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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
50% 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/lOO 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, 20J and experimental animals [6]. A
recent study [15J 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 [22J 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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Results

7 hr. Samples were treated with EDTA and their
plasma separated by centrifugation at 4 0

• Total and
differential whole blood counts and serum glutamic
oxaloacetic transaminase [24J 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 et 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 t test was used
to compare control and experimental test values of
each group.

A febrile response was noted within I 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 t 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

12345678

102030
I I I I A',

HOURS

CHOLESTEROL

FFA

PHOSPHOLIPIDS

TRIGLYCERIOES

23456780

700

600

500

400

300

200

100-

0

110

UJ
90

3 80

70
UJz 60
:J

50
m 40
LL
0

ffi 90
UJ 80Q.

70

60

110

90

80

70

iii iV'
102030

0

Fig. 1. Sequential changes in plasma lipid concentrations of en­
dotoxin-treated monkeys without (left) and with (Tight) 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 t 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/lOO ml, free fatty
acids (FFA) 32 ± 3 mg/lOO ml, phospholipids 716 ± 32 mg/lOO
ml, and cholesterol 122 ± 3 mg/lOO ml,

' ..... J

water until studied. After blood was obtained for base-
line laboratory values, 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 [23J, 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



Endotoxemia in rh esus monkey 15

Table I . Plasma lipid values in fasted monkeys'

Tim e, hr
Li pid, mg/100 ml

0 3 4 6

Control
Triglyceride 43 ± 9 49 ± 4 53 ± 8 54 ± 9 55 ± 12 58 ± 13 62 ± 12 57 ± 12
Free fatt y acid 36 ± IG 29 ± 5 28 ± 5 26 ± 5 23 ± 2 22 ± 2 24 ± 3 22 ± 2
Phospholipid 683 ± 57 618 ± 90 577 ± 70 550 ± 61 557 ± 67 605 ± 67 602 ± 66 560 ± 63
Cholesterol 126 ± 9 125 ± 9 125 ± 10 11 9 ± 8 11 6 ± 9 121 ± 8 118 ± 7 114 ± 8

Endo toxin
Triglyceride 33 ± 3 30 ± 6 46 ± 6 69 ± 14 82 ± 21 106 ± 32 119 ± 36 152 ± 50
Free fatty acid 32 ± 2 23 ± 3 22 ± I 21 ± 1 16 ± I 17 ± 2 21 ± 2 22 ± 2
Phospholipid 830 ± 30 622 ± 63 626 ± 42 564 ± 51 512 ± 28 548 ± 26 524 ± 25 573 ± 14
Cholesterol 116 ± 8 11 2 ± 9 105 ± 8 104 ± 10 103 ± 10 104 ± 11 98 ± 10 97 ± 14

Values represent the mean ± SEM of six monkeys in each group.

Tab le II. Plasma lipid values in monkeys given glucose, 1.5g/Kg'

jTime , hr
Lipid, mg/10 0 nl

0 3 4 6

Control
Tr igIyceride 22 ± 3 23 ± 4 25 ± 3 21 ± 4 19 ± 3 20 ± 3 23 ± 4 21 ± 3
Free fatty acid 26 ± 2 10 ± 2 14 ± 4 22 ± 4 21 ± 1 28 ±: 5 21 ± 3 19 ± 2
Phospholipid 848 ± 97 432 ± 32 426 ± 37 592 ± 58 628 ± 50 712 ± 80 671 ± 89 600 ± 70
Cholesterol 131 ± 12 128 ± 14 131 ± 14 11 9 ± 12 114 ± 12 116 ± II 126 ± 14 122 ±14

Endotoxin
Trig1yceride 18 ± 5 21 ± 4 26 ± 4 33 ± 8 43 ± 12 54 ± 15 70 ± 20 75 ± 24
Free fat ty acid 29 ± 3 15 ± 2 18 ± 2 20 ± 3 18 ± 2 24 ± 3 24 ± 3 24 ± 3
Phospholipid 591 ± 31 392 ± 31 403 ± 31 422 ± 34 41 f. ± 29 427 ± 37 421 ± 27 476 ± 22
Cholesterol 120 ± 10 11 9 ± b 114 ± 10 III ± 10 107 ± 9 103 ± 10 105 ± 8 101 ± 9

1 Values represent the mean ± SEM of six monkeys in each group.

h igh thereafter. These endotoxin-related ch anges
tended to ' be less m arked (P < 0.05) in the monkeys
th at had been given intravenous gl ucose. Triglyceride
va lues of control monkeys were essentia ll y stable
throughout.

Free fatty acid values did not change sign ifican tly
in fasted control monkeys. I n contrast, values in
fast ed endotoxemic monkeys were significantly de­
pressed by 2 hr, con tinued to decline over th e next 4
hr, and then returned to ward base line (Fig. I ), bu t
continued to be significan tly depressed . Free fatty acid
va lu es in both the contro l and endotoxemic monkeys
were ini tially depressed after the glucose load an d in
both gro ups thereafter showed a gradual return toward
base line by 7 hr.

Althoug h fasted control monkeys showed no sta tisti­
cal cha nge in phospholipids, these va lues were de ­
pressed be low 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.

Cholestero l val ue s in both control and endotoxemic
monkeys showed early, slight transient decline in cho­
lesterol. H owever, these ch anges were not sta tistically
sign ifican t.

Very low density li poprotei n concentrations deter­
m ined on cell ulose aceta te showed sm all increases
which tended to p aralle l the ri se in ser um triglycer ides.

In contrast to the control group giv en glucose,
p lasma glucose concentrations at 4 hr were increased
two- to th reefold in monkeys given glucose and endo­
toxin (72 ± 8 mg/ IOO ml versus 151 ± 11 mg/ I OO ml,
P < 0.001). Although glucose was administered at th e
same time as endotoxin, th e calculated me an K value
of 1.1 for glucose d isappearance was less than half of
that measured in normal nontoxic controls. Glucose
va lues in fasted monkeys given endotoxin remained
relatively stable . After glucose administra tion, ser um
insu lin values in endotoxem ic monkeys were increased
two - to threefold over base-line values, but increases
were not greater than in controls.

N o correl a tion was no ted in any b iochemical or
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hematolog ic parameters measured that could serve as
an index of the severity of the effects or eventual de­
mi se of these monkeys.

Discussion

Metabolic fu el alterations due solely to endotoxin
ha ve been difficult to assess in patients with gram­
negative seps is because of the overl ap between bacte­
remia and en do toxemia. The presen t dat a document
im por tant alt er ations in carbohydrate and lipid me­
tabolism during endotoxemia. H yperglycemia was evi­
dent within 2 hr and slowed utilization of glucose was
observed in endotoxic monkeys given glu cose. A simi­
lar tendency to hyperglycemi a has been repor ted due
to Escherich ia coli sepsis in ba boons [4]. Re lative hy­
perglycemia al so was described by Lees ei al. [H] in
young adu lts during an experimental vira l in fection
and ha s been reported in mice in fected with en cepha­
lom yocarditi s virus [3]. An absolu te or relative insulin
lack, poss ibly re lated to cate chol am ine excess, has
bee n suggested to explain these findings [4]. Insulin
resistance due either to free fatty acid in cre ases [14] or
increa sed secretion of pancreatic glucagon [17, 19]
could also contribute to the eleva ted glu cose concen­
trations . In contrast to th ese results, Yeung described
sign ifican t h ypoglycemia during gra m sepsis in neo­
na tes [20] and postula ted increas ed glucose utilization
as a po ssib le cause [21].

Levin et at. [15] have attributed many of the alte ra­
tio ns in serum lipids no ted during gr am-negative sep­
sis to th e presence of cir cu lating endotoxin. Several
patients in that stu dy manifested hypertriglyceridemia
but only a few showed elevations of free fa tty acid s. In
con tras t, Gallin et al. [9] detected increases of both
free fatty acids and triglycerides in the serum of pa­
tien ts with gram n egative sepsis, where as Pollack et al.
[I6] reported depressed total serum lipids in children
during gram-negative sepsis. In an att emp t to exp lain
these alterations of triglyceride levels, th e d ynamic
aspects of triglyceri de me tabolism during endotoxemia
and the influence of acute intraveno us glucose on
tri gl yceride responses must be considered ; endotoxin
admin istration in th e present studies produced a pro­
gressive elevation of serum triglyceride values. H yper­
triglycer idemia was more pronounced in fasted monk ­
eys and was red uced by glucose. T hus differences in
triglyceride values reported in the earlier stud ies of
gram-negative sepsis in ad ult s [9, 15] and children
[16] may re late to the varia ble use of glucose infusions .

The depression of serum free fa tt y acicl(s) (FFA)

con cen trations during endotoxemia (Fig . 1) could be
due to either de creas ed production and/ or increased
utilization. Hirsh et al. [12] found th at, in rabbits
given endotoxin, the rise in tri glyceride values was pre­
ceded by an elevation of FFA which were subsequen tly
incorporated in to triglycerides, whi ch suggested in­
creased production, Enhanced utilization of FFA and
increased FFA incorporation into triglycerides recen tly
have been reported [7] in monkeys with bacterial in­
fections. Theoretically, FFA rel ease from fat could be
stimulated by cat echo lamines [10] or corticosteroids,
both of which are increased during infection and
"str ess."

The depression of pl asma phospholipid concen tra­
tions observe d in the present study is in agreeme n t
with our earlier obs ervat ion during Salmonella in fec­
tions in monkeys [6], but th e mechanism is obscure.
Unchan ged plasma cholesterol values after endotoxin
(Fig. I) do not p reclude th e possibility that cho lesterol
turnover increased; studies in the rhesus monkey dur­
ing gram-positive and gram-nega tive in fections have
documented markedly increased rates of cholesterol
turnover [8] with unchan ged plasma con centrat ions.

Thus, th e present studies indicate that endotoxin
ha s a marked effect on the pattern of substrate u tiliza­
tion by th e host. Although th e mechanism(s) for these
effects remain unclear, such al terations in substrate
uti lization may be of gre at importance during the neo­
natal period becau se of the susceptibi lity of the neo­
nate to gram-negative infections [I 3]. In addition, the
neonate is less able to inactivate en dotoxin [I ].

Sum mary

The effects of experimentally induced endotoxemia on
plasma lip ids were studied in rhesus monkeys, with the
responses in fasted or glucose-in fused groups being
compared with values obtained in appropriately
matched control monkeys. A marked increase in pla sma
tri gl yceride con centrations followed endotoxin admin­
istration ; this change was par tiall y prevented by glu­
cose in fusion. A small increase in pl asma very low
den sity l ipoprotein accompan ied the rise in plasma
tri glycerides. Endotoxin ad ministration also led to de­
pressed free fatty acid and phospholipid values, but
plasma choles terol values remained rel atively cons tan t.
In comparis on to their controls, endotoxemi c monk eys
sho wed a delayed clearance of glucose and higher
serum insul in values. None of the met abolic changes
measured in this stu dy served as an indicator of se­
verity of the endotoxic state or of i ts outcome.
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