J c I The Journal of Clinical Investigation

Altered transcriptional regulation of phosphoenolpyruvate
carboxykinase in rats following endotoxin treatment.

M Hill, R McCallum
J Clin Invest. 1991;88(3):811-816. https://doi.org/10.1172/JCI115381.

Research Article

The molecular mechanism involved in altered regulation of the rate-limiting enzyme in hepatic gluconeogenesis,
phosphoenolpyruvate carboxykinase (PEPCK), during endotoxemia is not completely understood. We examined,
therefore, the effect of a nonlethal dose of Escherichia coli endotoxin on PEPCK gene expression in fasted rats. 5 h after
endotoxin treatment, the PEPCK transcription rate and the amount of mMRNA(PEPCK) were significantly decreased at a
time when the insulin/glucagon (I/G) molar ratio and plasma corticosterone levels were significantly increased. Similar
results were observed in a time course study, in which altered cAMP induction of PEPCK gene expression paralleled
changes in the I/G molar ratio. In diabetic rats treated with endotoxin, PEPCK gene expression was decreased in the
absence, however, of an increased I/G molar ratio. This finding indicates that other factors, such as inflammatory
mediators or cytokines, alter PEPCK gene transcription during endotoxemia. IL-6, a putative mediator of endotoxin action
in the liver, had no effect on PEPCK gene expression in fasted rats, but did decrease cAMP induction of PEPCK gene
expression. These results indicate that, during endotoxemia, regulation of PEPCK gene expression is influenced by
inflammatory mediators in addition to the classical endocrine hormones. IL-6, however, does not appear to be involved
directly in the altered regulation of the PEPCK gene during endotoxemia.

Find the latest version:

https://jci.me/115381/pdf



http://www.jci.org
http://www.jci.org/88/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI115381
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/115381/pdf
https://jci.me/115381/pdf?utm_content=qrcode

Altered Transcriptional Regulation of Phosphoenolpyruvate
Carboxykinase in Rats Following Endotoxin Treatment

Molly Hill and Roderick McCallum

Department of Microbiology and Immunology, University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma 73190

Abstract

The molecular mechanism involved in altered regulation of the
rate-limiting enzyme in hepatic gluconeogenesis, phosphoenol-
pyruvate carboxykinase (PEPCK), during endotoxemia is not
completely understood. We examined, therefore, the effect of a
nonlethal dose of Escherichia coli endotoxin on PEPCK gene
expression in fasted rats. 5 h after endotoxin treatment, the
PEPCK transcription rate and the amount of mRNAFPEPCK were
significantly decreased at a time when the insulin/glucagon (I/
G) molar ratio and plasma corticosterone levels were signifi-
cantly increased. Similar results were observed in a time course
study, in which altered cAMP induction of PEPCK gene ex-
pression paralleled changes in the I/G molar ratio. In diabetic
rats treated with endotoxin, PEPCK gene expression was de-
creased in the absence, however, of an increased I/G molar
ratio. This finding indicates that other factors, such as inflam-
matory mediators or cytokines, alter PEPCK gene transcrip-
tion during endotoxemia. IL-6, a putative mediator of endo-
toxin action in the liver, had no effect on PEPCK gene expres-
sion in fasted rats, but did decrease cAMP induction of PEPCK
gene expression. These results indicate that, during endotoxe-
mia, regulation of PEPCK gene expression is influenced by
inflammatory mediators in addition to the classical endocrine
hormones. IL-6, however, does not appear to be involved di-
rectly in the altered regulation of the PEPCK gene during endo-
toxemia. (J. Clin. Invest. 1991. 88:811-816.) Key words: insu-
lin « glucagon « corticosterone « diabetic * interleukin 6

Introduction

Acute bacterial infections and a serious sequela, septic shock,
remain significant health problems despite appropriate antimi-
crobial and supportive therapies. Septic or endotoxic shock is a
complex syndrome characterized by hypotension, poor organ
perfusion, and severe systemic metabolic derangements, partic-
ularly hypoglycemia. Hypoglycemia results from increased pe-
ripheral utilization of glucose, rapid depletion of liver glycogen,
and depressed hepatic gluconeogenesis (1). It is well established
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that endotoxin treatment, in a time- and dose-dependent man-
ner, elicits hypoglycemia and decreases the activity of hepatic
gluconeogenic enzymes, particularly phosphoenolpyruvate
carboxykinase (PEPCK),! the rate-limiting enzyme in gluco-
neogenesis (2-5). As expected, decreased hepatic PEPCK en-
zyme activity in endotoxin-poisoned animals is accompanied
by decreased gluconeogenesis (2, 6).

PEPCK plays a pivotal role in intermediary carbohydrate
metabolism and the complex multihormonal control of the
PEPCK gene reflects the importance of this enzyme in hepatic
glucose production (7). Glucagon, via cAMP, and glucocorti-
coids (to a lesser extent) positively regulate PEPCK primarily
by increasing the transcription rate of the gene (8, 9) and by
stabilizing mRNAFEFK (mRNA coding for PEPCK) (10, 11).
Conversely, insulin negatively regulates PEPCK by decreasing
the transcription rate of the gene (12), an effect that is domi-
nant over the inductive effect of CAMP and glucocorticoids in
cell culture when all three hormones are present (13). Because
all three hormones are present in vivo, the insulin/glucagon
(I/G) molar ratio serves as an index of the metabolic status or
gluconeogenic potential of the animal (14, 15). Endotoxin
treatment of rats and mice results in increased plasma levels of
glucagon, glucocorticoids, and insulin (16, 17), resulting in a
very complex hormonal milieu. The hormonal status of endo-
toxin-treated animals is further complicated by the appearance
in the circulation of inflammatory cytokines such as IL-1,
TNF, and IL-6 (18). Human recombinant IL-1 and TNF, as
well as purified murine IL-6, have been shown to decrease
PEPCK enzyme activity in Reuber hepatoma cells (19, 20), but
few studies have been conducted to examine the effect of cyto-
kines on the regulation of PEPCK gene expression in vivo (21).

The purpose of this study, therefore, was to determine if the
endotoxin-mediated decrease in PEPCK enzyme activity re-
ported previously is due to decreased transcription of the
PEPCK gene and if the putative decrease in PEPCK gene tran-
scription is mediated solely by insulin. Our eventual goal is to
determine how inflammatory cytokines interact with endo-
crine hormones (glucagon, glucocorticoids, and insulin) to reg-
ulate the hepatic PEPCK gene and gluconeogenesis during
acute infection and inflammation.

Methods

Animals. Male, Sprague-Dawley rats (100-125 g) were purchased from
Sasco (Omaha, NE). Animals were housed and cared for under the
National Institutes of Health (NIH) guidelines for the care and use of
laboratory animals. In some experiments, rats were treated with strep-
tozotocin (Sigma Chemical Co., St. Louis, MO) to induce diabetes.
After an overnight fast, rats were treated with 90 mg/kg of streptozoto-
cin. 5 h later, food was returned to the cages and the animals were tested

1. Abbreviations used in this paper: 1/G, insulin/glucagon; PEPCK,
cytosolic phosphoenolpyruvate carboxykinase (GTP) (EC 4.1.32).
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7 to 10 d later for plasma glucose levels. Animals were considered
diabetic and included in the study if their plasma glucose values were
> 500 mg/dl. All experimental protocols were approved by the Institu-
tional Animal Care and Utilization Committee (IACUC) at the Univer-
sity of Oklahoma Health Sciences Center.

Endotoxin and IL-6. Endotoxin was prepared from Escherichia coli
serotype 0111:B4 by the Westphal method (22) and was essentially
protein and RNA free. The LDy, of this preparation, in Sprague-Daw-
ley rats, was 35.5 mg/kg as determined by the Reed-Muench method
(23). No deaths were observed during the course of the experiments
described below, using a dose of 10 mg/kg. Recombinant human IL-6
was purchased from Boehringer-Mannheim Biochemicals (Indianapo-
lis, IN). The specific activity of IL-6 was greater than 2 X 10® U/mg, as
determined by stimulation of 7TD1 mouse-mouse hybridoma
cells (24).

Nuclear run-on assay. The transcription elongation assay was
carried out according to the procedure of Sasaki et al. (13), which was
modified from the method of McKnight and Palmiter (25). After ho-
mogenization of liver tissue, nuclei were isolated through a series of
centrifugations in sucrose buffers. Isolated nuclei (200 ug) were incu-
bated at 26°C for 10 min in 75 mM HEPES at pH 8.0, 100 mM KCl,
2.5 mM MgCl,, 25% glycerol, 0.1 mM PMSF, 0.05 mM EDTA, 4 mM
DTT, 25 U RNasin, 0.5 mM each of ATP, CTP, and GTP, and 200 xCi
of a-[*?PJUTP (400-600 Ci/mmol). The reaction was terminated by
digestion with DNAsel and proteinase K and after phenol extraction
and alcohol precipitation, the RNA samples were hybridized with ni-
trocellulose-bound pPC112.R3 (provided by Dr. Daryl Granner, Van-
derbilt University, Nashville, TN) or pBR322 as control. pPC112.R3 is
a plasmid with a 5.8-kb EcoRI fragment of genomic PEPCK DNA
inserted into the EcoRlI site of pPR322 (26). All of the insert represents
PEPCK DNA that is transcribed into precursor mRNA. The results are
expressed as parts of PEPCK mRNA transcribed per one million parts
of total RNA transcribed.

Quantitation of mRNA. After experimental treatment, total liver
RNA was isolated by the Chirgwin method (27). RNA samples were
denatured in 20X standard saline citrate plus 37% formaldehyde. After
heating at 60°C for 15 min, 2.5 ul of each sample were applied under
vacuum to a nylon membrane with an ABN slot blot apparatus (Ameri-
can Bionetics, Hayward, CA). The blots were air dried and baked at
80°C for 1 h. The blots were prehybridized for 6-18 h and hybridized
overnight with a cDNA probe for PEPCK (pPC116, supplied by Dr.
Daryl Granner) (26) or actin (Drosophila melanogaster, obtained from
Dr. Sally Tobin, University of Oklahoma Health Sciences Center) la-
beled with 32[P]dCTP by random priming using the Amersham Prime-
A-Gene kit (Amersham Corp, Arlington Heights, IL). The blots were
washed under stringent conditions and autoradiographed. Intensity
of bands was determined by laser scan densitometry and expressed
as relative integrator units adjusted according to the OD,g, of the
RNA samples. Northern analysis confirmed that the results obtained
with the slot blot methodology were due to specific hybridization of
mRNAFEK with PC116 (data not shewn).

Biochemical assays. PEPCK enzyme activity was measured by the
!4C-radiometric method of Chang and Lane (28) as described previ-
ously (2). Units of enzyme activity correspond to nanomoles of oxalo-
acetate formed from phosphoenolpyruvate per 15 min per mg of cyto-
sol protein. Protein was quantitated using the BCA protein assay kit
(29) from Pierce Chemical Co. (Rockford, IL). Plasma glucagon and
insulin levels were measured using radioimmunoassay kits from Ven-
trex Laboratories (Cambridge, MA) and plasma corticosterone levels
were measured using a radioimmunoassay kit from ICN Bio Medicals,
Inc. (Costa Mesa, CA). Plasma glucose levels were measured using a
colorimetric glucose oxidase assay kit from Sigma Chemical Co.

Induction of PEPCK gene transcription in vivo. There are primarily
two ways to increase the transcription rate of the PEPCK gene in ani-
mals. The simplest method is by fasting overnight, which lowers the
insulin/glucagon (I/G) molar ratio and results in an approximately
twofold induction in the rate of transcription. Another method is by
dietary manipulation which involves submitting the animal to a fast-
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ing-refeeding cycle followed by injection with cAMP (30). This experi-
mental protocol, described originally by Iynedjian et al. (30), was used
to manipulate the hormonal response in rats so that changes in the
PEPCK transcription rate could be examined after endotoxin treat-
ment. Briefly, animals were fasted overnight, refed with glucose (0.5 g)
by gavage, and 2 h later dibutyryl cAMP (30 mg/kg) and theophylline
(30 mg/kg) were administered intraperitoneally. Animals received di-
butyryl-cCAMP and theophylline (referred to hence as cAMP) every 90
min thereafter. Glucose feeding stimulates insulin release, which dein-
duces PEPCK gene expression (31, 32). Any increase in the PEPCK
transcription rate can, therefore, be observed after administration of
inducer (cCAMP) (30, 32-33). The advantage of dietary manipulation
over fasting is that the induction of PEPCK gene transcription is rapid
and large. We have used both methods in the results described below.

Statistics. Statistical analysis of the data was performed by using

Student’s ¢ test (34).

Results

Effect of endotoxin on PEPCK gene expression. Previous work
has shown that endotoxin treatment decreases PEPCK enzyme
activity in mice 4 to 6 h after challenge (35, 36). The effect of
endotoxin on transcriptional regulation of the PEPCK gene,
however, has not been examined directly. Changes in PEPCK
gene expression and circulating levels of insulin, glucagon, and
corticosterone were assessed, therefore, in fasted rats 5 h after
endotoxin treatment (10 mg/kg) (Table I). Endotoxin treat-
ment significantly decreased the PEPCK transcription rate and
amount of mRNAFEFCX to approximately one-third of control.
No change in mRNA®**® was observed (data not shown). As
expected, the hormonal status of endotoxin-treated animals
was significantly altered, as indicated by a ninefold increase in
the I/G molar ratio and a fourfold increase in plasma corticoste-
rone levels, compared with saline-treated controls. In rats given
endotoxin, insulin values rose 18-fold (control = 2.4+0.7 uU/
ml vs. endotoxin = 44.0+3.4 uU/ml) and glucagon values dou-
bled (control = 1,352+97 pg/ml vs. endotoxin = 2,734+251
pg/ml). Similar changes in the PEPCK transcription rate were
observed in rats given free access to food and treated with saline
or endotoxin (control = 2,437 ppm vs. endotoxin = 1,355
ppm, n = 2).

Altered cAMP induction of PEPCK gene expression after
endotoxin treatment. To examine further the mechanism of
altered PEPCK gene expression in endotoxic animals, the ef-
fect of endotoxin treatment on cAMP induction of PEPCK was
tested. Endotoxin was injected 2 h before cCAMP treatment
because it has been demonstrated that serum levels of many
inflammatory cytokines appear and/or peak 2 h after endo-

Table I. Endotoxin Action in Fasted Rats

PEPCK mRNAPEFCK
Treatment*  Transcription (relative I/G molar Plasma
(5h) rate integrator units) ratio corticosterone
ppm ng/dl
Controls 3572+100% 201+26 0.042+0.014 15.6+£2.0
Endotoxin 1145+270% 66+14% 0.381+0.024%  65.9+8.2%

* Rats were fasted overnight, followed by an intraperitoneal injection
of either 0.5 ml of sterile saline or E. coli endotoxin (10 mg/kg).
 Mean value+SEM, n = 4. § Statistically different from control (P
< 0.05), determined by Student’s ¢ test.



Figure 1. Time course
of PEPCK gene expres-
sion in endotoxin-
treated rats after glucose
feeding and induction
with dibutyryl-cAMP
treatment. Rats were
fasted for 18 h and then
given 500 mg glucose

by gavage at O h. At2 h
and every 90 min there-
after, rats were injected
intraperitoneally with
dibutyryl-cAMP (30 mg/kg) and theophylline (30 mg/kg). Rats were
treated with endotoxin (10 mg/kg i.p.) at 0 h (simultaneously with
glucose) and were killed at the indicated times. Nuclei and total RNA
were isolated from the livers and were assayed for PEPCK transcrip-
tion rates and mRNAPEPK Jevels, as described under Methods. Re-
sults are expressed as the mean value+SEM and plotted as a percent-
age of induced control. Each time point represents data from four to
six animals. Closed circles represent the PEPCK transcription rate
and open circles represent mRNAPEFX, *Values significantly differ-
ent from induced controls (P < 0.05), as determined by Student’s ¢
test.
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toxin administration (18). The results are presented as a per-
centage of induced control due to variation from experiment to
experiment. As can be seen in Fig. 1, a dynamic response to
endotoxin was observed over the course of 8 h. By 3.5 h after
endotoxin treatment, no significant change in the PEPCK tran-
scription rate or mRNAFPEPCK Jeve] was observed in endotoxin
plus CAMP-treated animals compared with induced controls.
Significant inhibition of the PEPCK transcription rate and
mRNAFEFCK Jevel by endotoxin treatment, however, was ob-
served at 5 h (control = 2,833+794 ppm vs. endotoxin
= 644+24 ppm, P < 0.05). At 8 h, PEPCK gene expression was
not different from the induced controls. PEPCK enzyme activ-
ity was also significantly decreased in the endotoxin-treated
group, compared with the induced controls at the 5-h time
point. PEPCK enzyme activity was increased over deinduced
controls (animals receiving glucose only) by 262 U/mg com-
pared with 134 U/mg in endotoxic animals (51% of induced
controls, P < 0.05). 6 h after cAMP treatment (8 h after endo-
toxin), PEPCK enzyme activity was not significantly different
from induced controls.

The plasma profiles of insulin, glucagon, and the I/G molar
ratio, in control and endotoxic animals subjected to fasting-re-
feeding and cAMP injection, are illustrated in Fig. 2. Endo-
toxin treatment significantly increased insulin levels after 3.5
and 5 h, however, by 8 h, the insulin values in control and
endotoxic rats were similar. In contrast to the insulin response,
glucagon levels were increased by 2 h after endotoxin treatment
and remained elevated by 8 h. At 3.5 and 5 h, the I/G molar
ratio was increased in endotoxic animals (although not statisti-
cally different from induced controls at 5 h), yet by 8 h the I/G
molar ratio was similar to the induced controls. The increased
insulin levels and the I/G molar ratio correlated well with de-
creased PEPCK gene expression in endotoxin-treated animals
and suggested a role for insulin in downregulation of PEPCK
gene expression during endotoxemia.

PEPCK gene expression in diabetic rats after endotoxin
treatment. In order to examine further the role of insulin in the
downregulation of PEPCK gene expression during endotoxe-

100
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© Control *

Figure 2. Time course
of insulin, glucagon,
and I/G molar ratio in
endotoxin-treated rats
after glucose feeding
and induction of
PEPCK with dibutyryl-
cAMP treatment. Rats
were treated as de-
scribed in the legend to
Fig. 1. Plasma was col-
lected for determination
of glucagon and insulin
levels by radioimmuno-
assay as described under
Methods. Results are
20 expressed as the mean

] value+SEM. Each time
point represents data
from four to six ani-
mals. Open circles rep-
resent saline treated an-
imals and closed circles
represent endotoxin
treated animals. *Values
S AU B significantly different

A from induced controls

f f f f (P < 0.05), as deter-
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mia, diabetic (plasma glucose > 500 mg/dl) rats were fasted
overnight, treated with sterile saline or endotoxin (10 mg/kg),
and killed 5 h later. PEPCK gene expression and circulating
hormone levels were examined. The results are shown in Ta-
ble II. In the diabetic rats, endotoxin treatment resulted in a
significant decrease in the PEPCK transcription rate and
mRNAPFEFCK 16 at least one-third of the values obtained from
diabetic rats given saline. Plasma corticosterone levels in dia-
betic rats receiving endotoxin were significantly elevated com-
pared with diabetic controls and were similar to the levels ob-
served in the nondiabetic animals given endotoxin. A signifi-
cant decrease in PEPCK gene expression occurred in diabetic
animals, however, in the absence of increased plasma levels of
insulin or glucagon. In diabetic rats given endotoxin, there was
no significant change in insulin values (control = 3.3+1.5 pU/
ml vs. endotoxin = 3.7+3.7 uU/ml) or glucagon values (control
= 2,539+729 pg/ml vs. endotoxin = 2,786+653 pg/ml). Thus,
PEPCK was downregulated despite no change in the I/G molar
ratio.

Altered cAMP induction of PEPCK gene expression after
IL-6 treatment. Based on the observation in diabetic rats, that
insulin alone did not decrease PEPCK gene expression during
endotoxemia, we investigated the role of human recombinant
IL-6 in the regulation of PEPCK gene expression. IL-6 modu-
lates the expression of many hepatic acute phase genes during
acute infection and inflammation and may serve as a second
signal of IL-1 and TNF during endotoxemia (18). When fasted
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Table I1. Endotoxin Action in Diabetic Rats

PEPCK mRNAFEFCK Plasma
Treatment* Transcription (relative I/G molar cortico-
(5h) rate integrator units) ratio sterone
ppm ug/dl
Diabetic controls 2580+39% 468+70  0.029+0.007 32.3+2.5
Diabetic
+ endotoxin 956+134%  249+51%  0.025+0.01 65.3+3.2¢

* Rats were fasted overnight, followed by an intraperitoneal injection
of either 0.5 ml of sterile saline or E. coli endotoxin (10 mg/kg).

* Mean value+SEM, n = 4. ¢ Statistically different from control (P
< 0.05), determined by Student’s ¢ test.

rats were injected with human recombinant IL-6 (10,000 U)
and killed 5 h later, there was no change, compared with saline
injected controls, in any of the parameters of PEPCK gene
expression (PEPCK transcription rate, mRNAFPEPCK  or
PEPCK enzyme activity), the I/G molar ratio, or plasma glu-
cose levels (data not shown). Plasma corticosterone values,
however, were elevated threefold (control = 15.6+2.0 ug/dl vs.
IL-6 = 51.1+9.4 pg/dl, P < 0.05). Because glucocorticoids
alone can increase PEPCK gene expression (8), we tested
whether IL-6, via increased corticosterone levels, could en-
hance the cAMP induction of PEPCK gene expression, using
the experimental protocol described in the legend to Fig. 1.
Animals were treated with IL-6 (10,000 U) simultaneously
with glucose and killed 5 h later (after 3 h of cAMP treatment).
Interestingly, IL-6 treatment resulted in a significant decrease
in the PEPCK transcription rate and mRNAPEPCK Jevels, com-
pared with induced controls (Table III). No significant change
in PEPCK enzyme activity was observed, however, in the IL-6-
treated animals, compared with induced controls (induced
controls = 262+13 U/mg vs. IL-6 = 214+21 U/mg). In addi-
tion, no significant change occurred in the I/G molar ratio,
compared with the induced controls.

Discussion

The molecular mechanisms involved in decreased gluconeo-
genesis after endotoxin treatment have not been fully eluci-
dated. The data presented here demonstrate that the previously
observed decrease in PEPCK enzyme activity after endotoxin

Table I11. Effect of IL-6 Treatment on cAMP Induction
of PEPCK Gene Expression

PEPCK mRNAFEPCK
Transcription (relative integrator 1/G molar
Treatment* rate units) ratio
ppm
Control 2833+797% 149.1+12.1 0.59+0.17
IL-6 344+127% 87.249.6¢ 0.82+0.15

* Rats were treated as described in the legend to Fig. 1, except that
IL-6 (10,000 U) was injected instead of endotoxin and the animals
were killed at the 5-h time point. ¥ Mean value+SEM, 7 = 4. § Statis-
tically different from control (P < 0.05), determined by Student’s ¢ test.
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treatment results from decreased gene expression. With the re-
cent availability of appropriate cDNA probes (7), we were able
to demonstrate, in endotoxic animals, a decrease in the
PEPCK transcription rate, which was reflected subsequently in
a decreased amount of mRNAFEPK, After endotoxin treat-
ment, the magnitude of change in mRNAFEPCK corresponded
well with the magnitude of change in the transcription rate,
suggesting that the decrease in mRNAFEPCK was due to a corre-
sponding decrease in the PEPCK transcription rate. It is inter-
esting to note that decreased PEPCK gene expression was ob-
served in this study in endotoxic rats that were (a) fasted over-
night and during the experiment, (b) fed (allowed access to
food), or (c) fasted overnight, refed with glucose, and treated
with cAMP. Considering the dominant role of insulin in
downregulating the PEPCK gene (7), the observed elevation in
the I/G molar ratio could account for the decrease in PEPCK
gene expression during endotoxemia. In order to determine if
insulin was the only hormone downregulating PEPCK gene
expression during endotoxemia, we used diabetic rats that were
hyperglycemic and had low, but detectable, levels of plasma
insulin. Using a nonlethal dose of endotoxin in diabetic rats,
we demonstrated that decreased PEPCK gene expression oc-
curred in the absence of an increase in plasma insulin. It is
interesting to note that plasma glucagon levels were elevated to
a similar degree in control and endotoxin-treated diabetic rats
(which was twice the value observed in normal fasted rats), yet
the observed hyperglucagonemia failed to prevent the decrease
in PEPCK gene expression due to endotoxin. These results
support previous reports that, in addition to glucocorticoids,
PEPCK is nonresponsive to regulation by glucagon in endo-
toxic animals (16). These results further suggest that other fac-
tors, in addition to insulin, may be involved in the negative
regulation of PEPCK during acute infection or inflammation.

It has been well documented that the effect of endotoxin to
inhibit hepatic gluconeogenesis and PEPCK is not a direct ef-
fect of endotoxin on the liver (1, 2, 6, 37). IL-1, TNF, and IL-6
have been implicated as mediators of the endotoxin effect
on PEPCK because they decrease enzyme activity and
mRNAFEPCK in vitro in Reuber H-4-II-E rat hepatoma cells
(19, 20, 38). Multiple cytokines appear in the circulation after
endotoxin treatment and may elicit the production of addi-
tional cytokines, resulting in a cascade of inflammatory media-
tors (18). We chose to examine IL-6 as a putative mediator of
endotoxin action on PEPCK gene expression because IL-6 is
the dominant cytokine involved in induction of the hepatic
acute phase proteins (39-41) and because endotoxin, TNF,
and IL-1 elicit IL-6 production (42, 43). IL-6 acts via a specific
membrane receptor (44) and after binding there is increased
transcription of hepatic acute phase genes, such as a,-macro-
globulin, haptoglobin, cysteine proteinase inhibitor, and «;-
acid glycoprotein. Concomitantly, synthesis of several acute
phase proteins, such as albumin, is decreased after treatment
with IL-6 (39-41). The dose of IL-6 (10,000 U/100 g rat) used
in these studies was chosen based on a previous study by Mar-
inkovic et al. (45) who reported that 40,000 U IL-6 per 400 g rat
were necessary to elicit the same acute phase response quantita-
tively as an acute inflammatory agent, turpentine.

The results we obtained with IL-6 treatment are interesting,
but somewhat perplexing. IL-6 treatment, after 5 h, had no
effect on PEPCK gene expression in fasted rats, indicating that
the cytokine alone, at the indicated dose, is not capable of me-
diating the endotoxin effect on PEPCK gene expression. IL-6



treatment, however, decreased the PEPCK transcription rate
and the amount of mRNAFEPK after cAMP treatment in
fasted, refed rats. The magnitude of decrease in the PEPCK
transcription rate was much greater than the observed decrease
in mRNAFEPCK which suggests that increased stabilization of
mRNAFPEP® may have occurred. Although glucocorticoids
have been shown to stabilize mRNAFEPK in Reuber hepatoma
cells (11), it is not known if the observed increase in corticoste-
rone levels after IL-6 treatment contributed to increased
mRNAFEPCK gabilization. The observation that no significant
change in PEPCK enzyme activity occurred in the IL-6-treated
animals lends support to this idea. One explanation for the IL-6
inhibition of cAMP-mediated induction of PEPCK gene ex-
pression might be that IL-6 acts as an insulin-like factor (46) or
that the cytokine prolongs the action of insulin when it is ad-
ministered at the same time as glucose. Other investigators
have reported that IL-6 enhances glucose-stimulated produc-
tion of insulin from isolated pancreatic 8-cells (47), however,
we observed no change in insulin levels after IL-6 treatment.
Although an IL-6 response element has not been mapped on
the promoter region of the PEPCK gene, a core hexanucleotide
CTGGGA sequence found in the promoter region of IL-6 re-
sponsive genes, is found in the 5'-flanking region of the PEPCK
gene described as the glucocorticoid response unit (GRU) (48).
A portion of the GRU also overlaps with the recently described
insulin response element (IRE) (49). This raises the possibility,
although purely speculative, that putative nuclear elements or
factors mediating the IL-6 effect on the PEPCK gene, under
certain conditions, interact at the GRU, IRE, or the cAMP
response element.

Although insulin decreases PEPCK synthesis after the ap-
propriate dietary stimulus in normal animals, it is clear from
our results that other factors in addition to insulin contribute to
the negative regulation of the PEPCK gene during endotoxe-
mia. We observed in this study that endotoxin elicited a tran-
sient change in PEPCK gene expression, however, the change
occurred at a critical time in the development of progressive
hypoglycemia (2). When larger doses of endotoxin (LDs,) are
administered, PEPCK enzyme activity is significantly de-
creased at a time coincident with developing hypoglycemia (4-
6 h) and remains depressed throughout the course of the exper-
iment (2). Although decreased PEPCK enzyme activity is not
solely responsible for the observed hypoglycemia in septic ani-
mals, it is an important factor in the failure of the gluconeo-
genic pathway to provide sufficient glucose to satisfy the in-
creased energy demands of the injured host. Further studies are
required to identify putative inflammatory mediators involved
and to elucidate how they interact with insulin in negatively
regulating PEPCK gene expression during acute infection and
inflammation.
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