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Abstract

Background/Aims Impaired insulin action is an early event in the pathogenesis of obesity
and type 2-diabetes, and among the metabolic confounders in obese, hyperleptinaemia is
constantly present; however its impact on insulin action in the brain and locomotor activity is
unknown. Methods We examined insulin action by Western Blot analysis and glycogen synthesis
in primary astrocytes and brain tissue and detected locomotion in C57BL/6 mice. The insulin-
mediated desire to move was evaluated in healthy volunteers and correlated to leptin levels.
Results Leptin treatment led to a significant decrease in insulin-mediated phosphorylation of
the insulin receptor and Akt473 which was accompanied by a decline in glycogen synthesis in
primary astrocytes and significantly decreased insulin-induced phosphorylation of the insulin
receptor and insulin receptor substrate-2 in brain tissues of mice. Intracerebroventricular
insulin failed to promote locomotion in the presence of elevated leptin levels. Lean human
subjects reported an increase in the desire to move following insulin which failed in obese
and there was an inverse correlation between the insulin-mediated desire to move and leptin
levels. Conclusions Our data suggest a crosstalk of leptin and insulin in the brain which leads
to a decline in locomotor activity. This might represent a molecular mechanism in obese to
inhibit physical activity.
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Introduction

Insulin resistance in the brain is associated with obesity and type 2-diabetes,and neuron-
specific knockout models of the insulin receptor or its downstream molecules in mice display
obese, physically inactive and insulin resistant phenotypes [1-3]. In turn, in the presence of
high fat diet-induced obesity, insulin resistance in the brain develops and is accompanied
by a profound decrease in brain activity and physical inactivity [4]. Among the metabolic
confounders in obese mice and humans, elevated levels of saturated free fatty acids [5, 6]
as well as hyperleptinaemia [7-9] are the most prominent with regard to impaired insulin
action. We lately identified saturated free fatty acids as a mediator of insulin resistance in
the brain that is closely connected to a decline in insulin-mediated brain activity in humans
[10].

Besides saturated free fatty acids, leptin out of peripheral fat stores is dramatically
increased in obese subjects [11], while by contrast, leptin deficiency in distinct neurons
led to an increase in food intake and adiposity. While specific populations of hypothalamic
neurons were shown to be leptin sensitive and knockout models displayed striking obese
phenotypes, the impact of changes in leptin levels within the physiological range is far less
investigated.

In this respect, some neurons were shown to respond across a broad dose range while
others displayed limited response within the low range [12]. Therefore, the target for leptin
within the physiological range in healthy mice and humans are distinct from those that
mediate overfeeding and severe obesity.

In this study, we aimed to identify the impact and molecular mechanism of leptin on
insulin action and behaviour in a rather healthy phenotype. Since the insulin and leptin
signalling cascades share certain downstream signalling elements [7, 13, 14], and chronic
intracerebroventricular leptin application decreased insulin-mediated phosphorylation
of Akt in the hypothalamus of rats [15], we hypothesized that leptin might be a relevant
hormone to downregulate insulin action in the brain and affect behaviour like locomotor
activity.

First, astrocytes were used to investigate the interaction of leptin and insulin on the
molecular level. For a long time, astrocytes were thought to be “bystanders” within the brain;
however, recent data provide strong evidence for a role of astrocytes in neurotransmission
and information processing in the brain. While neurons perform fast synaptic transmission,
astroyctes are responsible for tissue homeostasis, morphological organization and metabolic
support, and recent studies provide evidence that neurons and glia are equally important for
brain function [16]. With respect to insulin and glucose metabolism, we recently found that
human astrocytes are insulin sensitive in terms of glycogen formation and cell proliferation
[17] which might translate to brain activity and insulin-mediated locomotion.

Together, our data provide evidence for a role of elevated leptin concentrations in brain
metabolism to impair insulin action, glycogen synthesis, brain activity and finally locomotion
in mice and humans.

Materials and Methods

Human astrocytes

Normal Human Astrocytes (NHA, Lonza, Basel, Switzerland) were cultivated as described earlier
[17]. Prior to each experiment, cells were starved in DMEM (1g/1 glucose, Lonza) + 0.5% FCS for 24h. On
the RNA level, leptin receptor was detected in a comparable range in human astrocytes than in primary
human myotubes. Human recombinant leptin (tebu-bio, Offenbach, Germany) was added (20 or 60 nM) for
another 24h followed by stimulation with human insulin (Novo Nordisk, Bagsvard, Denmark) for 3h (50
nM). For Fig. 2a, Leptin was administrated for various times as indicated in the figure. Western-blot analysis
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was performed, and proteins were detected using an anti-phospho-Akt (Ser473, Cell Signaling, Danvers,
MA, USA), anti-phospho-Akt (Thr308, Cell Signaling, Danvers, MA, USA), anti-phospho-Stat3 (Tyr705, Cell
Signaling, Danvers, MA, USA) or anti-phospho-Gsk3 (Ser9, Upstate, Charlottesville, VA, USA) antibodies.
Lysates containing equal amounts of protein were immunoprecipitated with a serine specific antibody to
detect serine phosphorylation at 318 in insulin receptor substrate 1 as described earlier [7]. To ensure
equal loading, an anti-Akt antibody was used (Cell Signaling, Danvers, MA, USA). Quantification of protein
amounts was performed by optical densitometry (Herolab, Wiesloch, Germany).

Primary mouse astrocytes

One-day-old pubs (C57BL/6NCrl) were used for isolation of primary astrocytes. The medium of the
primary astrocyte cultures was changed to glucose-deprived neuronal cell culture medium (1g/1 glucose)
prior to treatment with leptin (500nM) for 24h, human insulin (100nM) for 3h, or co-treatment with leptin
prior to insulin stimulation. For glycogen synthesis, cells were stimulated with C-14 glucose (0.2uCi/pl) in
parallel with human insulin for 3h. Western blot experiments were performed in protein lysates using an
antibody raised against P-Akt (Ser473, Cell Signaling, Danvers, MA, USA). Quantification of protein amounts
was performed using the optical densitometry (Herolab, Wiesloch, Germany).

Animals

Male C57BL/6NCrl mice at the age of 10 to 12 weeks from Charles River Laboratories were used for
in vivo experiments. They were maintained on a 12 h-day/12 h-dark cycle. All procedures were conducted
according to the guidelines of laboratory animal care and were approved by the local governmental
commission for animal research.

In vivo stimulation and Western blot analysis

For in vivo stimulation, a bolus of human insulin (1 U/mouse for 5min), mouse leptin (100 pg/mouse
for 30min, Sigma Aldrich) or leptin (30min) prior to insulin (5min) was injected into the inferior vena cava
of overnight fasted and anesthetized mice. Lysates from total brain containing equal amounts of protein
were immunoprecipitated with antibodies directed against IR (kindly provided by R. Lammers, University
of Tuebingen, Germany) and Irs2 (Upstate, Charlottesville, USA). Visualization of immunocomplexes after
gel electrophoresis and Western blotting were performed using the PY20 antibody (Santa Cruz, La Jolla, CA,
USA). Equal protein amounts were verified by using the respective antibodies.

Measurement of locomotor activity and intracerebroventricular application of leptin, insulin and leptin

antagonist

Eachmouse received an implantable telemetry transmitter and a guide cannula into the lateral ventricle
as described earlier [4]. Mice were deprived of food overnight and received a single intracerebroventricular
injection of either mouse leptin (10 pg total dose, purchased from Sigma Aldrich), human insulin (3.75 mU
total dose, purchased from Novo Nordisk), recombinant mouse leptin antagonist (60 pg total dose [18]),
vehicle (0.9 % NacCl), or leptin 30 min prior to insulin. Icv concentrations of leptin and leptin antagonist
were adapted as previously published [15, 19]. Locomotor activity was recorded continuously for 120 min
after injection.

Detection of the desire to move during a hyperinsulinaemic euglycaemic clamp in human subjects

We studied 14 healthy lean (F/M 9/5, age 27+2 years, BMI 21+1 kg/m?, fasting blood glucose 4.7 + 0.1
mmol/], fasting plasma insulin 35 * 3 pmol/], fasting plasma leptin 8.12 + 1.7 pg/ml) and 32 overweight/
obese humans (F/M 13/19, age 39 + 2 years, BMI 30 + 1 kg/m?, fasting blood glucose 5.1 + 0.01 mmol/],
fasting plasma insulin 62 + 6 pmol/], fasting plasma leptin 25.28 + 3.34 pg/ml (p<0.001 to lean)). Both
groups, lean and obese, underwent medical history, clinical investigation, a standard clinical lab routine and
an oral glucose tolerance test. Volunteers who were on pharmacological treatment or had any sign of acute or
chronic diseases (including hypertension and diabetes) have been excluded. Informed written consent was
obtained from all volunteers prior to the study. The study protocol was approved by the Ethics Committee of
the Medical Faculty at the Eberhard-Karls-University in Tuebingen, Germany. The experiment consisted of a
30-min baseline period, and a 90-min hyperinsulinaemic euglycaemic clamp or saline infusion. During the
baseline period and after 90 min of insulin or saline infusion, the participants were asked to quantify their
desire to move using a visual analog scale ranging from 0 cm to 10 cm. The difference of change in desire to
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Fig. 1. Leptin impairs insulin action
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astrocytes. Cells were treated with 2 T
insulin, leptin or leptin plus insulin P-Akt - - - 2 190

as described in the method section. B " =z ]
Representative Western-Blots out P-Akt S———— E *
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are presented. b Quantification of P- GAPDH | SS— basal  Lep  Ins  Lep-ins
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astrocytes treated with insulin,
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n=6, **p<0.005, ***p<0.001. d 100

Western Blot analysis (insert)

and quantification of P-Akt473 in %3

human astrocytes, n=6. ANOVA and ]l. .

the post-hoc test (Tukey-Kramer) O Toasal  Lep | Ins Lepsins
with an alpha-level of 0.01 revealed e

significantdifferences (***p<0.001). P.Gsk3 PY-IR |j_]

e Phosphorylation of Gsk3, Stat3

and Akt at Thr308 in human P-Stat3 Ser-Irs1 m

astrocytes. Cells were treated with P-Akt :l IR EI
(308)

insulin, leptin or leptin plus insulin.

Glycogen synthesis (% of Ins)

= Lep Ins Lep
Representative Western-Blots out Akt =
of three independent experiments - Lep Ins Lep
are  presented. f  Tyrosine ns

phosphorylation of insulin receptor
and serine phosphorylation of Irs1 on Ser318 in human astrocytes. Cells were stimulated with insulin,
leptin, or leptin followed by insulin. Immunprecipitates were separated by SDS page and probed with the
respective antibodies. Equal loading was ensured by reprobing with an anti-insulin receptor antibody. A
representative immunoblot is shown out of three independent experiments.

move during the insulin experiment and the change during the saline experiment were calculated. Plasma
insulin, leptin and adiponectin concentrations were measured by ELISA (Linco Research, St. Charles, MO,
USA). C-reactive protein (CRP) was measured with a standard colorimetric methods using a Roche/Hitachi
analyser (Roche Diagnostics, Mannheim, Germany).

Data analysis

The data analysis was performed as previously described [4]. Data are expressed as mean * SEM.
Differences between groups were analyzed by one-way ANOVA with post-hoc Tukey Kramer test or two-
tailed unpaired Student’s t test. P<0.05 was considered to be statistically significant.

Results

To identify the role of leptin on insulin action in the brain, primary mouse astrocytes
were used. They are known to express insulin and leptin signaling elements [17, 20] and
represent the major source of energy for neurons by glycogen production. Of note, the
expression level of leptin receptor in astrocytes was comparable to primary human myotubes
(data not shown).

Leptin pretreatment impaired insulin action downstream of the insulin receptor at the
level of Akt-phosphorylation on Serine 473 in primary mouse astrocytes (Fig. 1a and Fig.
1b). The impairment in insulin action went along with a decline in glycogen synthesis in
these cells, suggesting that leptin diminishes insulin-mediated glycogen synthesis in these
cells (Fig. 1c). In addition, leptin was able to decrease insulin-dependent phosphorylation
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Fig. 2. Leptin on insulin action in astrocytes
depend on time and dose. a Human astrocytes a
were stimulated with insulin (50 nM), leptin P-Akt | = |
or leptin followed by insulin for 30 min, or 1, (473)
3, 6 and 24 hours. Proteins were separated by Akt | - -S> SPIPEPED |
SDS-page and Western Blots were probed with insufin B A A M N N N M
antibodies against P-Akt and reprobed with an leptin (time) AR AN HE N
anti-Akt antibody. b Human astrocytes were
treated with either 20 or 60 nM of leptin for b
3 hours with and without insulin for 3 hours.
A representative Western Blot out of three {':;Q‘kt =N
independent experiments is shown. Akt -—

insulin e B Rl A N

leptin (nM) - | - |20 ]20|-]|s0]| 60

of Akt473 (Fig. 1d) in human astrocytes. Insulin increased phosphorylation of glycogen
synthase kinase 3 (Gsk3) while this was absent when cells were preincubated with leptin,
and this was also true for the phosphorylation state of signal transducer and activator of
transcription 3 (Stat3). By contrast, Akt-phosphorylation on Thr308 was unaffected (Fig.
1le).

Recently, we described the presence of insulin receptors and its downstream signaling
cascade in human astrocytes. To validate that leptin indeed affects tyrosine phosphorylation
of the insulin receptor we performed experiments in cells treated with insulin, leptin and
leptin followed by insulin. Thereby, insulin increased tyrosine phosphorylation of the insulin
receptor which was absent when cells were preincubated with leptin. In addition, leptin led
to an increase in serine phosphorylation in insulin receptor substrate 1 (Fig. 1f) which was
shown to mediate insulin resistance in various tissues [7]. To evaluate the effect of leptin
on insulin action, time and dose-response experiments were performed. Thereby, it became
evident that leptin pretreatment impaired phosphorylation of Akt as early as 30 minutes,
and the inhibitory effect persisted for up to 24 hours (Fig. 2a). In terms of dose, low leptin
concentrations were not able to inhibit phosphorylation of Akt, while leptin in a range as
present in obese was able to impair P-Akt473 (Fig. 2b).

To investigate whether leptin is able to inhibit insulin action in vivo, Western Blot
analysis in brain tissues of mice was performed. Insulin significantly increased tyrosine
phosphorylation of its receptor by 316 + 34 % (p<0.01, n=4), as well as Irs2 by 285 + 46 %
(Fig. 3a, p<0.01, n=4). When leptin was injected prior to insulin, tyrosine phosphorylation of
the insulin receptor was reduced to 185 = 47 % of basal and to 167 + 44 % for Irs2 (p<0.01,
n=4). This went along with impaired phosphorylation of Akt473 in insulin-stimulated
mice that were pretreated with leptin. To verify adequate leptin action in the brain,
phosphorylation levels of Stat3 were evaluated. As expected, leptin treatment dramatically
increased phosphorylation of Stat3 in brain tissues while insulin was ineffective (Fig. 3b).

We lately identified an insulin-mediated increase in locomotor activity as a measure of
insulin sensitivity in the brain which is absent in obese mice and further promotes physical
inactivity [4]. Therefore, insulin and leptin were applied into the cerebrospinal fluid (icv)
of mice. Locomotor activity was significantly improved by insulin while leptin inhibited
activity in vivo. Leptin application prior to insulin abolished the insulin-mediated increase
in locomotor activity (Fig. 3c). By contrast, the application of a murine leptin antagonist icv
decreased locomotor activity by ~48 + 5 % (p<0.001; n=6), suggesting that leptin levels in the
physiological range are needed to maintain locomotion and keep the balance between food
intake and energy expenditure (Fig. 3c). The effect of leptin and insulin was again verified by
Western Blot analysis in brain tissues and demonstrated that the leptin antagonist was not
able to affect insulin receptor phosphorylation in lean mice (Fig. 3d).
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Fig. 3. Leptin impairs insulin
signalling in the mouse brain. a b

a Tyrosine phosphorylation of py_”:;lEl P-Akt IZ‘
the insulin receptor and insulin R (473)
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e
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please see result section. b - Lep Ins Lep 1
Phosphorylation of Akt, Gsk 5.3 Ins

and Stat3 in total brain lysates
following intravenous injection of C
insulin, leptin or leptin followed
by insulin. The membranes
were reprobed with an anti-Akt
antibody to ensure equal loading.
One representative Western Blot
is shown out of three independent - Lep Ins Lep LA
experiments. c Locomotor activity NaCl Lep Ins Lep— LA !
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Locomotor activity (counts/min)
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o
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(counts/min) in overnight fasted

mice following icv application of NaCl as inter-individual control, human insulin (3.75 mU in total), leptin
(10 pg/5 ul), and human insulin (3.75 mU) after 30 min pretreatment with leptin (10 pg in total). Data
are mean * SEM. Significant differences are indicated as follows: ***p<0.001; n=6-14/group. d Tyrosine
phosphorylation of the insulin receptor in total brain lysates following injection of leptin, insulin, leptin
followed by insulin or leptin antagonist (LA). One representative immunoblot out of three independent
experiments is shown.

Fig. 4. Human characteristics
and desire to move during a a
hyperinsulinemic euglycemic
clamp. a C-reactive protein
(CRP) and adiponectin in lean
(black, n=14) and obese (grey,
n=30-31) individuals before the
hyperinsulinemic euglycaemic |
clamp; ***p<0.001. b Increase {:‘;:n "‘”{'E;':ﬁ“" basal  clamp
in plasma insulin levels in lean

(black, n=14) and obese (grey,
n=31) individuals before and after c
the hyperinsulinemic euglycemic

o

(%]
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wm
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wm
o =]

o

83 . .
clamp; **p<0.005; ***p<0.001. c H : gol e .
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visual analog scale measurement e | g 4
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. . < ] 2 0
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human subjects. The desire to Leptin (pg/ml, log scale)

move increased in lean but not
in obese volunteers (p=0.026 lean vs. obese). For subject characteristics see method section. d Negative

correlation between the insulin-mediated desire to move and basal leptin levels (r = -0.48, p=0.001).

Without doubt, the pathophysiological relevance of impaired insulin action in the brain
on locomotor activity in humans is hard to detect. To proceed in this respect, healthy lean and
obese volunteers underwent a hyperinsulinaemic-euglycaemic clamp and insulin-dependent
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changes in the desire to move were analysed by a visual analog scale rating. Lean and obese
volunteers displayed comparable plasma adiponectin and c-reactive protein levels (Fig. 4a),
while fasting insulin and leptin concentrations were significantly higher in obese (Fig. 4b
and for subject characteristics please see method section). Applying this approach to both
groups, plasma insulin levels during the clamp increased by 2.7-fold in lean and 2.5-fold
in obese individuals (Fig. 4b). Whereas the desire to move was significantly increased in
lean individuals during insulin infusion (p<0.05) it was indistinguishable in obese (Fig. 4c).
Moreover, leptin levels at the beginning of the clamp were shown to be a negative predictor
for the desire to move during the clamp (p=0.001), and remained significant after adjustment
for sex and BMI (p<0.05) (Fig. 4d).

Discussion

The peptide hormone leptin is transported across the blood-brain-barrier and its
concentration in the cerebrospinal fluid is elevated in obese [21]. While fasting substantially
decreases plasma as well as CSF leptin levels in lean, the fasting-induced decrease in leptin
levels is abolished in obese [22]. Therefore, leptin represents a permanent adiposity-related
signal to the brain, while physical exercise and food restriction modulates leptin sensitivity
in diet-induced obese rats [23]. Most of the previous work has been done in leptin-deficient
mice and humans. Herein, a complete loss of leptin in early life resulted in an obese phenotype
due to alterations in energy homeostasis and food intake, and leptin replacement therapies
restored the metabolic balance towards a healthy phenotype. In line with this, a loss of leptin
action by the antagonist decreased locomotor activity in our model and suggested that
fluctuation in leptin levels within a physiological range are of great importance to maintain
a healthy, physically active phenotype.

On the other hand, elevated leptin levels are a negative regulator of insulin action [7,
24], and our work demonstrated that in the presence of hyperleptinemia in the brain, insulin
signalling is impaired at the molecular, functional and behavioural level. In line with this, a
recent study in rats provided evidence for leptin to promote weight gain in diet-induced obese
rats [25]. Besides its impact on insulin signalling, leptin per se is able to inhibit locomotor
activity which suggested an additional insulin-independent action of leptin on locomotion.
This is in accordance with the fact that locomotor activity is increased in rats that lack leptin
receptors in the ventral tegmental area by using RNAi [26].

At the cellular level, leptin becomes important in regulating neuronal activity by the
activation of large conductance Ca**-activated K* channels which results in depression of
excitatory synaptic transmission [27]. Besides leptin’s action on neuronal networks that
control feeding, energy balance, and neurotransmission, nonneuronal cellular effects of leptin
in the central nervous system were recently identified. In vivo studies in mice demonstrated
that adult-onset obesity is associated with region-specific upregulation of astrocytic leptin
receptors [20], and leptin treatment was shown to affect calcium flux in astrocytes [28].

Here, we show that on the cellular level, elevated leptin impairs insulin action in
astrocytes that is accompanied by a decrease in glycogen synthesis. While the direct role of
astrocytes for synaptic transmission is still an open question, their response to alterations
in energy metabolism and substrate availability is unquestionable. Astrocytes are able to
detect metabolic changes that may affect brain homeostasis. Therefore, they play a crucial
role for brain function.

In our study, elevated leptin levels as present in obese affect insulin action and glycogen
formation suggesting that leptin represents an obesity-related signal from the periphery to
the brain and finally alters brain activity and locomotion. However, it is yet to be determined
how neuronal and astrocytic leptin and insulin signalling act together in pathophysiological
conditions like obesity.

In conclusion, leptin lowers insulin action in astrocytes and in brain tissues which is
accompanied by reduced locomotor activity. In view of these data, elevated leptin levels as
present in obese patients or achieved by leptin agonists might be harmful while approaches
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to keep leptin in the brain within the physiological range might be beneficial to promote
physical activity and finally weight loss.

Abbreviations

icv (intracerebroventricular); IR (insulin receptor); CSF (cerebrospinal fluid).
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