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Abstract

Aim. — Studies both in vitro and ex vivo of rodent skeletal muscle have highlighted the potential involvement of neuregulin 1 (NRG1) in glucose
metabolism regulation, yet nothing is known of the role of NRG1 in systemic glucose homoeostasis. For this reason, it was hypothesized that
systemic delivery of NRG1 might improve glucose tolerance and that the effect might be age-dependent.

Methods. — Glucose tolerance tests were performed in 6-month-old (adult) and 22-month-old (old) male Wistar rats 15 min after a single
injection of either NRG1 (50 pwg/kg) or saline (controls). Skeletal muscle and liver samples were also collected 30 min after the acute NRG1 or
saline treatment, while the phosphorylation status of ErbB receptors and AKT was assessed by Western blotting.

Results. — Acute NRG1 treatment decreased the glycaemic response to an oral glucose load in both adult and old rats. NRG1 injection did not
activate ErbB receptors in skeletal muscle, whereas phosphorylation of ErbB3 and AKT was markedly increased in the liver of NRG1-treated adult

and old rats compared with controls.

Conclusion. — This study shows that NRG1 has a possible glucose-lowering effect in the liver and via an ErbB3/AKT signaling pathway. This
NRGT effect is also maintained in old rats, suggesting that the NRG1/ErbB signaling pathway might represent a promising therapeutic target in

insulin resistance states.
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1. Introduction

Neuregulin (NRG) growth factors belong to a complex family
of proteins that is structurally related to epidermal growth factor

Abbreviations: NRGI, neuregulin 1; ErbB, erythroblastic leukaemia viral
oncogene homologue; OGTT, oral glucose tolerance test; AUC, area under the
curve; HIRI, hepatic insulin resistance index; MISI, muscle insulin sensitivity
index; VEH, vehicle (saline).
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(EGF). Four NRG genes have been identified (neuregulin 1-4),
and more than 15 distinct membrane-associated or soluble iso-
forms result from alternative splicing and differential use of the
promoter of the NRGI gene, the most studied of the four NRGs
[1]. Neuregulin 1 (NRG1) isoforms are expressed somewhat
ubiquitously by cells of endothelial and mesenchymal origin,
and are critical for cellular proliferation, survival, migration and
differentiation [2]. NRGI is essential for the development and
maintenance of the nervous system [3], heart [4], skeletal muscle
[5] and liver [6]. Most NRG1 isoforms contain a transmem-
brane domain, and all have a bioactive extracellular EGF-like
domain [1]. Proteolytic cleavage may lead to release of the
EGF-like domain, which can bind to and activate the class-I
tyrosine kinase receptors called “erythroblastic leukaemia viral



oncogene homologues” (ErbBs). Four receptors make up this
family (ErbB 1-4); however, NRG1 only binds to ErbB3 and
ErbB4. Phosphorylation of tyrosine residues in the ErbB cyto-
plasmic domain initiates diverse downstream signaling events,
notably the phosphatidylinositol 3-kinase (PI3K)/AKT pathway
[7.8].

Although most studies of NRG1 have focused on its myo-
genic and neurotrophic properties, it has been suggested that
NRGI can also influence glucose metabolism [5], particularly
in skeletal muscle, the major site of insulin-stimulated glu-
cose disposal. For instance, NRG1 increases glucose uptake
in L6E9 myotubes and isolated strips of soleus muscle [9].
Also, chronic exposure to NRG1 improves insulin sensitiv-
ity in L6E9 and C2C12 myocytes [10]. On the other hand, in
liver, the main organ involved in blood glucose homoeostasis,
insulin and NRG1 appear to have competitive, non-synergistic
effects. Indeed, in rat liver, insulin decreases NRG1 expression
and impairs its binding to receptors through a PI3K-dependent
pathway [11,12]. In addition, in obese ob/ob mice, ErbB trans-
activation induces hepatic insulin resistance [ 13]. Therefore, the
complex relationship between NRG1 and insulin in muscle and
liver raises the question of NRG1 influence on systemic glucose
homoeostasis.

Ageing is one of the physiological states associated with
glucose homoeostasis impairment [ 14]. In ageing myocardium,
restoration of the NRG1/ErbB pathway has been suggested to
mediate the positive effects of caloric restriction, an interven-
tion that improves glucose homoeostasis and insulin sensitivity,
and increases the lifespan, too [15,16]. Interestingly, a strong
relationship independent of phylogeny has been found between
the maximum lifespan of rodent species and NRGI and
ErbB4 expression in the cerebellum [17,18]. This suggests
that NRGI1, through specific effects on brain function or in
the entire body, could be a major determinant of rodent
longevity [18]. Ageing also regulates the ErbB pathway in
Caenorhabditis elegans (a roundworm) [19], while a progres-
sive age-related decline of ErbB4 expression has been observed
in the ventral midbrain of rats [17]. Therefore, the NRG1/ErbB
signaling pathway could be involved in age-related metabolic
impairment.

The aim of the present study was to determine whether acute
NRG1 administration affects blood glucose homoeostasis in
adult and old rats. To test the hypothesis that NRG1 has a sys-
temic hypoglycaemic effect and that the effect is age-dependent,
the effects of an intravenous (i.v.) injection of NRG1 on glucose
and insulin responses to an oral glucose challenge were inves-
tigated in adult and old rats. NRG1/ErbB signaling was also
assessed in liver and skeletal muscle following the acute NRG1
administration to determine the mechanisms involved in NRG1
effects on glucose homoeostasis.

2. Methods
2.1. Animals

Animal maintenance and experimental procedures were
in accordance with the current legislation on animal

experimentation, and were approved by the local ethics com-
mittee for animal experimentation (Auvergne, C2EA-02). Old
(22-month-old; n = 10) and adult (6-month-old; n = 6) male Wis-
tar rats (Janvier Labs [CERJ], Le Genest-Saint-Isle, France)
were kept in temperature-controlled (20-22°C) cages and
reversed light—dark cycles (8.00 pm to 8.00 am), and had free
access to water.

2.2. Neuregulin-1

To evaluate NRG1 effects, the EGF-like domain of human
NRGI (B2a isoform; residues Serl177 to Glu237) was provided
by Zensun Science and Technology Ltd (Pudong, Shanghai, Peo-
ple’s Republic of China) in a saline solution at 1.25 mg/mL.
Immediately before i.v. injection, the solution was diluted with
more saline to 50 wg/mL (final concentration).

2.3. Oral glucose tolerance tests (OGTTs) and metabolic
measurements

OGTTs were carried out over 2 weeks. Rats (adult and old)
were fasted overnight (12h) and then received either a saline
(VEH) or NRGl injection 15 min before glucose loading by gas-
tric gavage (2 g/kg of body weight). Half the animals (randomly
chosen) were treated with NRG1 and the other half with VEH
during the first OGTT. The rats in the NRG1 group were then
moved to the VEH group, and vice versa, for the second OGTT.
Thus, ultimately, all animals received one injection of NRG1
and one injection of VEH. Blood samples were collected from
the tail vein at 15, 30, 60, 90 and 120 min after glucose load-
ing, and centrifuged at 6000 G for 5 min for plasma collection.
Plasma samples were stored at —80 °C until further use. Plasma
insulin was measured with an ELISA assay kit (ALPCO, Salem,
NH, USA).

Blood glucose levels were determined, using a glucometer,
15 min before the OGTT (—15) at the time of glucose loading (0),
and then at 15, 30, 60, 90 and 120 min after loading (Accu-chek
Performa, Roche Diagnostics, Basel, Switzerland). Glucose and
insulin responses were expressed as:

e area under the curve (AUC), calculated by the trapezoidal
method (total AUC);

e net AUC, calculated after subtracting the baseline concentra-
tion.

The homoeostasis model assessment index as a marker of
insulin resistance (HOMA-IR) was calculated using the follow-
ing formula: [fasting plasma insulin (mIU/L) x fasting blood
glucose concentration (mmol/L)]/22.5. The product of the net
AUC for blood glucose multiplied by the net AUC for plasma
insulin during the first 30 min of the OGTT was calculated and
used as the hepatic insulin resistance index (HIRI) [20]. The rate
of blood glucose concentration decay from its peak value to its
nadir divided by the mean plasma insulin concentration during
the OGTTs was also calculated and used as a muscle insulin
sensitivity index (MISI) [20].



2.4. Body composition

The day before the rats were sacrificed, their body composi-
tion was assessed with an EchoMRI™ 3-in-1 instrument (Echo
Medical Systems, Houston, TX, USA).

2.5. NRGI injections and euthanasia

One week after the OGTTs, half the rats were randomly
assigned to the NRG1 group (three adult and five old mice)
and the other half to the VEH (control) group (three adult and
five old mice). For the biochemical experiments, the rats were
anaesthetized with 1 mL/kg pentobarbital and then euthanized
by decapitation 30 min after i.v. injection of NRG1 or VEH, fol-
lowing a 12-h fast. The gastrocnemius muscle and liver were
dissected and immediately frozen in liquid nitrogen.

2.6. Protein extraction

Frozen samples (50 mg) were crushed in a Potter-Elvehjem
tissue grinder placed on ice with 1 mL of lysis NP40 buffer
[SOmM Tris-HCI, pH 7.5; 150mM NaCl; 1% (v/v) Non-
idet P-40; 1 mM EDTA; 5 mM sodium pyrophosphate; 1 mM
sodium orthovanadate; 50 mM sodium fluoride] supplemented
with freshly added protease and phosphatase inhibitor cocktails
(ThermoFisher Scientific, Pittsburgh, PA, USA). Homogenates
were centrifuged at 14,000 G for 10 min, and the supernatants
collected and stored at —80°C. Supernatant protein content
was measured by the Bradford method, using a dye reagent
(Bio-Rad Laboratories, Hercules, CA, USA) and bovine serum
albumin (BSA) as the standard (Sigma-Aldrich Corp., St. Louis,
MO, USA), diluted with lysis buffer to a final concentration of
30 pg/mL.

2.7. Western blot analysis

Western blotting was carried out to measure protein expres-
sion in the liver and gastrocnemius samples. Antibodies against
ErbB1, p-ErbB1 (Tyr1173), ErtbB2, p-ErbB2 (Tyr1248), ErtbB3,
p-ErbB3 (Tyr1328), ErtbB4 and p-ErbB4 (Tyr1056) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against AKT, p-AKT (Serd73), p42/p44,
phosphorylated p42/p44 (Thr202/Tyr204), PKC§ and p-PKCE
(Thr410) were obtained from Cell Signaling Technology (Dan-
vers, MA, USA). Protein samples were diluted with Laemmli
buffer and separated using Mini-PROTEAN TGX Stain-Free
gels (Bio-Rad). After transfer onto PVDF membranes using
Trans-Blot Turbo transfer apparatus (Bio-Rad), the membranes
were blocked with 5% BSA solution in Tris-buffered saline (pH
7.5) with 0.1% Tween 20 (TBST) at room temperature for 1 h.
Membranes were incubated overnight at 4 °C in 5% BSA with
primary antibodies (1/1000 dilution for all antibodies except
anti-ErbB antibodies, which were diluted to 1/250), followed
by an appropriate horseradish peroxidase-conjugated secondary
antibody in TBST at room temperature for 1 h. Enhanced chemi-
luminescence (ECL) reagents (Bio-Rad) were used for signal

detection, and digital images were acquired using the Molecular
Imager ChemiDoc XRS System (Bio-Rad) and normalized using
the total protein normalization (TPN) method provided by the
Stain-Free Blot technology [21]. When quantifying the phos-
phorylated proteins, the protein content was first normalized
before calculation of the phosphorylation ratio, and the results
expressed as relative to control.

2.8. Statistics

Statistical analyses were performed using Statistica soft-
ware (version 8; StatSoft Inc., Tulsa, OK, USA). Data are
presented as means &= SEM. The Mann-Whitney test was used to
compare body composition, blood glucose, plasma insulin and
HOMA-IR values between adult and old rats. After checking
variance homogeneity with Bartlett’s test, two-way analyses of
variance (ANOVAs) were used to compare AUC values, HIRI
and MISI indices, and protein expression levels in the four
groups. ANOVA with repeated measures was performed where
appropriate (glucose and insulin responses following glucose
loads). When a significant effect was found, post-hoc multi-
ple comparisons were made using Tukey’s post-hoc analysis.
Statistical significance was set at 0.05.

3. Results

3.1. Body composition, fasting blood glucose and plasma
insulin levels

Analysis of the morphological characteristics and metabolic
measurements of adult and old rats (Table 1) showed that weight,
lean mass (g) and fat mass (g and %) were significantly higher in
the old rat group (n = 10) than in the adult group (n = 6; P <0.05).
However, fasting glucose, insulin levels and HOMA-IR index
did not differ across groups (P=0.21, P=0.95 and P=0.95,
respectively).

Table 1
Morphological and metabolic characteristics of adult and old rats.

Adult old

(n=6) (n=10)
Age 6 months 22 months
Weight (g) 452.5+17.9 544.0+17.8*
Lean mass (g) 402.6+19.8 444.0+29.1*
Lean mass (%) 88.9+29 81.6+4.1°
Fat mass (g) 49.94+13.7 100.0 +21.1%
Fat mass (%) 11.0+2.7 18.3+3.9¢
Fasting blood glucose (mmol/L) 48+03 4.6+03
Fasting plasma insulin (mIU/L) 20.6 4.5 23.8+14.2
HOMA-IR 43+1.0 50434

Blood was collected at rest from the tail vein of male Wistar rats for blood
glucose and plasma insulin measurements. Body composition was assessed by
an EchoMRI 3-in-1 instrument (Echo Medical Systems, Houston, TX, USA).
Values are expressed as means + SEM. HOMA-IR: homoeostasis model assess-
ment for insulin resistance, calculated as fasting glucose (mmol/L) x fasting
insulin (mIU/mL)/22.5.

4 P<0.05.
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Fig. 1. Effects of acute injection of neuregulin 1 (NRG1) on blood glucose levels during an oral glucose tolerance test (OGTT) in adult and old rats. A. After 12 h of
fasting, adult (n=6) and old (n = 10) rats received an intravenous (i.v.) injection (tail vein) of either saline (0.9% NaCl, VEH) or NRG1 (50 pg/kg), followed 15 min
later by an oral glucose load (2 g/kg). Blood was sampled at different time points for measuring concentrations of glucose (shown here) and insulin (see Fig. 2). B.
Blood glucose concentrations in the NRG1 and VEH groups during the OGTT after subtracting baseline concentrations. C. Net glucose AUC in the four rat groups.

Values are means = SEM.

3.2. OGTT results

Fasted adult and old rats received either 50 pg/kg of NRG1 or
saline solution (VEH) by i.v. injection 15 min before oral glucose
loading (2 g/kg). Blood glucose and plasma insulin concentra-
tions were then measured at different time points over 120 min
(Fig. 1A).

3.2.1. Glucose response

There was no significant difference in fasting blood glu-
cose levels between groups (Table 1). After the oral glucose
load, glycaemia significantly increased in all rats (time effect:
P <107°). Nevertheless, blood glucose concentrations during
the OGTT were significantly lower in adult (both NGR1 and
VEH groups) vs old rats (NRG1 and VEH groups; age effect:

A Time effect: P< 10
NRGI effect: P=0.054
4 Age effect: P=0.019
No interaction

—e— ADULT VEH
—— ADULT NRGI
— # — OLD VEH
= # = OLD NRGI

Plasma insulin levels (ng.ml")

-1 Time (min)

P=0.025; Fig. 1B) and in NRG1- vs VEH-treated animals, inde-
pendent of age (NRG1 effect: P=0.005; Fig. 1B). No significant
interaction between time, age and NRG1 was detected.
Similarly, net glucose AUCs were higher in the old than in
the adult groups independent of treatment (age effect: P <1079,
Fig. 1C), although they were lower in NRG1-treated rats than in
saline-treated animals (NRG1 effect: P =0.002). No significant
interaction (age x NRG1) was noted for either total or net AUCs.

3.2.2. Insulin response

There was no significant difference in fasting plasma insulin
levels between groups (Table 1). After the oral glucose chal-
lenge, plasma insulin levels significantly increased in all groups
(time effect: P<1079), although they were more elevated in
old vs adult rats (age effect: P=0.019; Fig. 2B). Plasma insulin
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Fig. 2. Effects of acute injection of NRG1 on plasma insulin levels during OGTTs in adult and old rats. A. Plasma insulin concentration in the NRG1 and VEH
groups during the OGTT after subtracting baseline concentrations. B. Net insulin AUC in the four groups. Values are means &= SEM.



levels tended to be lower in NRG1-treated than in VEH-treated
rats (NRGI effect: P=0.054; Fig. 2B). No significant interaction
between time, age and NRG1 was detected.

Similarly, net insulin AUCs were higher in the old vs adult
groups (age effect: P=0.016; Fig. 2C). On the other hand, no
significant difference in net insulin AUC values was observed
between NRGI1- and VEH-treated animals (P =0.07; Fig. 2C).
No significant interaction (age x NRG1) was noted for either
total or net insulin AUCs.

3.2.3. HIRI and MISI

To further explore the mechanism by which NRG1 might
influence whole-body glucose homoeostasis, hepatic insulin
resistance and muscle insulin sensitivity indices (HIRI and MISI,
respectively) were calculated during the OGTTs. HIRI was
significantly lower in adult and NRG1-treated animals com-
pared with old and VEH-treated rats (P < 1074 and P=0.034,
respectively; Fig. 3A), and no interaction (age x NRG1) was
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observed. MISI was not affected by either age or NRGI treat-
ment (Fig. 3B).

3.3. Biochemical analyses

The mechanism by which NRG1 might influence glucose
homoeostasis was investigated by assessing, in liver and skele-
tal muscle (gastrocnemius), the basal level of ErbB receptors
and also the phosphorylation ratios (phosphorylated ErbB/total
ErbB protein level) 30 min after i.v. injection (tail vein) of either
50 pwg/kg of NRG1 or VEH solution. Key downstream proteins
of the ErbB signaling pathway (AKT, MAPK and PKC§) were
also evaluated.

Basal expression levels of ErbB receptors were different
between the liver and skeletal muscle. ErbB1 and ErbB3 levels
were almost 10-fold and two-fold higher, respectively. Con-
versely, the ErbB4 level was two-fold higher in skeletal muscle
than in liver. ErbB2 was weakly expressed in skeletal muscle
and almost absent in the liver (not shown).
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Fig. 3. Effects of acute injection of NRG1 on HIRI and MISI in adult and old rats during OGTT. A. The hepatic insulin resistance index (HIRI) was calculated as
net AUC of blood glucose concentrations (0-30 min) multiplied by net AUC of plasma insulin concentrations (0-30 min). B. The muscle insulin sensitivity index
(MISI) was calculated as the decay in blood glucose concentration from peak to nadir during OGTT (dG/dt) divided by mean plasma insulin concentration during
the OGTT (30-120 min). C. After a 12-h fast, male rats received an i.v. injection of either VEH (0.9% NaCl; adult rats =3, old rats =5) or NRG1 (50 pg/kg; adult
rats =3, old rats =5) and were euthanized 30 min later. For Western blot analysis, liver protein extracts were probed with antibodies against IRS-1, p-IRS-1 (Ser307)
and p-IRS1 (Ser638). Phosphorylation ratios (phosphorylated protein/total protein) of IRS-1 on (D) Ser307 and (E) Ser638 were calculated and normalized to values

obtained in the adult VEH group. Values are means + SEM.
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Fig. 4. Effects of acute injection of NRG1 on ErbB, AKT, p42/p44 and PKC{ phosphorylation ratios in gastrocnemius muscle from adult and old rats. After a 12-h
fast, male adult (n=3) and old (n=5) rats received an i.v. injection of VEH (0.9% NaCl) or NRG1 (50 pg/kg) and were euthanized 30 min later. A. For Western blot
analysis, protein extracts from this skeletal muscle were probed with antibodies directed against basal and phosphorylated ErtbB1, ErbB2, ErbB3, ErbB4, p42/p44,
AKT and PKC{. Phosphorylation ratios (protein-p/total protein) of (B) ErbB1 on Tyr1173, (C) ErbB2 on Tyr1248, (D) ErbB3 on Tyr1328, (E) ErbB4 on Tyr1056,
(F) AKT on Ser473, (G) p42/p44 on Thr202/Tyr204 and (H) PKC{ on Thr410 were calculated. Ratios were normalized to values obtained in the adult VEH group.

Values are means + SEM.

After treatment, ErbB phosphorylation ratios in the gastroc-
nemius were not significantly different between adult and old
rats or between NRG1- and VEH-treated rats (no age x NRG1
interaction; Fig. 4B—E). Similarly, phosphorylation ratios of
AKT (Serd473), p42/p44 MAPK (Thr202/Tyr204) and PKC§
(Thr410), three kinases activated by transactivation of ErbB
receptors, were not significantly affected by the acute NRG1
injection (Fig. 4F-H). Likewise, AMPK phosphorylation, which
is involved in glucose transporter translocation in skeletal mus-
cle [22], was not modified following NRG1 injection (data not
shown). To further confirm that NRG1 does not target skeletal
muscle glucose homoeostasis, isolated rat epitrochlearis mus-
cle samples were incubated with either NRG1 or insulin. While
insulin stimulated 2-deoxyglucose uptake, NRG1 had no effect
(data not shown).

In liver, insulin receptor substrate (IRS)-1 phosphorylation
on Ser307 and Ser638 was not increased by NRGI treatment
(Fig. 3). On the other hand, the ErbB3 phosphorylation ratio
was significantly increased in NRG1- compared with VEH-
treated animals independent of age (NRGI1 effect: P=0.009;
Fig. 5A-C). ErbB1, ErbB2 and ErbB4 phosphorylation ratios

were not affected by NRG1, whereas AKT phosphorylation was
significantly increased in both adult and old rats after NRG1
treatment (NRGI1 effect: P=0.002). Neither an age effect nor
age x NRGI interaction was observed (Fig. 5D).

4. Discussion

The aim of the present study was to determine whether the
NRGI1/ErbB signaling pathway can influence whole-body glu-
cose metabolism and, if so, whether the effect is age-dependent.
Our results indicate that an acute NRG1 injection improves glu-
cose tolerance following oral glucose loading in both adult and
old rats. The HIRI derived from OGTTs was also improved after
acute NRG1 injection, while the MISI remained unchanged.
Also, acute NRGI injection activated the ErbB3 pathway in
liver, but not skeletal muscle, in both rat groups. Taken alto-
gether, these results show that acute NRG1 injection can improve
glucose metabolism in vivo in adult and old rats. The liver
appears to be the main tissue involved in the NRGI1-induced
hypoglycaemic effect.
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Fig. 5. Effects of acute injection of NRG1 on ErbB and AKT phosphorylation ratios in the liver of adult and old rats. After a 12-h fast, male adult (n=3) and old
(n=>5) rats received an i.v. injection of either VEH (0.9% NaCl) or NRG1 (50 png/kg) and were euthanized 30 min later. A. Western blot analyses used liver protein
extracts and antibodies against basal and phosphorylated ErbB1, ErbB3, ErbB4 and AKT. Phosphorylation ratios (phosphorylated protein/total protein) of (B) ErbB1
on Tyr1173, (C) ErbB3 on Tyr1328, (D) ErbB4 on Tyr1056 and (E) AKT on Ser473 were calculated and normalized to values obtained in the adult VEH group.

Values are means = SEM.

Skeletal muscle is the main tissue involved in glucose dis-
posal following an oral glucose load, and skeletal muscle insulin
resistance is a major contributor to the impaired glucose tol-
erance associated with type 2 diabetes [23]. Therefore, an
NRG1-induced increase in skeletal muscle glucose uptake is an
attractive hypothesis to explain the NRG1 hypoglycaemic effect.
Indeed, previous studies in vitro with L6E9 cells showed that
NRGI increases glucose uptake in an additive manner similar to
insulin [9,24]. This effect is mediated by translocation of glucose
transporter 4 (GLUT4) to the sarcolemma via the ErbB3/PI3K-
dependent signaling pathway [9.,24]. In contrast, our present
results show that the OGTT-derived MISI is not affected by acute
injection of NRG1, suggesting that skeletal muscle is not the
primary tissue involved in the NRG1-induced hypoglycaemic
effect in vivo. Accordingly, Western blot analysis of ErbB phos-
phorylation in skeletal muscle samples following acute NRG1
injection showed no ErbB activation. Moreover, AKT, p42/p44
MAPK and PKC{, three kinases involved in ErbB downstream
signaling, were not activated by NRG1 injection. Our study
also confirms, in isolated rat gastrocnemius samples, that NRG1
incubation does not increase glucose uptake in skeletal muscle
(data not shown).

Two hypotheses could explain the discrepancy with previous
results in vitro [9,24]. First, adult skeletal muscle in vivo
might respond differently to NRG1 compared with cultured
myoblasts. ErbB receptors are, in fact, weakly expressed in the
skeletal muscle of adult rodents compared with C2C12 cells and
primary rat myoblasts [25]. In addition, the finding that ErbB1
and ErbB3 are more strongly expressed in liver than in skeletal

muscle strengthens the hypothesis that weak expression of some
ErbB receptors could reduce NRG1 signaling in skeletal muscle.
Second, our adult and old rats were treated with recombinant (32-
NRGI [26], whereas myoblasts were incubated with 31-NRG1
[10,24,27]. Thus, it may be hypothesized that, in skeletal muscle,
ErbB receptors are less sensitive to 32-NRG1 than to 31-NRGI.

In contrast to the MISI, the HIRI was lowered by acute NRG1
injection in both adult and old rats. This suggests involvement
of the liver in the NRG1 hypoglycaemic effect. OGTT-derived
HIRI values reflect the magnitude of rises in glycemia and insuli-
naemia in the early phase (0-30 min) following glucose loads,
and this correlates with hepatic insulin resistance [20]. However,
very few studies have explored NRGI1 effects in liver. Carver
etal. [12] showed, in rat hepatocytes, that insulin impairs NRG1
fixation on ErbB3 and decreases ErbB3 expression through
the PI3K pathway. Conversely, ErbB2/ErbB3 transactivation
induces IRS-1 serine phosphorylation, which inhibits its tyrosine
phosphorylation and decreases ErbB2/ErbB3 in association with
PI3K [28]. More recently, Hemi et al. [13] confirmed in ob/ob
mice that p38 MAPK-dependent ErbB receptor transactivation
induces IRS-1 serine phosphorylation.

Based on those previous studies, the hypothesis that NRG1
might improve hepatic insulin sensitivity is unlikely. On the
other hand, it could be hypothesized that NRG1 disturbs insulin
signaling in the liver. However, levels of IRS-1 phosphorylation
on Ser307 and Ser638 (two residues phosphorylated by
p38 MAPK-dependent ErbB activation) are not increased in
NRG1-treated animals. Thus, transactivation of ErbB receptors
induced by p38 MAPK-dependent stress could trigger different



signaling cascades compared with those induced by NRG1
injection, which has no effect on IRS-1 signaling.

Our present results show that NRG1 injection induces signif-
icant ErbB3 activation in liver, reinforcing the hypothesis that
the NRG1 hypoglycaemic effect might be at least partly medi-
ated through hepatic regulation. As other ErbB receptors are not
phosphorylated and ErbB3 receptors are kinase-inactive [29], it
could be suggested that NRG1 injections favor dimerization of
ErbB3 with another ErbB receptor that then transphosphorylates
ErbB3. As ErbB1 is strongly expressed in liver, EtbB1-ErbB3
could be the main dimer formed after NRG1 injection. Indeed, it
has previously been shown in different cell lines that NRG1 can
induce ErbB1-ErbB3 dimerization, increasing ErbB3, but not
ErbB1, phosphorylation [30,31]. The finding that AKT phospho-
rylation was also increased in liver following NRG1 injection
offers a potential explanation for the glucose-lowering effect of
NRGI. AKT is a major regulator of insulin-mediated inhibition
of glucose production in liver, mainly through modulation of
the expression of genes encoding gluconeogenic proteins [32].
The reduced blood glucose levels observed in NRG1-treated rats
could also be linked to an NRGI1 effect on pancreatic insulin
secretion. However, unlike NRG4, NRG1 does not increase
insulin production in the rat islet-derived cell line CRI-G1 [33].
Furthermore, in the present study, plasma insulin levels during
OGTTs were not higher in the NRGI-treated vs VEH-treated
animals.

In both humans and rats, ageing is associated with elevated
glucose and insulin levels after glucose challenge tests [34,35].
This has been partly attributed to the development of whole-body
insulin resistance with ageing [36]. In our study, as expected,
age-related higher glucose and insulin levels were observed in
both old groups (NRG1- and VEH-treated) during OGTT. How-
ever, no age x NRGI interaction was found with glucose and
insulin responses. Thus, if NRG1 treatment has a hypoglycaemic
effect during an oral glucose challenge, such an effect is lack-
ing in 22-month-old animals. This was also confirmed at the
cellular level, wherein NRG1 injection increased hepatic ErbB3
and AKT phosphorylation in both adult and 22-month-old rats.
As insulin signaling in liver is progressively impaired with age-
ing, the fact that NRG1 maintains its glucose-lowering activity
in 22-month-old animals suggests that the NRG1/ErbB signal-
ing pathway could be a promising therapeutic target in glucose
intolerance states such as ageing. Nevertheless, the possibility
that older animals might present with some defects of NRG1
signaling cannot be ruled out.

5. Conclusion

The present study shows that acute NRG1 injection improves
glucose tolerance during OGTTs in 6-month-old and 22-month-
old rats. The NRG1 glucose-lowering effect appears to involve
the liver, but not skeletal muscle. NRG1 failed to increase ErbB
phosphorylation levels in skeletal muscle, whereas ErbB3 and
AKT phosphorylation was significantly induced in liver. Finally,
no age x NRG1 interaction was noted for OGTT responses and
liver ErbB phosphorylation.

These results indicate that NRG1 might be a therapeutic target
of interest in conditions of insulin resistance in both young rats
and animals in the early stages of ageing. Further experiments
are needed to determine precisely how the numerous isoforms
of NRG1 influence the regulation of glucose homoeostasis and
to explore the effects of chronic NRGI treatments.
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