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Abstract
Aims/hypothesis Impaired insulin sensitivity is a major fac-
tor leading to type 2 diabetes. Animal studies suggest that
the brain is involved in the regulation of insulin sensitivity.
We investigated whether insulin action in the human brain
regulates peripheral insulin sensitivity and examined which
brain areas are involved.
Methods Insulin and placebo were given intranasally. Plas-
ma glucose, insulin and C-peptide were measured in 103
participants at 0, 30 and 60 min. A subgroup (n012) was
also studied with functional MRI, and blood sampling at 0,
30 and 120 min. For each time-point, the HOMA of insulin
resistance (HOMA-IR) was calculated as an inverse esti-
mate of peripheral insulin sensitivity.

Results Plasma insulin increased and subsequently de-
creased. This excursion was accompanied by slightly de-
creased plasma glucose, resulting in an initially increased
HOMA-IR. At 1 h after insulin spray, the HOMA-IR sub-
sequently decreased and remained lower up to 120 min. An
increase in hypothalamic activity was observed, which
correlated with the increased HOMA-IR at 30 min post-
spray. Activity in the putamen, right insula and orbito-
frontal cortex correlated with the decreased HOMA-IR
at 120 min post-spray.
Conclusions/interpretation Central insulin action in specific
brain areas, including the hypothalamus, may time-
dependently regulate peripheral insulin sensitivity. This intro-
duces a potential novel mechanism for the regulation of
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peripheral insulin sensitivity and underlines the importance of
cerebral insulin action for the whole organism.

Keywords Brain . fMRI . HOMA . Hypothalamus . Insula .

Insulin . Insulin sensitivity . Intranasal insulin . Orbitofrontal
cortex . Putamen

Abbreviations
fALFF Fractional amplitude of low-frequency

fluctuation
fMRI Functional MRI
HOMA-IR HOMA of insulin resistance
HPA axis Hypothalamic–pituitary–adrenal axis

Introduction

Insulin resistance is a major feature of type 2 diabetes
mellitus and precedes the disease by years [1]. Besides the
effects on glucose metabolism, insulin resistance is associ-
ated with other conditions like cardiovascular disease [2]
and cancer [3], and even predicts mortality [4]. The precise
mechanisms that regulate peripheral insulin sensitivity in
humans are still not fully understood.

Studies in animals have demonstrated that insulin signalling
in the brain is pivotal to the regulation of insulin action in major
insulin-sensitive organs in the periphery [5]. Thus insulin-
dependent hepatic glucose production [6], fat metabolism in
adipocytes [7] and muscle glycogen synthesis [8] are all influ-
enced by central actions of insulin.

However, all these data were generated in animals; indeed,
studies on insulin’s actions in the human brain are much more
complex to perform. One tool, the nasal administration of
insulin, allows selective investigation of insulin’s effects on
the human brain without causing relevant peripheral effects
[9]. Using this technique, insulin action in the brain has been
shown to affect a number of cerebral functions in healthy
humans [10], namely declarative memory [11], spontaneous
brain activity [12] and food-related activity [13, 14]. Func-
tional MRI (fMRI) in combination with nasal administration
of insulin identified insulin-sensitive regions in vivo that may
contribute to those functions [13]. Furthermore, long-term
nasal application of insulin reduces the activity of the hypo-
thalamic–pituitary–adrenal (HPA) axis, as indicated by de-
creased serum cortisol levels [11, 15–17]. The nasal delivery
of insulin may thus be helpful when specifically studying the
influence of insulin action in the human brain on peripheral
metabolism and insulin sensitivity.

The aims of this study were: (1) to investigate how nasal
insulin delivery affects peripheral metabolism in humans;
(2) to examine the brain structures involved; and (3) to look
for a possible link between insulin’s effects in the brain and
peripheral metabolism via the HPA axis.

Methods

Participants There were 103 voluntary participants in the
study with nasal insulin. All participants were in good health
as ascertained by a physician and did not suffer from any
psychiatric, neurological or metabolic illness. The clinical
characteristics of these participants are shown in Table 1.
Any volunteer with diabetes mellitus or with a family his-
tory of diabetes was excluded at screening, as well as
anyone being treated for a chronic disease or taking any
kind of medication except for oral contraceptive agents.
Informed written consent was obtained from all participants
and the local ethics committee approved the protocol.

Nasal insulin experiment The participants received either
insulin or placebo spray on two different days in randomised
order with an interval of at least 7 days between the admin-
istrations. The participants were blinded to the order of the
sprays. Experiments were conducted after an overnight fast
of at least 10 h. A cubital blood vein was cannulated and
blood samples were obtained at −30, 0, 30 and 60 min from
all participants, and additionally at 90 and 120 min from a
subgroup of 12 women.

Intranasal insulin and placebo spray The insulin and pla-
cebo sprays were prepared as described earlier [9]. Each
puff consisted of 0.1 ml solution containing 40 IU human
insulin (400 IU/ml, Insulin Actrapid; Novo Nordisk, Copen-
hagen, Denmark) or 0.1 ml vehicle as a placebo. At time
0 min, each participant received four puffs of 0.1 ml insulin
or placebo spray within 5 min. Two doses were applied to
each nostril, resulting in a total insulin dose of 160 IU
insulin on the insulin day.

Analytical procedures Blood glucose was determined using
a bedside glucose analyser (glucose oxidase method; Yellow
Springs Instruments, Yellow Springs, OH, USA). Plasma
insulin, C-peptide and cortisol were measured by commer-
cial chemiluminescence assays (ADVIA Centaur; Siemens
Medical Solutions, Fernwald, Germany).

Calculations of HOMA of insulin resistance The HOMA of
insulin resistance (HOMA-IR) was calculated as described in

Table 1 Clinical
characteristics of the
participants

Data are given as
means±SD

Characteristic Value

n 103

Male/female (n) 35/68

Age (years) 28±9

BMI (kg/m²) 22.6±2.9

Fasting glucose (mmol/l) 4.86±0.40

Fasting insulin (pmol/l) 40.2±21.4
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[18]. Baseline levels were calculated as the mean of two meas-
urements (at −30 and 0 min) before nasal spray application.
Changes in the HOMA-IR at 30 and 120 min after nasal insulin
spray application were assessed in the subgroup of participants
undergoing fMRI measurements. They were calculated by
dividing the HOMA-IR at 30 or 120 min by the HOMA-IR
before spray delivery (0 min). Thus, values less than 1 indicate
a decrease in HOMA-IR over time. Data that were not normally
distributed were logarithmically transformed prior to statistical
analysis. For all statistical analyses, the software package
JMP 8 (SAS Institute, Cary, NC, USA) was used. Results with
values of p≤0.05 were considered statistically significant.

fMRI data acquisition Whole-brain fMRI data were
obtained using a 3.0 T scanner (Siemens Tim Trio, Erlangen,
Germany). Participants in the resting state underwent 5-min
fMRI acquisitions at time points 0, 30 and 120 min. All
participants were instructed not to focus their thoughts on
anything in particular and to keep their eyes closed during
the resting-state fMRI acquisition. Functional data were
collected using an echo-planar imaging sequence as follows:
TR01.8 s, TE030 ms, FOV0210 mm², matrix 64×64, flip
angle 90°, voxel size 3×3×4 mm3, slice thickness 3 mm,
1 mm gap, where TR is repetition time, TE is echo time and
FOV is field of view, and images were acquired in ascending
order. Each brain volume comprised 28 axial slices and each
functional run contained 160 image volumes, resulting in a
total scan time of 4.52 min. In addition, high-resolution T1-
weighted anatomical images (MPRage 176 slices, matrix
256×224, 1×1×1 mm3) of the brain were obtained.

Data pre-processing Functional image pre-processing and
statistical analysis were carried out using SPM5 (Wellcome
Trust Centre for Neuroimaging, London, UK). Images were
realigned to the first image. Geometrically distorted echo
planar images were unwarped using the FieldMap Toolbox
that is available for SPM5 to account for susceptibility to
movement artefacts. A mean image was created and co-
registered to the T1 structural image. The anatomical image
was normalised to the Montreal Neurological Institute
(MNI) template and the resulting variable file used to
normalise the functional images (voxel size 3×3×3 mm3).
Finally, the normalised images were smoothed with a three-
dimensional isotropic Gaussian kernel (full width half max-
imum 6 mm). fMRI data were high-pass- (cut-off period
128 s) and low-pass-filtered (autoregression model AR [1]).

Fractional amplitude of low-frequency fluctuation We
carried out the fractional amplitude of low-frequency fluctua-
tion (fALFF) analysis on the pre-processed functional data
using REST (State Key Laboratory of Cognitive Neuro-
science and Learning in Beijing Normal University,
http://resting-fmri.sourceforge.net, accessed 1 June 2011).

Zang et al. [19] have developed an index for the ALFF by
integrating the square root of the power spectrum over the
low-frequency range in order to examine the regional intensity
of spontaneous BOLD fluctuations. Since the ALFF appeared
to be sensitive to physiological noise, Zou et al. [20] have
proposed an fALFF approach, which effectively suppressed
non-specific signals, and significantly improved the sensitiv-
ity and specificity for detection of regional spontaneous brain
activity. In brief, after linear trend removal, the resting-state
time series was transformed into the frequency domain using
the fast Fourier transform (FFT). To obtain the amplitude, the
square root of the power at each frequency bin was calculated.
The ratio of the averaged amplitudes between 0.009 and
0.08 Hz and over the entire frequency range (0–0.25 Hz)
was computed at each voxel. An fALFF map for the whole
brain was determined by the following normalisation
procedure: fALFF0(fALFF−global mean fALFF)/standard
deviation of global mean fALFF.

Statistical analysis For each participant, the fALFF maps of
the basal fMRI measurement were subtracted from the
fALFF maps of the 30 and 120 min fMRI measurements.
The fALFF maps of each participant, corrected for basal
fMRI measurement, were entered into a multiple regression
analysis in SPM5 using HOMA-IR as a covariate. Only
activations exceeding an uncorrected threshold of p<0.001
at the whole-brain level were considered to be significant.

Correlation of intrinsic brain activity (fALFF values) with
HOMA-IR The regional fALFF of significant activations
was extracted using a volume of interest approach in
SPM5 (http://web.mit.edu/swg/rex, accessed 1 June 2011).
These average z values were correlated with the change in
HOMA-IR at 30 and 120 min after insulin application,
adjusted for BMI by using least-squares regression analysis
in JMP (SAS Institute). A value of p<0.05 was considered
statistically significant. Non-normally distributed variables
were logarithmically transformed.

Results

Effects of nasal insulin on glucose, insulin and
C-peptide Plasma glucose significantly decreased by about
0.2 mmol/l (about 4%) after nasal insulin delivery (Fig. 1a). In
the subgroup of 12 women for whom blood samples over
120 min were available glucose levels remained lower for
120 min, but without reaching statistical significance (Fig. 1e).

Insulin levels were significantly higher (about 30 %) at
30 min after nasal insulin spray than after placebo spray
(Fig. 1b). This was accompanied by lower C-peptide levels at
the same time point (Fig. 1c). By as early as 60 min after spray
delivery, plasma insulin levels fell again and returned to
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baseline (Fig. 1b), falling even lower at 90 and 120 min post-
spray compared with placebo (not significant; Fig. 1f). Over
the whole time course, C-peptide levels remained lower after
application of nasal insulin than after placebo (Fig. 1c, g).

Effects of nasal insulin on HOMA-IR The HOMA-IR is a
widely used index describing the relation between insulin
and glucose, and can be seen as an inverse estimation of
peripheral insulin sensitivity. At 30 min, the HOMA-IR was
significantly higher after insulin spray delivery than after
placebo. This was followed by a drop back to baseline levels
at 60 min (Fig. 2a, b). In the subgroup followed for 2 h, the
HOMA-IR became lower at 60 min after insulin spray
compared with placebo. This decrease persisted for the rest
of the experiment and reached statistical significance at
120 min after spray application (Fig. 1b).

Effects of nasal insulin on plasma cortisol Plasma cortisol
levels decreased over time with no difference between the
nasal application of insulin or placebo (p00.3 multivariate
ANOVA; electronic supplementary material [ESM] Fig. 1).

Correlation of change in HOMA-IR with change in regional
brain activity We investigated possible interactions between
changes in the HOMA-IR and regional resting-state brain
activity at 30 and 120 min after insulin spray application.
The multiple regression analysis revealed a significant rela-
tionship between the HOMA-IR and change in resting-state
brain activity in the hypothalamus at 30 min after insulin
spray, and in the putamen, orbitofrontal cortex and right
insula at 120 min after insulin spray. We observed a signif-
icant positive correlation between changes in the HOMA-IR
and the hypothalamus at 30 min after insulin spray
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Fig. 1 Metabolic changes after
nasal insulin application. At
baseline, insulin (black circles)
or placebo (white circles) was
administered intranasally. a The
subsequent changes in the whole
cohort of 103 participants for
glucose, (b) insulin and (c)
C-peptide. d Data from the
subgroup of 12 volunteers
undergoing measurement at
120 min for glucose, (e) insulin
and (f) C-peptide. There were
significant differences in the
time course of all variables
for insulin vs placebo appli-
cation (p≤0.05 multivariate
ANOVA, treatment × time).
*p<0.05 for differences
between insulin and placebo
application in a post hoc
paired t test
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application (r²00.53, p00.003; Fig. 3). A significant posi-
tive correlation was found between changes in the HOMA-
IR and in the left and right putamen at 120 min post-insulin
(r²00.44, p00.01 and r²00.46, p00.009, respectively;
Fig. 4). A significant positive correlation was also found
between changes in the HOMA-IR at 120 min post-insulin
and changes in the orbitofrontal cortex (r²00.36, p00.02;
Fig. 5a). A significant negative correlation was found be-
tween changes in the HOMA-IR and in the right insula at
120 min post-insulin (r²00.49, p00.006; Fig. 5b).

Discussion

In this study, we investigated the influence of central insulin
action on peripheral metabolism. We detected time-
dependent changes. Thus, after nasal insulin delivery, there
was an initial marked rise in plasma insulin, followed by a

decrease to below the values observed after placebo admin-
istration. Interestingly, despite these insulin excursions, we
observed only a slight initial decrease in plasma glucose
(about 4 %) without further alteration. We calculated the
HOMA-IR to describe the relation between insulin and
glucose. This index can be seen as an inverse estimation
of peripheral insulin sensitivity.

While peripheral insulin sensitivity decreased immediate-
ly after delivery of nasal insulin to the brain, it subsequently
increased, starting at 1 h after spray application. Peripheral
insulin sensitivity remained higher for the following final
60 min of our experiment. We investigated brain areas
associated with these reactions and found an increase in
hypothalamic activity that correlated with a reduction of
peripheral insulin sensitivity at 30 min after nasal insulin
application. The enhanced insulin sensitivity at 120 min
after the insulin spray correlated with altered activity in the
putamen, the orbitofrontal cortex and the right insula. No
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effect of nasal insulin on HPA axis activity as assessed by
cortisol levels was observed.

We observed decreased insulin sensitivity in the first
phase of our experiment. The HOMA-IR index increased
because the approximately 30 % increase in plasma insulin

was not accompanied by an adequate decrease in glucose
(glucose decreases only about 4 %). This increase in plasma
insulin is most likely to be due to the absorption of small
quantities of the nasal insulin into the systemic circulation,
and not to enhanced release from beta cells, since the
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AU, arbitrary unit
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increase in plasma insulin was accompanied by a decrease in
C-peptide. The absorption of small amounts of nasally de-
livered insulin into the peripheral circulation was not unex-
pected, having been noted in other studies [11, 15, 21]. A
transient 20 % increase in plasma insulin as observed in our
study at 30 min should be biologically active [22, 23],
regardless of whether it is of endogenous or exogenous origin.
The drop in plasma glucose, however, was only slight, indi-
cating that the effectiveness of insulin was impaired at the
periphery. This is also indicated by the increased HOMA-IR.
It is unlikely that the slight decrease in plasma glucose was
accompanied by counter-regulatory mechanisms, since these
are activated only at much lower glucose levels [24].
Accordingly, one major counter-regulatory hormone,
cortisol, was unaffected in our study.

At least two explanations for the transient decrease in
peripheral insulin sensitivity are possible. First, the insulin
absorbed into the circulation could have caused peripheral
insulin resistance [25]. Second, insulin’s actions in the brain
could be responsible for this reaction. We cannot rule out the
possibility that the spill-over from intranasal insulin directly
affects peripheral insulin sensitivity. However, the second
possibility is supported by our observations in the hypothal-
amus, since participants with a decrease in peripheral insulin
sensitivity at 30 min post-spray exhibited a simultaneous
increase in hypothalamic activity. Therefore, the effects of
insulin in the hypothalamus could be involved in the reac-
tion in the periphery. This hypothesis is supported by studies
in animals, which have revealed that the hypothalamus is
crucial to the regulation of peripheral insulin action, espe-
cially in the liver [6, 26, 27], as well as pointing to the well-
known abundance of insulin receptors in this area [28, 29].

The second half of our experiment showed a very differ-
ent result. Starting at 60 min post-spray, insulin sensitivity
was even better after intranasal insulin than it was after
placebo. Thus, in the long run, central insulin action seems
to promote insulin’s actions in the periphery, a finding that is
consistent with a recent report [21]. In that study, nasal
insulin was administered more than 1 h before participants
drank a liquid high-energy meal. During this meal, insulin
levels were significantly lower after the insulin spray than
after placebo, while glucose excursions remained similar.

The phenomenon described by Benedict et al. [20],
namely that only smaller amounts of plasma insulin
were required for postprandial glucose control, could be
explained on the basis of our findings as being due to brain-
triggered enhancement of peripheral insulin sensitivity. This
enhancement may occur mainly in the classical insulin-
sensitive tissues liver [6], adipocytes [7] and muscle [8], as
suggested by animal studies.

Our results suggest that insulin’s actions in the brain may
have a biphasic effect on peripheral insulin sensitivity,
which fits well with insulin kinetics after a meal. Thus

directly after food intake, insulin levels increase sharply.
During this first phase, the brain makes the periphery less
insulin-sensitive, thereby possibly blunting the effects of the
hormone. Later, when insulin levels decrease, peripheral
insulin actions are still crucial to the control of glucose
and fat metabolism. Thus, augmented insulin sensitivity
can promote insulin’s effects in the later postprandial state.
Physiologically, this biphasic response is reasonable and we
therefore propose that, apart from the many other effects of
insulin on the brain [11–13, 30], the central action of the
hormone regulates its own efficiency in peripheral tissues in
a time-dependent manner.

Our study found that the hypothalamus may be involved
in the first phase of this reaction. We also explored brain
areas with altered activity concordant to the change in
peripheral insulin sensitivity in the second phase, i.e. at
120 min post-spray. Three brain regions revealed such asso-
ciations: the putamen, the right insula and the orbitofrontal
cortex.

The putamen is part of the basal ganglia and well-known
for its role in movement and motor coordination. It has also
been found to be involved in appetite and feeding behaviour
in humans [31]. Studies in animals indicate that this area
may be involved in the regulation of energy homeostasis
and in sensing of changes in energy balance [32, 33]. The
major neurotransmitter input to the putamen is dopamine.
Interestingly, the dopamine agonist bromocriptine enhances
peripheral insulin sensitivity [34, 35]. Of course, other very
important brain areas could also be involved in the dopami-
nergic regulation of insulin sensitivity, but our results cer-
tainly allow speculation on involvement of the putamen.
Interestingly, we recently found fasting insulin to correlate
with basal brain activity in the putamen such that higher
fasting insulin was accompanied by higher activity in this
area [36]. Therefore, this brain area might sense insulin,
either directly or via input from other regions. Our results
can be interpreted as an indication that insulin’s effects
on the putamen can help to regulate peripheral insulin
sensitivity.

The second region identified, the insula, is part of the
limbic system and important for processes of high-level
cognitive control and attention [37, 38]. It also links the
processing of various stimuli (e.g. gustatory and visceral
information) with brain regions monitoring the internal mi-
lieu [38]. Interestingly, the insular cortex itself was recently
shown to be responsive to insulin at the neuronal level [39];
moreover, postprandial changes in plasma insulin correlate
with altered blood flow in this region [40]. Therefore, the
insula may monitor the feeding state by sensing postprandial
insulin levels and one of its outputs might contribute to the
central regulation of insulin sensitivity.

In addition, the insula is connected to the orbitofrontal
cortex, the third region identified to respond to intranasal
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insulin at 120 min after application [41]. The orbitofrontal
cortex receives information from many different sensory
systems, e.g. the gustatory, olfactory and visceral sensory
systems [41, 42], and is one of the brain regions for which
we had previously found a significant correlation between
fasting insulin and basal brain activity [36]. Furthermore,
postprandial changes in plasma insulin have been found to
correlate with altered cerebral blood flow in this region [40,
43]. Therefore, this area might directly or indirectly sense
insulin as a further input. The orbitofrontal cortex is known
to be involved in decision-making, emotional processes, and
reward, including food reward [42]. A functional influence
of this region on more homeostatic functions like insulin
sensitivity has not, to our knowledge, been reported to date.
Since the region is highly interconnected with many other
areas [42, 44], it has many outputs that may directly or
indirectly influence peripheral insulin sensitivity.

The associations identified in our study indicate that all
of the brain regions discussed above may contribute to
insulin-induced central regulation of peripheral metabolism
and peripheral insulin sensitivity. Which brain area contrib-
utes most remains open; probably, there is an interplay
between all of them.

We next addressed the question of how the brain com-
municates with the periphery to regulate insulin sensitivity.
Our first hypothesis was that the HPA axis may be the
linker. However, cortisol levels were not affected by the
application of nasal insulin. By contrast, Bohringer et al.
[45] found the cortisol response to psychosocial stress to be
reduced by nasal insulin. Thus, a stress-induced increase in
activity of the HPA axis may be a response to high insulin
levels in the brain, while in a non-stressed milieu (as in our
experiment) this neuroendocrine system is not affected. It is
therefore unlikely that the HPA axis is the linker for regula-
tion of peripheral insulin sensitivity by the brain.

In animals, there is evidence that the effects of central
insulin action on hepatic gluconeogenesis are mediated by
the autonomous nervous system [27, 46]. For humans, the
issue is not yet clear. Recently, nasal insulin application was
demonstrated to influence noradrenaline (norepinephrine)
levels, an indicator of sympathetic nervous system activity
[47]. However, a smaller study found no effect of intranasal
insulin on muscular sympathetic nervous activity [48].
Given these data, the autonomous nervous system might
be involved in the insulin-induced central regulation of
peripheral insulin sensitivity. This hypothesis is supported
by the brain regions identified in our study, since at least
three of them contribute to regulation of the autonomous
nervous system. The hypothalamus has outputs to the au-
tonomous nervous system that are regulated by many dif-
ferent neuropeptides [49]. The orbitofrontal cortex has
pathways that also influence this system [50]. Furthermore,
the insula was found to contribute to autonomic regulation

of the gastrointestinal tract and the heart [41]. Of course,
further larger studies with more direct assessment of
sympathetic activity will be necessary to further clarify the
role of the autonomous nervous system in the central
regulation of peripheral insulin sensitivity.

Our interpretation of the data is based on the observation
of simultaneous and statistically correlated alterations in
brain activity and peripheral metabolism following the ap-
plication of nasal insulin. Additional studies would be re-
quired to confirm the role of the hypothalamic versus limbic
brain regions with regard to changes in peripheral insulin
sensitivity. It would also be very interesting to replicate our
findings with another measure of peripheral insulin sensi-
tivity before and after nasal insulin application. However,
the classic gold standard, the hyperinsulinaemic–euglycae-
mic clamp, can hardly serve as such a measurement, since it
requires intravenous application of larger amounts of insu-
lin. This exogenous insulin would also reach the brain,
occupying a substantial amount of insulin receptors there,
which would no longer be available for the additional effects
of nasal insulin. All participants in our study were healthy
and had normal glucose tolerance. The important question
of whether the reaction detected by us would be the same in
patients with impaired glucose tolerance or type 2 diabetes
needs to be addressed by further studies in such populations.

In conclusion, central insulin delivery resulted in a bi-
phasic response and effect on peripheral metabolism, which
may reflect effects on peripheral insulin sensitivity. Initially,
peripheral insulin sensitivity decreased after insulin delivery
to the brain, a reaction that may prevent excessive effects of
the hormone. Later a sustained improvement in peripheral
insulin sensitivity occurred. This reaction may promote
insulin actions in the later postprandial state. We also
detected associations between hypothalamic activity and
the initial reaction, as well as between the later response
and three other brain areas: the putamen, the insula and the
orbitofrontal cortex. Whether these regions are directly in-
volved and which of them make the greatest contribution
remains open.

Our findings introduce a novel mechanism that may
contribute to the regulation of peripheral insulin sensitivity
in humans, while underlining the importance of insulin
action in the brain for the whole organism.
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