ 14 82 & 21 106 +4-32 119 £+ 36 152 + 50

Free fatty acid 32 & 2 2315 22 £ 1 21 £ 1 16 4 1 17 £ 2 21 £ 2 22 = 2

Phospholipid 830 £ 30 622 + b3 626 4 42 564 + 51 512 + 28 548 + 26 524 4 25 573 £ 14

Cholesterol 116 + 8 12 =9 105 = 8 104 = 10 103 4= i0 104 4= 11 98 = 10 97 £ 14
Values represent the mean = seM of six monkeys in each group.
Table II. Plasma lipid values in monkeys given glucose, 1.5 g/Kg!

{Time, hr
Lipid, mg/100 nl
0 1 2 3 4 5 6 7

Control

Triglyceride 2243 23 4+ 4 25 3 21 £ 4 19 £ 20 4= 3 23 + 4 2] o4 3

Free fatty acid 26 o 2 10 &= 2 14 4+ 4 22 + 4 21 + 1 28 & 5 21 £ 3 19 d=: 2

Phospholipid 848 + 97 432 + 32 426 & 37 592 + 58 628 x 50 712 = 80 674 + 89 600 + 70

Cholesterol 131 £+ 12 128 &+ 14 131 &+ 14 119 & 12 114 = 12 116 % 11 126 & 14 122 +14
Endotoxin

Triglyceride 18 =5 21 + 4 26 + 4 33+ 8 43 + 12 54 &+ 15 70 = 20 75 £ 22

Tree fatty acid 29+ 3 15 =k 2 18 + 2 20 £ 3 18 + 2 9443 24 + 8 24 + 3

Phospholipid 591 £ 31 392 =+ 31 403 £ 31 422 & 34 416 £ 29 427 + 37 421 £ 27 476 £+ 22

Cholesterol 120 & 10 119 £ 6 114 + 10 111 & 10 107 £+ 9 103 £ =+ 8 101 = 9

10 105

1 Values represent the mean = sem of six monkeys in each group.

high thereafter. These endotoxinrelated changes
tended to be less marked (P < 0.05) in the monkeys
that had been given intravenous glucose. Triglyceride
values of control monkeys were essentially stable
throughout.

Free fatty acid values did not change significantly
in fasted control monkeys. In contrast, values in
fasted endotoxemic monkeys were significantly de-
pressed by 2 hr, continued to decline over the next 4
hr, and then returned toward base line (Fig. 1), but
continued to be significantly depressed. Free fatty acid
values in both the control and endotoxemic monkeys
were initially depressed after the glucose load and in
both groups thereafter showed a gradual return toward
base line by 7 hr.

Although fasted control monkeys showed no statisti-
cal change in phospholipids, these values were de-
pressed below base line during endotoxemia in both
fasted and glucose-loaded monkeys; values tended to
rebound toward base line by 3 hr in the monkeys given
glucose.

Cholesterol values in both control and endotoxemic
monkeys showed early, slight transient decline in cho-
lesterol. However, these changes were not statistically
significant.

Very low density lipoprotein concentrations deter-
mined on cellulose acetate showed small increases
which tended to parallel the rise in serum triglycerides.

In contrast to the control group given glucose,
plasma glucose concentrations at 4 hr were increased
two- to threefold in monkeys given glucose and endo-
toxin (72 = 8 mg/100 ml versus 151 = 11 mg/100 ml,
P < 0.001). Although glucose was administered at the
same time as endotoxin, the calculated mean K value
of 1.1 for glucose disappearance was less than half of
that measured in normal nontoxic controls. Glucose
values in fasted monkeys given endotoxin remained
relatively stable. After glucose administration, serum
insulin values in endotoxemic monkeys were increased
two- to threefold over base-line values, but increases
were not greater than in controls.

No correlation was noted in any biochemical or
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hematologic parameters measured that could serve as
an index of the severity of the effects or eventual de-
mise of these monkeys.

Discusston

Metabolic fuel alterations due solely to endotoxin
have been difficult to assess in patients with gram-
negative sepsis because of the overlap between bacte-
remia and endotoxemia. The present data document
important alterations in carbohydrate and lipid me-
tabolism during endotoxemia. Hyperglycemia was evi-
dent within 2 hr and slowed utilization of glucose was
observed in endotoxic monkeys given glucose. A simi-
lar tendency to hyperglycemia has been reported due
to Escherichia coli sepsis in baboons [4]. Relative hy-
perglycemia also was described by Lees et al. [14] in
young adults during an experimental viral infection
and has been reported in mice infected with encepha-
lomyocarditis virus [3]. An absolute or relative insulin
lack, possibly related to catecholamine excess, has
been suggested to explain these findings [4]. Insulin
resistance due either to free fatty acid increases [14] or
increased secretion of pancreatic glucagon [17, 19]
could also contribute to the elevated glucose concen-
trations. In contrast to these results, Yeung described
significant hypoglycemia during gram sepsis in neo-
nates [20] and postulated increased glucose utilization
as a possible cause [21].

Levin et al. [15] have attributed many of the altera-
tions in serum lipids noted during gram-negative sep-
sis to the presence of circulating endotoxin. Several
patients in that study manifested hypertriglyceridemia
but only a few showed elevations of free fatty acids. In
contrast, Gallin et al. [9] detected increases of both
free fatty acids and triglycerides in the serum of pa-
tients with gram negative sepsis, whereas Pollack et al.
[16] reported depressed total serum lipids in children
during gram-negative sepsis. In an attempt to explain
these alterations of triglyceride levels, the dynamic
aspects of triglyceride metabolism during endotoxemia
and the influence of acute intravenous glucose on
triglyceride responses must be considered; endotoxin
administration in the present studies produced a pro-
gressive elevation of serum triglyceride values. Hyper-
triglyceridemia was more pronounced in fasted monk-
eys and was reduced by glucose. Thus differences in
triglyceride values reported in the earlier studies of
gram-negative sepsis in adults [9, 15] and children
[16] may relate to the variable use of glucose infusions.

The depression of serum free fatty acid(s) (FFA)

concentrations during endotoxemia (Fig. 1) could be
due to either decreased production and/or increased
utilization. Hirsh et al. [12] found that, in rabbits
given endotoxin, the rise in triglyceride values was pre-
ceded by an elevation of FFA which were subsequently
incorporated into triglycerides, which suggested in-
creased production. Enhanced utilization of FFA and
increased FFA incorporation into triglycerides recently
have been reported [7] in monkeys with bacterial in-
fections. Theoretically, FFA release from fat could be
stimulated by catecholamines [10] or corticosteroids,
both of which are increased during infection and
“stress.”

The depression of plasma phospholipid concentra-
tions observed in the present study is in agreement
with our earlier observation during Salmonella infec-
tions in monkeys [6], but the mechanism is obscure.
Unchanged plasma cholesterol values after endotoxin
(Fig. 1) do not preclude the possibility that cholesterol
turnover increased; studies in the rhesus monkey dur-
ing gram-positive and gram-negative infections have
documented markedly increased rates of cholesterol
turnover [8] with unchanged plasma concentrations.

Thus, the present studies indicate that endotoxin
has a marked effect on the pattern of substrate utiliza-
tion by the host. Although the mechanism(s) for these
effects remain unclear, such alterations in substrate
utilization may be of great importance during the neo-
natal period because of the susceptibility of the neo-
nate to gram-negative infections [18]. In addition, the
neonate is less able to inactivate endotoxin [1].

Summary

The effects of experimentally induced endotoxemia on
plasma lipids were studied in rhesus monkeys, with the
responses in fasted or glucose-infused groups being
compared with values obtained in appropriately
matched control monkeys. A marked increase in plasma
triglyceride concentrations followed endotoxin admin-
istration; this change was partially prevented by glu-
cose infusion. A small increase in plasma very low
density lipoprotein accompanied the rise in plasma
triglycerides. Endotoxin administration also led to de-
pressed free fatty acid and phospholipid values, but
plasma cholesterol values remained relatively constant.
In comparison to their controls, endotoxemic monkeys
showed a delayed clearance of glucose and higher
serum insulin values. None of the metabolic changes
measured in this study served as an indicator of se-
verity of the endotoxic state or of its outcome.
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