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Abstract. Previous studies have suggested that alterations in the classical neuroendocrine system
may not be responsible for the increased glucose metabolism observed during hypermetabolic
sepsis. The purpose of the present study was to determine whether inhibition of the cyclooxygenase
pathway with indomethacin, which prevents the production of arachidonic acid metabolites by
this pathway and the sepsis-induced increase in body temperature, would abolish the increases
in glucose appearance (Ra), recycling, and hyperlactacidemia. Sepsis was induced in chronically
catheterized conscious rats by multiple injections of live Escherichia coli via a subcutaneous
catheter. Septic animals received iv injections of indomethacin (5 mg/kg) every 6-8 hr to block
the cyclooxygenase pathway. Glucose kinetics were assessed in 24-hr fasted rats using a constant
iv infusion of [6-’H]- and [U-"“Clglucose. Treatment with indomethacin prevented the 1-2°C
increase in body temperature observed in septic animals. Septic rats exhibited an elevated plasma
lactate concentration and increased rates of glucose appearance and recycling. The sepsis-induced
alterations in these variables were not attenuated by indomethacin. These results suggest that
neither elevated body temperature nor the generation of arachidonic acid metabolites of the
cyclooxygenase pathway is responsible for increasing glucose production in hypermetabolic septic

rats. © 1987 Society for Experi 1 Biology and Medici

Alterations in carbohydrate metabolism and
fever are hallmarks of gram-negative septi-
cemia (1, 2). Clinical and experimental studies
have demonstrated increased rates of glucose
production, recycling, and metabolic clear-
ance, as well as hyperlactacidemia, during the
hypermetabolic phase of sepsis (3-5). The
mechanism for this increased glucose metab-
olism and its relationship to the febrile re-
sponse, however, have not been elucidated.

In the past several years evidence has been
presented supporting the view that prosta-
glandins may be responsible for many of the
manifestations seen during sepsis and endo-
toxemia (6). It is well documented that the
blood concentrations of various products of
the cyclooxygenase pathway are elevated dur-
ing these conditions (6—8). In addition to their
cardiovascular effects the prostanoids also
produce a wide range of metabolic alterations
when administered to control animals. It ap-
pears that prostaglandins of the E series have
the most pronounced affect on carbohydrate
metabolism and that many of these alterations
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are similar to those observed during sepsis. The
intravenous infusion of PGE has been shown
to increase the rate of gluconeogenesis, de-
crease hepatic glycogen synthase activity, in-
crease phosphorylase activity, and alter insulin
and glucagon secretion (9-11).

In addition to the direct effects of prosta-
noids, prostaglandin E, (PGE,) may alter car-
bohydrate metabolism secondarily through
increasing body temperature. The febrile re-
sponse, which is a characteristic manifestation
of hypermetabolic sepsis, also appears to be
mediated by PGE,. Considerable evidence
suggests that circulating interleukin-1 (IL-1),
produced by bacterially stimulated phagocytic
mononuclear cells, acts within the brain to in-
crease PGE, production which alters the ther-
moregulatory set point (12). Since the sepsis-
induced increase in body temperature has been
shown to be related to a generalized elevation
in whole-body metabolism, it is possible that
fever alone is responsible for or is a major
contributor to the elevated glucose metabolism
seen in sepsis. Therefore, the purpose of the
present study was to determine if fever was
responsible for increased glucose metabolism
observed during the hypermetabolic phase of
gram-negative sepsis. This was investigated by
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determining if blockade of the cyclooxygenase
pathway with indomethacin, and the con-
comitant reduction in fever, abolished the in-
creased glucose metabolism observed in sepsis.

Materials and Methods. Animal prepara-
tion. Male Sprague-Dawley rats (250-325 g,
Charles River) were housed in a controlled
environment, exposed to a 12/12-hr light/dark
cycle, and provided with standard rodent chow
(Purina No. 5001) and water for at least 1 week
before initiation of the experimental proce-
dures. Animals were anesthetized with ether
and catheters were implanted in the left carotid
artery and the right jugular vein. An additional
catheter was implanted subcutaneously on the
dorsal surface of the animal for the subsequent
administration of live Escherichia coli. All
surgery was performed using aseptic tech-
niques and control animals have been shown
to remain nonseptic for up to 5 days postop-
eratively (13). Following catheterization, an-
imals were returned to individual cages and
provided water ad libitum.

Induction of sepsis. Sepsis was induced by
multiple subcutaneous injections of live E. coli
(026:B6, American Type Culture Collection).
Fresh bacterial suspensions were prepared
daily using standard procedures. An aliquot
of the final suspension was serially diluted and
each dilution was plated for quantitation. The
remainder of the suspension was used for in-
duction of sepsis.

Live E. coli (2 X 10" organisms) were in-
jected subcutaneously via the implanted cath-
eter at noon and 5 PM on the day of surgery
and at 8 and 11 AM on the following day. This
regime produced a hypermetabolic septic state,
as evidenced by the sustained elevation of body
temperature, but resulted in no lethality during
the experimental period. Time-matched con-
trol animals received an equal volume (1 ml)
of sterile saline injected subcutaneously. Ex-
periments were started after the final injection
of E. coli. All animals were conscious and un-
restrained throughout the study of glucose ki-
netics.

Experimental protocol. Four groups of an-
imals were included in this study: nonseptic
rats injected with indomethacin, nonseptic rats
injected with vehicle, septic rats injected with
indomethacin, and septic rats injected with
vehicle. Indomethacin (5 mg/kg body wt, dis-
solved in 0.1 M sodium carbonate) was in-
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jected intravenously 1 hr prior to the first in-
jection of E. coli and then every 6-8 hr there-
after (i.e., 5 and 11 PM on the day of surgery,
and 7 AM on Day 2). The dose and frequency
of administration of indomethacin were based
on its ability to reduce the sepsis-induced hy-
perthermia and its inhibition of the hypoten-
sive response produced by exogenously ad-
ministered arachidonic acid (see Results). This
dose of indomethacin has also been shown to
prevent the sepsis- and endotoxin-induced
elevation in plasma prostaglandins, throm-
boxane, and prostacyclin (8, 14). Preliminary
studies indicated that injection of this volume
and concentration of sodium carbonate did
not produce detectable alterations in blood pH
in either septic (7.51 = 0.01) or nonseptic (7.51
+ 0.01) animals, compared to time-matched
saline-injected control rats (7.50 = 0.02).

Within 1 hr after the last injection of E. coli
(or saline) a continuous iv infusion of tracer
quantities of radiolabeled glucose was begun
to assess glucose kinetics. The infusate was de-
livered at a constant rate of 0.7 ml/hr and
contained [6-*H] glucose (25 pCi/ml) and
[U-'*C]glucose (5 uCi/ml). Preliminary studies
showed that isotope equilibrium was achieved
within 90 min; therefore, arterial blood sam-
ples (0.3 ml) were collected at 120 and 140
min. Blood samples were used to determine
plasma glucose, lactate and glucose specific
activity. Mean arterial blood pressure was
monitored by a transducer attached to the ar-
terial catheter. Colonic temperature was de-
termined, using a flexible thermistor (Edwards
Laboratories), prior to injections of E. coli both
on Day 2 and at the end of the experimental
protocol.

Arterial blood was deproteinized and neu-
tralized, and the supernatant was analyzed en-
zymatically for glucose and lactate (15).
Plasma glucose specific activity was deter-
mined by separating anionic radioactive
products from glucose with ion-exchange resin
(Amberlite MB-3) followed by evaporation to
remove *H,O (4) prior to liquid scintillation
counting (LSC 7500, Beckman).

The rate of glucose appearance (Ra; umole/
min/kg) into the plasma was calculated from
the non-steady-state equations of Steele (16),
using the infusion rate for the *H-labeled tracer
(dpm/min/kg) and the plasma [*H]glucose
specific activity (dpm/umol). The rate of glu-
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cose carbon recycling was calculated as the dif-
ference between the rates of appearance using
[*Hlglucose and the [*C]glucose, divided by
the [*H]glucose Ra. The former label was cho-
sen because the *H in the six position is not
recycled (17). In contrast, the ['“Clglucose
gives rise to labeled gluconeogenic precursors,
such as lactate, pyruvate, and alanine, which
can be reincorporated into glucose by the liver.

Data were analyzed using one way analysis
of variance followed by Newman-Keuls’ test
to determine treatment effect. Statistical sig-
nificance was set at P < 0.05.

Results. Efficacy and duration of drug
blockade. A bioassay, involving arachidonic
acid-induced hypotension, was utilized to de-
termine an appropriate dose and the frequency
of administration for indomethacin. Animals
with indwelling vascular catheters were in-
jected iv with increasing doses of sodium ar-
achidonate (0.5, 1, 2, and 3 mg/rat; Sigma)
dissolved in 0.1 M sodium carbonate. The
maximal reduction in mean arterial pressure
was similar in nonseptic and septic rats (—3
+4,+3+1;-26+8,-13+3;—45+8,—43
+ 3; —40 £ 6, —35 + 3 mm Hg, respectively)
and dose-related. The time of onset and the
duration of the hypotension at each dose were
also not different between groups (data not
shown). Table I indicates that the maximal
hypotensive response was similar in magni-
tude after each of five successive injections of
2 mg of arachidonic acid, indicating no de-
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crease in responsiveness to repeated injections
of arachidonate. To test the duration of effec-
tive cyclooxygenase blockade, rats were in-
jected iv with 2 mg of arachidonate at selected
times after administration of indomethacin (5
mg/kg). The results indicate that indometha-
cin produced a complete blockade of the ar-
achidonate-induced hypotensive response for
at least 8 hr (Table I). Thereafter, the inhibition
was only partially effective at preventing the
decrease in blood pressure, and was lost al-
together by 24 hr. Therefore, multiple doses
of indomethacin were administered in order
to provide a sustained blockade of cyclooxy-
genase pathway.

Blockade with indomethacin. Sepsis pro-
duced a 1-1.7°C increase in body temperature.
Figure 1 illustrates that the dosage regime for
indomethacin prevented this increase in body
temperature. Indomethacin treatment did not
alter temperature in nonseptic control ani-
mals. All animals appeared hemodynamically
stable with mean arterial blood pressure
(MABP) being similar in nonseptic and septic
animals that received vehicle (107 + 4 and
108 + 6 mm Hg, respectively) and indometh-
acin (103 £ 4 and 120 = 5 mm Hg, respec-
tively). Heart rate was also not different among
the four groups (375 + 23 and 385 + 19 beats/
min for the vehicle-treated nonseptic and sep-
tic rats; 377 + 18 and 402 + 14 beats/min for
the indomethacin-treated animals).

There was no significant differences in the

TABLE I. INHIBITION OF ARACHIDONIC ACID-INDUCED HYPOTENSION BY INDOMETHACIN

Time after treatment with indomethacin or vehicle (hr)

Group 2 5 8 12 24
Vehicle-treated
nonseptic -40+£5 —-38+4 —-42+3 —45+5 —43+4
Indomethacin-treated
nonseptic 0+5* +2+3* —3+4* —22+£7* —45+8
Indomethacin-treated
septic —2+4* 0+3* +3 5% —25+ 5% —-37+5

Note. Values are means = SEM. N = 4-5 per group. Negative values represent maximal decreases in mean arterial
blood pressure (MABP); positive values represent maximal increases in MABP. Absolute MABP is 112 + 5, 103 + 4,
and 108 + 6 mm Hg for the saline-treated nonseptic, indomethacin-treated nonseptic, and indomethacin-treated septic
animals, respectively. Indomethacin was injected iv at a dose of 5 mg/kg. Vehicle-treated animals received an equal
volume of 0.1 M sodium carbonate. Arachidonate was injected iv at a dose of 2 mg/rat. *P < 0.05 compared to time-
matched vehicle-treated nonseptic animals. There were no statistical differences between indomethacin-treated septic
and nonseptic rats at any time point. Values for indomethacin-treated animals were not different from zero at 2, 5,

and 8 hr.
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FIG. 1. Colonic temperature in nonseptic and septic rats treated with vehicle or indomethacin. Temperatures
were taken at 7 AM (), 11 AM (0), and 2 PM (@) on the day glucose kinetic experiments were performed.
These times represent 19, 24, and 27 hr after the first injection of E. coli. Temperatures at 7 and 11 AM
were obtained prior to injection of E. coli. Values are means + SEM; N = 16 and 6 for nonseptic and septic
groups, respectively. *P < 0.05 compared to nonseptic-vehicle values.

blood glucose concentration between nonsep-
tic and septic vehicle-treated animals, and in-
domethacin did not significantly alter glucose
concentration in either nonseptic or septic rats
(Fig. 2). Plasma lactate concentrations were
increased 50% in septic animals treated with
sodium carbonate, compared to vehicle-
treated nonseptic rats (Fig. 2). Indomethacin
failed to have a significant effect on the sepsis-
induced hyperlactacidemia.

Figure 3 illustrates the glucose kinetic data
in nonseptic and septic rats with and without
indomethacin treatment. The rate of glucose
Ra was elevated in both the vehicle- and in-
domethacin-treated septic animals, compared
to nonseptic-vehicle values. The rate of glucose
recycling averaged 5.3 umol/min/kg for both
groups of nonseptic animals and was elevated
in both the vehicle- and indomethacin-treated
septic rats. Again, the cyclooxygenase inhibitor
was not effective in blocking this change. The
metabolic clearance rate (MCR) for glucose
was elevated (62%) only in the septic animals
receiving indomethacin. Vehicle-treated septic
rats had clearance rates which were not dif-
ferent from nonseptic values. The reason for
the apparent increase in glucose MCR in the
indomethacin-treated septic rats is not clear.
Since MCR is a derived value, it is possible
that the small statistically nonsignificant al-
terations in the two measured parameters (e.g.,

a decreased glucose Ra and increased glucose
concentration) resulted in a statistically sig-
nificant fall in the MCR, which may be the
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F1G. 2. Plasma glucose and lactate concentrations in
nonseptic and septic animals administered vehicle (O) or
indomethacin (7). Values are means + SEM; N = 16 and
6 for nonseptic and septic groups, respectively. *P < 0.05
compared to nonseptic-vehicle values.
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FIG. 3. Glucose kinetic data obtained during the infusion
of [6-*H]- and [U-"C]glucose into nonseptic and septic
rats administered vehicle (O) or indomethacin (). N
= 16 and 6 for nonseptic and septic groups, respectively.
*P < 0.05 compared to nonseptic-vehicle values. 1P
< 0.05 compared to septic-indomethacin values.

result of intergroup variability. In this regard,
it should be noted that the absolute value for
MCR (and recycling) in the indomethacin-
treated septic rats is quite similar to that re-
ported by us previously for untreated septic
rats (4). The results of the present study, how-
ever, definitively indicate that the use of in-
domethacin to block the cyclooxygenase
pathway failed to reverse the sepsis-induced
increases in glucose Ra and recycling.
Discussion. The results of the present study
indicate that the sepsis-induced increase in
glucose metabolism was not associated with
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the elevated body temperature. Furthermore,
the enhanced production of cyclooxygenase
metabolites during sepsis also does not appear
to be a prerequisite for the elevated rates of
glucose appearance and recycling and the hy-
perlactacidemia. Although plasma concentra-
tions of the various prostanoids were not de-
termined, similar doses of indomethacin have
been shown to inhibit increases in prostaglan-
dins, thromboxane, or prostacyclin induced
by sepsis (8), endotoxin (14), or carrageenin
inflammation (18). The presence of the cy-
clooxygenase blockade was, however, verified
in the present study by the absence of a hy-
potensive response to the intravenous injection
of arachidonic acid.

We have previously demonstrated that the
elevations in glucose metabolism seen using
this relatively mild form of sepsis were not as-
sociated with the classical neuroendocrine
system (19), since no changes in insulin, glu-
cagon, or corticosterone were seen in these
animals. Although plasma catecholamine lev-
els were elevated by 50%, a complete a- and
B-adrenergic blockade failed to prevent or re-
verse the sepsis-induced increases in glucose
metabolism (19). Thus, it appears likely that
other mechanisms must be responsible for
these alterations. Evidence implicating mac-
rophage-produced mediators in many of the
pathophysiological consequences of sepsis and
endotoxemia is mounting (20). While IL-1 or
endogenous pyrogen has been shown to alter
the plasma glucose concentration, as well as
the insulin and glucagon levels (21), its effect
on glucose kinetics has not been elucidated.
However, other mediators, such as tumor ne-
crosis factor, which is also released by mono-
cytic cells in response to infection, have been
shown to produce alterations in lipid and car-
bohydrate metabolism that are similar to those
seen during sepsis (22).

Cyclooxygenase products of arachidonic
acid could conceivably be mediators of the
metabolic alterations induced by sepsis (6).
Indications of their involvement in the sequela
of these conditions fall into two categories.
First, an increased plasma concentration of
these substances, or their stable metabolites,
is observed during sepsis and endotoxemia (6—
8). Second, when PGE, or PGE, is adminis-
tered systemically to man or animals, the al-
terations in carbohydrate metabolism mimic
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those observed during hypermetabolic sepsis
(1, 2). These PGE-induced alterations include
an increased rate of glucose appearance, in-
creased hepatic glycogen phosphorylase activ-
ity, decreased glycogen synthase activity, and
insulin resistance (10-12). However, the pres-
ent study indicates that treatment with indo-
methacin fails to alter in vivo glucose kinetics
in the hypermetabolic septic rat and strongly
suggests, but does not prove, that metabolites
of the cyclooxygenase pathway may be rela-
tively unimportant under these conditions in
producing the metabolic consequences. These
results are consistent with our previous in vitro
findings, which also did not demonstrate any
affects of indomethacin on glucose uptake or
lactate release by muscles removed from en-
dotoxemic rats (23). Inhibition of the cycloox-
ygenase pathway has also failed to reverse the
acute-phase and protein catabolic responses
induced by sepsis (24, 25) or burn (26).

Considerable evidence implicates PGE,, a
cyclooxygenase product of arachidonic acid,
in the genesis of fever (12). The production of
PGE, within the brain appears to be enhanced
in response to circulating interleukin-1. By in-
hibiting the cyclooxygenase pathway and the
subsequent production of PGE, indometha-
cin, as well as other nonsteroidal anti-inflam-
matory drugs (NSAIDs), can prevent or re-
verse the febrile response. The etiology of the
elevated body temperature does not appear to
be particularly important, since indomethacin
has been shown to be antipyretic following the
administration of endotoxin (27), muramyl
dipeptide (28), or purified IL-1 (27). However,
while NSAIDs reduce the elevated body tem-
perature, they do not inhibit the production
of IL-1 or its other biological activities (25,
27). In this regard, administration of ibupro-
fen, a specific cyclooxygenase inhibitor, can
block the febrile response to IL-1, sepsis, or
endotoxin, but failed to attenuate the acute-
phase protein and trace metal responses to
these challenges. Thus, the present study
demonstrates that the elevated whole-body
glucose kinetics observed during hypermeta-
bolic sepsis can be dissociated from the ele-
vated body temperature as well as can in-
creases in cyclooxygenase products of arachi-
donic acid.
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