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Metabolic conitrol of hepatic gluconeogenesis in
response 1o sepsis
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The regulation of hepatic giuconeogenesis was studied in rats made seplic by
cecal-ligation and puncture technique. Blood glucose was not significantly
difterent in seplic rais, but lactate, pyruvate, and alanine were markedly In-
creased. Conversely, blood ketone body concentrations were markedly de-
creased In septic rats. Both plasma insulin and glucagon were markedly ele-
vated in septic rats. The maximal aclivities of glucose é6-phosphatase, fructose
i,6-biphosphatase, pyruvate carboxylase, and phasphenolpyruvate carboxy-
kinase were decreased in livers obtained from seplic rats suggesting a dimin-
ished hepatic gluconeogenesis. Hepatic concentrations of lactate, pyruvate,
and other gluconeogenic intermediates were markedly increased in seplic rats,
whereas those of fructose 2.6-bisphosphate and acetyl-CoA were decreased.
The rate of gluconeogenesis from added lactate, pyruvate, alanine, and glu-
tamine was decreased in isolated incubated hepatocytes from seplic rals. it is
conciuded that the diminished capacity of hepatic gluconsogenesis of sepfic
rats could be the result of changes in the maximal activities or regulation of
key nonequilibrium glucongogenic enzymes or both but do not exclude other
factors (e.g., toxins}. (J Las Cun Mep 1989;114:579-586)

Abbrevigtions: ADP — adenocsine 5'-diphosphate; AMP = adenosine 5'-monophoesphate; AIP =
adenosine 5'-triphasphate; CoA = coenzyme A

linical sepsis develops after major trauma
such as burms or abdominal surgery, and the
septic episode is not merely limited to the
bacterial insult but has been described as an acquired
disease of intermediary metabolism."* In humans and
experimental animals sepsis causes several changes in
carbohydrate, lipid, and protein metabolism. 2
Hepatic gluconeogenesis has been reported to either
increase or decrease’™! after the induction of sepsis.
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Such differing findings are related to several factors:
source and type of scpsis, nutritional states of ani-
mals, and the stage or phase of infection or both."

A considerable amount of work has been performed
on the control of hepatic gluconeogenesis in differ-
ent physiologic conditions (e.g., starvation and ex-
ercise’’). However, limited information is available on
the regulation of hepatic gluconeogenesis in response
to sepsis. "

The present work was designed to obtain more in-
formation about the regulation of hepatic gluconcogen-
esis in septic rats with a cecal-ligation and puncture
technique.'® This has been done by measurements of
key nonequilibrium enzymes and concentration of key
metabolites in the pathways of glycolysis and gluco-
neogenesis together with the extent of hepatic gluco-
neogenesis in vitro in septic and corresponding sham-
operated rats. The relevance of these changes to the
overall regulation of hepatic gluconeogenesis in sepsis
is discussed.
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Table |. Body welght, liver weight, rectal temperature, hemodynamic parameters, nifrogen-baiance, and
tlood concenirations of glucose, pyruvate, lactate, alanine, ketone-bodies, pldsma nonesterified fafly acids
and plasma insulin and glucagon for 48-hour septic and corresponding confrol rats

Animals

Ssham-

operated Septic

Initial body weight (gm)

Firnal body weight (gm)

Liver weight {gm)

Mectal temperature {* C)

Heart rate (beats/min)

Mean arterial pressure {mm Hg)

Cardiac out-put (mi/Kg/min)

Nitrogen-balance {mg of N/day/ 100 gm
body weight)

Blood glucose (mmaol/L)

Blood lactate (mmol/L)

Bicod pyruvate (mmal/L)

Blood alaning (mmal/L)

Blood ketone-bodies {mmol/L)

Plasma nonasterified fatty acids
{mmol/L)

Plasma insulin {u-units/mi)

Plasma glucagon {pg/mi)

187.2 + 5.33 (8)
173.8 = 1.98 (8)
6.67 + 0.77 (8)

192.1 = 4.60 (10}
177.4 = 3.49 (10}
0233 + 047 (10)

35,50 = 0.55 (8) 37.48 + 0.43 (8)
380 + 24 (8) 475 + 50" (8)
110 =7  (8) 125 = 11 (8)
310 + 25 (8) 395 + 30* (8)

—31.56 + 6.62 (8) ~51.70 = 7.22 (8)**
4,46 = 0.37 (8) 411 + 0.28 (8)
1.13 % 0.10 (8) 2.57 + 0.36 (8)™
0.07 = 0.01 (8) 0.15 + 0.01 (8)

013 = 0.03 (8)

0.36 = 0.08 (8)"

1.23 + 0.21 (8) 0.58 = .18 (8)*
0.87 = 0.16 (8) 0.78 + 0.18 (8)*
12.91 = 2.75 (8) 31.55 + 4.60 (8)**
572 + 186 (8) 1805 =+ 642 (8)*

Values are presented as mean %= SO with the number of animals used given in paranthesis.

Rats were starved for 48 haurs after shamoperation or

cecal-ligation as described in the experimental section. Statistical signiticance: *p < 0.01; **p < 0.001.

METHODS

Animals. This study was conducted in accordance with
the National Institutes of Health guidelines for the use of
cxperimental animals. Male Wistar albino rats (170 to 195
gm) were supphed by King Fahd Medical Rescarch Center,
College of Medicine and Allied Sciences, King Abdulaziz
University, Jeddah, Saudi Arabia. Animals were maintained
on a standard diet [commercial rat cubes containing (w/w)
approximately 18% protein, 3% fat, 77% carbohydratc,
and 2% of an inorganic-salt mixture with a vitamin supple-
ment| (Grain Silos and Flour Mills Organization, Jeddah,
Saud: Arabia) and water ad libitum. Animals were kept in a
controlled environment (constant temperature 24° C, and a
Light cycle of 12 hours on/12 hours off). Animals werc
starved for 48 hours after cecal-ligation to induce sepsis but
allowed water and houscd individually. Septic and corre-
sponding sham-operated control rats were killed by cervical
dislocation at 48 hours after cecal-ligation.

in the present work, sepsis was induced by means of cecal-
ligation and puncture technique.’ All opcrations were carried
out with the rats under pentobarbital (40 mg/kg body weight)
anesthesia. A midline laparotomy was performed. In the
sham-operated animals the cecum was mobilized by incising
the mesocecum, and it was returned to the abdominal cavity.
In the septic groups after mobilization of the cecum, the feces
were mulked into the cecum, which was then ligated with a
single 3.0-silk ligature in such a manner that the bowel con-
tinuity was maintained. The antimesenteric surface of the
cecum was punctured once with a 21-gauge needle, and the
bowel was returned to the abdominal cavity. The abdomina!
wall was closed in two layers and all rats received 0.9%

(w/v) NaCl (2.5 ml/100 gm body weight) subcutaneously.
With this procedure an experimental peritonitis was created
in which rats experienced the hypermetabolic hyperdynamic
septic state as described by Wichterman et al.,' and the peri-
tonitis developed at a slower rate allowing animals to starve
and survive for 48 hours. Water was offered ad libitum. Rectal
temperature of rats was measured with a temperature monitor
(Ellab, type te-3-3, Ellab, Copenhagen) with thermoelec-
trodes. Three diffcrent temperature readings were made over
30 minutes for each rat, and the mean value was taken.

for the measurements of hemodynamic parameters, rats
were anesthetized with ether, and a 22-gauge polytetrafiuo-
roethylene catheter was inserted into the left common carotid
artery. Blood pressure and heart rate were recorded with a
Gould P231D transducer (Gould In¢., Recording Systems Di.
vision, Cleveland, Ohio). Thc mean arterial pressure was
derived electronically through an integrator circuit. Cardiac
output was measured by the thermodilution technique as de-
scribed previously.'” _

Chemicals and enzymes. All chemicals and enzymes
were obtained from the sources described previously. *'°

Preparation of homogenates and assay of enzyme
activities. Ammals were killed by cervical dislocation, and
the livers were rapidly removed, weighed, cut into several
picces, and homogenized in 5 to 10 vol of appropriate ex-
traction medium in 2 Polytron homogenizer (Kinematica
GmbH, Kriens-Lucerne, Switzerland) (PCU-2, at position 4)
for 0 to 20 seconds at 0 to 4° C. Homogenates for all enzymes,
except phosphoenolpyruvate carboxykinase and pyruvate car-
boxylase, were centrifuged at 13800 g for 3 minutes (Beck-
man, Beckman Instruments, Fullerton, Calif.) and the su-
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Table . Maximal activities of key glycolvtic and gluconeogenic enzymes In livers of sham-operated and

septic rcis

Activity (pmol/min per gm frosh weight)

_—

Enzyme Sham-operated Septic

Glucokinase

Glucose 6-phosphatase 10.89 =
117 =
.80 = Q.07 {7)

39.02 = 7.47 (6)
512 = (.54 (8)
1.38 = 0.21 (6)

a-Phosphofructokinase

Fructose 1,6-bisphosphatase

Pyruvate kinase

Pyruvale carboxylase

Phosphoenclpyruvate car-
boxykinase

0.24 (8) ' 2.39 + 0.32 (6)
1.22 (6) 7.40 = 0.71 {6)*
018 (12) 1.29 + 0.14 (12)
4.80 + 0.44 (7)**
39.28 + 4.90 (8)
4.11 + 0.97 (9
0.87 = 0.24 (B)™

Activities are presented as mean + 3D with the number of separate animals used given in parenthesis. For extraction and assay procedures see the
experirmental section in text. Rats were starved for 48 hours after sham-operation or cecal-ligation as described in the experimental section. Statistical

significance; *p < 0.05; “'p < Q.01

pernatants were used for enzyme assays. For the assay of
phosphoenolpyruvate carboxykinase, the extraction medium
contained 30 mmol/L mercaptoethanol. For the assay of
pyruvate carboxylase, the extraction medium contained
50 mmol/L triethanolamine, 0.3 mmol/L sucrose, and |
mmol/L ethylenediaminetetraacetic acid, pH 7.2. Homoge-
nates were centnfuged at 13800 g for 10 minutes and pellets
were resuspended in an equal volume of homogenization
buffer plus 0.05% (v/v) Triton-X-100. Resuspended pellets
were used for assay of the enzyme. Extraction media for all
enzymes studied were as described previously.™

Enzymes were assayed either spectrophotornetrically at
25° C with a recording spectrophotometer, model 260 (Gil-
ford, Oberlin, Ohig) or radiochemically at 30° C with a Beck-
man scintillation counter, model LS 7500. Enzyme activities
are assayed as described previously.” The final volume of
assay rmuxtures in all cases was 1.0 ml. For all enzymes
studied, preliminary experimeats established that extraction
and assay procedures were such as to provide maximum ac-
tivities. ™

Extraction of blood for metabollte determinations.
Rats were anesthetized with ether, and blood was withdrawn
into heparinized syringes by cardiac puncturc. Samples (4.0
ul) were quickly added to ice-cold AC1Q, (10% v/v) and
uscd for metabolite deterrmnations after deproteinization and
neutralization.*

Extraction of liver {or assay of metabolites. Anmimals
were killed by cervical dislocation. The liver was quickly
removed and freeze-clamped between aluminum tongs pre-
cooled in liquid nmitrogen. The frozen liver samples were stored
in hquid-mitrogen vutil required for extraction. Frozen sam-
ples were welghed and ground into a powder in liquid-nitrogen
with a mortar and pestle. Samples were then homogenized
with 0.7 mmol/L HCI(), in a Polytron homogenizer (PCU-
2, at position 4) [in a ratio of tissue to HCIO, as t:2 {(w/v}]
for 10s at (0 to 4° C. The precipitate was removed by cen-
trifugation at 13800 g for 5 minutes and the supernatant was
neutralized as described previously.” The KClO,-free super-
natant was uscd for metabolite deterrninations, which were
completed on the same day as prcparation of the extract.

Preparation and Incubation of hepatocytes. Hepa-
tocytes were prepared essentially as described by Berry and
Fricnd® with the modifications that were described by Krebs
et al.” Hepatocyte viability was tested by the maintenance of
constant cellular ATP/AMP ratios throughout the incubation
periods and by using the Nigrosine-exclusion-test (exclusion
=92%). Cells were suspended in incubation medium.

Incubations were performed at 37° C in 20 ml Erlenmeyer
flasks that had been treated with silicone. Freshly prepared
hepatocytes were incubated in a total volume (4.0 ml) con-
taining 70 to 100 mg wet weight of cells in an incubation
medium, which consisted of Krebs-Henseleit saline solution™
containing essentially fatty acid-free albumin [final concen-
tration 2.5% (w/v)] and added substrates. The gas phasc was
(,/CO, (19:1), and flasks were shaken continuously (90 to
110 oscillations/min). Incubations were initiated by the ad-
dition of cell suspension and terminated by the addition of
0.4 ml of HCIO, (20%, w/v), the mixture was centrifuged
to remove protein and the supernatant was neutralized with
KOH. The precipitate of KClO, was removed by centrifu-
gation at 13800 g for 5 minutcs. Neutralized extracts were
used tor assay of metabolites,

Determination of concentrations of metabolites,
plasma Iinsulin and giucagon. Concentrations of metab-
olites in neutralized extracts of livers, hepatocytes plus me-
dium, and plasma were determined spectrophotometrically
(with a Beckman DU-6 recording spectrophotometer) by stan-
dard enzymic methods as described previousty.” Nonesteri-
fied fatty acids were determined according to the method of
Shtmizu et al.® Plasma insulin and glucagon were measured
with radioimmunoassay technigque and RIA kits were obtained
from Diagnostic Products Corp., Los Angeles, Calif. (for
insulin) and from ICN Biomedicals, Inc., Calif. (for gluca-
gon), respectively. Fructose 2,6-bisphosphate was measured
in fiver extracts as described by Van Schaftingen et al.” with
stimulation of pyrophosphate-dependent phosphofructokinase
(EC 2.7.1.90) purified from potato tubers.

Nitrogen-balance medasurements. For the detcrmina-
tion of the nitrogen-balance of sham-operated and septic rats,
animals were placed in metabolic cages that allowed the sep-
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Table Nl Concentrations of metabolites in livers of sham-operated and septic rats

Metabolite concentration
~ (pmol/gm fresh welght of liver)

Matabolite sham-operated Sapiic (% change)
Glucose 2.7/9 £ 063 (12) 0.22 * 0.70 (12 + 7
Glucose 6-phosphate 0.078 = 0.016 {10) 0.133 = 0.031 (10)* + 70
Fructose 6-phosphate 0.050 = 0.014 (10) 0.103 = 0.014 (10)* + 106
Fructose 1 6-bisphosphate 0.008 = 0.002 (10) 0.015 = 0.002 (10}* +87
Dihydroxyacetone phosphate G011 = 0003 (10) 0.014 = 0.003 (10)" + 27
D-3 phosphoglycerate 0.457 = 0.089 (10) 0.716 = 0.155 (10)** + 57
(-2 phosphogiycerate 0.041 = 0.010 {10) 0.063 = 0.008 {10)* +54
Phasphoencipyruvate 0.148 = 0.027 (10) 0.281 = 0.058 (10)* +90
Pyruvate 0.031 = 0.006 (10} 0.075 = 0.013 (1O + 142
Lactate (.350 = 0.059 (10 1.246 = 0132 (10)™ + 256
Acetyl-CoA 0.107 = 0.025 (10) 0.047 = 0.015 (10)* — 58
ATP 2.174 = 0171 (10) 1.908 ~ 0129 {10) —12
ADP 0.409 = 0.058 (10) 0.3568 = 0015 (10) —13
AMP 0.716 = 0.251 (8) 0.863 = 0.212 (8)* +20
Fructose 2,6-bisphosphate® 10120 = 1.41 (5) 7.282 = 2530 (5)" —28

Concentrations are presented as mean = SD with the number of animals use
ar cecal ligation as descrihad In the experimental section in text. Statisticsl

"Expressed as nmol/gm fresh weight of liver,

arafe collection of urine and feces. Urine was collected during
a 48-hour period (from 8 A.M. 10 8 A.M.) in a vessel containing
0.5 ml of concentrated H,SQ.. The dai ly H,SO,-urine volume
was measured and a sample was frozen at — 100° . Feces
were collected at 24-hour intervals and weighed. The nitrogen
content of urine and feces was determined by the micro-
Kjeldahl method.* Nitrogen-balance was determined over the
48 hours after cecal-ligation or laparotomy.

RESULTS

The decrease in body weight of septic (7.7%) rats
was similar to that of sham-operated controls (7.2%)
(Table I). Scpsis resulted in an increase in rectal tem-
perature of rats at 48 hours after cecal-ligation. Sepsis
resulted in increascs in heart rate (25%, p < 0.01) and
cardiac output (27.4%, p < 0.01) but with no marked
changes i mean arterial pressure (Table I). Blood lac-
tate (127%), pyruvate (114%), and alanine (177%)
concentrations in Septic rats were significantly higher
than that found in corresponding controls, respectively
{lable I). Blood ketone-bodies concentrations (3-
nydroxybutyrate and acetoacetate) in septic rats were
markedly lower (53%) than those of sham-operated
control rats (Table I). No significant changes in the
concentrations of blood glucose and plasma nonester-
ified fatty acids were observed in septic or sham-
operated rats (Table I). Similar findings have been re-
ported by others with this model of sepsis, for example,
increased blood alanine® and increased plasma lactate
but no change in plasma glucose.!!-*

Maximal enzyme activities. The maximal activities
of key enzymes of the pathways of glycolysis and glu-
coneogenesis n livers of sham-operated and septic

d given in parentnesis. Rats were starved for 48 hours after sham-aperation
significance; “p < 0.05; **p =< 0,001,

rats are presented in Table II. The activities of plu-
cose 6-phosphatase (32%, p < 0.05); fructose I,6-
bisphosphatase (29%, p < 0.01); pyruvate carboxyl-
ase (17.5%, p < 0.05) and phosphoenolpyruvate car-
boxykinase (37%, p < 0.01), were dccreased in livers
obtained from septic rats, respectively (Table 11).
These findings suggest a diminished hepatic gluco-
neogenic capacily. Moreover, there was no marked
change in the maximal activities of glucokinase, 6-
phosphofructokinase and pyruvate kinase in livers of
septic rats when compared with those of sham-operated
ammals (Table II}.

Concentrations 0! hepafic gluconeogenesis inter-
mediales In vivo. Livers obtained from septic rats
showed marked increases in most of the intermediates
involved in the pathway of gluconeogenesis (Tabic IID).
The largest increase was in the concentration of lactate
(256%) and pyruvate {142%), respectively. However,
there was no significant change in hepatic glucose con-
centration. This pattern of change in the concentrations
of intermediates in sepsis is consistent with the sug-
gestion of diminished rates of glucose synthesis (via
hepatic gluconcogenesis), with a ncw steady state being
achicved at higher concentrations of precursors, partic-
ularly lactate. These findings are consistent with those
obtained for maximal enzyme activities (see Tablc II).

Moreover, in septic rats, hepatic total adcnine mi-
cleotide content was maintained almost unchanged
compared to that of sham-operated rats (Table III).
However, the calculated hepatic energy charge (i.e.,
[ATP + 0.5 ADP]/{ATP + ADP + AMP)) tell from
0.85 (the value of normal control rats) to 0.72 and 0.67
for sham-operated and septic rats, respectively. The
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Table IV, Effects of sham-operation or sepsis (48 hours) on the rates of glucose synthesis from various

precursers in incubated hepatocytes of the rat

Rates of glucose synthesis in:

{mmol/min per gm fresh weight of hepatocyles)

Added subsirate Sham-oparated Jeplic
None . 0.109 = 0.029 (10} 0.114 = 0.031 (1)
Lactate (5 mmol/L) 0.665 = 0.116 (10) 0341 + 0.074 (10)"

Pyruvate (& mmal/L)
Alanine (5 mmol/L)
Glutamine (5 mmaol/t)

0.442 = 0.095 (10)
0.352 = 0.041 (10)
0464 =+ 0.084 (10)

0.321 = 0.061 {10)
0.208 = 0.047 (10)"
0.235 = 0.045 (1"

Hepatocytes were isolated from sham-operated and septic rate after 48 hours of starvatton as described in the exparimental section. Hepatocyles were
incubated for 60 minutes at 37° C in incubation medium containing added substrates as indicated. Rates of glucose synthesis {rmol/min per gm wet
weight of bepatocytes) are presented as mean + S0 with the number of experiments with separata cell preparations shown in parenthesis. Statistical

significance compared with sham-operated vatues: *p < 0.001.

changes in hepatic energy charge values calculated for
rats of the present work are similar to that previously
reported for septic rats.?!32

Rates of glucose synthesls by hepatocyies. The rates
rof glucose synthesis in hepatocytes isolated from sham.-
operated and septic rats in the presence of various glu-
concogenic precursors are presented in Table IV. The
rates of glucose synthesis by hepatocytes of septic rats
were markedly decreased when compared to corre-
sponding sham-operated rats in the presence of vari-
ous substrates. Hepatocytes isolated from septic rats
showed a decrease in the rates of glucose synthesis in
the presence of lactate (48.7%, p < (.001); alanine
(41%, p << 0.001) and glutamine (49%, p << 0.001),
respectively (Table IV), However, if hepatocytes were
incubated with lactate at concentrations found in blood
in vivo (septic: 2.49 mmol/L; sham-operated: 1,16
mmol/L)}, the ratc of glucose production was about the
same (1.¢., 0.42 pmol/min/gm of wet weilght of cells).
This suggests that gluconeogenesis in vivo may be
maintained in sepsis by increasing the availability
of gluconeogenic precursors (e.g., pyruvate, lactate,
alanine).

DISCUSSION

The experimental animal model of sepsis used in the
present work 1s considered to be a moderate form of
sepsts compared with that of others,'® and septic rats
were not hypothermic or shocked. The microbial florg
closely approximate that of human sepsis and thereforc
proved to be a suitable model of human disease.'® The
single puncture technique with a smaller needle gauge
than that used previously'® was chosen so that the peri-
tomitis could develop at a slower rate allowing animals
to starve and survive for 48 hours." Moreover, it was
decided to use starved animals since dietary nutrients
can not be absorbed in this model, and this is likely
also to be the casc in patients with intraabdominal
sepsis. '8

Hyperglycemia and glucose intolerance are frequent
manifestations of the metabolic response to sepsis. 'S
The abnormalities in glucose homeostasis would be
rcadily explained if an insulin deficiency actually ex-
isted. However, plasma insulin levels are normal or
elevated. ™™ In the present work no significant change
1n blood glucose was observed in spite of an increased
level of plasma insulin in septic rats (Table I). The latter
suggests that insulin resistance is present in scptic rats
of the present work. Morcover, several reports have
shown increased plasma levels of stress hormones,
which would cause increased plasma levels of fatty
acids.™**" This, via the glucose-fatty acid cycle could
cause mhibition of glucose utilization and pyruvate ox-
idation, which could be responsible for the insulin re-
sistance.

The results of the present work have demonstrated
that the liver of septic rats (as described herein) ex-
hibited marked decreases and impairments in the rates
of hepatic gluconeogenesis as compared with sham-
operated control animals, These observations are con-
sistent with the findings of Filkins and Cornell,” which
showed impaired rates of gluconeogenesis from alanine
in isolated hepatocytes from endotoxin-treated rats;
from lactate in isolated perfused livers from guInea pigs
previously injected with live Escherichia coli bacteria,**
and in livers of similar septic rats.!' Moreaver, Long
et al.* using a “C-glucosc infusion, reported an in-
creased glucose-turnover in a heterogeneous group of
hypermetabolic septic patients. Other in vivo studies
have further demonstrated that the rates of gluconco-
genesis are accelerated under similar conditions. These
differences in the results obtained in such studies are
influenced by several factors including the severity and
point of time in the course of the infection when the
observations were made and the method of induction
of sepsis.'

Gluconeogenesis is subject to long-term and short-
term control by hormones such zs glucagon, insulin,
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adrenaline, and noradrenaline. It 1s also controlled by
the supply of gluconeogenic substrates and by its end
product, glucose.*'*
which occur during starvation or 1a pathologic condi-
tions such as diabetes, result most probably from com-
plex and intricate control by different factors (including
hormones; changes 1n repulatory mechanisms of key
enzymes; changes in substrate(s) availability).*' " Sep-
sis as described in the present work exhibited changes
in the concentrations of all hepatic gluconeogenic in-
tcrmediates {Tahle [II) and wn vitro studies have shown
that sepsis decreased the rate of hepatic gluconcogenesis
from all the substrates used (see Table 1V). The latter
changes indicaie that the net rates of various key steps
in the pathway of hepatic gluconeogenesis have been
affected by external regulation (i.e., by factors other
than their pathway substrates*'}. The factors that may
be responsible include (1) changes 1n maximal enzyme
activities, (2) allosteric effectors, and (3) hormonal
factors.

A decrease in the maximum activities of key glu-
coneogenic enzymes or an increase 1n those of the gly-
colytic enzymes or both (owing to changes in enzyme
concentration via effects on hepatic protein synthesis
and/or degradation) could account for the impaired
rates of gluconeogenic flux. Indeed, there was a
marked decrease in the maximal activities of glu-
cose 6-phosphatase (32%, p < 0.01); fructose, 1,6-
bisphosphatase (29%, p << 0.01), pyruvatc carboxylase
(17.5%; p < 0.05), and phosphoenolpyruvate car-
boxykinase (37%, p < 0.01), respectively. These find-
ings are consistent with other observations: injection of
endotoxin into mice decreased the activities of hepatic
glucose 6-phosphatase, fructose 1,6-bisphosphatase,
and phosphoenolpyruvate carboxykinase.** Thus, it
is possible that changes in the maximal activity of key
enzymes may play some role in the impaired rate of
hepatic gluconcogenesis during sepsis.

The key hepatic gluconeogenesis and glycolytic en-
zymes can be regulated by changes in the concentra-
tion of allosteric regulators. Pyruvate kinase and 6-
phosphofructokinase are activated in vitro by fructosc
1,6-bisphosphate, so that the increased concentration
of this metabolite (see Table IlI) 1 the liver of septic
animals may increase the activities of these enzymes;
this was not the case. However, it is possible that the
in vivo concentration of fructose 1,6-bisphosphate may
be too low to be effective.”’

Fructose 2,6-bisphosphate is a potent simulator of
6-phosphofructokinase and an inhibitor of fructose 1,6-
bisphosphatase.*®* An increase in the level of fructose
2.6-bisphosphate will favor glycolysis, whereas a de-
crease will result in a stimulation of gluconeogenesis
at the loci of 6-phosphofructokinase and glucose 6-
phosphatase.
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creasc in the level of hepatic fructose 2,6-bisphasphate
(Table III) and accumulation of hepatic hexosemono-
phosphates and triose phosphates. 'These changes may
indicate that one of the rate-limiting steps 1n hcpatic
gluconeogenesis (in septic rats) from lactate and py-
ruvate to glucose is at the level of glucose 6-phosphatase
and causes the accumulation of glucose 6-phosphate
and hcnce, the increase in the level of fructose 6-
phosphate. This change 1n turn i1s expected to mercase
the hepatic concentration of fructose 2,6-bisphosphate,
by a mechanism resulting from the increased levels
of fructose 6-phosphate, as suggested previously.*'-*
However, this was not the case in livers of septic rats.
The latter is probably related to factor(s) affecting 6-
phosphofructose-2-kinase, which catalyzes the synthe-
sis of fructose 2,6-bisphosphatc from fructose 6-
phosphate and ATP.”'

Fructose 2,6-bisphosphate is found to be decreased
in livers of diabetic rats when hyperglucagonaemia 1s
present.® The elevated levels of hepatic fructose 2,6-
bisphosphate in the obese mouse 18 also consistent with
that in hyperinsulinaemia.”~* In the present work
(Table I), hyperglucagonemia and hyperinsulinemia are
observed in septic rats. Sepsis induced more than three-
fold increase in the level of glucagon and a 2.4-fold
increase in the level of insulin. The rclative hyperglu-
cagonacnmia of septic rats is consistent with the de-
creased levels of hepatic fructose 2,6-bisphosphate;
however, the latter 15 not consistent with hyperinsuli-
nemia. Therefore, insulin action was obviously inhib-
ited by unexplained mechamsm.

The adenine and guanine nucleotides are known to
be allosteric affectors of several key enzymes of gly-
colysis and gluconeogenesis,™* so if the concentration
ratio ATP/ADP decreased, this would be expected
to increase the activities of thc key glycolytic en-
zymes and decrease those of gluconeogenesis: there was
no significant change in the concentratton ratio of
ATP/ADP in livers of septic and sham-operated rats
{Table I1), and since hepatic glycolytic key enzyme
did not show marked changes in the septic rats, 1t 1s
possible that other regulators must play a role in the
changes observed in hepatic gluconeogenesis.

Acetyl-CoA is an activator of pyruvale carboxyl-
ase, " and the decrease in acetyl-CoA with sepsis
should decrease the enzyme activity. These changes in
concentrations of allosteric regulators are consistent
with decreased gluconeogenic flux, although no studies
on the changes in the concentrations of these metabo-
lites in the compartment of the cell in which the specific
enzymes is located have been made.

The results of the present work suggest that the
diminished rates of hepatic gluconeogenesis in sep-
tic rats could be the result of changes 1n the activi-

ties of pyruvate carboxylase, phosphoenolpyruvate
crarhnvvlriinage  frictnee 1 G-hisnhnenhatase and eln-
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cosc O-phosphatase with no change in that of 6-
phosphofructokinase and pyruvate kinase. The elevated
plasma insulin in septic rats of the present work is likely
to be due to the stimulation of pancreatic secretion by
bacterial product(s).* Insulin is known to decrease glu-
concogenesis by its short-term actions via the activation
state of key enzymes and by long-term regulation of
the enzyme concentration. Although plasma plucagon
i1s also increased (Table I) in septic rats, its stimulatory
action on gluconeogenesis may be antagonized by the
ncrease in plasma insulin. Several allosteric regulators
could be involved, however, other factors are not ex-
cluded (e.g., toxins).

We thank Mrs. May Majzoub and Mrs. Amiry Khairy for their
skillful technical assistance and Mrs. Nancy Abdulruzzak and Mrs.
Suzanne Allen for their excellent secretarial assistance.
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