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Context: Insulin action in the human brain influes@ating behavior, cognition, and whole-body
metabolism. Studies investigating brain insuliry i@h intranasal application.

Objective: To investigate effects of three dosemsiilin and placebo as nasal sprays on the
central and autonomous nervous system and anabgremion of insulin into the bloodstream.
Design, participants and methods: Nine healthy reeaived placebo, 40U, 80U and 160U
insulin spray in randomized order. Before and aff@ay, brain activity was assessed by
functional magnetic resonance imaging and heastvatiability (HRV) was assessed from ECG.
Plasma insulin, C-peptide, and glucose were medsearpilarly.

Setting: general community

Results: Nasal insulin administration dose-depetig@emodulated regional brain activity and the
normalized high-frequency component of the HRV.tPm& analyses revealed that only 160U
insulin showed a significant difference from plasebose-dependent spill-over of nasal insulin
into the bloodstream was detected. The brain respwaas not correlated with this temporary
rise in circulating insulin.

Conclusions: Nasal insulin dose-dependently moddlatgional brain activity with the strongest
effects after 160 U. However, this dose was accoieplaby a transient increase in circulating
insulin concentrations due to a spillover into glation. Our current results may serve as a basis
for future studies with nasal insulin to untangtaib insulin effects in health and disease.
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We investigated the effect of insulin on the central and autonomous nervous system. We detected dose-
dependent effects of intranasal insulin on regional brain activity and parasympathetic tone. .

Introduction
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Research over the last years identified the humain las an insulin sensitive organ (1, 2). In
response to the hormone, the central nervous systgatates various functions as the response
to food cues, reward processes, and memory (lhéunore, insulin effects in the brain impact
the rest of the body modulating peripheral insgénsitivity, thermogenesis as well as liver and
lipid metabolism (2, 3). However, a substantial hemof individuals are brain insulin resistant
and therefore lack these effects of the peptide.ddst characterized factor associated with brain
insulin resistance is body weight with reduced limseffects in overweight and obese persons.
Beyond this, a number of other factors have beentified thus far (1, 2). However, it is still not
known whether factors associated with brain instdsistance represent cause or consequence
thereof.

To assess brain specific insulin effects in humarst research applied insulin as a nasal
spray (2). Research in animals demonstrated thmideetransporters near the olfactory bulb
rapidly transport a limited number of peptides I{icling insulin) into the cerebrospinal fluid
(CSF) from where they further reach brain cells [dhumans, a rise in CSF insulin
concentrations was detected as early as 10 miafteyrsadministration ofOU ofthe peptide as
nasal spray (5). Functional consequences, e.g:teffe brain activity occur in a comparable
time frame (6).

The earliest experiments mostly used a dose otll@dinvestigate the consequences of
intranasal insulin application on eating behaviwd &ody weight; studies investigating memory
function in cognitively impaired patients, on thider hand, used a lower dose of insulin (7, 8).
An acute dose of 160 U has been shown to stimtggienal brain activity in a number of brain
areas (9). While initial experiments with a lowesulin dose suggested that none of the peptide
reach the circulation after administration as ahsgray (5), it recently became evident that
small amounts of human insulin are indeed absairidedhe bloodstream and are detectable in
venous blood (10-12). After application of 160 Urdulin as a nasal spray, around 0.1 U enter
the blood stream (12, 13). Despite having no meaffi@cts on blood glucose (e.g. not inducing
hypoglycemia), the small rise in circulating insuthay induce effects in peripheral tissues,
possibly influencing the interpretation of metabdadifects of nasal insulin.

Furthermore, experiments with chronic administrattb human insulin as nasal spray
suggested that high doses might not necessarily tievstrongest effects. Indeed, in a four
months trial in cognitive impaired persons the lodese of 20 U of the peptide had more
profound effects on memory than 40 U (14).

Even though the intranasal administration has diré&en used in a number of studies in
humans (6, 7, 15-21), there is still no systematimparison of the acute effect of different nasal
insulin doses onentraland autonomous nervous system activity. We thezefarestigated the
effects of placebo and three different doses ofdiumsulin as nasal spray. Before and after
spray, brain activity was assessed by functiongmatic resonance imaging while
simultaneously recording electrocardiograms (E@&dsess heart rate variability (HRV).
Frequent blood sampling was used to analyze tharjgiiien of insulin into the bloodstream.

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

=
L
9
ﬁ

Material and Methods

Participants

Nine healthy men participated in the study (BMI Bk@nt, age 23-30 yearsYéble J).
Informed written consent was obtained from all satg and the local Ethics Committee
approved the protocol. To ensure that participesei®e healthy and did not suffer from
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psychiatric, neurological nor metabolic diseadesy tunderwent a thorough medical
examination.

Study design
Volunteers received placebo, 40U, 80U and 160Ulimsi$s nasal spray in randomized order (on
four separate days with 7-14 days time-lag) wipettive MRI and ECG measurements (see
Figure 1). Participants were blinded to the cooditiExperiments were conducted after an
overnight fast and started at 7.00 a.m. with albss&Rl measurement including two resting-
state BOLD fMRI and a cerebral blood flow measurenfesfMRI1 andCBF1). After the basal
measurement, the respective nasal spray was adenatsAfter 15 and 30 minutes, a second
and third MRI measurement was performed\IRI2/CBF2 andrsfMRI3/CBF3). During all
three MRI measurements ECG was recordée. subjective feeling of hunger was rated at two
time points (before spray application 60 min aiitéranasal spray) on a visual analogue scale
from 0 to 10 (0: not hungry at all; 10: very hungry

Participants rated 100 food pictures in two segabédcks according to explicit “liking”
(how much do you like the food item in general) &wenting” (how much would you like to eat
the food item right now) on each study day.

Application intranasal insulin/placebo

On each day, participants received 1.6 ml of nggedy. It contained either placebo, 40, 80, or
160 U of human insulin (Insulin Actrapid; Novo Nk, Bagsvaerd, Denmark). Under
supervision, the spray was administered over fanutas with two puffs per nostril every
minute.

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

Blood measurements
Venous blood samples were obtained immediatelyrbets well as 5, 10, 15, 20, 30, 60, 90, and
120 minutes after spray application.

Plasma glucose concentrations were measured Ungrgjucose-oxidase method (Yellow
Springs Instruments, Yellow Springs, USA). Serusulm, C-peptide, cortisol, luteinizing
hormone (LH), follicle-stimulating hormone (FSHgstosterone, and thyroid-stimulating
hormone (TSH) were measured by chemiluminescesgaya on the ADVIA Centaur XPT and
Adrenocorticotropic hormone (ACTH) by an automagetid-phase, chemiluminescent
immunoassay on the Immulite XPT analyzer (botmfeies Healthineers, Eschborn, Germany).

Whole-brain fMRI measurement

Data acquisition

Scanning was conducted at a 3T whole-body Sienwrner (Magnetom Prisma; Erlangen,
Germany) with a 20-channel coil. Three differeqiey of functional data sets were recorded
each day before and after nasal spray applicdtiocsddition, high-resolution T1 weighted
anatomical images were obtained.

To acquire CBF maps, pseudo-continuous arterial Igjeling (PCASL) was performed
using a 2D EPI read out sequence (22) with backgt@uppression. A total of 52 images were
acquired with the following parameters: 16 slicdge thickness 3mm, 1.5mm gap,
TR=4500ms, TE 23ms, FQMF192mm?, FOVhase=100%, matrix 64x64, flip angle 90voxel
size 3x3x3 mm bandwith 2004px/Hz, tag gradient strength = 7.0mTThe first image volume
prior to the preparation scans was used for caidngM,) .

Whole-brain BOLD data were collected by using eplanar imaging sequences, as recently
reported (21).
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To acquire BOLD activation of subcortical regiongdiigher resolution, an echo-planar
imaging sequence with ZOOMit was used. It uses ehyoa@xcitation pulses to achieve selective
field-of-view (zoomed) images, without aliasingifadts. The following parameters were used:
TR=3s, TE=34ms, FOVa+192 mm?2,FOWhase=33.3%, matrix 96x32x 36, flip angle 9®/oxel
size 2x2x2.5mr slice thickness 2mm, images were acquired inmatiog order. Each brain
volume comprised 36 axial slices and each functinmacontained 60 image volumes, resulting
in a total scan time of 3:06 minutes.

Before intranasal insulin application and aftem3@utes all fMRI measurements were
performed as displayed in Fig. 1. Due to time aaists only CBF and BOLD of subcortical
regions was performed after 15 minutes.

PCASL preprocessing:

Preprocessing was performed using FSL with thewatig tools (5.0.9). First, the images were
realigned usingncflirt. The resulting 4D ASL data were processed uskigrd asl For CBF
guantification a single compartment standard kinetbdel was used (23). Perfusion images
(AM) were obtained by pairwise subtraction of tag asmtrol images. A voxel wise calibration
was performed thereby correcting possible RF abibmogeneity (23). In a next step, the T1-
image was coregistered with the MO-image and theltiag transformation parameters were
applied to the CBF maps. Finally, the CBF maps wemrenalized in MNI space using SPM12.

Resting-state fMRI data preprocessing

We used the Data Processing Assistant for Restiaig8VIRI (24) to analyze the resting state
fMRI data, which is based on Statistical Paraméftapping (SPM12) and Resting-State fMRI
Data Analysis Toolkit (25) (REST, http://www.restimet). The whole-brain functional images
were normalized to voxel size: 3x3x3 rhand the subcortical functional images to 2x2x2°mm
and then smoothed (FWHM: 6mm for whole-brain andnifor the subcortical images).

Nuisance regression was performed using white m&teF, and the six head motion parameters
as covariates.

To investigate resting-state brain activity, wecaddted the fractional amplitude @fw-
frequency (0.01-0.08 Hz) fluctuations (fALFF) otthlood oxygenation level dependent
(BOLD) signal (26).The regional intensity of spontaneous BOLD fludias is quantified by
the power spectrum in the low frequency range @@08 Hz) and regularized by the power in
the whole frequency range (0-0.25 Hz) (26).

THE JOURNAL OF CLINICAL
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Statistical analyses

Cerebral blood flow

CBF values were extracted of the hypothalamic regianterest based on recent findings. Here,
we identified the hypothalamus to respond with sigéent decrease in activity up to 30 min
after intranasal insulin application (6, 10, 19).ZIhis response was diminished in individuals
with unfavorable fat distribution and whole-bodgutin resistance.

Baseline-corrected CBF maps were computed to dydaha hypothalamic CBF change 15
and 30min after intranasal insulin application (@Bf&inus CBF1 and CBF3 minus CBF1,
respectively). Repeated measurement ANOVA (factsulin dose with four levels: Placebo,
40U, 80U and 160U Insulin; and factane with two levels) with HOMA-IR as covariate was
performed in SPSS (IBM, version 20) (p<0.05).

Resting-state fMRI
fALFF maps of the subcortical regions were basatmeected (sfMRI2 minus rsfMRIZ1;
rsftMRI3 minus rsfMRI). Repeated measurement ANOVA (full factorial myaeds performed
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in SPM12. Significant clusters were extracted fostthoc analyses in SPSS (IBM; version 20).
A statistical threshold ofgae<0.05 voxel-level whole-brain corrected was appliedditionally,
small volume correction was performed for the hizgptamusa priori region of interest (6, 10).
All whole-brain fALFF maps were baseline correctesfiMRI3 minusfMRI1). Repeated
measurement ANOVA/ full factorial model was perfehin SPM12. Significant clusters were
extracted for post hoc analyses in SPSS (IBM; var&D). A statistical threshold ofpe<0.05
voxel-level whole-brain corrected was applied. Adaially, small volume correction was
performed for the prefrontal cortex (PF@)priori region of interest, based on recent findings
showing that activity and functional connectivigncbe enhanced with intranasal ins@én19,
21) .
Heart rate variability
Electrocardiograms were recorded with BIOPAC MPBEXPAC, Goleta, CA) and a sampling
rate of 1,000 Hz, during the whole fMRI recordik@r analysis, we extracted 5 minutes of
recording during the CBF measurements. The date amalyzed with kubios
(http://kubios.uef.fi ). HRV parameters were ca#tat on individual R-R interval time series in
the low-frequency (0.04-0.15 Hz) and high-frequefc$5-0.40 Hz) bands. HRV parameters
were baseline corrected and analyzed using a egppeaasurement ANOVA in SPSS (IBM,
version 20) (p<0.05).
Blood values
The areas under the curve (AUC) were calculateagusie trapezoid rule. Doses were compared
by linear regression analyses with dose as a aanigwvariable (p<0.05).

THE JOURNAL OF CLINICAL
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Results
Dose dependent effects of intranasal insulin on brain activity

Hypothalamic cerebral blood flow (CBF) change

Based on our recent finding, we assessed dose-gdiepieinsulin induced hypothalamic change

in CBF as readout for hypothalamic insulin sengitie, 10, 12, 27). We identified a significant
main effect of dose (F(3)=5.36, p=0.0E)dure 2 and a significant interaction between dose and
peripheral insulin sensitivity assessed by HOMAJ3)=4.43, p=0.02). No main effect of time
(15 versus 30 min post spray) was observed. Pasahalyses revealed a significant CBF
difference between placebo and 160 U of intranasalin (p=0.04, Bonferroni corrected).
Furthermore, a significant positive correlation wwaserved between HOMA-IR and the
hypothalamic response to 160 U of insulin 30 mteradpplication (r=0.76, p=0.017).

Subcortical resting-state fMRI response using fALFF

We observed a significant main effect of dose al#it amygdala @ve=0.05, Figure 3A, table
1). A significant linear decrease with insulin dess observed in the right caudate nucleus
(prwe=0.04, Figure 3B, table 1) and the hypothalamgg£90.015, small volume corrected,
Figure 3C, table 1). Since no main effect of timénteraction between time and condition were
observed (pye>0.05), post-hoc analyses were performed on mesponse 15 and 30 min after
nasal spray. Post hoc analyses showed a signifisafF difference in the hypothalamus
between placebo and 160U insulin sprays (p=0.008b&tween placebo and 80U (p=0.014).
For the left amygdala, we observed a significafiecence between placebo and 160U
(p<0.001), between 40U and 160U (p<0.001), betvd®hand 160U (p=0.004) and a statistical
trend for difference between placebo and 80 U @#0.For the caudate response, a significant
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difference between placebo and 160 U (p=0.003)oataeen 40 U and 160 U (p=0.003). No
interactions were observed with peripheral inssénsitivity assessed as HOMA-IR.

Whole-brain resting-state fMRI using fALFF
We observed a significant linear increase in therdd prefrontal cortex ¢e=0.02 small
volume corrected, Figure 3D, table 1) with incregsnsulin doses. Post hoc analyses showed a
significant difference between placebo and 160<0(P01), placebo and 80 U (p=0.015),
between 40 U and 160 U (p=0.001) and between 4@8a0 (p=0.045). No interactions were
observed with HOMA-IR.

Whole-brain and subcortical resting-state fMRI tessare summarized in table 2.

All post-hoc results were Bonferroni corrected.

Behavioral results
We acquired subjective feeling of hunger on a \lismalogue scale before and 60 min after
nasal spray. We observed no acute effect of insldge on hunger and no interaction between
insulin dose and time (p>0.05). There was a sicguifi effect of time on hunger (F(1)=1.64,
p=0.009).

Furthermore, subjects rated liking and wantinghiigh caloric sweet and savory foods 60
min after nasal spray. No main effect of dose weseosred. However, exploratory correlation
analysis revealed a significant positive assoaidbetween the caudate response to 160 U insulin
and liking for sweet foods (r=0.763; p=0.008).

Heart rate variability

To assess possible dose dependent effects onttr@awous nervous system, we recorded ECG
during each MRI measuremeiite detected a slight decrease in absolute hearaftr any of
the tested nasal sprays including placebo (Maifesedf time: F(2)=6.4; p=0.016). Though
there was a significant effect of insulin dose lo@ mormalized high frequency band (F(3)=3.56;
p=0.047) and a significant insulin dose by timeiattion (F(3)=10.52; p=0.001). Post hoc
analyses revealed a significant difference betvpd&erebo and 160U response (p=0.026) and
between time point 15 and 30 min (p=0.03). On themalized low frequency band, we
observed a statistical trend for main effect ofed#y3)=3.30; p=0.058). Post hoc analysis
revealed no significant differences between cood#i To explore brain-peripheral interactions
we correlated the change of the high frequency batidthe brain response to placebo and
insulin as recently reported (10). The hypothala@BF response correlated positively with the
high-frequency change after 160 U of insulin adjdgor BMI (12¢=0.940; p=0.018). No such
correlation was observed after any other insulisedo

Blood data
After insulin spray administration, there was aeddependent increase in circulating insulin
concentrations (fc o-3omir=0.01) of 6.9+19.3 pmol/l after 40U, 17.2+11.8 pfhafter 80U, and
30.9£29.8 pmol/l after 160U while insulin levelgybitly decreasednd non-significantlafter
placebo spray by 20.9+23.7 pmol/l. Insulin concatins reached their peak at 15 minutes post
insulin spray and returned to pre-spray levelstaroi5 minutes latef~{gure 4A and B).

No correlations between increase in plasma inggliantified as both incremental AUC 0-
30 minutes and peak increase) and any of the beaponses described above was detected
(p>0.05).

Neither serum C-peptide concentrations nor pladmaoge levels were different between the
days (Ruc 0-1260.9 and Ruc 0-125=0.6, respectively; Figure 4 C and D).
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Furthermore, no differences between days were wetéor LH, FSH, and testosterone, for
ACTH and cortisol, and for TSH concentrations fallc 0-12¢0.6, supplementary Figures 1 and
2).

Discussion

In the current study, we investigated the effedifierent insulin doses applied intranasally on
the central and autonomous nervous system as svprgpheral metabolism. We detected dose-
dependent effects of intranasal insulin on brativéig and regional blood flow. The
hypothalamus, amygdala, caudate nucleus, andtérallarefrontal cortex showed a most
prominent effect for 160 U human insulin compareglacebo. Furthermore, we identified a
dose-dependent increase in circulating insulin eotrations as well as an increase in high
frequency band activity of the autonomous nervgssesn.

We were able to replicate previous findings on linsaction in specific human brain areas
(9). However, high doses of insulin nasal sprag. (@t least 80 U) were necessary to acutely
introduce detectable changes in brain activityhase regions. While much lower insulin doses
as 20 U may be beneficial to study chronic effecteomplex brain functions (14), acute
guantification of regional insulin effects by fMRéems to require higher doses e.g. the
frequently applied 160 U. As we did not detect Bigant effects of 20 and 40 U of nasal insulin,
our results raise the question of the underlyinghmaisms of such chronic effects of low dose
nasal insulin. These may include repeated subtblgsctivations of specific regions, but could
also be related to changes in the milieu of thenlireat might arise under chronic exposure.

When addressing effects of nasal insulin on metatfwhction, higher insulin doses have a
potential disadvantage llmporarilyincreasing circulating insulin. We now precisely
quantified this for the first time in a dose-depemnidmanner. As the excursion of insulin is not
accompanied by changes in C-peptideich would indicate endogenous origthe rise in
insulin can only be caused by a spillover of spr&y the bloodstreanT his spillover has been
detected before after 160 U of nasal insulin anmdesponds to an intravenous insulin dose of
approximately 2.5 mU / kg body weigfl2) or an absolute dose of 0.1 nfLB) for this nasal
insulin dose. Furthermorthe spillover seems to be different between humanlin, as used in
our current study, and rapid-acting insulin anatsyWhile application of 40 U human insulin
caused only minor changes in plasma insulin, 40 therapid-acting insulin lispro introduced
marked rises in circulating levels in a recent gt(&8). Furthermore, the kinetics of intranasal
human insulin and the insulin analog lispro seeletquite different. A delayed absorption of
insulin lispro reached peak levels in the blootkast 15 minutes later than human insulin (28).
By this time, plasma insulin levels were alreadgkot baseline after human insulin spray.

The magnitude of the insulin spillover into cirdida was not related to any of the detected
brain effects in our study. Hence, penetratiorhefgeptide directly into the brain and not the
transport via the blood stream seems to be thermade of action of nasal insulin in the CNS.
While not routinely done in the past (15, 20, 28), current results on insulin spillover indicate
that this phenomenon should be mimicked by intrausnnsulin application when studying
peripheral tissues. Of note, we did so in one reeeperiment: In this study, insulin delivery to
the brain via insulin nasal spray improved perighgrsulin sensitivity by suppressing
endogenous glucose production and stimulating geicptake into peripheral tissues
independent of insulin spill over (12).

The insulin-induced change in heart rate varigbditbstantiates previous results on the role
of the autonomous nervous system (20). Intranasalin specifically induced change in the
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high frequency band, which represents mainly thhagyanpathetic branch of autonomous
nervous system. This is well in line with animatalahowing that central insulin action is
transmitted via the major parasympathetic nereetle vagus nerve, to peripheral organs (30).
Just as in animals, the hypothalamus seems tailootetito this response, as it plays a pivotal
role for homeostatic regulation and integratingabetic signals. Insulin reactivity of the
hypothalamus has been shown to be compromisedesedhdividuals (6, 21, 27). Previous
results in humans indicated that parasympathetitoats from the hypothalamus contribute to
the modulation of peripheral insulin sensitivitYj2For other aspects of peripheral metabolism
(e.g. lipolysis or liver metabolism) this has neeh investigated yet. Our current results indicate
that future studies aiming to monitor the autonosneervous system should apply higher doses
of insulin nasal spray, as we only detected sigaift effects after 160 U.

Another possibility of brain-derived modulationpdripheral metabolism are endocrine
signals. Potential mechanisms involve the hypothedapituitary—adrenal (HPA) axis, the
hypothalamic—pituitary—gonadal axis, or modulatdnhyroid function. Just as previously
reported in a larger group for cortisol (10), weéedted no effects of nasal insulin on the HPA
axis. Furthermore, the pituitary-gonadal and thyieies were unaffected by nasal insulin.
However, we cannot exclude that chronic nasal inadministration may have effect on
endocrine functions (especially gonadal), as bsaieeific knockout of the insulin receptor
impaired LH regulation and thereby reproductivection (31) in rodents. As we did not detect
acute effects of nasal insulin on the assessedceénddunctions, it is most likely that the
autonomous nervous system is the key transducexctde peripheral effects.

Besides the hypothalamus, a dose-dependent efferstudin was found in regions recently
identified as insulin sensitive with strong relegarior food intake and body weight regulation.
The amygdala and lateral PFC showed a significammease for 160 U of insulin, while the
caudate nucleus (striatal region) revealed a sggmf decrease in resting-state activity.

The hypothalamus plays a vital role in whole-bodgrgy homeostasign animal studies,
insulin signaling is similar in the amygdala and ttypothalamus including obesity related
dysregulation (32). Furthermore, both are embeduduk striato-prefrontal circuitry (33, 34),
which is particular sensitive to increasing perijah@nd central insulin levels (for a recent
review see (1, 9, 21)-urthermore, as seen in the current stintyanasal insulin influences
neural activity in the striatum and prefrontal ear{6, 10, 20, 35-37). Moreover, animal models
have shown multiple interactions between homeassatil reward brain circuits (38) in
particular that insulin can amplify dopamine releasthe striatuni39). Hence, the marked
insulin-induced hypothalamic decrease can potépiiarease satiety, while the decrease in
caudate activity and increase in amygdala and RE@tg to insulin may attenuate the
rewarding properties of food and motivation fordamnsumption.

Taken together, we detected dose-dependent effertsanasal insulin on regional brain
activity and parasympathetic tone. While no actfteces of 40 U of nasal insulin were observed,
160 U of the peptide had the strongest effects. éd@w this dose was accompanied by a
transient increase in circulating insulin conceitres due to a spillover into circulation. This is
no major obstacle for the assessment of regiomah leffects by imaging but should be
mimicked in studies on peripheral metabolism. Tgkhms into account, intranasal insulin
application is currently the best available tootlissect central from peripheral insulin effects.
Our current results can be the basis for the desfifiture studies with nasal insulin
administration to disentangle brain insulin effdotbealth and disease.
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Figure 1. Schematic overview of study design. Cerebral blibmd (CBF), resting-state fMRI
(rsfMRI) for subcortical regions and whole-brain were a&glat different time points before
and after intranasal placebo and insulin spray$s l@s recorded during the entire MRI
acquisition. Blood samples, indicated by red symbakre taken before, 5, 10, 15, 30, 60, 90,
and 120 min after intranasal placebo and insuliaysp

Figure 2. Dose dependent intranasal insulin etfadtypothalamic cerebral blood flow (CBF).
Bar plot shows the extracted CBF values adjusteti@MA-IR from before to after nasal spray
application of placebo, 40U, 80U, and 160U insuHost-hoc analyses showed significant
differences between placebo and 160U of insulirQ*p5-Bonferroni corrected).

Figure 3. Dose dependent intranasal insulin effect on rgsdtate fMRI response. Bar plots
show the extracted mean z-values of significantFRlclusters from before to after nasal spray
application of placebo, 40U, 80U and 160U insufinst-hoc analyses showed significant
differences between conditions as indicated byriakg(*p<0.05-Bonferroni corrected;
**p<0.005-Bonferroni correctedfA) Main effect of insulin dose in the left amygdalspdayed

by yellow-color codedr-value map (p<0.05, FWE-corrected). Since no méeceof time or
interaction between time and condition were obskrpest-hoc analyses were performed on
mean response 15 and 30 min after nasal s(@ay.inear decrease of insulin dose in the right
caudate displayed by yellow-color codedalue map (p<0.05, FWE-corrected). Since no main
effect of time or interaction between time and ¢bod were observed, post-hoc analyses were
performed on mean response 15 and 30 min aftel spasgy.(C) Linear decrease of insulin dose
in the hypothalamus displayed by yellow-color codiedilue map (g<0.05, FWE-corrected).
Since no main effect of time or interaction betwépre and condition were observed, post-hoc
analyses were performed on mean response 15 améh3ffter nasal sprayD) Linear increase
of insulin dose in the prefrontal cortex displaysdyellow-color coded-value map (g,<0.05,
FWE-corrected). Bar plot shows the extracted meealzes of prefrontal cortex fALFF from
before to 30 min after nasal spray applicatiorntherdifferent conditions.
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Figure 4 — Effect of intranasal insulin on peripheral metabdism. At O minutes, nasal spray
was administered. Filled circles represent measemggrafter administration of placebo spray,
open circles after application of 40 U of nasallirs filled triangle after 80 U intranasal insulin
and open triangles after 160 U of insulin spray). Aows serum insulin concentrations, (B)
presents the absolute change in plasma insulirecration from baseline (0 minutes). (C)
shows plasma glucose levels, and (D) serum C-peptidcentrations. Presented are means +
SEM. Differences between insulin spray concentratiwere adressed by comparisons of areas
under the curves (AUC) for the indicated time iméds using insulin dose as a continuous
variable.

Table 1. Characteristics of nine male participants

ADVANCE ARTICLE

Variable Mean + SD (Range)
Age (years) 26.56 + 2.78 (23-30)
Body Mass index (kg/fh 23.44 + 2.01 (20.09-26.01)
Body fat content (%) 18.9 + 2.4 (16.6-21.9)
Waist-to-hip ratio 0.91 +0.07 (0.81-0.99)
pa= HbAlc (%) 5.2+0.1(5.1-5.4)
‘II HOMA-IR (mean overall 4 measurement days) 2.2544 1.51-2.91)

ENDOCRINE
SOCIETY

12

ed from https://acadeni c. oup. coml j cenl advance-articl e-abstract/doi/10.1210/jc.2017- 01976/ 4583441
bl t z Zentrum Miuenchen user
enber 2017




The Journal of Clinical Endocrinology & Metabolis@ppyright 2017 DOI: 10.1210/jc.2017-01976

Table 2 Resting-state fMRI response to different con@itns of insulin

Brain regions | MNIcoordinate (x,y,z2) | Pvale@Ecorr | zvalue | Post-hoc analyses (p<0.05, Bonferomected)
Main effect of insulin dose(F contrast)

Amygdala | -20,2,-18 | 0.05 | 487 | PBO<160U; 40U<160U; 80U<160U

Linear decrease to insulin doséT contrast)

Caudate 18, 6, 18 0.04 4.91 PBO>160U; 40U>160U

Hypothalamus -8, -2, -8 0.01* 3.58 PBO>80U; P>160U

Linear increase to insulin dos€T contrast)

Superior frontal gyrus | 18, 39, 45 | 0.02* | 3.92 | PBO<80U; P<160U; 40U<80U; 40U<160U

Data from full factorial model investigating thefesdt of insulin dose (PlacebBBO; 40U, 80U and 160U of
insulin). A statistical threshold of p<0.05, familyse error (FWE) correction was used, *small voéucorrected.
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