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Insulin actionin the human brain modulates eating behaviour, whole-body
metabolism and body fat distribution™* In particular, brain insulin action
increases whole-body insulin sensitivity, but these studies were mainly
performed inlean men®*. Here we investigate metabolic and hypothalamic

effects of brain insulin action in women with a focus on the impact of
menstrual cycle (ClinicalTrials.gov registration: NCT03929419).

Eleven women underwent four hyperinsulinemic-euglycemic clamps,
two in the follicular phase and two in the luteal phase. Brain insulin action
was introduced using nasal insulin spray’” and compared to placebo
spray inafourfold crossover design with change in glucose infusion rate
as the primary endpoint. Here we show that during the follicular phase,
more glucose has to be infused after administration of nasal insulin than
after administration of placebo. This remains significant after adjustment
for blood glucose and insulin. During the luteal phase, no significant
influence of braininsulinaction on glucose infusion rate is detected after

adjustment for blood glucose and insulin (secondary endpoint). In15 other
women, hypothalamic insulin sensitivity was assessed in a within-subject
design by functional magnetic resonance imaging with intranasal insulin
administration®. Hypothalamus responsivity is influenced by insulin in the

follicular phase but not the luteal phase.

Our study therefore highlights that brain insulin action improves
peripheralinsulin sensitivity also in women but only during the follicular
phase. Thus, brain insulin resistance could contribute to whole-body insulin
resistance in the luteal phase of the menstrual cycle.

Overthelast decade, the brain was characterized as an insulin-sensitive
organ'. Insulin crosses the blood-brain barrier’ and acts in special-
ized neurons and glia cells'. In humans, insulin regulates brain activity
in specific regions, including the hypothalamus'®, which in turn
influences outflows toward the periphery” and modulates food
intake and whole-body metabolism? Studies performed in healthy
men found that insulin action in the brain suppresses endogenous
glucose production*" and stimulates glucose uptake into peripheral

tissues®. However, this may require postprandial metabolic condi-
tions'>", as nasal insulin did not modulate endogenous glucose
production under systemic fasting insulin concentrations in
most™>*, but not all, clinical trials™.

Nasal insulin administration has been repeatedly used to study
insulin actioninthe humanbrain®, Using this delivery route, substantial
amounts of insulin are delivered into the brain’, while only a tiny
fractionreaches the bloodstream®. Thus, nasal insulin allows selective
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Fig.1|Study outline. a,b, Timeframes of the experiments in the follicular and luteal phases of the menstrual cycle for the clamp study (a) and the fMRI study (b). See

also CONSORT diagrams in Extended Data Figs. 3 and 4 for the detailed study flow.

stimulation of brain insulin action without major peripheral side
effects. Using this approach, studies have addressed brain-derived
modulation of peripheral metabolism in men with normal weight
and obesity (for review, see Kullmann et al.?).

Initial studies on this topic have already revealed that a substan-
tial number of individuals have a reduced or even absent response
to insulin in the brain'®, a phenomenon termed brain insulin resist-
ance”. Inaffected individuals, brain insulin cannot sufficiently modu-
late peripheral metabolism?. These individuals are predisposed for
subsequent weight gain and visceral fat accumulation’®. The most
prominent phenotype linked to human brain insulin resistance is
obesity’, although other factors, such as genetic background”,
elevated circulating free fatty acids*® and impaired insulin transport
across the blood-brain barrier?-?, have also been implicated. The
detailed regulatory mechanisms for braininsulin resistance, however,
arestill largely unknown.

Of note, experimental studies suggest considerable sex differ-
ences in brain insulin sensitivity. Intracerebroventricular injection
of insulin markedly reduced food intake in male rodents, whereas
feeding was unaffected in female rodents”. Inline with these findings,
intranasal insulin delivery to the human brain reduced food intake in
lean menbut notinwomen®. However, some studies reported effects
of brain insulin on postprandial snacking in women?. Nevertheless,
daily nasal insulin administration over 8 weeks reduced body weight
and body fat content only in men, whereas women showed no reduc-
tionin body adiposity®.

Todate, nostudy hasinvestigated sexdifferencesintheregulation of
whole-body metabolism by braininsulinaction. Because most previous
experiments were conducted in healthy young men, here, we aimed to
investigate the influence of brain insulin administration on regional
brain activity and whole-body glucose metabolism in young women.
Because sex hormones are suspected to have a regulatory impact on
braininsulin action, we studied naturally cycling women during both
the follicular and luteal phases of the menstrual cycle.

Hyperinsulinemic-euglycemic clamp study

For the hyperinsulinemic-euglycemic clamp study, we examined 11
healthy naturally cycling women twice during the follicular phase and
twice during the luteal phase (Fig. 1a). Although their body weight
and body fat content were not different between phases (both
P=>0.3), there were differences in sex hormones that ensured our
cycle phase determination (Supplementary Table 1). Progesterone
and 17-OH-progesterone were higher in the luteal phase, while follicle-
stimulating hormone (FSH) was lower. Luteinizing hormone (LH) and
estradiol concentrations were not significantly different between
phases. The androgens dehydroepiandrosterone (DHEA)-sulfate
and androstenedione were higher in the luteal phase, but there
were no differencesintotal and calculated free testosterone. The con-
centrations of prolactin, anti-Miillerian hormone and morning cortisol
were comparable between cycle phases.

Neither the follicular nor the luteal phase showed differences
in sex hormone concentrations between the insulin and placebo
spray days (all P> 0.07).

Fasting insulin concentrations were comparable between study
days (F; 30 =1.78, Pyyova = 0.3). After initiation of the hyperinsulinemic-
euglycemic clamp, insulin concentrations were also compara-
ble before spray administration (135 + 20 pmol liter™; F, ;,=1.93,
Pivova = 0.1; Extended Data Fig. 1). After administration of insulin nasal
spray, there was an increase in circulating insulin concentrations by
65 + 58 pmol liter™ that peaked after 10 min and was mimicked on
placebo days by anintravenous (i.v.) insulin bolus (achieved increase
in serum insulin by 30 + 45 pmol liter ' with peak after 10 min). This
increaseinseruminsulinin the first 10 minaswell asin the 20 min after
spray administration was comparable between study days (F; ;o =1.54
and Pyyova = 0.2and F; 30 = 0.86 and Pyyova = 0.5, respectively; Extended
Data Fig. 1). Thirty minutes after spray administration, serum insulin
concentrations were again in the range of what was measured before
spray application on all study days. Also, at the end of the hyperinsu-
linemic-euglycemic clamp, insulin concentrations were comparable
between study days (F; 3o = 2.43, Pyyova = 0.1; Extended Data Fig. 1).

Plasma glucose concentrations were within the target range and
comparable on all study days before spray administration (F; ;,=1.03,
Pivova = 0.4; Extended Data Fig. 2) in the 30 min following spray admin-
istration (F3 3= 0.31, Pyyova = 0.8; Extended Data Fig. 2) and at the end
(F335=0.26, Pyyova = 0.9; Extended Data Fig. 2) of the hyperinsulinemic-
euglycemic clamp experiments.

There were no interactions between the administered type
of nasal spray and cycle phase on insulin courses (¢5, =—-0.55,
Prime x spray x phase = 0.6) and on achieved glucose courses (£, o5 = -1.34,
Prime x spray x phase = 0.2) over the whole hyperinsulinemic-euglycemic
clamps. The courses of C-peptide (£5;, = —1.51L, Pyime x spray x phase = 0-1) and
free fatty acid suppression (t;7, = 0.02, Pyime x spray « phase = 1.0) were also
comparable between days.

Regarding our primary research question, spray-induced changes
in glucose infusion rates were significantly different between cycle
phases (¢, 575 = 2.85, Pyime x spray x phase = 0.004). This remained signifi-
cant after adjustment for plasma glucose and insulin concentrations
(t464 =2.53, PtimeX spray x phase — 001)

Inthefollicular phase, the glucose infusionrate had tobe increased
more after intranasal insulin administration than after administration
of placebo spray (£5,5==6.83, Pyime «spray < 0.0001; Fig. 2a). This was
independent of insulin and glucose concentrations (t,;, = —5.66,
adjusted Pyme x spray < 0.0001).

In the luteal phase, the different courses in glucose infusion rate
between insulin and placebo spray (¢s550==2.83, Pymex spray = 0.005;
Fig. 2b) may result from differences in the achieved plasma glucose
and insulin concentrations, as they were no longer detectable after
respective adjustments (53, = -1.69, adjusted Pye x spray = 0.09).

To test if the different responses to nasal insulin between
cycle phases are secondary to specific hormone levels, we tested
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Fig.2|Impact of insulin versus placebo spray on glucose infusion ratesin
both phases of the menstrual cycle. a,b, Absolute changes in glucose infusion
rates after administration of intranasal insulin (filled circles) or intranasal
placebo andi.v.insulin bolus (open circles). Results in the follicular (a) and luteal
(b) phases are shown. Pvalues are for time x spray interactions tested by two-
sided linear mixed models adjusted for serum insulin and glucose; presented
are means, and error bars represent s.e.m.; N = 11 participants except for the
follicular phase where N =10 for the insulin spray.

for interactions between measured hormone levels and the nasal
spray effect on glucose infusion rates. Neither estradiol nor proges-
terone nor 17-OH progesterone showed such interactions (all
Prime x spray < hormone = 0.2). However, the estradiol:progesterone ratio
interacted with spray (placebo versus insulin) and time (¢,,,=-2.89,
Prime x spray x hormone = 0.004). This model suggests that a high estra-
diol:progesteroneratio, as present during the follicular phase, is linked
toastronger effect of intranasalinsulin on glucose infusion rates than
placebo spray.

Furthermore, comparable interactions were detected for testo-
sterone (t,,o75 = 3.7, Pyime x spray x hormone = 0-0002). However, this was not pre-
sentfor calculated free testosterone (t; o5 = 0.37, Pime x spray x hormone = 0-7)
andwas also not present for other tested androgens (androstenedione
(t1075=1.75, Prime spray x hormone = 0-08) and DHEA-sulfate (¢, 5,5 = -0.64,

Ptime x spray x hormone = OS))

Functional magnetic resonance imaging study

We investigated 15 women for the functional magnetic resonance
imaging (fMRI) study (Fig. 1b). Just as in study group 1, body weight
and body fat contents were comparable between cycle phases (both
P>0.2), and there were differences in sex hormones (Supplementary
Table 2). Progesterone, 17-OH-progesterone and estradiol concentra-
tions were higher in the luteal phase. FSH and LH levels did not differ
between phases. The studied androgens were also comparable between
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Fig.3|Hypothalamic response to insulin spray in both phases of the
menstrual cycle. a, Hypothalamus region of interest in coronal (top), sagittal
(middle) and axial section planes (bottom). b, Absolute changes in CBF in

the hypothalamus from before treatment to 30 min after intranasal insulin
administration in the follicular (left) and luteal (right) phases of the menstrual
cycle. Inthe follicular phase, insulininduced a significant reductionin
hypothalamic CBF, whereas this effect was absent in the luteal phase. Bar graphs
are shown with means and individual data points, and error bars represent s.e.m.
Datawere analysed by two-sided paired t-tests; *P=0.02; N =15 participantsin
both cycle phases.

phases, while calculated free testosterone was higher in the follicular
phase. Neither fasting glucose nor insulin nor C-peptide levels differed
between phases (all P> 0.1).

On the basis of our previous findings®®, we assessed the insulin-
induced response of hypothalamic cerebral blood flow (CBF) asaread-
out for hypothalamicinsulinaction. For this purpose, ahypothalamus
mask was created based on the WFU pickatlas, which resulted in a
mean CBF of 23 voxels. Insulinadministration significantly decreased
hypothalamic CBF only in the follicular phase from before administra-
tion to 30 min after nasal spray application (¢, =-2.57, P=0.02). In
theluteal phase, insulininduced no such effect (t,, = -0.467, P= 0.648;
Fig.3a,b). However, no significant interaction was observed between
cycle phase and spray application (P = 0.5). Furthermore, no signifi-
cant correlations with the tested sex hormones were observed for
hypothalamicinsulin response (P> 0.1).

Inthe follicular phase of the menstrual cycle, braininsulinaction
improved peripheralinsulin sensitivity inlean women, similar to what
has previously been described in lean men. Such a response was not
detectable in the luteal phase. In our functional neuroimaging study,
consistent findings were obtained with modulation of hypothalamic
activity by insulinin the follicular phase but not in the luteal phase.
However, insulin response in the hypothalamus was not statistically
different between cycle phases.

Our findings demonstrate that brain insulin sensitivity is not a
fixed trait but can be rapidly regulated, with metabolic consequences
for the entirebody. The current study corroborates thatinsulinaction
in the human brain modulates peripheral insulin sensitivity*>*" and
demonstrates that this mechanism is not limited to lean men but is
also present in lean women. This underscores the brain’s function
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in ‘fine-tuning’ whole-body metabolism to rapidly adapt peripheral
energy fluxes to current energy availability’.

However, in lean women, this function of insulin in the brain
appearstobe evident only in the follicular phase. Here, the effects on
peripheralinsulinsensitivity were comparable in timing and magnitude
to previous findings obtained in lean men**.

How this would relate to women who are overweight/obese is
unclear. Most likely, they would behave as men with obesity*** and
would not respond to brain insulin delivery, regardless of their men-
strual cycle phase. This hypothesisisin line with neuroimaging studies
that demonstrated hypothalamic insulin resistance in individuals of
both sexes who were overweight or obese®*. However, appropriate
interventional studies are needed to experimentally investigate this
assumption.

Peripheralinsulin sensitivity changes during the menstrual cycle,
with relative peripheral insulin resistance occurring in the luteal
phase compared to in the follicular phase”. Our results suggest that
changes in brain insulin responsiveness could be one mechanism
that contributes to this phenomenon. The failure of brain insulin to
exert its effects on peripheral insulin sensitivity in the luteal phase
is likely due to relative hypothalamic insulin resistance in this cycle
phase. In line with experimental evidence from animals®, previous
correlational findings from humans indicate a crucial role of insulin
actionin the hypothalamus for the modulation of whole-body glucose
metabolism®*. Other brain regions may also contribute to this com-
plex regulation® Based on our current results, we hypothesize that
hypothalamicinsulinresistance in the luteal phase may be responsi-
ble for cycle-dependent differences in brain-derived modulation of
peripheral insulin sensitivity.

The hypothalamus is crucial not only for peripheral insulin
sensitivity and whole-body glucose homeostasis but also for upstream
regulation of sexhormones and thereby the menstrual cycle. However,
both functionsdepend ondistinctlociof the hypothalamus. The precise
anatomical and functional interplay between gonadotropin-releasing
hormone-producing neurons in the preoptic area and neurons
crucial for whole-body glucose homeostasis in the medial hypo-
thalamus is still largely unexplored. Of note, brain-specific deletion
of insulin receptors altered physiologic gonadotropin secretion in
rodents of both sexes®, suggesting a reciprocal interplay of brain
insulinand the menstrual cycle.

Itis tempting to speculate on the potential physiologic functions
of regulating brain insulin sensitivity across the menstrual cycle.
One major function of the menstrual cycle is the preparation of the
uterus and therest of the body for a potential upcoming pregnancy.
During the follicular phase, glucose fluxes over the human body
must be precisely relayed to areas with high energy need, including
the uterus with the growing endometrium. Besides modulating
whole-body energy fluxes?, insulin sensitivity is crucial for both
the uterus and ovaries™. Insulin signalling plays a critical role in the
proliferation of the endometrium® and development of the preo-
vulatory follicle**. Of note, rodents selectively lacking brain insulin
receptors display impaired follicular maturation®, underpinning
the crucial role of brain insulin action in oocyte maturation. Proper
brain-derived enhancement of peripheral insulin sensitivity may
supportinsulin-sensitive processes in the uterus and ovaries. These
brain insulin-mediated mechanisms are thought to be especially
important in the postprandial state' when vast amounts of energy
must be guided through the body.

In the luteal phase, lack of the brain-derived modulation of peri-
pheral insulin sensitivity could promote energy storage in adipose
tissue, as suggested by findings of progressive fat accumulation in
humans with brain insulin resistance'®. Besides the major effects of
sex hormones, these natural changes in brain-derived modulation of
adipose energy storage throughout the menstrual cycle could be one
contributor to differences in body fat distribution between sexes™.

Although we detected an association between testosterone levels
andthe brain’s ability to enhance peripheral insulin sensitivity, thelack
ofassociation with free testosterone argues against amajorroleinthe
regulation of braininsulin sensitivity. However, estradiol:progesterone
ratio was linked to brain-derived improvement of peripheral insulin
sensitivity. Thisis contrary to findingsin healthy men, where estrogen
administration did not alter the response in eating behaviour after
administration of nasal insulin’**. However, influences of sex hormones
on insulin sensitivity have long been suspected®, and sex-specific
effects of gonadal hormones are plausible. Precise molecular mecha-
nisms of potential hormonalinfluences on braininsulinresponsiveness
need to be further tested in upcoming studies.

We studied only a limited number of participants and did not
include women taking oral contraceptives. The detected differences
arerather smalland come with large confidence intervals, and replica-
tionis necessary before final conclusions can be drawn. Furthermore,
nasalinsulin deliveryis not the physiological route. Despite the lack of
dataontheexactamountofinsulinreachingthe brain, previous trials
found thatthe used dose of 160 Uresulted in substantial effects on brain
activity®’, comparable to oral glucose ingestion, and this dose has been
widely used in previous trials on acute brain effects of insulin®®. While
we mimicked spillover of nasal insulin into the systemic circulation
withstatistically comparable circulating concentrations between study
days, there wasstill variationinindividual study participants that might
potentially have impacted our results. The limited sample size might
alsounderlie the fact that differencesin hypothalamicinsulin response
did not reach statistical significance, while significant interactions
between spray and cycle phase were detected inthe hyperinsulinemic-
euglycemic clamp experiments. In our hyperinsulinemic-euglycemic
clamp experiments, we unfortunately did not achieve stable tracer
enrichment of D-[6,6-°H,]-glucose and were therefore not able to
disentangle endogenous glucose production and glucose disappear-
ance. Previous findings from healthy men indicate that brain insulin
most likely modulates both®. Furthermore, our experiments were
performedin asingle-blind fashion, and the investigators were aware
ofthe condition (nasalinsulin versus placebo). In our fMRI experiment,
no placebo administration was used as a control condition. However, in
our previous placebo-controlled assessments®**’ (see Supplementary
Material 2 for more details), the placebo nasal spray did not impact
hypothalamic blood flow.

Takentogether, insulin delivery to the brainimproves peripheral
insulin sensitivity in lean women, comparable to what has previously
been described in lean men. However, this response was limited to
the follicular phase of the menstrual cycle and appears to be absent
in the luteal phase. The underlying mechanism most likely involves
hypothalamicinsulinresistance during the luteal phase. Braininsulin
resistance could therefore contribute to the long-known peripheral
insulinresistance inthe luteal phase of the menstrual cycle. This could
alsobeinvolvedinworse glycemic controlin the luteal phase in women
with type I diabetes*’. Our findings need to be taken into considera-
tion both in mechanistic studies as well as in upcoming therapeutic
approaches that address insulinactionin the brain.

Methods

The study (NCT03929419) received approval by the local ethics
committee (Ethics Committee of the Medical Faculty of the Eberhard
Karls University and the University Hospital of Tiibingen) and was
conducted accordingto therelevant guidelines and regulations. Data
acquisition was performed at the University Hospital of Tiibingen
between April 2019 and March 2021.

Study design and participants

We analysed two different study populations. In the first group
(N=11), we performed two clamp experiments per cycle phase using
asingle-blind crossover design (Extended Data Fig. 3). The second
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Table 1| Participant characteristics

Median (IQR) Hyperinsulinemic-euglycemic fMRI study
clamp study (N=11) (N=15)
Age (years) 24.0 (4.0) 23.0(4.0)
BMI (kgm™) 21.8 (2.4) 21.8 (2.0)
Body fat content (%) 26.4(6.5) 29.4 (6.2
HbA1c (%) 5.2 (0.4) 51(0.3)
HbA1c (mmolmol™) 33.0(5.0) 33.0(3.5)
Fasting plasma glucose 4.6 (0.77) 4.7(0.39)
(mmolliter™)
Menstrual cycle duration (d) 29.0 (5.0) 29.0 (2.5)

Data are presented as median (interquartile range (IQR)). BMI, body mass index; HbAlc,
hemoglobin Alc. *Available for N=14 participants.

group (N=15) was subjected to one fMRI experiment per cycle
phase (Extended Data Fig. 4). The initial cycle phase for the experi-
mentswas choseninarandom order. For both groups, young, healthy,
naturally cycling women who neither took hormonal contraceptives
nor any other medication were recruited (for participant characteris-
tics, see Table 1; for inclusion and exclusion criteria, see Supplemen-
tary Table 3). After providing informed written consent, participants
were screened for eligibility, where medical history and ablood count
were obtained. To ensure a regular menstrual cycle, participants pro-
vided information about the length of their last three cycles, which
most of them tracked viaan app.

The respective phase of the menstrual cycle was identified
using calendar-based counting and serum sex hormone analysis*..
Taking the individual cycle length into account, the start of the
current and subsequent cycles were recorded to determine the cycle
day of the experiment retrospectively. For this, the onset of their last
menstruation was considered the first day of the current cycle and
denoted the start of the follicular phase. The follicular phase was
assumed starting 2 d after the start of the current menstrual cycle but
no more than 17 d apart from the start of the subsequent cycle. The
luteal phase was assigned in the time frame of a maximum of 10 d but
no less than 3 d before the start of the subsequent cycle (Fig. 1). For
final cycle phase verification, sex hormones (LH, FSH, estradiol and
progesterone) were analysed, as proposed previously*.

Participants were instructed to restrain from heavy physical
activity, smoking and alcohol within the 24 h before the experiments.

Hyperinsulinemic-euglycemic clamp (performed in study
group1)

The applied protocol was similar to our previous hyperinsulinemic-
euglycemic clamps in men**. Experiments were conducted in the
morning after an overnight fast. Participants underwent two hyper-
insulinemic-euglycemic clamp experiments per cycle phase in a
single-blind randomized order. Hence, only study participants were
blinded for the type of spray, whereas study personnel were not blinded
due tosafety reasons. A venous cannulawas placed in one arm that was
warmed to facilitate arterialized blood sampling. Another cannula
was placed into the contralateral antecubital vein for infusions. The
experiment started with anintravenous insulin bolus of 6.25 mU x kg7,
followed by constant i.v. insulin infusion at 0.25 mU x kg™ x min™ for
3.5 h (Insuman Rapid, Sanofi). Nasal spray was administered 1.5 h after
initiation of insulin infusion (time point: 0 min). On one day, partici-
pantsreceived 160 U of humaninsulin (eight puffsin each nostril over
4 min; insulin Actrapid, Novo Nordisk), and vehicle was administered
asplacebo onthe other day. Together with placebo spray, insulin infu-
sion was increased by 0.17 mU x kg™ x min™ for 15 min after the first
placebo spray puff. This resulted inani.v.insulinbolus of 2.5 mU x kg™

over 15 min and was performed to mimic spillover of nasal insulin into
the systemic circulation, as done previously**%.

During the experiment, blood samples were taken every
5 mintomeasure blood glucose, and the infusion rate of 20% dextrose
was adjusted to maintain euglycemia with a targeted glucose con-
centration of 5 mmol litr™'. Additional blood samples were taken to
determinethe concentrations of other hormones. Theinfused glucose
was enriched with b-[6,6-°H,]-glucose, although no stable levels were
achieved, and tracer enrichment was therefore not further statistically
analysed.

In this paper, the time of spray administration was used as time
point O min. This makes it easier to understand the timeline of the
effects of nasal insulin versus placebo and to facilitate comparison
with previous studies using the same clamp protocol in men®. As a
result, the nomenclature of the time frame in ClinicalTrials.gov and
the paper differs, with the time frame 60-90 min after clamp initiation
inClinicalTrials.gov referring to the time before spray administration
(that is O min in the paper) and the time frame 150-210 min in
ClinicalTrials.gov referring to the end of the clamps, which corresponds
to 90-120 minin this paper.

Analytic procedures. Blood glucose was measured immediately on
site by the glucose oxidase method (Biosen C-Line, EKF Diagnostics).
Technical errors prevented valid measurement of seven glucose values,
which were therefore excluded from analyses. Except for androsten-
edione, which was measured from samples stored at —-80 °C, all other
analytes were handled onice and measured immediately inthe central
laboratory of the University Hospital of Tiibingen. Concentrations of
circulating testosterone, insulin, C-peptide, DHEA-sulfate, LH, FSH,
cortisol, estradiol and prolactin were measured on an ADVIA Centaur
XPT, and sexual hormone-binding globulin and androstenedione
were measured on IMMULITE immunoassay systems (Siemens Health-
ineers). Anti-Miillerian hormone concentrations were determined
using the cobas e411 analyser (Roche Diagnostics). Plasma concentra-
tions of albumin as well as total non-esterified fatty acids (enzymatic
method, WAKO Chemicals) were measured using the ADVIAXPT clinical
chemical analyser (Siemens Healthineers). HbAlc measurements were
performed using a Tosoh glycohemoglobin analyser (HLC-723GS,
Tosoh Bioscience).17-OH-Progesterone was measured on the IDS-iSYS
Immunoanalyzer (Immunodiagnostic Systems). Based on serum
testosterone, sexual hormone-binding globulin and albumin levels,
free testosterone in serum was calculated as previously reported™®.

Hormone measurements were performed in aroutine diagnostic
laboratory under accreditation with the German accredited body
(DAKKS). Internal and external quality control was performed at all
times during the study, including proficiency testing four times per
year, and passed at all times.

Brain fMRI measurement (performed in study group 2)

After completing the hyperinsulinemic-euglycemic clamp experi-
ments, we decided to follow up by studying insulin effects in the hypo-
thalamus. However, once the amendment was approved by the Ethics
Committee, we were unable to retain allinitial participants of the clamp
study and therefore recruited 15 new participants who underwent
pulsed arterial spin labelling measurement to determine CBF. After
the basal fMRImeasurement, 160 U of nasal insulin were administered.
A second fMRI measurement was performed 30 min later.

Data acquisition. Scanning was conducted with a 3T whole-body
Siemens scanner (MAGNETOM Prisma) with a 20-channel coil.

As recently reported®*, pulsed arterial spin labelling images
were obtained with a PICORE-Q2TIPS (proximal inversion with control
for off-resonance effects (quantitative imaging of perfusion by
using a single subtraction sequence)) by applying a frequency
offset corrected inversion pulse and echo planar imaging readout
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for acquisition. In addition, high-resolution T1-weighted anatomical
images were obtained.

Arterial spin labelling image processing. Forimage preprocessing,
ASLtbx with SPM12 (Wellcome Trust Centre for Neuroimaging) was
implemented. In detail, functional images were motion corrected,
co-registered to theindividual anatomicalimage and smoothed witha
full-width at half-maximum of 6 mm. Perfusionimages were generated
by calculating the control tag differences by using surround subtrac-
tion. We used a unique M, value extracted from a region of interest
in the cerebrospinal fluid to quantify CBF (ml x100 g x min™) and
applied the general kinetic model for absolute perfusion quantifi-
cation. CBF was extracted from the hypothalamus as our region of
interest, based on recent findings®®.

Safety

We observed ashort-lasting burning sensation in the nose immediately
after administration of both types of nasal spraysin most participants.
No other adverse effects were observed. Importantly, there were no
cases of allergic reactions or severe hypoglycemia.

Statistical analysis

Statistical analyses for clinical characteristics and the hyperinsuline-
mic-euglycemic clamp as well as block randomization for the clamp
study were performed using R 4.2.1 (ref. 45). Normal distribution was
tested by visual inspection of QQ-plots.

Differences in metabolite/hormone levels across study days
were tested by one-way analysis of variance (ANOVA). The courses of
dynamic variables, such as glucose infusion rates, across clamps were
modelled for all time points. We tested interactions between elapsed
time during the clamp (standardized) and the appropriate grouping
variables (phase: follicular versus luteal; spray: placebo versus insulin)
using linear mixed models with the interaction terms as fixed effects.
Insome models, additional adjustment for plasmaglucose and insulin
was performed, as indicated. The participants and clamp order of the
four investigations were included as random intercept and random
slope, respectively. Glucose infusion rates were tested relative to the
glucoseinfusion rate before spray applicationat 90 min of the clamp.
We used the Ime4 library*® (version 1.1-31) to fit mixed linear models,
and P values were computed using Satterthwaite’s method as imple-
mented in the ImerTest library"’ (version 3.1-3). Details on the mixed
models are provided in Supplementary Table 4.

Mean hypothalamic CBF before and after nasal insulin application
was compared by paired t-tests (two tailed) for the follicular and luteal
phases separately. The interaction between cycle phase and spray
application was tested using alinear mixed model with the interaction
term as a fixed effect.

Asthe fMRIstudy (study group 2) did notinclude a placebo spray
control, we evaluated hypothalamic CBF response before and 30 min
after placebo administration based on previous publications®*’. No sig-
nificant change inhypothalamicblood flow was observed in110 healthy
participants (P> 0.05). Onawhole-brainlevel, asignificant CBF increase
was identified only in the occipital region 30 min after placebo spray
application (family-wise error-corrected Pvalue of <0.05, corrected for
multiple comparisons; see Supplementary Material 1). Furthermore,
reproducibility and reliability were assessed for the global and hypo-
thalamic CBF measures in participants with two measurement time
points separated by 2 to 6 weeks without a lifestyle or pharmaceutical
intervention in between (see Supplementary Material 2).

For the hyperinsulinemic-euglycemic clamp study, asample size
of N=10 was calculated (a = 0.05, power (1 - 3 error probability) =
0.9, G*Power) based on an effect size of Cohen’s d, =1.178, which was
achieved in our previous work investigating glucose infusion rate in
response to intranasal insulin in lean men?’. To compensate for poten-
tial dropouts, N =2 were additionally recruited.

For the fMRI study, the sample size was chosen based on previ-
ous studies using fMRI in combination with intranasal insulin versus
placebo showing moderate-to-high within-group (d,=0.7) and high
between-group differences (d, = 0.9) in hypothalamus insulin action®*%,

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datagenerated during the current study are shared with research-
ersuponreasonable request. Requests willbe promptly reviewed by the
Data Access Steering Committee of the Institute of Diabetes Research
and Metabolic Diseases, Tiibingen, Germany. Any data and materials
that can be shared will be released via a material transfer agreement.
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Extended Data Fig. 1| Results from the hyperinsulinemic-euglycemic and orange circles) vs placebo spray combined with simultaneous iv insulin bolus
clamp study - individual courses of serum insulin around nasal insulin (yellow and blue circles) in both phases of the menstrual cycle. Presented are
administration/ mimicking by ivinsulin bolus. Presented are the individual individual data points; N = 11 participants except for the follicular phase where
courses of seruminsulin during the clamp after intranasal insulin spray (green N =10 for the insulin spray.
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Extended Data Fig. 2| Results from the hyperinsulinemic-euglycemic
clamp study - individual courses of plasma glucose around nasal insulin
administration/ mimicking by ivinsulin bolus. Presented are the individual
courses of plasma glucose during the clamp after intranasal insulin spray (green

and orange circles) vs placebo spray combined with simultaneous iv insulin bolus
(yellow and blue circles) in both phases of the menstrual cycle. Presented isa

dot plot with means; error bars represent SEM; N = 11 participants except for the
follicular phase where N =10 for the insulin spray.
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Extended Data Fig. 3| CONSORT flow diagram - hyperinsulinemic-euglycemic clamp study. CONSORT flow chart of the study course of the hyperinsulinemic-
euglycemic clamp study.
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Sample size For the clamp study, a sample size of n=10 was calculated (alpha = 0.05, power(1- § error prob)=0.9, G*power) based on an effect size of
Cohens d=1.178 , which we have achieved in our previous study investigation glucose infusion rates in response to intranasal insulin in lean
men (Heni et al., 2014). To compensate for potential drop outs, n=2 were additionally recruited.

Data exclusions | We excluded one participant from the analysis of the clamp study and one from the fMRI study, since the timepoint of examination did not
meet the allocated cycle phase. This is presented in the supplementary figure 1&2 of the manuscript.

Replication We confirmed the findings from the clamp study group in another group of participants using fMRI.

Randomization | Participants received insulin and placebo spray during the hyperinsulinemic euglycemic clamps in a randomized order. The initial cycle phase
for the experiments was chosen in a random order. To further exclude any order effects, we have included "order" in the mixed models as
random slope. For the fMRI study, solely one experimanetal condition with intranasal insulin was tested (no placebo condition included),
therefore random allocation to experimental groups is not applicable here.

Blinding Clamp study (study group 1): We performed two clamp experiments per cycle phase using a single-blind cross-over design. Hence, only study
participants were blinded for the type of spray (insulin or placebo), while study personnel were not blinded during data analysis and data
collection due to safety reasons.
fMRI Study (study group 2): Blinding was not relevant for the fMRI study, since solely insulin spray (without a placebo control) was used.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

|:| Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| |Z| MRI-based neuroimaging
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Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.
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Clinical trial registration  NCT03929419

Study protocol We have enclosed the study protocol for the review process of nature metabolism. The protocol will moreover included in this
publication as supplemental file.

Data collection Data were collected at the University Hospital of Tubingen between April 2019 and March 2021.

Outcomes Primary outcome was the change in glucose infusion rate after nasal spray administration during the hyperinsulinemic euglycemic
clamp experiment.
Secondary Outcome Measures:

Differential effects dependent on female sexual hormones. Tested as correlation of the change in peripheral insulin sensitivity by
central insulin action dependent on the time point in menstrual cycle.

Effect of menstrual cycle on insulin sensitivity before spray application assessed by hyperinsulinemic euglycemic clamp.
Effect of menstrual cycle on brain insulin sensitivity:

Hypothalamic insulin sensitivity was assessed by functional magnetic resonance imaging combined with intranasal insulin
administration during the follicular and the luteal phase of the menstrual cycle.

Magnetic resonance imaging

Experimental design

Design type Resting state
Design specifications Resting-state cerebral blood flow measurements before and 30 min after intranasal insulin.

Behavioral performance measures We do not report behavioral performance measures in this manuscript.

Acquisition

Imaging type(s) Functional

Field strength 3 Tesla

Sequence & imaging parameters Arterial spin labeling (PASL) images were obtained with a PICORE-Q2TIPS (proximal inversion with control for off-
resonance effects (quantitative imaging of perfusion by using a single subtraction) sequence by using a frequency offset
corrected inversion pulse and echo planar imaging readout for acquisition. In addition, high-resolution T1-weighted
anatomical images were obtained.

Area of acquisition Whole-brain

Diffusion MRI [ ] used X] Not used

Preprocessing

Preprocessing software Image preprocessing was performed by using the ASLtbx with SPM12 (Wellcome Trust Centre for Neuroimaging). Functional
images were motion corrected, coregistered to the individual anatomical image and smoothed (full width at half maximum: 6
mm).




Normalization The high resolution T1-weighted image was normalized in Montreal Neurological Institute space (1 x 1 x 1 mm) using
SPM12’s unified segmentation normalization, and the resulting parameter file was used with the individual coregistered CBF
maps in normalized space (3 x 3 x 3 mm).

Normalization template normalized in Montreal Neurological Institute (MNI305)

Noise and artifact removal Six head motion parameters. No participant had head motion with more than 2.0 mm maximum displacement or 2.0° of any
angular motion.

Volume censoring NA

Statistical modeling & inference

Model type and settings NA

Effect(s) tested Hypothalamic cerebral blood flow before and after nasal insulin administration was compared by paired t-tests (two tailed)
for the follicular and luteal phase separately.
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Specify type of analysis: [ | Whole brain ~ [X| ROl-based [ | Both

CBF was extracted from the hypothalamus as our region of interest, based on previous findings (Kullmann

Anatomical location(s) et al 2015, Diab Care)

Statistic type for inference NA
(See Eklund et al. 2016)

Correction NA

Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

IZ |:| Graph analysis

IZ |:| Multivariate modeling or predictive analysis
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