This article was published in an Elsevier journal. The attached copy
is furnished to the author for non-commercial research and
education use, including for instruction at the author’s institution,
sharing with colleagues and providing to institution administration.
Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.
In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information
regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:
http://www.elsevier.com/copyright

Author's personal copy

Journal of Neuroimmunology 189 (2007) 59 – 68
www.elsevier.com/locate/jneuroim

Marked genetic differences in the regulation of blood glucose under immune
and restraint stress in mice reveals a wide range of corticosensitivity
H. Harizi a , F. Homo-Delarche b , A. Amrani c , J. Coulaud b , P. Mormède a,⁎
a

c

PsyNuGen-Neurogenetics and Stress, INRA UMR1286, CNRS UMR5226, Université Victor Segalen Bordeaux 2, F-33076 Bordeaux, France
b
CNRS UMR7059, Université Paris 7/D.Diderot, 2 place Jussieu, F-75005 Paris, France
Department of Pediatrics, Immunology Division, Université de Sherbrooke, 3001, 12th Avenue North Room 4854, Sherbrooke, Canada QC J1H 5N4
Received 11 May 2007; received in revised form 25 June 2007; accepted 26 June 2007

Abstract
Male and female mice from different control strains (C57BL/6, DBA/2, BALB/c) and the nonobese diabetic (NOD) strain, a spontaneous
model of type 1 diabetes, were subjected to various stressors (restraint, lipopolysaccharide or interleukin-1 injection). Significant differences were
measured among strains in blood glucose, insulin and corticosterone levels and, for restraint, IL-6. Addition of dexamethasone, a glucocorticoid
receptor agonist, to inhibit the expression of several proteins by LPS-stimulated bone marrow-derived macrophages in vitro showed a gradient
among control strains: C57BL/6 N DBA/2 N BALB/c corroborating the pattern of corticosensitivity suggested by their stress-induced glucose
responses at the systemic level.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Glucocorticoid (GC) hormones (cortisol and corticosterone)
are synthesized and released by the adrenal cortex under
pituitary (ACTH) and hypothalamic control (the hypothalamic–
pituitary–adrenocortical (or HPA) axis). Circulating GC exert a
negative feedback on hypothalamic and pituitary levels, partly
regulating their own production (Keller-Wood and Dallman,
1984). GC act via the cytoplasmic GC receptor (GR), which is a
member of the nuclear receptor family (Bamberger et al., 1996;
Evans, 1988), and are involved in the regulation of several
physiological mechanisms and pathophysiological processes.
They affect immune and central nervous system activities,
mediate the stress response, and regulate glucose and fat
metabolism. GC and insulin are reciprocal signals for energy
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balance (Strack et al., 1995) and the HPA axis is integral to a
larger hypothalamic system that determines caloric flow (Akana
et al., 1994). The HPA axis is also the main neuroendocrine
system mediating the actions of stress on the body, together with
the autonomic nervous system, and contributes to the
development of obesity under chronic stress (Dallman et al.,
2003). Several clinical and experimental findings have
documented the relationships between obesity and HPA axis
(Duclos et al., 2001; Jessop et al., 2001; Pasquali et al., 1993;
Vettor et al., 1998) and indicate that individual variations in
stress-related cortisol secretion may be part of individual
vulnerability to metabolic disorders, particularly the metabolic
syndrome (Rosmond, 2005; Rosmond et al., 1998).
Large genetic differences have been described in HPA axis
functioning in several species including humans, pigs and
laboratory rodents (Mormede et al., 2002). In mice both the
intensity and the kinetics of the response differ among inbred
strains submitted to electric foot shocks, restraint, social stress
or an alcohol challenge (Jones et al., 1998; Roberts et al., 1995;
Scislowska-Czarnecka et al., 2004; Shanks et al., 1990). We
choose three ‘normal’ contrasting strains, C57BL/6, DBA/2 and
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BALB/c that show an increasing corticosterone response to
stress (Shanks et al., 1990), to analyze the consequences of
these genetic differences in HPA axis reactivity on plasma
glucose levels under different experimental conditions that
stimulate the HPA axis with various consequences on blood
glucose levels: restraint stress that increases blood glucose,
lipopolysaccharide (LPS) and interleukin-1 (IL-1) that reduce
blood glucose (del Rey and Besedovsky, 1989; Jones et al.,
1998; Oguri et al., 2002; Vogel et al., 1991). The nonobese
diabetic (NOD) strain was also studied as a model of
spontaneous metabolic disorder (Homo-Delarche, 2004).
At the cellular level, several studies have shown that the
ability of cells to respond to GC is related to the intracellular
concentration and/or affinity of GR (Danielsen and Stallcup,
1984; Vanderbilt et al., 1987). The immune system is one the
most important GC target tissues. Because of their ability to
produce inflammatory factors, such as NO, IL-1β, TNF-α and
PGE2 (Nathan, 1987; Sharif et al., 2007) that regulate immune
and inflammatory responses (Medzhitov and Janeway, 1997),
macrophages may be used as cellular model to study GC
sensitivity of the immune system. In this study, macrophages
were generated from bone marrow (BM) cells of control mouse
strains (Harizi et al., 2002) and used as an in vitro model to
evaluate glucocorticoid sensitivity by the pattern of dexamethasone-mediated inhibition of LPS-stimulated production of
iNOS-II, COX-2, IL-1β, and TNF-α.
2. Materials and methods
2.1. Experimental animals
NOD females and males (originally provided by Clea
Japan Inc., Tokyo, Japan) were bred at the animal facilities of
Hôpital Necker, Paris, France, under specific pathogen-free
conditions and handled, according to the norms stipulated by
the European Community. C57BL/6, DBA/2 and BALB/c
were obtained at weaning from Iffa Credo, Les Oncins,
France. Mice were fed standard pellets and water ad libitum
and maintained at 22 ± 1 °C on a 12 h light–dark cycle. Eightweek-old animals were used. In our NOD colony, during the
time of this investigation, overt diabetes appeared in females
from 12 weeks of age onwards and a few weeks later in males.
All procedures followed the French legislation on research
involving animal subjects, and the recommendations of the
European Community Council for the Ethical Treatment of
Animals (no. 86/609/EEC).
2.2. Drugs and treatments
All experiments were done between 0900 and 1200 h on mice
that had not been subjected to handling previously. Animals
were individually restrained by wrapping them in gauze as
previously described (Amrani et al., 1994). Blood was collected
from control animals and in different groups after 30, 60 and
90 min of restraint (6 animals per group). Lipopolysaccharide
(LPS) from Salmonella abortus Equi (Sigma, Saint Quentin
Fallavier, France), dissolved in 0.9% saline, was injected

intraperitoneally (i.p.) at the dose of 25 μg/mouse. Blood was
collected in control animals and in different groups 1, 2, 3, 4 h
after injection of either saline or LPS solution (100 μl/mouse,
3–6 animals per group). Murine recombinant interleukine-1α
(IL-α) (British Biotechnology Products, Ltd, Abingdon, Oxon,
UK) was also dissolved in 0.9% saline and injected i.p. at the
dose of 12.5 μg/kg (del Rey and Besedovsky, 1989; Vogel et al.,
1991). Blood was collected 2 h after injection of either saline or
the IL-1 solution (100 μl/mouse, 6 animals per group).
2.3. Experimental procedures
In all cases, unanesthetized animals were bled in less than
2 min by retro-orbital puncture. As previously shown, this
technique avoids stress-induced metabolic changes (Amrani
et al., 1994). In each series of experiments, different groups of
animals were bled at different times to avoid the hyperglycemic
effect of repeated orbital puncture. Blood samples were kept on
ice, centrifuged at 13,000 ×g for 2 min at 4 °C, and stored at
− 20 °C. After bleeding, mice were immediately killed by
cervical dislocation.
2.4. Biochemical assays
Glucose concentrations were measured using the glucose
oxidase method (Biotrol glucose enzymatic color, Biotrol, Paris,
France). Plasma insulin concentrations were determined using a
standard RIA (SB-insulin-CT, CIS Biointernational, Gif-surYvette, France), as previously published (Pelegri et al., 2001).
Plasma corticosterone was measured after ethanol extraction by
a competitive protein binding assay using rhesus monkey serum
as the source of transcortin, tritiated corticosterone as the tracer
and dextran-coated charcoal to absorb the unbound fraction
(sensitivity 4 ng/ml, interassay coefficient of variation 8%). IL6 was measured by the means of the hybridoma cell line B9, a
B13.29-derived subline that exhibits a very high sensitivity for
IL-6 detection (1 pg/ml) as previously published (Ferran et al.,
1990; Helle et al., 1988).
2.5. Bone marrow-derived macrophages (BM-DM)
Macrophages were generated in vitro from C57BL/6, DBA/
2, and BALB/c mouse bone marrow (BM) according to Harizi
et al. (2002) with slight modifications. Briefly, BM of three 10week-old male mice was extracted from femurs and tibias.
Myeloid precursors were pooled in serum free RPMI 1640
medium (GIBCO, BRL) and washed. Then precursor cells
were plated at 1 × 106 cells/ml and differentiated into macrophages during 4 days in RPMI 1640 medium supplemented
with 1% streptomycin (GIBCO BRL, 1000 μg/ml), 2 mM
L-Glutamine (Sigma), 2 mM sodium pyruvate (Sigma), 5%
heat-inactivated FCS (Dominique Dutscher, Brumath, France)
and 10 ng/ml of murine Granulocyte Macrophage-Colony
Stimulating Factor (mGM-CSF, Pepro Tech Inc, USA) at
37 °C and 5% CO2. Mice BM-DM obtained at ∼ 98%
purity were characterized by flow cytometry analysis as CD14
positive cells.
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2.6. BM-DM stimulation, Western blotting and ELISA
These BM-DM (106 cells/ml) were stimulated with LPS
(1 μg/ml) in the presence of increasing concentrations of DEX
(Sigma) for 24 h. Controls included cells cultured alone
(vehicle control) and cells stimulated with LPS without DEX.
Supernatants were collected for TNF-α measurement by
ELISA (R&D System) and cell cytoplasmic lysates were
used for Western blot analysis of iNOS-II, COX-2, and IL-1β
protein expression? Cells washed twice with PBS were lysed in
ice-cold lysis buffer containing 10 mM HEPES (pH 7.6), 3 mM
MgCl2, 40 mM KCl, 2 mM DTT, 0.5% Nonidet P-40, 8 μg/ml
aprotinin, 8 μg/ml leupeptin, and 10 μg/ml PMSF. The
bicinchoninic acid protein assay reagent (Pierce, Rockford,
IL) was used for analyzing the protein concentration.
Cytoplasmic extracts (20 μg protein/lane) were resolved on
8% SDS-polyacrylamide gels, and Western blotting analysis
was performed using an ECL kit (Amersham, Little Chalfont,
U.K.). The blots were probed with specific antibodies directed
against iNOS-II (1/2000 dilution; BD Transduction Laboratories, Lexington, KY), IL-1β (1/2000; Santa Cruz Biotechnology,
Santa Cruz, CA), COX-2 (1/2000 dilution; Cayman Chemicals),
or α-actin (1/2500; Sigma-Aldrich). The blots were subsequently incubated with the specific secondary peroxidase-labeled
antibody and analyzed by an Amersham ECL and Kodak XAR-5
film (Eastman Kodak, Rochester, NY). The density (OD) of
resulting bands was measured with a GS-800 calibrated
Densitometer (BIO-RAD). The data were obtained from 4
independent experiments.
2.7. Data analysis
Data were submitted to multiple-way analyses of variance
(ANOVA) with sex, strain, time and/or treatment as main factors.
When interactions between these main factors were significant,
separated ANOVA were conducted by sex and/or strain. Post-hoc
comparisons were made with the Newman–Keuls test. The
CRUNCH® statistical software was used throughout. For in vitro
studies, the concentration of dexamethasone reducing protein
expression by 50% (ED50) was computed with the PRISM®
software by nonlinear regression (sigmoid dose–response curve)
and differences among groups means were computed by
ANOVA.
3. Results
3.1. Effects of restraint on glucose homeostasis in the various
strains
As shown in Fig. 1 (top), corticosterone increased during
restraint, which is considered as a psychological stress
( p b 10− 4). The sex factor was highly significant ( p b 10− 4)
and interacted with all other main factors. In females as in
males, the main effects of strain and time, and their interaction
were significant ( p b 10− 4). In both sexes, basal levels were
not significantly different among strains, but the strain effect
was highly significant at each time point during restraint
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( p b 10− 4; except at 30 min in females, p b 0.01). Among control strains, the response was highest in BALB/c and lowest in
C57BL/6, and the NOD strain displayed a low response similar
to C57BL/6.
Glycemia also increased during restraint ( p b 10− 4) (Fig. 1,
upper middle). The sex factor was highly significant ( p b 10− 4)
and interacted with other main factors. In females, the difference
in basal levels was marginally significant ( p = 0.057), but the
strains differed in their response to restraint (strain, time, and
strain × time interaction, all p b 10− 4). No significant change
during restraint was measured in BALB/c and NOD ( p N 0.10),
DBA/2 evinced a small but significant response ( p b 0.01) and
C57BL/6 showed the highest increase ( p b 10− 4). The same
pattern was observed in males, except that the difference in basal
levels was significant ( p b 0.02; C57BL/6 N DBA/2 N BALB/
c N NOD) and that the change in glucose levels was also
significant in BALB/c ( p b 0.002) and NOD ( p b 0.02), although
it was of limited magnitude in these strains.
Insulin decreased during restraint ( p b 10− 4) (Fig. 1, lower
middle). Levels remained low during the whole restraint period,
with no difference between the 30, 60 and 90 min time points.
The sex factor was significant ( p b 10− 4) with significant
interactions with the other main factors, except strain. In
females, the main factors strain and time ( p b 10− 4) and their
interaction ( p b 0.05) were significant. Basal levels were much
higher in DBA/2 ( p b 10− 4) and this strain evinced the largest
decrease of insulin levels during restraint ( p b 10− 4; BALB/c,
p b 0.02; C57BL/6; p b 0.10; NOD, p N 0.10).
IL-6, which is known to be elevated during physical and
psychological stress (Zhou et al., 1993), increased during
restraint ( p b 10− 4) (Fig. 1, bottom). Levels were higher in
males than in females ( p b 10− 3). In both sexes, levels measured
in basal condition and after 30 min restraint were low and not
significantly different among strains. A significant strain
difference was observed after 60 and 90 min of restraint stress
( p b 10− 4), with a gradient C57BL/6 b DBA/2 b BALB/c. The
response of the NOD strain was close to BALB/c.
3.2. Effects of LPS on glucose homeostasis in the various
strains
LPS was used here as a model of infectious stress. Fig. 2
(top) shows that control treatment with saline induced a
significant increase of corticosterone levels that was sex- and
line-dependent (and most interactions were also significant).
However, the magnitude of the response to saline was very low
compared to that of LPS. Corticosterone increased significantly
in all groups after LPS injection (p b 10− 4) and remained high
during the whole experiment (4 h). Levels were higher in
females ( p b 10− 4), but the sex × strain interaction was highly
significant ( p b 10− 4). Indeed, the sex difference was not
significant in C57BL/6, significant at intermediate times only
(1 h, p b 0.02; 2 h p b 10− 4) in DBA/2, and highly significant
( p b 10− 4) from 2 h post-treatment onwards in BALB/c and
NOD. In both sexes, strains differed significantly from each
other (p b 10− 4), with C57BL/6 showing the lowest response,
and BALB/c the highest, al least in females.
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Fig. 1. Effect of restraint on plasma levels of corticosterone, glucose, insulin and IL-6 in female (white symbols) and male (black symbols) mice subjected to 90-min
restraint (Mean ± SEM, 6 animals per group).

In saline-injected mice (Fig. 2, middle), glycemia was higher
in males (8.01 vs 7.08 mmol/l for all strains; p b 10− 4), and
differed among strains ( p b 10− 4), with significant sex × time
( p b 0.01) and strain × time interactions ( p b 0.05). In LPStreated mice, all three main effects were significant as well as
the sex × time and strain × time interactions (all p b 10− 4).
Indeed, the most striking result of this experiment was the

different time course of glycemia levels after LPS injection
between strains, the general pattern being similar in females and
males: in C57BL/6, there was a steady decline after LPS
injection; in DBA/2, the decline was delayed until the third hour
after injection; in BALB/c, the decline was also delayed
(significant in males only), but followed an early increase
significant 1 h and 2 h (in males only) after LPS injection. NOD
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mice like BALB/c showed a biphasic but attenuated glycemic
response.
For plasma insulin levels (Fig. 2, bottom), the main effect of
treatment (saline vs LPS) and all interactions of treatment with
other factors were not significant. The main effects of sex, strain
and time were significant ( p b 10− 4), as well as the sex × time
( p b 10− 4) and line × time ( p b 10− 4) interactions. Overall,
insulin decreased over time, but the intensity of the response
differed among the sex × strain groups. Importantly, the LPS
effect was not specific, since it was observed with the same
intensity and kinetics in saline-injected animals.
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3.3. Effects of IL-1 on glucose homeostasis in the various
strains
IL-1 is one of the LPS-induced cytokines that is able to lower
glycemia (del Rey and Besedovsky, 1989; Oguri et al., 2002;
Vogel et al., 1991). IL-1 injection increased plasma corticosterone levels ( p b 10− 4 ) (Fig. 3, top). After IL-1, plasma
corticosterone levels were higher in females than in males
( p b 10− 4 ), but the sex × strain interaction did not reach
significance. Levels were highest in BALB/c and lowest in
C57BL/6 and NOD.

Fig. 2. Effect of lipopolysaccharide (LPS) on plasma levels of corticosterone, glucose and insulin in female (white symbols) and male (black symbols) mice that
received saline (circles and continuous lines) or LPS (25 μg/g; triangles and dashed lines) (Mean ± SEM, 3–6 animals per group).
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Glycemia was generally lower after IL-1 treatment (p = 5.10− 4),
with a highly significant interaction with strain ( p b 10− 4) (Fig. 3,
middle). In both sexes, the effect was largest in C57BL/6
( p b 10− 4) and DBA/2 ( p b 10− 4), more limited in BALB/c
( p b 0.01 in males and p b 0.10 in females) and non significant in
NOD mice. Insulin increased after IL-1 injection ( p b 2.10− 4) with
large variations across sex and strains (Fig. 3, bottom).

ences among strains (Table 1). The C57BL/6 strain was the
most sensitive with ED50 between 1 and 10 nM of DEX, and the
BALB/c strain was the least sensitive with ED50 with
approximately 1.5 order of magnitude of difference. The
DBA/2 strain was either intermediate or not different from
BALB/c. Whether the variations of strain differences in
sensitivity to DEX reflect differences in regulation pathways
for these proteins will be explored in future experiments.

3.4. Sensitivity of control strain BM-DM to dexamethasone
4. Discussion
As shown Fig. 4, DEX dose-dependently down-regulated
LPS-induced expression by BM-DM of all four proteins studied
(iNOS II, COX-2, IL-1β and TNFα) with significant differ-

Our study was carried out on different inbred mouse strains
to investigate the possible relationship between stress-induced

Fig. 3. Effect of interleukin-1 (IL-1) on plasma levels of corticosterone, glucose and insulin in mice 2 h after they received saline (black columns) or IL-1 (12.5 μg/kg;
empty columns) (Mean ± SEM, 6 animals per group).
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Fig. 4. DEX-mediated inhibition of LPS-induced production of inflammatory proteins in BM-DM. (A) Western blot analysis of iNOS-II, COX-2 and IL-1β protein
expression. Western blot for α-actin served as control for sample loading, one representative Western blot is shown (n = 4). (B) Dose–response curves of relative
densities of protein bands (mean ± S.D., n = 4). (C) ELISA for the production of TNF-α (pg/ml, n = 4).

plasma corticosterone and glucose responses to various stressors
(restraint, LPS, IL-1). In all three experimental conditions, the
corticosterone increase was sex-dependent, with females evincing a larger response than males, as usually described in
laboratory rodents (Seale et al., 2004). In control strains, there
was also a clear-cut strain-related difference, in the same order
(C57BL/6 b DBA/2 b BALB/c), as described earlier (Jones et al.,
1998; Roberts et al., 1995; Scislowska-Czarnecka et al., 2004;
Shanks et al., 1990). In most cases, the NOD strain behaved like
C57BL/6 with a rather low corticosterone response. However,
there were significant variations across the different experiments
in both sex and strain effects on corticosterone responses.
A sexual dimorphism also exists for glycemia, thus
confirming data from others (Goren et al., 2004; Lavine et al.,
1971). Glycemia is higher in males than in females due to the

presence of androgens that induce some state of insulin
resistance (Homo-Delarche et al., 1991; Leiter, 1989). Moreover, in all three experimental conditions, the glucose response

Table 1
Concentration of dexamethasone inducing 50% inhibition (DE50) of production of
various proteins by macrophages in vitro (decimal logarithm of dexamethasone
concentration in moles/L, mean ± S.D., data from 4 independent experiments) vs
C57BL/6, ⁎⁎ p b 0.01, ⁎⁎⁎ p b 0.001; vs DBA/2, # p b 0.05, ### p b 0.001

iNOS-II
COX-2
IL-1β
TNF-α

C57BL/6

DBA/2

BALB/c

− 8.089 ± 0.104
− 8.257 ± 0.142
− 7.989 ± 0.251
− 8.807 ± 0.269

− 7.205 ± 0.344 ⁎⁎
− 7.038 ± 0.078 ⁎⁎⁎
− 7.401 ± 0.158 ⁎⁎
− 7.743 ± 0.126 ⁎⁎⁎

− 6.639 ± 0.458 ⁎⁎⁎,#
− 6.411 ± 0.208 ⁎⁎⁎, ###
− 6.121 ± 0.259 ⁎⁎⁎, ###
− 7.547 ± 0.383 ⁎⁎⁎
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was strain-specific. With regard to hyperglycemia induced by
restraint, a gradient of response existed in both sexes as follows:
C57BL/6 N DBA/2 N BALB/c. Restraint had almost no effect on
glycemia in the NOD strain. The gradient of glycemic response
to restraint was not related to the intensity of inhibition of
insulin secretion. However, and notably, restraint-induced
hyperglycemic response was inversely related to that of
corticosterone. Because corticosterone, a hyperglycemic hormone, did not proportionally increase glycemia in strains that
had the highest hormone levels, these data suggest the following
gradient of corticosensitivity among the various control strains:
C57BL/6 N DBA/2 N BALB/c.
This gradient of corticosterone sensitivity was confirmed by
the IL-6 data. We showed that in mice, circulating IL-6 increased
during restraint, like in rats (Johnson et al., 2005; Zhou et al.,
1993). The gradient of IL-6 production was as follows: C57BL/
6 b DBA/2 b BALB/c. Since IL-6 secretion is down-regulated by
glucocorticoids (Schobitz et al., 1993), these data confirm that
the sensitivity to GC is highest in C57BL/6, intermediate in
DBA/2 and lowest in BALB/c. The NOD strain, like BALB/c,
appeared corticoresistant. The strain differences in corticosterone responses to the various forms of stress may result from
variations in GR sensitivity, since these receptors have a major
influence on the reactivity of the HPA axis via feedback
mechanisms (Ratka et al., 1989). GC may play an important role
in the development of many diseases including obesity, glucose
intolerance, type 2 diabetes and central nervous system atrophy
(Fraser et al., 1999; Kyrou et al., 2006; Sapolsky, 1985). In
addition to the levels of hormone secretion, the magnitude of the
biological response to stress depends on GR efficiency
(Bamberger et al., 1996). The analysis of DEX-mediated
inhibition of macrophage secretory function revealed that
BALB/c BM-DM was much less sensitive to the inhibitory
effects of DEX. Our in vitro approach clearly argues in favor of
large variations in GR sensitivity across ‘normal’ strains
(C57BL/6 N DBA/2 N BALB/c), which corroborates and potentially explains the in vivo data obtained in response to stress.
There are indeed a few indications in the literature corroborating our data. First, repeated restraint had a more pronounced
effect on thymus weight decrease in C57BL/6 than DBA/2 (Jones
et al., 1998). Second, BALB/c and NOD mice are resistant to GCinduced thymocyte apoptosis, in contrast to C57BL/6 (Martins
and Aguas, 1998). Alteration of corticosteroid secretion anomalies of binding to corticosteroid binding globulin (CBG) and/or
corticoid receptor sensitivity has been described in autoimmunity,
particularly T1D (Derijk and Berkenbosch, 1991; HomoDelarche et al., 1991; Smith and Hammond, 1991; Sternberg,
2001). Regarding control strains, on one hand, it is worth noting
that BALB/c is a strain in which it is possible to induce antiinsulin antibodies, which could result from a deficient GCinduced down-regulation of its immune response (Liu et al.,
2002). On the other hand, “control” C57BL/6 mice are well
known for their insulin resistance together with glucose
intolerance, and it is easy to induce obesity and diabetes in this
strain if raised on a high-fat diet (Ahren and Pacini, 2002; Toye
et al., 2005). Their high corticosensitivity might partly contribute
to their susceptibility to metabolic disorders.

LPS, taken here as a model of infectious stress, and
particularly one of the cytokine it stimulates, IL-1, are able to
induce hypoglycemia in mice through increased glucose
disposal (del Rey and Besedovsky, 1989; Oguri et al., 2002;
Vogel et al., 1991). The effect of LPS was highly strain-specific.
Plasma glucose decreased rapidly in C57BL/6, lately in DBA/2
and after a transient hyperglycemic effect in BALB/c and NOD
mice. IL-1 alone led to similar data to those obtained with LPS,
with the same or more rapid timing, and therefore the strain
difference in the action of LPS does not result primarily from
differences in IL-1 release by LPS but rather from differences in
IL-1 effects. Since BALB/c and NOD strains show some degree
of corticoresistance, this transient hyperglycemic effect might
result from defective corticosteroid inhibitory effect of LPS
(or IL-1) on counterregulatory hormones and/or IL-1 receptors
themselves. First, LPS and IL-1 stimulate the release of
catecholamines that is down-regulated by GC (Berkenbosch
et al., 1989; Kvetnansky et al., 1995; Saito et al., 1991;
Yanagihara et al., 1994) and recently, the role of catecholamines
in stress-induced release of IL-1β and IL-6 has been clearly
demonstrated (Johnson et al., 2005). In this regard, BALB/c is
one of the control strains that have the highest catecholamine
biosynthetic activity, as based on the activity of the enzymes
tyrosine hydroxylase and phenylethanolamine N-methyl transferase in the adrenals, and C57BL/6 one of the lowest
(Ciaranello et al., 1972). As a result the role of catecholamines
in stress responses should be higher in BALB/c than in C57BL/
6, although this hypothesis is still to be confirmed experimentally. In NOD mice, adrenalectomy performed before IL-1
injection completely unmasked the hypoglycemic effect of lL-1,
while the administration of the anti-GC RU486 together with IL1 had only a slight hypoglycemic effect (Amrani et al., 1996).
These data might suggest a preponderant role of catecholamines
as counterregulatory hormones and/or a blunted GC action in
NOD mice. Second, GC are known to up-regulate IL-1 receptors
in various cell types, leading to increased IL-1 effect (Gottschall
et al., 1991; Pousset et al., 2001). Corticoresistance should
therefore diminish the expected effect of IL-1 on peripheral
glucose disposal, as observed in BALB/c and NOD mice.
In conclusion, we show here the importance of genetic factors
in the effect of various forms of stress on glucose homeostasis.
Even a well documented ‘classical’ effect like LPS-induced
hypoglycemia in mice that we obtained here in the C57BL/6
strain, can be reversed into hyperglycemia in another ‘normal’
strain like BALB/c. One strong unitary mechanism to explain
the present data is the variation of GR efficiency across ‘normal’
strains. This hypothesis was confirmed by the in vitro study of
DEX-mediated inhibition of LPS-induced macrophage production of iNOS-II, COX-2, IL-1β, and TNF-α proteins. In vivo,
a high efficiency of GR in the C57BL/6 strain can explain
the low corticosterone response to various forms of stress
(efficient negative feedback), the high hyperglycemic response
to restraint (efficient counterregulatory effect of corticosterone),
the low IL-6 response to restraint (full inhibition by corticosterone), the strong hypoglycemic response to LPS via an increased
response to IL-1 (corticosterone-induced up-regulation of IL-1
receptors) and the low efficiency of counterregulatory hormones
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like catecholamines (inhibited by corticosterone). The reverse
would be true in the BALB/c corticoresistant strain and
intermediate in DBA/2. Such a mechanism can contribute to
pathological processes, as suggested by 1) the high corticosensitivity of C57BL/6 mice that might contribute to their
susceptibility to metabolic disorders, such as their insulin
resistance together with glucose intolerance, and the ease to
induce obesity and diabetes if raised on a high-fat diet (Ahren
and Pacini, 2002); and 2) the relative corticoresistance of the
NOD mice that could sensitize this strain to the autoimmune
processes involved in the development of diabetes (HomoDelarche, 2004). Further work should explore the molecular
mechanisms underlying these functional differences, with
molecular genetic strategies already used in the rat to explore
these mechanisms (Marissal-Arvy et al., 2004).
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