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Abstract

In the present study, we investigated the effect of adrenaline on insulin-mediated regulation of glucose and fat metabolism with focus on
regulation of skeletal muscle PKB, GSK-3, and glycogen synthase (GS) phosphorylation. Ten healthy subjects (5 men and 5 women)
received a 240-minute intravenous infusion of adrenaline (0.05 μg/[kg min]) or saline; after 120 minutes, a hyperinsulinemic-euglycemic
clamp was added. Adrenaline infusion increased blood glucose concentration by approximately 50%, but the hyperinsulinemic clamp
normalized blood glucose within 30 minutes. Glucose infusion rate during the last hour was approximately 60% lower during adrenaline
infusion compared with saline (4.3 ± 0.5 vs 11.2 ± 0.6 mg/kg lean body mass per minute). Insulin increased PKB Ser473, PKB Thr308, and
GSK-3β Ser9 phosphorylation in skeletal muscles; coinfusion of adrenaline did not influence insulin-stimulated PKB and GSK-3
phosphorylation. Adrenaline alone did not influence phosphorylation of PKB and GSK-3β. Insulin increased GS fractional activity and
decreased GS Ser641 and Ser645,649,653,657 phosphorylation. In the presence of adrenaline, insulin did neither activate GS nor dephosphorylate
GS Ser641. Surprisingly, GS Ser7 phosphorylation was not influenced by adrenaline. Adrenaline increased plasma lactate concentration; and
muscle glycogen content was reduced in skeletal muscle the day after adrenaline infusion, supporting that insulin does not stimulate glycogen
synthesis in skeletal muscles when adrenaline is present. In conclusion, adrenaline did not influence basal or insulin-stimulated PKB and
GSK-3β phosphorylation in muscles, but completely blocked insulin-mediated GS activation and Ser641 dephosphorylation. Still, insulin
normalized adrenaline-mediated hyperglycemia.
© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Physical and mental stress is often accompanied by
sympathetic nerve activation and release of catecholamines
from the adrenal medulla. Catecholamines are known to have
marked insulin-antagonistic effects. Thus, sympathetic
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activation induces insulin resistance measured by glucose
utilization with the hyperinsulinemic-euglycemic clamp
technique; and moreover, it impairs the antilipolytic action
of insulin [1-4]. The autonomic innervation of fat tissue may
affect insulin sensitivity partly via release of free fatty acid
(FFA) as well as via altered gene expression of adipose tissue
hormones such as resistin and leptin [5]. Such factors that are
released into the circulation can, in turn, promote insulin
resistance in major glucose-regulating tissues such as muscle
and liver.

In clinical studies, sympathetic nerve activity in skeletal
muscle has been positively associated to the amount of body
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able 1
nthropometric and metabolic characteristics of the participants

Male (n = 5) Female (n = 5) All (n = 10)

ge (y) 31 ± 3 30 ± 2 31 ± 2
MI (kg/m2) 26.6 ± 1.0 26.9 ± 1.1 26.7 ± 0.7
aist to hip ratio 0.86 ± 0.02 0.80 ± 0.04 0.83 ± 0.02
mount body fat (%) 19 ± 2⁎ 32 ± 2 26 ± 3
ean body mass (%) 81 ± 2⁎ 68 ± 2 74 ± 3
lood glucose (mmol/L) 5.0 ± 0.1 4.9 ± 0.2 5.0 ± 0.1
erum insulin (mU/L) 6.1 ± 1.3 5.6 ± 0.6 5.9 ± 0.7
OMA-IR index 8.2 ± 1.8 7.5 ± 1.1 7.8 ± 1
DL cholesterol (mmol/L) 1.2 ± 0.1⁎ 1.7 ± 0.1 1.4 ± 0.1
erum triglycerides (mmol/L) 1.6 ± 0.3 0.9 ± 0.1 1.2 ± 0.2

ata are expressed as means ± SEM. BMI indicates body mass index;
OMA-IR, homeostasis model assessment of insulin resistance (Insulin
mol/L] × glucose [mol/L] /22.5).
⁎ P b .01 compared with female subjects.
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fat; and it is also increased in obese subjects in the fasting
state [6]. Offspring of type 2 diabetes mellitus patients were
reported to have elevated resting muscle sympathetic nerve
activity [7], and glucose regulation appears to be more
sensitive to sympathetic stimulation in type 2 diabetes
mellitus persons [8]. An elevated activity of the sympathetic
nervous system related to mental stress factors, or a high
ratio of sympathetic to parasympathetic activity, may
contribute to the early development of type 2 diabetes
mellitus as suggested by results in subjects with the
metabolic syndrome or insulin resistance [9,10]. Thus, it is
of relevance to further explore the mechanisms whereby
sympathoadrenergic activation affects glucose turnover and
potentially contributes to insulin resistance and development
of type 2 diabetes mellitus.

Skeletal muscles account for the major part of insulin-
mediated glucose disposal [11,12], and adrenaline impairs
insulin action on whole-body glucose turnover in humans
[13]. Insulin-stimulated glucose uptake is mediated via PKB,
and impaired PKB phosphorylation and activation have been
observed in insulin-resistant muscles [14,15]. The role of
PKB in adrenaline-induced insulin resistance in humans is
unclear, but it is well documented that insulin-stimulated
glycogen synthesis and glycogen synthase (GS) activation
are completely blocked by adrenaline [16,17]. Glycogen
synthase is phosphorylated at 9 different sites that to various
degrees regulate activity. Glycogen synthase Ser641 and
Ser645, which are phosphorylated by GSK-3, are strong
regulators of GS activity [18]; but GS Ser7 phosphorylation
has also been reported to participate in GS regulation during
adrenaline stimulation in muscles [19-21]. Glycogen
synthase phosphorylation has not been studied in human
muscles in response to adrenaline.

The aim of the present study was to investigate the
interaction between adrenaline and insulin in metabolic
regulation in a protocol where a hyperinsulinemic-euglyce-
mic clamp was initiated after 2-hour infusion of adrenaline or
saline. The main purpose of the study was to investigate the
effect of adrenaline on insulin-stimulated PKB, GSK-3, and
GS phosphorylation in skeletal muscles. Finally, we
performed an additional hyperinsulinemic-euglycemic
clamp the day after infusion of adrenaline/saline to
investigate whether adrenaline infusion for 4 hours influ-
ences insulin sensitivity the following day.
2. Materials and methods

2.1. Subjects

Ten healthy volunteers (5 men and 5 women) were
recruited via advertisement. Anthropometric and metabolic
characteristics are presented in Table 1. None of the subjects
were on any regular medication, and a normal electrocar-
diographic result was a prerequisite for inclusion. Two of the
subjects had a first-degree relative with type 2 diabetes
mellitus. All subjects exercised regularly (2-3 times per
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week), and their level of physical activity was considered as
medium. None of subjects used alcohol regularly. Five of the
subjects used snuff tobacco regularly, and one subject was a
smoker (b10 cigarettes per day). Male subjects had
significantly lower serum concentration of high-density
lipoprotein (HDL) compared with female subjects. Subjects
refrained from vigorous exercise, tobacco, and alcohol for 48
hours and fasted overnight (from 10 PM) before all study
occasions. Fat mass was estimated with the bioelectrical
impedance method (Bodystat 1500; BODYSTAT, Douglas,
Isle of Man, United Kingdom), and lean body mass was
calculated. Body mass index and waist to hip ratio were
calculated as described [10]. The study was performed at the
Metabolic Unit, Umeå University Hospital, and was
approved by the Ethics Committee of Umeå University.
Subjects gave their informed consent to participate.

2.2. Protocol

Subjects underwent 2 study protocols where adrenaline
(A) or saline (S) was infused. Each protocol included
hyperinsulinemic-euglycemic clamps on 2 successive days.
On day 1 in the A protocol, the subjects reported to the
laboratory at 7:00 AM and received an adrenaline infusion
(see below) during 240 minutes starting at 8:00 AM. After
120 minutes of adrenaline infusion, a hyperinsulinemic-
euglycemic clamp was added. Subjects returned to the
hospital the following day at 9:00 AM (day 2) to perform
another hyperinsulinemic-euglycemic clamp starting at
10:00 AM as the preceding day (Fig. 1). The S protocol
was similar to the A protocol except that saline was infused
instead of adrenaline on day 1. In both protocols, muscle
biopsies were taken from musculus tibialis anterior at 3
occasions after local dermal anesthesia (Xylocaine; Astra-
Zeneca, Södertälje, Sweden). The first biopsy was taken after
120 minutes of infusion of adrenaline (or saline), and the
second biopsy was taken at the end of the hyperinsulinemic-
euglycemic clamp with continued adrenaline or saline
infusion. The third biopsy was taken at day 2 before the



Fig. 1. Schematic illustration of the experimental protocol. At day 1,
adrenaline or saline was infused for 240 minutes. After 120 minutes, a
hyperinsulinemic-euglycemic clamp was added. An additional hyperinsu-
linemic clamp was performed the next day. Biopsies were taken as indicated
in figure. Subjects performed the experiments with infusion of adrenaline
and saline in randomized order separated by 10 to 30 days.
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clamp. The muscle biopsies were taken from the middle part
of musculus tibialis anterior through an approximately
0.5-cm incision of the skin and muscle fascia. Biopsies of
30 to 100 mg of muscle were removed with a biopsy forceps,
frozen in liquid nitrogen, and stored at −70°C until analyses.
One subject did not complete the biopsy protocol. The 2
protocols were separated by 10 to 30 days and performed in
randomized order.

2.3. Adrenaline infusion and hyperinsulinemic-euglycemic
clamp

Subjects rested in a comfortable bed at a room temperature
of 24°C to 26°C. Polytetrafluoroethylene cannulaes were
positioned in an antecubital vein of the right arm (for the
glucose and insulin infusions), in the antecubital vein of the
left arm (for the adrenaline/saline infusion), and in a distal
vein of the left arm (for blood sampling). The left hand was
put in a heating pad to obtain arterialized venous blood.
Adrenaline was infused at a rate of 0.05 μg/(kg min) for 240
minutes. After 120 minutes of adrenaline infusion, a
hyperinsulinemic-euglycemic clamp was performed as
previously described [22] while the adrenaline infusion
continued during the clamp. In brief, recombinant human
insulin (Actrapid; Novo-Nordisk, Copenhagen, Denmark)
was infused with a priming dose followed by a constant
infusion rate of 56 mU/(m2 min) for 110 minutes. In parallel,
a 20% glucose infusion was started; and the infusion rate was
adjusted to maintain a steady-state blood glucose level at 5.0
mmol/L. During the hyperinsulinemic-euglycemic clamp
(120-240 minutes), blood glucose concentration was deter-
mined at 5-minute intervals for adjustment of glucose
infusion rate. M-values were calculated by dividing the
amount of glucose infused per minute during the last 60
minutes (steady state) of the clamp by lean body mass (LBM)
(milligram per kilogram LBM per minute). The insulin
sensitivity index (ISI) was calculated by dividing theM-value
with the mean insulin concentration during the same period.
The following day, an identical 120-minute hyperinsuline-
mic-euglycemic clamp was performed without adrenaline
infusion starting at 10:00 AM. Blood samples, heart rate, and
blood pressure measurements were obtained at 0, 15, 30, 60,
90, 120, 150, 180, 210, and 240 minutes during all clamps.

2.4. Adrenaline and noradrenaline

For analysis of adrenaline and noradrenaline, 3 mL of
arterialized venous blood was added to precooled tubes
containing 60 μL 0.2 mol/L glutathione/0.2 mol/L EGTA.
The samples were kept on ice and centrifuged (10 minutes,
2000g, 4°C), and the plasma was stored at −70°C.
Catecholamines were analyzed with high-performance liquid
chromatography with electrochemical detection after alumi-
na extraction as we have described [23].

2.5. Lactate and glycerol

For measurements of lactate, 50 μL plasma was
deproteinized with 500 μL 0.4 mol/L perchloric acid; and
concentration was measured fluorometrically [24]. For
measurement of glycerol, 60 μL plasma was deproteinized
with 600 μL 0.4 mol/L perchloric acid and centrifuged; and
500 μL of the supernatant was neutralized with 260 μL
0.7 mol/L KOH/0.2 mol/L KHCO3. Glycerol was deter-
mined fluorometrically [24].

2.6. Additional blood chemistry

Blood glucose concentrations during the clamp were
determined by HemoCue glucose system (HemoCue,
Ängelholm, Sweden). Other serum and plasma samples
collected during the infusion studies were centrifuged within
30 minutes and stored at −80°C until analyzed. Hemoglobin
A1c was measured by high-performance liquid chromatog-
raphy (Integral 4000; BioRad, Anaheim, CA). Free fatty
acids in plasma were analyzed with a commercial enzymatic
kit (NEFA C; Wako Chemical, Richmond, VA). Plasma
tumor necrosis factor (TNF)–α and interleukin (IL)-6 levels
were determined with high-sensitivity commercial immu-
noassay kits (Quantikine HS Human TNFα Immunoassay
andQuantikine HSHuman IL-6, respectively; R&DSystem,
Minneapolis, MN). Plasma adiponectin and leptin levels
were determined using a commercial human adiponectin and
leptin enzyme-linked immunosorbent assay kit of sandwich
type (Linco Research, St Charles, MO). Serum analyses of
insulin, C-peptide, and total and HDL cholesterol were made
according to standard procedures at the Department of
Clinical Chemistry, Umeå University Hospital.

2.7. Glycogen synthase activity

Muscle biopsies were freeze-dried, weighed, and homog-
enized before GS activity was measured with the filter paper
method and D-[14C]-uridine diphosphate glucose (200 mCi/
mmol) from Perkin Elmer Life Sciences (Boston, MA), with
the modifications that we have described previously [25]. The
final concentration of uridine diphosphate glucose was 30
μmol/L with 0.5 μCi/mL [14C]-uridine diphosphate glucose.
Glycogen synthase activity was determined with 0.17 mmol/L
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glucose 6-phosphate; and total activity, at a saturating
concentration of glucose 6-phosphate (12 mmol/L). Fractional
activity was calculated as the activity at 0.17 mmol/L glucose
6-phosphate in percentage of total activity.

2.8. Glycogen content

Muscles were freeze-dried and weighed. Glycogen was
hydrolyzed in 1 mol/L HCl at 100°C for 2.5 hours, and
glucose units were analyzed as described [26].
Fig. 2. Plasma concentrations of hormones and metabolites during infusion of adren
saline was infused for 240 minutes, and a hyperinsulinemic-euglycemic clamp was
150, 180, 210, and 240 minutes of infusion and analyzed for adrenaline (A), noradr
described in “Materials and methods.” *P b .05 compared with saline infusion. #P b
10 at each time point in all figures.
2.9. Western blotting

Muscle biopsies were homogenized on ice, and
immunoblotting was performed as described previously
[27]. Protein content was determined (DC Protein Assay;
BioRad, Hercules, CA), and homogenates were diluted to
2 μg/μL. For Western blot, approximately 25 μg of
protein was resolved by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and transferred to Immo-
bilon-P polyvinylidene difluoride membranes (Millipore,
aline or saline in combination with a hyperinsulinemic clamp. Adrenaline or
started after 120 minutes. Blood samples were taken after 0, 15, 30, 90, 120,
enaline (B), glucose (C), insulin (D), lactate (E), FFA (F), and glycerol (G) as
.05 compared with before insulin infusion (t = 0). Data are mean ± SEM. n =
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Billerica, MA) [28]. Membranes were probed with
primary antibodies and appropriate secondary antibodies,
and antibody binding was detected by enhanced
chemiluminescence from Millipore and quantified as
described [25].

2.10. Antibodies

Anti–phospho-glycogen synthase Ser7 was a gift from
Grahame Hardie, and anti-glycogen synthase was a gift from
Oluf Pedersen (Copenhagen, Denmark). Anti–phospho-
glycogen synthase Ser645,649,653,657 was from Oncogene
(San Diego, CA). Anti–phospho-GSK-3α/β Ser21/Ser9,
anti–phospho-PKB Thr308, anti–phospho-glycogen
synthase Ser641, and anti-rabbit HRP-linked antibodies
were from Cell Signaling (Beverly, MA). Anti–phospho-
PKB (Ser473), anti-mouse HRP-conjugate, and anti-
sheep HRP-conjugate antibodies were from Upstate (Lake
Placid, NY).

2.11. Statistics

Data are expressed as mean ± SEM. One- or 2-way
analyses of variance were performed when appropriate.
Student paired t test was used for comparisons between
saline and adrenaline infusion, and unpaired t test was used
to compare male and female subjects. Pearson correlation
analysis was used to evaluate correlations. A P value b .05
was considered significant.
3. Results

3.1. Catecholamine levels

Adrenaline infusion increased plasma adrenaline concen-
tration to about 4 to 5 nmol/L, and the concentration
remained rather stable during the infusion period (Fig. 2A).
This concentration agrees with other studies with similar
infusion rate [29-31]. Adrenaline concentration remained
low during saline infusion. The plasma level of noradren-
aline was not influenced by adrenaline and insulin infusions
(Fig. 2B). Plasma concentrations of adrenaline and nor-
Table 2
Heart rate and systolic and diastolic blood pressure during saline and adrenaline i

Saline

0 min 120 min 2

Heart rate (beat/min) 60 ± 3 59 ± 1
Systolic blood pressure 108 ± 3 107 ± 1 1
Diastolic blood pressure 71 ± 2 70 ± 1

Heart rate was measured before, during 120 minutes of adrenaline/saline infus
adrenaline/saline (t = 240 minutes). Heart rate and blood pressure at 120 minutes a
blood pressure at 240 minutes are means of measurements at 150, 180, 210, and 2

⁎ P b .05 compared with saline infusion.
† P b .01 compared with saline infusion.
‡ P b .01 compared with 0 minute.
adrenaline were similar during the clamp study at day 2
whether adrenaline or saline was infused the preceding day
(data not shown).

3.2. Cardiovascular responses

Adrenaline infusion increased heart rate by approxi-
mately 30% and systolic blood pressure by approximately
10%, whereas diastolic blood pressure decreased by
approximately 30% (Table 2). The hyperinsulinemic-
euglycemic clamp did not influence the adrenaline-
mediated increase in heart rate and systolic blood pressure
or the decrease in diastolic blood pressure. However, the
hyperinsulinemic clamp decreased diastolic blood pressure
in the saline protocol, whereas heart rate and systolic blood
pressures did not change.

3.3. Whole-body glucose metabolism

Infusion of adrenaline increased blood glucose concen-
trations by approximately 50% compared with concentra-
tions during saline infusion (P b .01, Fig. 2C). Glucose
concentration decreased gradually to 5 mmol/L during the
initial 30 minutes of the hyperinsulinemic-euglycemic clamp
with coinfusion of adrenaline. During the last 60 minutes of
the hyperinsulinemic clamp with adrenaline coinfusion,
mean glucose infusion rate was 4.3 ± 0.5 mg/kg LBM per
minute (Fig. 3). Glucose infusion rate was 11.2 ± 0.6 mg/kg
LBM per minute during the hyperinsulinemic clamp with
saline coinfusion (Fig. 3). Mean insulin concentrations
during the hyperinsulinemic clamps were similar during
adrenaline and saline infusion (Fig. 2D; mean: 76.7 ± 5.0 and
75.3 ± 5.5 mU/L, respectively). Insulin sensitivity index was
lower during adrenaline infusion compared with saline
coinfusion (6.3 ± 1.0 and 15.3 ± 1.4, respectively; P b .001).
The adrenaline-induced reduction in M-value, when
expressed in absolute numbers, was greatest in the subjects
with highest insulin sensitivity; and the adrenaline-mediated
absolute reduction in M-value correlated with M-value
during saline infusion (r = 0.72, P b .02). However, when
expressed as relative decrease in M-value, there was no
nfusion before and during a hyperinsulinemic-euglycemic clamp

Adrenaline

40 min 0 min 120 min 240 min

63 ± 1 62 ± 3 77 ± 2†,‡ 80 ± 2†,‡

10 ± 1 110 ± 3 117 ± 2† 118 ± 2∗,‡

66 ± 1‡ 70 ± 4 49 ± 1†,‡ 48 ± 2†,‡

ion, and during a hyperinsulinemic-euglycemic clamp with coinfusion of
re means of measurements at 15, 30, 60, 90, and 120 minutes. Heart rate and
40 minutes. Data are expressed as means ± SEM. n = 10 in each group.



Fig. 3. Effect of adrenaline on glucose infusion rate during a hyperinsu-
linemic-euglycemic clamp. The hyperinsulinemic clamp was started after
120 minutes of adrenaline infusion, and adrenaline infusion was continued
during the clamp. Glucose infusion rate during the hyperinsulinemic clamp
when adrenaline (filled symbols) and saline (open symbols) were co-
infused. Data are mean ± SEM. n = 10 at each time-point. **P b .05
compared with M-value during saline infusion.

220 J. Jensen et al. / Metabolism Clinical and Experimental 60 (2011) 215–226
significant difference in this adrenaline effect across the
range of insulin sensitivity (r = 0.36, P = .30).

Plasma lactate concentration increased gradually during
adrenaline infusion and was approximately 3 mmol/L at 120
minutes (P b .01, Fig. 2E). During the hyperinsulinemic
clamp with adrenaline coinfusion, lactate concentration
stabilized at 3.5 mmol/L (Fig. 2E). Lactate concentration
remained low during saline infusion, but increased by 20%
during hyperinsulinemia (P b .05).

3.4. Lipid metabolism

During the first 30 minutes of adrenaline infusion, plasma
glycerol and plasma FFA increased by approximately 100%
(P b .01, Fig. 2F and G) and declined thereafter gradually
during the continuing adrenaline infusion. During the
hyperinsulinemic-euglycemic clamp, FFA concentration
decreased to the same level whether adrenaline or saline
was coinfused (Fig. 2F). Glycerol levels also decreased
during the hyperinsulinemic clamp, but glycerol concentra-
tion remained higher during the adrenaline compared with
saline infusion (P b .01,Fig. 2G).
Table 3
Plasma cytokines during saline or adrenaline infusion before and during a hyperin

Saline

0 min 120 min 240

TNF-α (pg/mL) 1.1 ± 0.1 1.5 ± 0.2 1.7 ±
Adiponectin (μg/mL) 8.6 ± 1.2 7.7 ± 0.1 6.9 ±
Leptin (ng/mL) 8.5 ± 2.2 7.6 ± 0.2 9.7 ±
IL-6 (pg/mL) 0.7 ± 0.1 1.6 ± 0.4 2.0 ±

Blood samples were taken before infusion, after 120 minutes of infusion of adrena
adrenaline/saline (t = 240 minutes). Data are expressed as means ± SEM. n = 10

⁎ P b .05 compared with saline infusion.
† P b .01 compared with 0 minute.
3.5. Plasma insulin, C-peptide, and cytokines

Insulin concentrations increased by approximately 10%
(P b .01) during the first 120 minutes of the adrenaline
infusion compared with saline infusion (Fig. 1). In parallel
with the increase of insulin, a significant increase in C-
peptide was noticed during adrenaline infusion (from
0.71 ± 0.12 to 0.92 ± 0.12 nmol/L, P b .05). During the
following hyperinsulinemic clamp, C-peptide decreased to
0.45 ± 0.09 nmol/L (P b .05). On the day of saline
infusion, C-peptide concentration was 0.65 ± 0.07 nmol/L
at baseline and 0.53 ± 0.07 nmol/L at the end of the insulin
infusion. Adrenaline did not influence cortisol concentra-
tion (data not shown).

Adrenaline infusion did not influence plasma concentra-
tion of TNF-α, adiponectin, or leptin, but increased
concentration of IL-6 (Table 3). The hyperinsulinemic-
euglycemic clamp did not significantly increase IL-6
concentration further when adrenaline was coinfused.
However, IL-6 concentration increased during the hyper-
insulinemic clamp when saline was infused, but remained
lower than when adrenaline was coinfused. The hyperinsu-
linemic clamp did not influence plasma concentration of
TNF-α, adiponectin, or leptin (Table 3).
3.6. Skeletal muscle GS activity and phosphorylation

Basal GS fractional activity was low in skeletal
muscles, and adrenaline infusion did not decrease
fractional activity significantly (Fig. 4A). Glycogen
synthase fractional activity increased during the hyper-
insulinemic clamp when saline was infused. Adrenaline
infusion completely blocked insulin-mediated GS activa-
tion (Fig. 4A). Adrenaline also prevented the insulin-
mediated increase in GS I form (data not shown). Total GS
activity was not changed significantly during the different
treatments, and mean activity was 2.3 ± 0.2 mmol/kg dry
weight per minute (n = 9).

Adrenaline infusion increased GS Ser641 phosphoryla-
tion, whereas phosphorylation of Ser645,649,653,657 and Ser7

was not influenced (Fig. 3A-C). Insulin decreased GS Ser641

and Ser645,649,653,657 phosphorylation, whereas Ser7
sulinemic-euglycemic clamp

Adrenaline

min 0 min 120 min 240 min

0.2 1.3 ± 0.1 1.2 ± 0.2 1.4 ± 0.1
0.8 8.6 ± 0.9 8.8 ± 0.9 8.8 ± 1.1
3.1 9.9 ± 2.8 7.7 ± 0.2 8.3 ± 2.3
0.5† 0.7 ± 0.1 3.8 ± 0.5*,† 4.8 ± 0.7*,†

line/saline, and at the end of the hyperinsulinemic clamp with coinfusion of
in each group.



Fig. 4. Effect of adrenaline and insulin on GS fractional activity and GS phosphorylation. Biopsies were taken from musculus tibialis anterior after 120 minutes of
infusion of adrenaline/saline and at the end of the hyperinsulinemic clamp (t = 240 minutes) where adrenaline/saline infusion was continued. A, Glycogen synthase
fractional activity (percentage) in muscles after infusion of adrenaline or saline (control) alone or in combination with the hyperinsulinemic-euglycemic clamp (n =
8-9 in each group). B, Glycogen synthase Ser641 phosphorylation in muscles after infusion of adrenaline or saline (control) alone or in combination with the
hyperinsulinemic-euglycemic clamp (n = 9 in each group). C, Glycogen synthase Ser645,649,653,657 phosphorylation in muscles after infusion of adrenaline or saline
(control) alone or in combination with the hyperinsulinemic-euglycemic clamp (n = 9 in each group). D, Glycogen synthase Ser7 phosphorylation in muscles after
infusion of adrenaline or saline (control) alone or in combination with the hyperinsulinemic-euglycemic clamp (n = 9 in each group). E, Representative blots
showing GS Ser641, GS Ser645,649,653,657, and GS Ser7 phosphorylation, and total GS expression. aP b .05 compared with control.
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phosphorylation was unchanged (Fig. 3B-C). Adrenaline
prevented insulin-mediated Ser641 phosphorylation (Fig.
3B). However, insulin dephosphorylated Ser645,649,653,657

normally in the presence of adrenaline (Fig. 3C).
3.7. PKB and GSK-3β phosphorylation

Phosphorylation of PKB at Ser473 and Thr308 was low
when saline was infused, and adrenaline did not increase PKB



Fig. 5. Effect of adrenaline and insulin on PKB and GSK-3β phosphorylation in skeletal muscles. Biopsies were taken from musculus tibialis anterior after 120
minutes of infusion of adrenaline or saline and at the end of the hyperinsulinemic clamp with continuing infusion of adrenaline/saline (t = 240 minutes). A, PKB
Ser473 phosphorylation. B, PKB Thr308 phosphorylation. C, GSK-3β Ser9 phosphorylation. D, Representative blots showing PKB and GSK-3 phosphorylation as
well as total PKB and GSK-3β content in samples. n = 9 in each group; aP b .05 compared with control.

able 4
uscle glycogen content, GS fractional activity, and M-value on day 2 at 24
ours after adrenaline or saline infusion

fusion previous day Saline Adrenaline P value

lycogen content
(mmol/kg dry weight)

332.0 ± 27.1 243.8 ± 29.3 P b .05

S FA (%) 4.8 ± 1.4% 9.8 ± 4.1% P = .27
-value (mg/[kg LBM min]) 10.6 ± 0.5 12.0 ± 0.8 P = .14

ata are mean ± SEM. n = 10 for M-value. n = 8 in each group for glycogen
ontent and GS fractional activity. FA indicates fractional activity.
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Ser473 or Thr308 phosphorylation (Fig. 5). Insulin increased
PKB Ser473 and Thr308 phosphorylation substantially (Fig. 5).
Adrenaline did not alter insulin-stimulated PKB Ser473 and
Thr308 phosphorylation. Muscles showed some GSK-3β Ser9

phosphorylation during saline infusion (Fig. 5C). Insulin
increased GSK-3β Ser9 phosphorylation by about 75%.
Adrenaline did not influence GSK-3β Ser9 phosphorylation
during saline infusion or during insulin infusion (Fig. 5C).

3.8. Glycogen content and M-value at day 2

Glycogen content was significantly lower the day after
infusion of adrenaline compared with saline, whereas
synthase fractional activity was similar (Table 4). No
sustained insulin resistance was observed 24 hours after
adrenaline infusion. M-values at day 2 even tended (P = .14)
to be higher the day after adrenaline infusion compared with
saline infusion (Table 4). The average insulin levels during
the clamp were, however, slightly higher after adrenaline
infusion than after saline infusion (84 ± 1 vs 79 ± 1 mU/L,
P b .05). Therefore, ISI was not altered by adrenaline
infusion given the preceding day (data not shown).
4. Discussion

In the present study, we have investigated the mechan-
isms for adrenaline-induced insulin resistance in a protocol
where adrenaline was infused for 4 hours in total: 2 hours
T
M
h

In

G

G
M

D
c



223J. Jensen et al. / Metabolism Clinical and Experimental 60 (2011) 215–226
before and during a 2-hour hyperinsulinemic-euglycemic
clamp. Adrenaline-mediated hyperglycemia was normalized
during the initial 30 minutes of insulin infusion. However,
glucose infusion rate during the final hour of the clamp
(euglycemia) with adrenaline coinfusion was reduced by
approximately 60% compared with saline coinfusion.
Adrenaline infusion completely blocked insulin-stimulated
GS activation in skeletal muscles, which most likely
occurred because GS Ser641 dephosphorylation was pre-
vented. On the other hand, adrenaline did not influence
insulin-stimulated PKB and GSK-3β phosphorylation.
Moreover, glycogen content was lower in skeletal muscles
the day after adrenaline infusion than the day after saline
infusion, indicating that glucose disposal into skeletal
muscles was inhibited during the hyperinsulinemic clamp
when adrenaline was coinfused.

Adrenaline increased blood glucose concentration by
approximately 50% as reported in other studies [1-3]. Blood
glucose concentration, however, decreased to physiologic
level within 30 minutes when insulin infusion was initiated.
To the best of our knowledge, this is the first study where a
hyperinsulinemic-euglycemic clamp has been started during
adrenaline infusion; and we report that glucose concentra-
tion gradually decreased to physiologic concentration
(5 mmol/L; ie, euglycemia) during 30 minutes. The glucose
infusion rate during the hyperinsulinemic clamp with
adrenaline coinfusion was reduced by more than 50%,
which agrees with other studies [2,17,32,33]; and the
glucose infusion rate of 4.2 mg/kg LBM per minute (≈3.1
mg/kg body weight per minute) during the last hour hardly
exceeds previous reports of basal glucose disappearance
rate (2-3 mg/[kg min]) in resting humans [13,33,34]. An
adrenaline concentration of approximately 4 nmol/L has been
reported to increase whole-body metabolic rate by about 20%
[2,30,35] and more than doubles glucose oxidation [2].
However, coinfusion of insulin and adrenaline does not
increase glucose oxidation more than adrenaline infusion
alone [2]; therefore, insulin needs to increase glucose
disposal or reduce glucose production to normalize blood
glucose during adrenaline-mediated hyperglycemia.

It is well documented that adrenaline stimulates hepatic
glucose release [13,36] and inhibits peripheral glucose
uptake [4,13,32]. A high insulin level still reduces hepatic
glucose production in the presence of adrenaline, although
less effectively than when adrenaline is absent [4,13],
whereas adrenaline causes a sustained inhibition of insulin-
mediated glucose disposal [37]. Unfortunately, hepatic
glucose production or peripheral glucose disposal was not
measured in the present study; but insulin most likely
reduced adrenaline-mediated hepatic glucose production,
which contributed to normalization of blood glucose. In the
present study, glucose infusion rate varied between 8.8 and
14.7 mg/kg LBM per minute during saline infusion; and
adrenaline-mediated reduction in glucose infusion correlated
with M-values, agreeing with Baron et al [33]. Normally,
70% to 90% of insulin-mediated glucose uptake occurs in
skeletal muscles where glucose is incorporated into glycogen
[11,12,38]; but the high physiologic concentration of
adrenaline completely blocked insulin-stimulated GS acti-
vation as previously reported [17]. Inhibition of GS
activation strongly reduces insulin-stimulated glycogen
synthesis [16,39], and the fact that glycogen content was
lower the day after adrenaline infusion supports that insulin-
mediated glycogen synthesis was inhibited. However,
previous studies have reported that insulin-stimulated
glucose uptake is only reduced by 60% to 70% [32,33] and
insulin-stimulated glycogen synthesis by 70% to 75% in
skeletal muscles during adrenaline infusion [2]; and our data
cannot exclude that a small amount of glycogen was
synthesized, although adrenaline completely blocked insu-
lin-stimulated GS activation.

This is the first study to investigate the effect of
adrenaline on GS phosphorylation in human muscles. In
the present study, adrenaline increased GS Ser641 phosphor-
ylation and completely blocked insulin-mediated dephos-
phorylation; GS Ser641 phosphorylation therefore reflected
GS fractional activity. In rat skeletal muscles, we have also
seen that adrenaline prevents GS Ser641 dephosphorylation
and that phosphorylation of this site reflects GS fractional
activity [39,40]. On the other hand, adrenaline did not
increase or prevent insulin-mediated dephosphorylation of
GS Ser645,649,653,657, which contrasts with our findings in rat
muscles [39,40]. Glycogen synthase Ser7 phosphorylation
has been reported to increase in rabbit and mice muscle
exposed to adrenaline infusion [20,21] and in rat muscles
exposed to high concentrations of adrenaline (Jensen,
unpublished); but adrenaline infusion did not increase GS
Ser7 phosphorylation. The molecular mechanisms for these
differences are not clear and may simply arise from
differences in adrenaline concentration. However, human
muscles have been reported to express the glycogen targeting
subunit of PP1 named R3E (gene PPP1R3E) that has low
expression in rodent skeletal muscles; and regulation of GS
activity may show some species-specific differences [41]. At
least, our data show that a high physiologic concentration of
adrenaline inhibits GS activity in human skeletal muscles via
regulation of Ser641 phosphorylation rather than increasing
GS Ser7 phosphorylation.

GSK-3 phosphorylates GS at Ser641, Ser645, Ser649, and
Ser653 and is the only known kinase to phosphorylate Ser641

in vivo [19]. In the present study, GSK-3β Ser9 phosphor-
ylation was not regulated by adrenaline, which suggests that
adrenaline regulates GS phosphorylation in human muscles
via activation of protein phosphatase-1. Indeed, this inter-
pretation is supported by the finding that adrenaline does not
reduce GS activity in mice lacking the protein phosphatase-1
binding subunit RGL/GM [21]. On the other hand, regulation
of GS by insulin requires GSK-3β phosphorylation in
muscles [42]; and the insulin-mediated GSK-3β phosphory-
lation nicely reflected GS dephosphorylation at Ser641 and
Ser645,649,653,657. However, whereas adrenaline prevented
insulin-stimulated GS Ser641 dephosphorylation, insulin
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normally dephosphorylated GS Ser645,649,653,657 in the
presence of adrenaline despite no GS activation being
observed. Therefore, our data support that GS Ser641

phosphorylation is the key phosphorylation site regulating
activity during both insulin and adrenaline stimulation.

PKB Ser473 and Thr308 phosphorylation increased
during insulin infusion as expected [43,44]. To the best
of our knowledge, this is the first time effect of adrenaline
on PKB phosphorylation has been studied in humans; and
we report that adrenaline does not stimulate PKB Ser473 or
Thr308 phosphorylation or influence insulin-stimulated
PKB Ser473 and Thr308 phosphorylation. In rat skeletal
muscles, we recently reported that adrenaline potentiated
insulin-stimulated PKB phosphorylation at both Ser473 and
Thr308, and increased PKB activity [27,39]. There can be
several reasons why we did not see a potentiation of
insulin-stimulated PKB phosphorylation in humans. In the
present study, muscles were exposed to a much lower
adrenaline concentration compared with the rat muscles
[27,39]; but we cannot exclude that adrenaline has different
effects on PKB phosphorylation in humans and in rat
muscles exposed to adrenaline in vitro.

Plasma lactate concentration increased gradually during
adrenaline infusion, approaching 3 mmol/L after 120
minutes, agreeing with previous findings [2]. Adrenaline
and β2-adrenoceptor agonists stimulate lactate release from
skeletal muscle [30,45,46], and the slow increase in lactate
concentration was surprising in light of adrenaline's rapid
activation of glycogen phosphorylase [47,48]. Skeletal
muscles are the main contributor to systemic lactate
appearance [30,46,49]. To the best our knowledge, lactate
kinetic has not been studied in humans during adrenaline
infusion or when adrenaline and insulin are coinfused.
Lactate is a major energy substrate for the heart where lactate
extraction correlates with plasma concentration [50], and
lactate disappearance rate is about 1 to 2 mg/(kg min) in
resting humans [49,51]. However, lactate disappearance rate
can exceed glucose disappearance when lactate concentra-
tion is elevated to approximately 4 mmol/L by infusion [52].
Therefore, lactate was most likely actively metabolized
throughout the adrenaline infusion with skeletal muscle
being the major supplier of lactate.

The concentration of FFA increased during adrenaline
infusion, and elevated FFA concentration for 4 hours has
been reported to decrease insulin sensitivity and insulin
signaling [53]. However, insulin decreased FFA level to
similar levels during adrenaline infusion as compared with
saline infusion, supporting that the 2-hour elevated FFA did
not prevent insulin action in adipocytes. Indeed, insulin
decreased glycerol less effectively when adrenaline was
coinfused; and because the circulating concentration of
glycerol more directly reflects lipolysis, we suggest that a
physiologic insulin concentration does not completely block
adrenaline-mediated lipolysis in humans, which agrees with
data from adipocytes studied in vitro [54]. Insulin reduces
adrenaline-mediated lipolysis because fat cells express the
phosphodiesterase isoform PDE3B that becomes phosphor-
ylated and activated by PKB [55]. In contrast, skeletal
muscles express mainly PDE4 [56] that is not activated by
insulin; and insulin does not influence adrenaline-stimulated
glycogen phosphorylase activation [39].

Previous studies have reported that the physiologic
threshold concentration for adrenaline-mediated response
varies for different parameters. Threshold concentrations for
adrenaline have been reported to be 0.3 to 0.7 nmol/L for
heart rate and systolic and diastolic blood pressure, 0.5 to 0.8
nmol/L for increase in glycerol and FFA, and 0.8 to 1.1
nmol/L for effect on blood glucose and lactate [3,57,58]. In
the present study, we have investigated the interaction
between adrenaline and insulin in the regulation of these
physiologic parameters. Infusion of adrenaline resulted in a
sustained increase in heart rate and systolic blood pressure,
whereas diastolic blood pressure decreased, which agrees
with other studies [59]. Additional infusion of insulin did not
influence any of the hemodynamic effects of adrenaline. On
the other hand, insulin still decreased FFA and glycerol
concentration when adrenaline was coinfused. The interac-
tion in the regulation of carbohydrate metabolism seems
more complex. Insulin normalized adrenaline-mediated
hyperglycemia, whereas insulin-stimulated GS activation
was completely prevented by adrenaline, and lactate
concentration remained high. These data show the multifac-
eted interaction between adrenaline and insulin in the
regulation of various physiologic effects.

The concentration of IL-6 in plasma increased during
adrenaline infusion, which agrees with previous findings
[60,61]. Adrenaline-stimulated IL-6 production has been
reported to occur in adipose tissue [61]. However, other
tissues, in particular muscle, cannot be excluded as sources
of circulating IL-6 [62]. Although insulin counteracted
adrenaline-mediated lipolysis and hyperglycemia, insulin
infusion did not prevent adrenaline-stimulated IL-6 produc-
tion. Instead, insulin increased IL-6 concentration further
when adrenaline was coinfused; and insulin infusion per se
slightly increased IL-6 production, agreeing with a recent
study of ours [62]. Although it has been reported that IL-6
may cause insulin resistance [60], the metabolic role of IL-6
is still controversial; and it is not likely that adrenaline-
stimulated IL-6 release explains the insulin resistance seen
during adrenaline infusion. Our data also indicate that
adrenaline did not cause insulin resistance via alterations in
TNF-β, adiponectin, or leptin secretion.

The day after adrenaline infusion, M-value was
normalized; and no sustained insulin resistance was
observed. Intriguingly, adrenaline may have dual effects
with respect to insulin resistance; and mice lacking β-
adrenergic receptors that have lower diet-induced thermo-
genesis are prone to increase body weight [63], and
treatment with β-blockade increases the risk for developing
type 2 diabetes mellitus [64]. The increase in metabolic rate
during adrenaline infusion is minimal (20%) compared with
endurance exercise (10-fold), but adrenaline is a potent
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activator of glycogen breakdown in skeletal muscle [65,66].
Interestingly, glycogen content in skeletal muscles was
lower the day after adrenaline infusion when compared
with saline infusion; but neither glucose infusion rate
during the clamp nor insulin-stimulated GS activation was
increased, although glycogen content is a strong regulator
of insulin-stimulated glucose uptake in skeletal muscle
[25,66]. Improved insulin sensitivity has been reported in
humans after 1 or 2 weeks of terbutaline (β2-agonist)
treatment [67], but our data suggest that 4-hour adrenaline
infusion is not sufficient to improve insulin sensitivity the
following day even though glycogen content was reduced
in skeletal muscles.

In conclusion, adrenaline did not influence basal or
insulin-stimulated PKB or GSK-3β phosphorylation in
human muscles. On the other hand, adrenaline completely
blocked insulin-mediated GS activation most likely because
adrenaline prevented GS Ser641 dephosphorylation. Still,
insulin normalized adrenaline-mediated hyperglycemia
within 30 minutes. Nonetheless, adrenaline induced marked
insulin resistance that was partly explained by reduced
glycogen storage in skeletal muscles.
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