Intranasal insulin affects brain, but not peripheral tissue, glucose uptake in lean,
healthy men - a positron emission tomography study
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ABSTRACT

Aims To study the effects of intranasal insulin on brain and peripheral tissue-specific glucose uptake,
and systemic lipid concentrations in lean, healthy males.

Methods On two separate visits, ten subjects received either 160 IU intranasal insulin (INI) or
placebo during a low-dose hyperinsulinemic (0.25 mU kg! min!), euglycaemic clamp in a
randomised, single-blinded, crossover design. Tissue glucose uptake was quantified using positron
emission tomography (PET) and glucose analogue tracer 2-deoxy-2['8F]fluoro-D-glucose (['*F]-
FDG), with a dynamic scan performed from 40 to 90 minutes and covering major insulin sensitive
tissues. Serum lipid samples were collected at fasting, at the moment of spray application, and 60
minutes and 90 minutes following sprays.

Results INI induced a global decrease in brain glucose uptake in all subjects. While INI had no effect
on skeletal muscle or adipose tissue glucose uptake, median hepatic glucose uptake increased by 43
% in insulin sensitive (Matsuda-ISI >7.4) subjects without affecting EGP. Serum lipid profile
remained unaffected.

Conclusions A single dose of 160 IU intranasal insulin decreased brain glucose uptake globally 40
min after administration, possibly indicating a transient excess of glucose uptake before the time of
['8F]-FDG injection. Hepatic glucose uptake was only enhanced in very insulin sensitive subjects
suggesting an early disruption of central regulation, while no changes were observed in other
peripheral tissues, endogenous glucose production or circulating lipids.

Trial registration ClinicalTrials.gov NCT02933645.

Keywords: intranasal insulin, insulin sensitivity, positron emission tomography, tissue glucose
uptake

RESEARCH IN CONTEXT:

What is already known about this subject?

- Intranasal insulin sprays have been shown to cause widespread changes in peripheral
glucose metabolism in animal models

- In humans acute intranasal insulin application has been shown to suppress endogenous
glucose production, whereas results on other tissues have shown variable results

What is the key question?

- Does intranasal insulin administration affect glucose uptake in skeletal muscle, liver,

adipose tissue and the brain in lean, healthy male human subjects?
What are the new findings?

- In the current study intranasal insulin did not affect endogenous glucose production or
peripheral glucose uptake under mild systemic hyperinsulinemia except in the very insulin
sensitive, lean healthy males, where it promoted liver glucose uptake

- Brain glucose uptake rate measured 40 to 90 min was decreased after intranasal insulin
application

How might this impact on clinical practice in the foreseeable future?

- Our results suggest that the brain can be capable of regulating liver glucose metabolism in

humans, but this interplay is disrupted early on in the development of insulin resistance.



INTRODUCTION

In recent years defective insulin signalling and glucose homeostasis in the central nervous system
(CNS) have been associated extensively with metabolic diseases, particularly type 2 diabetes (T2D)
and obesity. Furthermore, brain insulin resistance is thought to be linked to neurocognitive decline.
Details on the role of CNS insulin receptor activation in the regulation of peripheral insulin sensitivity
and glucose metabolism have been comprehensively reviewed (Kullmann 2020, Scherer 2021).

Studies in rodents have shown that functioning insulin signalling in the medial hypothalamus is
crucial for the regulation of both endogenous glucose production (EGP) (Obici 2002, Pocai 2005), as
well as for white adipose tissue lipolysis and lipogenesis in rodents (Koch 2008, Scherer 2011). While
increased whole-body glucose consumption after hypothalamic insulin receptor activation is
frequently attributed to a significant decrease in EGP with no significant effect on other peripheral
tissues (Pocai 2005), increased skeletal muscle glycogen synthesis (Perrin 2004) and muscle glucose
uptake (Coomans 2011) have also been reported in rodents. However, a carefully planned study in
dogs failed to reproduce the results on central regulation of EGP, showing only a modest suppression
of net hepatic glucose output resulting mostly from enhanced glucose uptake and glycogen synthesis
(Ramnanan 2011).

Central effects of insulin have been studied in humans using intranasally administered insulin (INI).
When spraying up the nose, insulin reaches the brain via the olfactory nerve tracts, bypassing the
blood-brain barrier, as demonstrated in mice (Renner 2012). The existence of such direct route in
humans has been endorsed by studies that demonstrated rapid changes in cerebro-spinal fluid (CSF)
insulin concentration (Born 2002) and brain activation (Heni 2014) with only minimal changes in
circulating insulin levels. Using INI, Heni et al. reported increased glucose infusion rates during low-
dose hyperinsulinemic, euglycaemic clamp starting 40-60 minutes after INI administration in
healthy, lean males (Heni 2014 and 2017), as well as a more delayed (190-210 min after INI) increase
in glucose rate of disappearance (Heni 2017). In line with animal studies, INI has been shown to have
a suppressing effect on EGP during systemic hyperinsulinemia (Dash 2015, Heni 2017), although the
timeframe of the possible effect differs in these two studies, as they used different methods. Despite
precipitating hypothalamic activation (Heni 2014 and 2017), INI does not seem to influence EGP
during fasting (Gancheva 2015, Plomgaard 2019). Thus, hepatic insulin action might be necessary
for brain-derived effects on liver glucose metabolism, hence, brain signals might enhance direct
insulin action at the liver.

In addition to glucose metabolism, insulin administered to the brain has been shown to reduce
lipolysis in mice, possibly via lowered sympathetic nervous system (SNS) activity in visceral adipose
tissue (Scherer 2011). Inhibition of lipolysis by INI has also been demonstrated in humans (Iwen
2014), however, this has not been replicated in studies with elevated circulating insulin concentrations
. Hence the relevance of these findings for human physiology is still under debate.

We now aimed to clarify, if brain insulin action stimulates glucose uptake in lean humans and if so,
where this might occur. We therefore quantified the effects of INI on tissue-specific glucose uptake
(GU), primarily in skeletal muscle, liver, and subcutaneous and brown adipose tissue in lean, healthy
male subjects by facilitating positron emission tomography (PET) and a glucose analogue tracer 2-
deoxy-2-['8F]fluoro-D-glucose (['*F]-FDG) together with a low-dose hyperinsulinemic, euglycaemic
clamp (DeFronzo 1979, Heni 2014). The effect on systemic lipid metabolism was also investigated
post hoc from serum samples. We hypothesised that INI could increase GU in peripheral tissues, as
well as suppress EGP and lipolysis.



MATERIALS AND METHODS

PET study subjects

Ten healthy, normal weight male subjects not taking any medications, and with normal glucose
tolerance based on 75 g oral glucose tolerance test, and fasting insulin levels within the hospital
reference range were enrolled in the study. To test the effect of peripheral insulin sensitivity on
response to INI, the group was further divided into two based on the median of Matsuda-ISI (>7.4 in
high and <7.4 in impaired insulin sensitivity group). Body fat percentage was measured using
bioimpedance (Omron BF400 [MBF-400-E], Omron Healthcare Co Ltd, Kyoto, Japan).

PET study protocol

The study was performed in a randomised, single-blind, crossover design. The subjects received
either 160 IU intranasal insulin or placebo under mild systemic hyperinsulinemia and euglycaemia
before a whole-body ['®F]-FDG PET scan on two separate study visits 2-16 days apart. The study
protocol was approved by Finnish Medicines Agency Fimea and the Southwest Finland Hospital
District Independent Ethics Committee. All subjects gave written informed consent before any study
procedures. The study was registered at ClinicalTrials.gov (Identifier: NCT02933645).

The protocol of scan visits is summarised in Figure 1. The visits started with the insertion of two
venous catheters in opposite forearms, one for infusion of insulin and glucose and injection of [!8F]-
FDG, and other for collection of venous blood samples, arterialised by placing a hot water bottle
distally on the arm. After collection of fasting plasma blood samples, a low-dose hyperinsulinemic,
euglycaemic clamp was started with a bolus of 6.25 mU/kg over 7 minutes and continued with a dose
0f 0.25 mU kg™! min"! human insulin (Actrapid, Novo Nordisk A/S, Bagsvaerd, Denmark) (DeFronzo
1979, Heni 2014). Euglycaemia was maintained with a variable rate infusion of 20% glucose based
on plasma glucose measurements performed every 5—10 min.

The nasal insulin sprays were administered 30 minutes after the start of clamp on both visits as 8
puffs in each nostril over 4 minutes. To simulate the spillover of insulin into systemic circulation
previously seen with intranasal insulin administration, the subjects received an intravenous insulin
bolus of 2.5 mU/kg over 15 minutes together with placebo sprays. (Heni 2017, Plomgaard 2019)

40 min (SD 6) after administration intranasal insulin or 39 min (SD 9) after placebo the subjects were
injected with ['®F]-FDG (187 MBq [SD 9] after insulin sprays; 181 MBq [SD 10] after placebo
sprays), manufactured as described earlier (Hamacher 1986). The combined PET/CT scan (Discovery
690; General Electric Medical Systems, Milwaukee, WI) was started right after, with thoracic area
(40 min), upper abdomen (15 min), thighs (15 min), neck (10 min) and the brain (10 min) scanned
sequentially in the same session, and with the clamp continuing until the end of scan. Amount of
['8F]-FDG lost into urine was measured from a urine sample given at the end of scan using an isotope
dose calibrator (Model VDC-205, Comecer Netherlands, Joure, Netherlands).

Nasal insulin and placebo sprays

Spray bottles containing either intranasal insulin (100 IU/ml, Actrapid, Novo Nordisk A/S,
Bagsvaerd, Denmark), or placebo (Insulin Diluting Medium for Novorapid and Levemir, Novo
Nordisk A/S, Bagsvaerd, Denmark) were manufactured by the local hospital pharmacy. The sprays
were administered to the subjects in a single-blinded fashion, and in an order randomised in blocks
with all subjects undergoing both interventions.

Analysing peripheral tissue GU from PET data



Before analysis, all PET data was corrected for dead time, decay and photon attenuation. Input
function was obtained by combining activity data from PET images from inside the left ventricle (first
10 minutes), and plasma samples collected at nine time points during the scan and analysed with an
automated gamma counter (Wizard 1480 3, Wallac, Turku, Finland). Tissue activity was determined
using Carimas software (Version 2.9, Turku PET Centre, downloadable at
http://www.turkupetcentre.fi), applying free-hand drawn region of interests for other tissues: both
quadriceps femoris muscles, portion of right lobe of the liver, supraclavicular brown adipose tissue
depots, and several smaller volumes of abdominal subcutaneous adipose tissue. The acquired time-
activity curves from different tissues and blood were then compared to determine tracer uptake using
the Patlak-Gjedde plot (K;) (Patlak 1985) or its estimate, fractional uptake rate (FUR) (Ishizu 1994).

Next, tissue GU (umol kg'! min') was calculated by multiplying K; or FUR with plasma glucose
level, and dividing by tissue density and a constant accounting the differences in metabolic rates of
['8F]-FDG and glucose (1.2 for skeletal muscle, 1.0 for liver, 1.14 for adipose tissue, 0.65 for brain)
(Peltoniemi 2000, Iozzo 2007, Virtanen 2001, Wu 2003).

EGP was calculated by subtracting the amount of glucose infused after injection from the whole-body
glucose disposal rate (Rd) derived from ['*F]-FDG consumption (Iozzo 2006).

Quantifying brain GU

Glucose uptake in the brain was obtained using SPM12-based toolbox Magia (Karjalainen 2020),
with GU calculated from FUR results. The data were then spatially normalised to MNI space using
an in-house ['*F]-FDG template and finally smoothed with a Gaussian kernel with 8-mm full-width
at half-maximum.

Serum metabolites

Serum samples were collected from the first nine subjects and used for comprehensive analysis of
metabolites at Nightingale Health Ltd laboratory, using nuclear magnetic resonance (NMR) (Soininen
2009), with the focus on serum total fatty acids, glycerol, triglycerides in VLDL, LDL and HDL as
well as total serum triglycerides, and apolipoproteins A-I and B. Samples were collected at fasting,
during clamp prior to nasal spray administration, as well as 60 and 90 minutes after administration.

Statistical analyses

The sample size was determined to detect a 22% placebo-corrected change in glucose infusion rate,
based on unpublished results from Tiibingen, with 95% power at a two-tailed significance level of
5%. Baseline characteristics were compared using independent samples t-test. Analysis for changes
in tissue GU were performed using a mixed model for repeated measurements with fixed effects of
intervention, period, sequence (=intervention order). The results are reported as INI-induced mean
changes compared to placebo with a 95% confidence interval (CI). Changes in brain GU were
estimated using paired t-test in SPM12, with p<0.05 as the cluster-defining threshold. Only
statistically significant clusters (p<0.05, FWE-corrected) are reported. For serum metabolites,
changes from spray application to 60 and 90 minutes later were compared between interventions
using paired Wilcoxon signed rank test with Rstudio (RStudio Inc., Boston MA).

RESULTS

Participant characteristics
Baseline measurements made on the screening visit are presented in Table 1. The subgroup with
higher insulin sensitivity were older (p=0.003), had lower fasting insulin levels (p=0.02) and higher
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Matsuda-ISI (p=0.04) than the impaired insulin sensitivity group, but there was no difference between
groups in weight, BMI, fat percentage, waist-hip ratio, or fasting plasma glucose and HbAlc levels.

INI effects on plasma glucose and insulin during clamp

Plasma glucose values were comparable and within euglycaemia during both interventions (Figure
2A). While the spillover of minor amounts of INI into the circulation was well mimicked by an iv
insulin infusion on placebo day, serum insulin levels were numerically higher after INI from 25
minutes after the sprays until the end of study (Figure 2B). However, the difference in mean insulin
levels after spray application did not reach statistical significance (19.4 pmol/L, 95% CI -2.0, 40.8,
p=0.07), and the degree of change in insulin levels did not correlate with tissue GU results.

Suppressed brain GU after INI

GU was extensively decreased in all brain areas after INI administration when analysing the whole
group (Figure 3), with no significant differences between different anatomical brain regions. There
was no difference in GU between groups after placebo sprays, or in the magnitude of change between
groups.

No effect on whole-body or skeletal muscle GU

Glucose infusion rates (GIR) tended to increase towards the end of the study after INI, but the change
was not statistically significant (Figure 2C) (at the time of maximal difference at 120 min 0.9 mg kg
"min’!, 95% CI -0.2, 1.9, p=0.09). Furthermore, rate of total tracer-derived glucose disappearance
(Rd) during the scan was not altered by INI (2.4 pmol kg™! min’!, 95% CI -1.3, 6.1, p=0.17) (Figure
4A). In line with this, skeletal muscle GU was not affected by INI (0.3 umol kg™! min'!, 95% CI -1.8,
2.5, p=0.75) (Figure 4A), and there was no significant difference between subjects with high or
impaired insulin sensitivity.

Enhanced liver GU only in insulin sensitive subjects, no change in EGP

In the whole group INI did not increase GU into liver (1.0 pmol kg! min!, 95% CI -1.6, 3.7, p=0.39)
or affect EGP (-2.5 pmol kg'! min’!, 95% CI -6.3, 1.2, p=0.16) (Figure 4A). However, in the high
insulin sensitivity group INI induced a significant 43 % median increase in liver GU (+5.6 umol kg
"min!, 95% CI 1.3, 9.8, p=0.02) (Figure 4B), but had no effect on EGP (-4.1 umol kg*! min'!, 95%
CI-10.0, 1.8, p=0.15). In comparison, liver GU tended to be lower after INI in subjects with impaired
insulin sensitivity (-3.5 umol kg min!, 95% CI -7.8, 0.7, p=0.09) (Figure 4B).

Unaffected adipose tissue GU

There was no significant changes in waist subcutaneous adipose tissue (0.2 umol kg™ min'!, 95% CI
-1.5, 1.9, p=0.79) or BAT GU (-1.09 umol kg"! min'!, 95% CI -13.4, 11.2, p=0.83) in response to INI
regardless the level of peripheral insulin sensitivity (Figure 4A). One subject was excluded from BAT
analysis due to abnormal activation of the tissue on the placebo visit, although including him would
not have changed the result.

Serum lipids

Levels of serum total fatty acids, glycerol, triglycerides in VLDL, LDL and HDL, total triglycerides,
or apolipoproteins A-I and B were not significantly affected by INI. The results are detailed in
supplementary figures 1 and 2.

DISCUSSION

Our study shows that a single dose of intranasally administered insulin reduces brain glucose uptake
measured with ['®F]-FDG-PET under mild systemic hyperinsulinemia in lean, healthy male subjects,
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but enhances hepatic glucose uptake only in insulin sensitive subjects. We did not observe changes
in whole-body, skeletal muscle or adipose tissue glucose uptake, or in serum lipid concentrations in
response to INI.

Globally lower cerebral glucose uptake after INI has not been reported earlier in humans, with the
majority of research focusing on functional effects and effects on peripheral metabolism rather than
metabolism of the brain itself. However, in line with the current results, INI has been shown to induce
a global decrease in brain glucose uptake during fasting in healthy mice (Sanguinetti 2019).

As increasing peripheral insulin levels during hyperinsulinemic euglycaemic clamp has been shown
to increase brain glucose uptake by 3—4 % (not statistically significantly) compared to fasted state in
healthy subjects (Hirvonen 2011), or up to 15 % while suppressing endogenous insulin secretion with
somatostatin (Bingham 2002), the 3.3-5.1 % decrease seen in the current study is likely dependent
on the route of insulin administration, as well as the timing of ['®F]-FDG injection. Although the
magnitude of the decrease is not large, within-subject variability of brain glucose utilisation has been
shown to be even less in a reproducibility study by Bartlett et al (1988).

It is possible that insulin, that reaches the CNS 10—40 min after INI administration (Born 2002),
causes widespread neuronal activation resulting in initial increase in neuronal glycolysis (Diaz-Garcia
2017), and in the recovery phase glia cell-derived lactate produced during the activation might
become the preferred fuel source (Diaz-Garcia 2017) in the expense of glucose and ['*F]-FDG when
the tracer is administered 40 min after INI. Moreover, it has been shown that brain glycogen content
decreases within 15 minutes of activation and slowly recovers within the next hour, indicating that
glycogenolysis might also serve as another source for glucose or lactate during the recovery period
(Dienel 2002). Interestingly a similar decrease in brain ['®F]-FDG uptake has been shown to follow
peroral glucose administration (Ishibashi 2016).

Alternatively, it is also possible that the effects of INI on brain glucose uptake are, instead of or in
addition to neuronal activation, a direct effect of insulin on cellular insulin-mediated glucose
metabolism. Insulin has been shown to increase GLUT4 transportation to the plasma membrane in
neurons and stimulate GU in vitro (Benomar 2006) and in mice (Reno 2017), and promote glycogen
synthesis, but not GU, in astrocytes in vitro (Heni 2011), so it is possible that these metabolic changes
induce a similar decrease in glucose uptake demand as neuronal activation.

Although the cellular mechanisms behind the decrease in brain GU seen in the current study remain
elusive, the observed change are in accordance with previous reports. Interestingly, INI has been
demonstrated to reduce appetite and food intake in several studies (reviewed by Kullmann et al
[2020]), and to increase brain ATP and phosphocreatinine levels already 10 minutes after
administration with the effect lasting at least 50 minutes (Jauch-Chara 2012). Therefore, we suggest
that the decrease in glucose uptake 40 minutes after INI administration is likely a result of decreased
demand for glucose in the brain, and that meeting, or exceeding, central energy needs might also
contributes to the anorexigenic effects of INI.

Contrarily to the brain, we did not observe changes in peripheral tissue-specific glucose uptake, so
this does not seem to explain the previously reported slight increase in glucose infusion rates starting
from 40 minutes after administration (Heni 2014, Heni 2017). However, as whole-body glucose
disposal was not affected by INI in our study, it is not unexpected that tissue-specific uptake remained
largely unaffected, with rates of GU and EGP resembling fasting rather than insulin-stimulated levels,
even despite the higher circulating insulin levels after INI. Currently only one study in mice has
reported increased directly measured GU in skeletal muscle during clamp conditions with no effect



on GU in other tissues (Coomans 2011), while other studies report no effect in any peripheral tissue
(Scherer 2011). Therefore, it seems that the previously reported effects of INI on whole-body glucose
disposal occurs mainly in response to other changes in glucose metabolism, possibly by suppressing
EGP.

The method used to measure EGP in the current study only provides an average over the entire
duration of the scan (app. 40-120 minutes post sprays). This approach does not have verified
capabilities to detect changes that might occur towards the end of this timeframe. Consequently, the
absences of observed changes in EGP does not contradict prior research that combined insulin spray
and systemic insulin administration. These earlier studies documented decreases in EGP 100 to 120
minutes or 3 to 6 hours after administration of human insulin (Heni 2017) or an insulin analogue
(Dash 2015). Hence, our findings remain consistent with this existing body of literature.

Finding increased hepatic glucose uptake in the more insulin sensitive subjects without a change in
EGP is in line with findings in dogs by Ramnanan et al (2011), although the changes in the current
study occurred at a time point where no effect was yet seen in the previous report in dogs.
Furthermore, it remains open how the observed effect is mechanistically mediated. Also, considering
the small sample size and the unphysiological portal insulin gradient, these results should be
interpreted with care, albeit it is intriguing if a disruption of centrally mediated liver glucose
metabolism can be seen this early in the development of insulin resistance. Furthermore, seeing no
significant effect on skeletal muscle or whole-body glucose uptake provides support for the possibility
of a direct central regulation of hepatic glucose uptake, instead of just confounding effects of insulin
spillover that we furthermore corrected for by mimicking iv insulin administration on placebo spray
day.

Intracerebroventricular insulin administration has been shown to induce BAT thermogenesis via SNS
activation in fasted mice (Rahmouni 2004), and activation of SNS by melanocortin receptor signalling
has been shown to increase BAT glucose uptake during fasting in mice (Morgan 2015), but these
effects have not been studied in larger mammals. In the current study, brown adipose tissue glucose
uptake remained unchanged. Benedict et al. (Benedict 2011) have previously reported that the mean
increase in energy expenditure of 2.5 hours increases after INI, while the differences in separate 30
min intervals did not reach statistical significance, and possible spillover after placebo administration
was not accounted with intravenous insulin. Therefore, the limited timeframe can also be the reason
we did not observe any effect in the current study.

Decreased lipolysis and lipogenesis following insulin administration to the brain, more specifically
mediobasal hypothalamus, has been demonstrated in mice as reduced rate of appearance of glycerol
during pancreatic clamp (Scherer 2011). Transient lowering of glycerol appearance has also been
reported in humans 0—60 minutes after INI administration during fasting (Iwen 2014), while glycerol
levels in circulation and subcutaneous WAT interstitium remained unchanged (Gancheva 2015, Iwen
2014). In the current study, we observed no significant changes in serum glycerol, although it tended
to decrease with INI compared to placebo, in line with previous studies. We observed no change in
serum triglycerides, apolipoproteins or total fatty acids, which is also in agreement with previous
studies during fasting (Iwen 2014, Gancheva 2015) and pancreatic clamp with constant fed state (Xiao
2017). The relevance of brain-derived signals on lipolysis in contrast to direct effects of insulin on
adipocytes under physiologic circumstances remain under discussion, our current results argue
against a major contribution.

While the strengths of this study are the established methods and site experience in measuring tissue
GU quantitatively using PET, the approach also has limitations. Assessment of tissue GU is limited
to the moment of injection, after which most of the tracer available is trapped within cells during the



first 10 minutes, so this study covers mainly only the effects 40-50 minutes after INI administration
and might have missed possible effects at other time points. However, we closely aligned our protocol
to earlier reports on the timepoints of insulin action in humans. The increase in CSF insulin
concentration starts to occur within 10 minutes (Born 2002), hypothalamic activation can be seen at
30 minutes (Heni 2014), and an increase in GIR needed to sustain euglycaemia starts 40 minutes after
INI administration (Heni 2014). A relevant later effect within 120 minutes from spray application
seems unlikely as we did not see a significant increase in GIR towards the end of the study. This is
supported by a finding that central Katp channel activation significantly suppresses EGP, but has no
effect on glucose rate of disappearance or GIR after 6 hours of administration during pancreatic clamp
(Esterson 2016).

Also, compared to previous studies (Heni 2014), the subjects in the current study had higher BMI,
and it has been shown that the effects of INI seem to diminish in obese subjects (Heni 2014, Xiao
2018). However, the subjects with higher BMI were mostly also more insulin sensitive, likely due to
higher muscle mass, and there was no indication of higher visceral adiposity. Furthermore, the small
sample size and including only males does limit generalising the results.

To conclude, we found that 40 minutes after INI administration brain glucose uptake is significantly
reduced, possibly as a result of energy needs already being fulfilled rapidly after insulin exposure.
Contrary to some previous reports we found no change in peripheral tissue or whole-body glucose
uptake, or EGP in the whole group. However, the timeframe of the current study differs from earlier
reports and does not contradict the possible later effects on hepatic glucose output. Interestingly, liver
glucose uptake was increased only in very insulin sensitive subjects, indicating a possible early
disruption of central regulation in the development of systemic insulin resistance, although the small
sample size may limit the interpretation. Alterations in brain glucose metabolism after INI should be
investigated further to characterise more acute effects of central insulin exposure, but our results
confirm that INI has direct central effects, independent of systemic insulin levels.
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Whole group High sensitivity Impaired sensitivity
(N=10) (N=5) (N=5)

Mean Range Mean  Range Mean  Range
Age (y) 24 20-28 26 24-28 22 20-24
Weight (kg) 76.8 65.2-87.5 80.1 74.3-87.5 73.5 65.2-82.0
BMI (kg/m?) 23.5 20.0-25.6 24.5 22.6-25.6 22.5 20.0-25.0
Fat percentage (%) 16.5 9.7-20.3 18.3 15.3-20.3 14.7 9.7-19.7
Waist-to-hip ratio 0.84 0.80-0.91 0.84 0.82-0.87 0.84 0.80-0.91
Fasting plasma glucose | 5.2 3.7-5.8 5.2 3.7-5.8 5.2 4.7-5.4
(mmol/L)
HbA Ic (mmol/mol) 29 24-32 29 24-32 29 25-32
HbAlc (%) 4,8 (4,3-5,1) 4,8 (4,3-5,1) 4,8 (4,4-5,1)
Fasting plasma insulin | 35 7-69 25 7-41 53 35-69
(pmol/L)
Matsuda-ISI 9.4 3.27.2 13.6 8.2-27.2 5.1 3.5-6.5

Table 1. Subject characteristics for the whole group, and subgroups based on peripheral insulin
sensitivity (Matsuda-ISI >7.4 or <7.4).
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Figure 1. Experimental protocol.
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Figure 2. A, Plasma glucose (mmol/L); and B, serum
insulin (pmol/L) concentrations during the studies. C,
Glucose infusion rate (GIR, mg kg! min™') during the
studies. Data are mean and SD. The gray background
represents the 4-minute period of spray application at
30 minutes, and the PET scan periods.
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Figure 3. Compared to placebo, INI lowered brain GU globally. The data are thresholded at p<
0.05, FWE-corrected at cluster level. The x and y coordinates refer to the neuroanatomical locations

of the slices in the MNI space.
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Figure 4. A. Changes in rates of ['"®F]-FDG-derived glucose disappearance (Rd), tissue glucose
uptake (GU) in skeletal muscle, liver and subcutaneous adipose tissue (ScAT), and endogenous
glucose production (EGP) after intranasal insulin compared to placebo. B. Comparison of INI induced
changes in liver GU in subjects with high (Matsuda-ISI >7.4, white bar) or low (Matsuda-ISI <7.4,
grey bar) insulin sensitivity. Bars represent means, vertical lines Cls.
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