1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Chem Neurosci. Author manuscript; available in PMC 2018 April 19.

Published in final edited form as:
ACS Chem Neurosci. 2018 April 18; 9(4): 809-816. doi:10.1021/acschemneuro.7b00434.

-, HHS Public Access
«

Pharmacokinetics of Intranasal versus Subcutaneous Insulin in
the Mouse

Michael T. Nedelcovych™# Alexandra J. GadianoT, Ying WuT, Arena A. Manning™#, Ajit G.

Thomas®, Saja S. Khuder*®, Seung-Wan Yoo?, Jiadi Xu®, Justin C. McArthur¥, Norman J.
Haughey*, David J. VolskyV, Rana Rais™*", and Barbara S. Slusher®#8.Il.L#*

TJohns Hopkins Drug Discovery, Johns Hopkins School of Medicine, Baltimore, Maryland 21205,
United States

*Department of Neurology, Johns Hopkins School of Medicine, Baltimore, Maryland 21205,
United States

SDepartment of Medicine, Johns Hopkins School of Medicine, Baltimore, Maryland 21205, United
States

IDepartment of Oncology, Johns Hopkins School of Medicine, Baltimore, Maryland 21205, United
States

LDepartment of Psychiatry, Johns Hopkins School of Medicine, Baltimore, Maryland 21205,
United States

#Department of Neuroscience, Johns Hopkins School of Medicine, Baltimore, Maryland 21205,
United States

®Department of Neuroimmunology, Johns Hopkins School of Medicine, Baltimore, Maryland
21205, United States

ODepartment of Radiology and Radiological Science, Johns Hopkins School of Medicine,
Baltimore, Maryland 21205, United States

VDepartment of Medicine, Icahn School of Medicine at Mount Sinai, New York, New York 10029,
United States

Abstract

"Corresponding Authors: rrais2@jhmi.edu. Phone: 410-502-0497. Fax: 410-614-0659. bslusher@jhmi.edu. Phone: 410-614-0662.
Fax: 410-614-0659.

ORCID

Rana Rais: 0000-0003-4059-2453

Barbara S. Slusher: 0000-0001-9814-4157

Author Contributions

M.T.N. and A.J.G. contributed equally to this work, including the drafting and revision of the manuscript. M.T.N., Y.W., A A.M., and
S.W.Y. performed dosing and collected mouse samples. M.T.N. and A.G.T. performed insulin ELISAs. S.H.K, SW.Y., and J.X.
conducted NMR studies. J.C.M., N.J.H., D.J.V,, R.R., and B.S.S. contributed to study design and supervision as well as manuscript
conceptualization, drafting, and revision.

Notes
The authors declare no competing financial interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nedelcovych et al. Page 2

Insulin delivery to the brain has emerged as an important therapeutic target for cognitive disorders
associated with abnormal brain energy metabolism. Although insulin is transported across the
blood-brain barrier, peripheral routes of administration are problematic due to systemic effects of
insulin on blood glucose. Intranasal (IN) administration is being investigated as an alternative
route. We conducted a head-to-head comparison of subcutaneous (SC) and IN insulin, assessing
plasma and brain pharmacokinetics and blood glucose levels in the mouse. SC insulin (2.4 1U)
achieved therapeutically relevant concentrations in the brain (AUCpy,in = 2537 h-zU/mL) but
dramatically increased plasma insulin (AUCpjasma = 520 351 h-*4U/mL), resulting in severe
hypoglycemia and in some cases death. IN administration of the same dose resulted in similar
insulin levels in the brain (AUCy4in = 3442 h-zlU/mL) but substantially lower plasma
concentrations (AUCpjasma = 354 h-£lU/mL), amounting to a ~ 2000-fold increase in the
AUCpyain:plasma ratio relative to SC. IN dosing also had no significant effect on blood glucose.
When administered daily for 9 days, IN insulin increased brain glucose and energy metabolite
concentrations (e.g., adenosine triphosphate and phosphocreatine) without causing overt toxicity,
suggesting that IN insulin may be a safe therapeutic option for cognitively impaired patients.
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INTRODUCTION

A growing body of preclinical and clinical evidence suggests that delivery of insulin to the
brain may prevent neuronal damage and improve cognition in a broad range of conditions
associated with cognitive impairment including diabetes,12 substance abuse,3 stroke,*>
postoperative cognitive dysfunction,®’ developmental delay,8° Parkinson’s disease,10
bipolar disorder,}1 Alzheimer’s disease (AD),1213 and HIV-associated neurocognitive
disorders (HAND).14-16 Cogpnitive deficits in many of these disorders have been linked to
oxidative stress in the brain, neuroinflammation, and neurodegeneration.1” When these
conditions are modeled /n vitroand in vivo, activation of insulin receptors has been shown to
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be protective.1819 The neuroprotective effects of insulin appear to involve the induction or
preservation of brain glucose metabolism and restoration of the energy storage molecules
adenosine triphosphate (ATP) and phosphocreatine,1320-25 jn addition to neurotrophic and
anti-inflammatory effects mediated by the direct activation of insulin receptors on neurons.
26,27 \When delivered to the brain, insulin has been shown to increase glucose
uptakel3:18-20.25.28 and improve cognitive performance in animals,3719:16.25.29 heglthy
humans,3%-32 and cognitively impaired patients.12:8:9.11.33-37 Gjyven the absence of robust
neuroprotective therapeutics, insulin delivery to the brain has thus emerged as a promising
new therapy for multiple neurological and psychiatric disorders.

A major hurdle to this approach is safely achieving therapeutic levels of insulin in the brain.
Although insulin has been shown to actively cross the blood—brain barrier from the
periphery,38 subcutaneously administered insulin results in plasma concentrations
significantly higher than those observed in central nervous system (CNS) compartments.
38,39 For example, subcutaneous (SC) insulin has been shown to achieve brain:plasma ratios
of about 1:2000 in mice38:39 and cerebrospinal fluid (CSF):plasma ratios of about 1:200 in
humans.#%-42 This degree of brain penetration may not allow for sufficient CNS insulin
exposure before reaching systemic insulin levels that induce severe hypoglycemia.
Moreover, insulin entry into the brain requires active transport, and compromised blood—
brain barrier integrity in patients with insulin resistance or cognitive disorders may decrease
the ability of peripheral insulin to enter the brain.*3

In recent years, intranasal (IN) administration of insulin has been explored as a brain-
targeted route of delivery that may avoid systemic hyperinsulinemia and hypoglycemia.** IN
administration has been found to deliver small molecules, biologics, and peptides such as
insulin to the brain via absorption through the olfactory epithelium,*>46 bypassing the
blood-brain barrier*®47 and diffusing throughout the brain along olfactory and trigeminal
perivascular channels as well as through olfactory bulb axonal transport,18:48-50
Pharmacokinetic studies performed in rodents, non-human primates, and healthy humans
have validated the ability of IN-administered macromolecules and peptides, including
insulin, to penetrate and accumulate in brain regions important for cognition such as the
hippocampus and cerebral cortex.51-57 Multiple clinical trials have since been initiated to
assess the therapeutic efficacy of IN insulin on cognitive symptoms in various psychiatric
and neurological patient populations.®® However, while IN dosing delivers insulin to the
brain, absorption into systemic circulation via the nasal respiratory epithelium also occurs to
some extent.18

In this study, we performed a head-to-head comparison of insulin exposure in mouse brain
and plasma following IN and SC administration. It was recently found that 2.4 1U insulin
administered IN in the EcoHIV-infected mouse model of HAND significantly attenuated
cognitive impairment.1® We first determined the SC dose of insulin required to achieve
similar concentrations in the brain. Using this dose, we then compared plasma and brain
insulin pharmacokinetics and blood glucose levels following IN vs SC administration. In
order to identify a pharmacodynamic effect of IN insulin in the brain, we also examined its
effect on brain energy metabolites.
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RESULTS

IN Insulin Achieves Similar Brain but Reduced Plasma Concentrations Relative to SC
Insulin

In order to match the brain insulin concentrations achieved by IN administration of 2.4 1U
insulin, a dose known to be efficacious in a mouse HAND model,1> we administered two
doses (0.24 and 2.4 IU) of SC insulin to fasted mice. At 1 h postadministration, 2.4 IU IN
insulin achieved brain insulin concentrations of 737 + 179 AU/mL, significantly above basal
concentrations represented by vehicle treated mice (Figure 1, left). SC administration of 0.24
and 2.4 IU insulin resulted in dose-dependent increases in brain insulin concentrations; the
2.4 1U SC dose reached similar levels to the same dose administered IN (958 + 235 U/
mL). In contrast, 2.4 U SC insulin administration resulted in dramatically increased plasma
insulin concentrations (14 500 + 2084 p/U/mL) well above those achieved in the brain,
whereas 2.4 IU IN insulin administration did not significantly elevate plasma insulin
concentrations above basal levels (405 + 300 p@U/mL; Figure 1, right).

Having achieved similar brain insulin concentrations through IN and SC dosing of 2.4 1U, a
full pharmacokinetic evaluation of both routes was conducted in fasted mice. Insulin
concentration—time profile comparison in the brain of mice gave similar mean insulin
concentrations for both routes of administration at all time points (Figure 2, left). SC insulin
achieved a G, in the brain slightly higher than the IN route, but similar insulin exposures
(Table 1). In contrast, mice receiving SC insulin exhibited substantially higher mean plasma
insulin levels at every time point through 8 h postadministration compared to mice
administered the same dose of IN insulin (Figure 2, right). Plasma insulin Cpax Was 464 108
and 405 gU/mL after SC and IN administration, respectively (Table 1). Similarly, plasma
insulin exposure based on AUCq_;was 520 351 and 354 h-gdU/mL after SC and IN
administration, respectively (Table 1). The concentrations of SC insulin peaked at 0.5 h in
both plasma and brain, whereas concentrations of IN insulin peaked at 10 min in plasma and
1 hin brain (Table 1). Insulin clearance from both brain and plasma was relatively rapid,
with half-lives (#2) between 2 and 4 h for both IN and SC routes (Table 1).

IN Insulin Substantially Improves the Brain:Plasma Ratio Relative to SC Insulin

The brain:plasma Gy, ratio following 2.4 U IN insulin was increased greater than 200-fold
relative to the brain:plasma ratio following SC administration of the same insulin dose
(Figure 3, left). An analogous comparison of AUC_values revealed a ~2000-fold increase
in brain:plasma insulin exposure by IN versus SC administration (Figure 3, right).

SC but Not IN Insulin Induces Severe Hypoglycemia

Changes in peripheral glucose represent a potential limiting factor preventing SC insulin
from being a viable therapeutic approach for CNS disease. We were thus interested in
comparing the effect of SC and IN insulin on blood glucose levels in mice over time. Twenty
minutes after SC administration of insulin (2.4 1U), blood glucose levels decreased by 80%
and did not return to basal levels for about 3 h. In about 10% of mice, severe hypoglycemia
resulted in death. In contrast, mice administered IN insulin exhibited no statistically
significant change in blood glucose relative to baseline (main effect of route [A1,20) = 26.9,
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p<0.0001], time [A4,20) = 9.56, p=0.0002], and interaction [ H4,20) = 4.14, p=0.0133];
Figure 4).

Repeated IN Insulin Administration Increases Brain Concentrations of Glucose and
Phosphorylated Energy Metabolites

Having demonstrated favorable brain and plasma pharmacokinetics of insulin after IN
administration and limited peripheral effects on blood glucose, we next determined if this
route of administration could measurably affect brain energy metabolites, a potential
pharmacodynamic marker of therapeutic efficacy.29 Glucose and the energy metabolites
ATP, ADP, phosphacreatine, and creatine were measured by NMR in homogenized mouse
brain tissue following daily doses of 2.4 IU IN insulin for 9 days. Repeated IN insulin
administration resulted in increased concentrations of brain glucose [{18) = 2.95, p=
0.0086], ATP [#17) = 2.21, p=0.0412], and phosphocreatine [{17) = 2.36, p = 0.0304],
with a concurrent reduction in creatine [418) = 2.22, p=0.0393] (Figure 5).

DISCUSSION

Insulin delivery to the brain via the IN route is under investigation for the treatment of
multiple diseases associated with cognitive impairment linked to oxidative stress-mediated
alterations in brain energy metabolism.3:7-9:13.15.18-20.25,28-37 Herein we show that IN
administration achieves insulin exposure in the brain similar to SC administration of the
same dose (2.4 1U), but it achieves significantly lower peripheral exposure, preventing
severe hypoglycemia. Repeated IN dosing of 2.4 1U insulin was also well tolerated and
resulted in increased concentrations of glucose and phosphorylated energy substrates in the
brain, a potentially neuroprotective and pro-cognitive profile.13.18-20.25.28

Although SC insulin injection has been used for nearly a century to maintain peripheral
euglycemia and treat diabetes,>® the behavioral and cognitive effects of insulin in the brain
have only recently been recognized and become a major new area of therapeutic interest.50
Insulin is known to be actively transported from circulation across the blood—brain barrier,38
offering the potential for SC dosing to achieve therapeutically relevant insulin brain
concentrations. Indeed, we demonstrated significant brain insulin exposure after SC
injection in the mouse. However, brain insulin concentrations significantly above basal
levels could only be achieved at a SC dose that also increased plasma insulin to dangerous
levels, resulting in hypoglycemia and in some cases death.

IN administration of insulin has become a preferred alternative route for brain targeting with
more than 50 clinical trials registered in various patient populations that exhibit cognitive
impairment.®® Although preliminary clinical responses are promising,1:2:8:9.11.29-33 feyy
pharmacokinetic studies have been performed to determine the optimal IN insulin dose or to
establish a pharmacokinetic/pharmacodynamic relationship. This is especially important
because IN administration of insulin and other peptides is known to result in systemic
exposure via absorption through the nasal respiratory epithelium.>1 We thus conducted a
direct plasma and brain pharmacokinetic comparison between IN and SC administration of
insulin at a dose known to be cognitively enhancing in animal models of cognitive
impairment.1> We found that SC administered insulin caused plasma hyperinsulinemia,
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hypoglycemia, and sometimes death, while IN administered insulin resulted in similar brain
exposure but significantly lower plasma insulin concentrations, resulting in no effect on
plasma glucose. Although IN dosing in rodents does not perfectly model the use of nasal
delivery devices in the clinic,*® these findings support the IN route for selective delivery of
insulin to the brain.

Having confirmed that IN insulin administration affords a significant improvement in brain
targeting, we subsequently demonstrated that repeated daily administration of IN insulin
increased brain concentrations of glucose as well as the cellular energy substrates ATP and
phosphocreatine. These effects are consistent with previous investigations into the
therapeutic mechanism of action of insulin which has been linked to induction of glucose
uptake in the brain?® and restoration of ATP and phosphocreatine.13:18-25.28 Reduced
glucose uptake in the brain as well as depletion of ATP and phosphocreatine has been linked
to the deleterious effects of oxidative stress, neuroinflammation, and neurodegeneration
associated with multiple cognitive disorders.>17.21.2861 For example, cerebral
hypometabolism has been demonstrated by FDG-PET in cognitively impaired patients with
Parkinson’s disease,%2:63 AD,13.64-66 and HAND.67-69 In some cases, this deficit appears to
occur downstream of insulin resistance in the brain.56.79-72 |n AD brain samples and in
cultured neurons under oxidative stress, accompanying depletion of ATP and
phosphocreatine has also been detected.?1-23.73.74 N insulin has generally been found to
reverse these effects, inducing FDG-PET uptake in the brains of rodents9:20.25 angd
humans!318.19.28 and promoting the production of neuronal ATP and phosphocreatine.
21-23,75 Renewing normal levels of ATP, phosphocreatine, and other energy substrates in the
brain may broadly improve cognition in various disease states by meeting the high metabolic
demand necessary to preserve neuronal function and cognition.”8 It should be noted,
however, that conflicting findings have been reported suggesting little or no acute effect of
insulin on neuronal glucose uptake at the cellular level.”” This apparent discrepancy could
be explained in part by the recent observation that insulin effects on brain metabolism may
be mediated by nonspecific vasodilation and increased perfusion rather than by selective
effects on glucose transport, but further investigation is required.?

Taken together, the current study offers insight into the potential mechanism of action of IN
insulin observed in preclinical models of disease and in cognitively impaired patients. These
experiments also support the superiority of IN dosing and the use of this route of
administration for brain targeting in the clinic.

METHODS

Mouse Pharmacokinetic Studies

All animal studies were conducted in compliance with NIH guidelines and with the approval
of the Johns Hopkins University Institutional Animal Care and Use Committee. For insulin
distribution studies, male CD-1 mice were obtained at 20-25 g (Harlan Laboratories,
Indianapolis, IN) and maintained on a 12 h light/dark cycle with ad /ibitum access to food
and water, allowing at least 3 days to acclimatize after shipment. The night before the study,
mice were fasted prior to insulin administration, but for no longer than 12 h. Human insulin
(Humulin-R, Eli Lilly) diluted in saline was then administered via the subcutaneous (SC) or
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intranasal (IN) route. All mice were briefly anesthetized by isoflurane inhalation prior to
dosing. IN insulin was administered to prostrate mice by twice applying 6 L drops to the
surface of each nare for a total volume of 24 /4. At the indicated time point (0.16-24 h),
mice were anesthetized by isoflurane inhalation and tissue was harvested. Blood was
collected by cardiac puncture. A small drop was used for glucose detection using a
commercially available Accu-Check Aviva meter (Roche Diabetes Care, Inc.). The
remainder was collected into EDTA-lined tubes and stored on ice prior to isolation of plasma
by centrifugation at 10 000 rpm for 8 min at 4 °C. Cortex was extracted and immediately
frozen on dry ice.

Mouse Brain Metabolite Studies

For analysis of IN insulin effects on brain energy metabolites, a separate cohort of male
C57BL/6 mice at 6 weeks of age was obtained (Harlan Laboratories, Indianapolis, IN) and
randomized to receive vehicle or insulin (Humulin, 2.4 1U, IN) once per day for 9 days. For
this study, IN dosing was performed in nonanesthetized mice. Fifteen minutes after
administration of the final dose, mice were euthanized by CO, inhalation and immediately
exposed to head-focused microwave irradiation (Cober Metabolic Vivostat, model S6F,
Cober Electronics, South Norwalk, CT; frequency, 2450 MHz; power, 10.0 kW; 100 ms) to
inactivate metabolic enzymes, fix brain tissue, and preserve energy metabolites prior to
dissection of striatum. For all studies, tissue samples were stored at —80 °C prior to analyte
extraction and analysis by ELISA or NMR for insulin or energy metabolite concentrations,
respectively.

Brain Insulin Extraction

Human insulin extraction procedures were adapted from previously established protocols.’®
Briefly, on day 1, brain samples were weighed and homogenized in ice-cold acidified
ethanol (ethanol: 75, water: 25, 12.1 N HCI: 1.6 v/v) at 50 mg/mL wet weight. The
homogenate was further disrupted for 15 min in a bath sonicator. The homogenized samples
were left overnight at 4 °C with gentle rocking. On day 2, the homogenates were centrifuged
at 16 000-17 200g for 30 min at 4 °C. An aliquot of the supernatants was transferred to fresh
Eppendorf tubes, neutralized with 1 M Tris base (pH ~ 10.7, 200 gL Tris/mL sample), and
solvent reduced at 45 °C for 1 h in a nitrogen evaporator and for an additional hour in a
regular lyophilizer. The lyophilized samples were then reconstituted in “zero standard”
(provided with the insulin ELISA kit), vortexed, and incubated overnight at 4 °C. Finally, on
day 3, the reconstituted samples were centrifuged at 2470¢g for 1 min at room temperature
and assayed for insulin levels.

Insulin Analysis

Insulin levels in brain and plasma were determined using a commercially available sandwich
ELISA kit (Alpco) designed for the quantitative measurement of human insulin and
proinsulin in serum, plasma, and cell culture supernatants. Plasma samples diluted with
“zero standard” and brain insulin extracts (as obtained above) were assayed per the
manufacturer’s instructions. Briefly, insulin in standards, samples, and controls was captured
using an anti-human insulin primary antibody coated on 8-well microplate strips (in a 96-
well format). A secondary anti-human insulin antibody conjugated to biotin and HRP-
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conjugated streptavidin was also added along with the samples for the initial incubation.
After an hour of incubation at room temperature, with shaking at 700-900 rpm on a
microplate shaker, the HRP substrate 3,3",5,5"-tetramethylbenzidine (TMB) was added to
the wells and color was allowed to develop for 30 min with further shaking. Color
development was stabilized by the addition of sulfuric acid stop solution, and absorbance
intensity was measured at 450 nm. The resulting stabilized color was proportional to the
amount of insulin standards, and the curve was fit to a five parameter logistic fit. Insulin
levels in the known diabetic control and in the samples were determined using the standard
curve.

Brain Metabolite Extraction

NMR

To extract metabolites, brain regions were weighed and 30 mg of tissue was immediately
transferred to a mortar and pestle frozen with dry ice. Tissue was broken into smaller pieces
then transferred to a glass vial to be homogenized by sonication in ice-cold methanol (1 mg
=13 yL). Chloroform was added to the homogenate (1 mg = 13 /1) and vials were vortexed
and then incubated on ice for 15 min. Vials were then centrifuged at 1000g at 4 °C. Distilled
water was then added (1 mg = 13 zL), followed by vortexing and centrifugation at 1000g.
Vials were stored at =20 °C overnight to allow the separation of the aqueous and organic
layers. The next day, the sample vials were centrifuged at 3000g at 4 °C for 10 min to
further separate the layers. Using a Pasteur pipet, approximately 550 s of the aqueous layer
was carefully transferred to a new glass amber vial and kept on ice. The samples were then
dried using a nitrogen dryer. The dried samples were stored at =80 °C and then resuspended
in 500 L of deuterium oxide (D,0) containing 0.05% of 3-
(trimethylsilyl)propionic-2,2,3,3-dj acid sodium salt (TSPdj). Each sample was then
transferred to high-quality NMR tube (5 mm outer diameter) for analysis.

One-dimensional proton (1D 1H) NMR spectra were collected with an Bruker 750 MHz,
AVANCE 11 spectrometer (Bruker BioSpin, Ettingen) using a double-resonance 5 mm
Inverse broadband (BBI) probe. The 1D 1H spectra of the tissue extractions were collected
using zgpr pulse, where pulse width of the 90° pulse was 7.6 /s and relaxation delay (RD)
was 8.0 s; number of repetitions (/) was 128. Water signal was suppressed by weak square
pulse on water peak during RD. Free induction decay (FID) was acquired in 65 536 data
points with a spectral width of 13 ppm, and FID acquisitions were accumulated 128 times to
increase the signal-to-noise ratio (SNR).

Spectra Processing and Metabolite Analysis

The one-dimensional H spectra were processed using Topsin 3.0 (Bruker). An exponential
line broadening of 0.3 Hz was applied prior to Fourier transformation. Spectra were phase
and baseline corrected automatically in Topspin and referenced to the TSP peak at 0.00 ppm.
The concentration of individual metabolites was fitted using Chenomx software manually
(version 8.3, Alberta, Canada). TSP with a concentration of 0.29 was used as the
concentration and chemical shift reference.
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Statistical Analysis

For all experiments, mean group values and standard errors were calculated and statistically
compared using GraphPad Prism (version 7, GraphPad Software, La Jolla, CA). Single time
point insulin concentrations in plasma and brain after IN vs SC administration were
compared by pairwise #test. Time-dependent blood glucose changes were compared by two-
way ANOVA with Bonferroni posthoc test. Alterations in brain energy metabolites were
each compared by #test. For all experiments, significance was defined as p < 0.05.

Pharmacokinetic parameters were calculated using WinNonlin (version 5.3, Certara, St.
Louis, MO). Area under the curve (AUC) was calculated by the log-linear trapezoidal rule
to the end of sample collection by noncompartmental analysis. Insulin £, was estimated in
plasma and brain using the first-order equation #, = 0.693/ K5, where Kz (elimination rate
constant) is the slope of the linear regression from the natural log percentage of substrate
remaining versus incubation time.”®
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Figure 1.
IN insulin achieves similar brain concentrations with reduced plasma concentrations relative

to SC insulin. Brain and plasma were harvested 1 h postadministration of vehicle or two
doses of subcutaneous (SC) insulin (0.24 and 2.4 1U) or intranasal (IN) insulin (2.4 1U) in
fasted mice. (Left) SC administration resulted in dose-dependent increases in insulin
concentrations in the brain that reached similar levels compared with IN insulin at the 2.4 U
dose. (Right) SC insulin at both doses yielded substantially larger increases in plasma
insulin concentrations compared with IN dosing (which did increase plasma insulin levels
above baseline). Values depict the mean + SEM. Comparison between treatment groups by
pairwise £test; *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant, n= 3-6/dose.
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Figure 2.
IN insulin achieves similar brain exposure with reduced plasma exposure relative to SC

insulin. Plasma and brain were harvested at multiple time points postadministration of
insulin (2.4 1U) delivered via the subcutaneous (SC) or intranasal (IN) route. SC
administration resulted in (right) substantially higher insulin exposure in plasma but (left)
comparable brain exposure relative to IN administration. Dotted line indicates lower limit of
detection (LLOD). Values depict the mean + SEM; open points indicate a mean value of
zero; n= 3-8/group.
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Figure 3.

IN insulin substantially improves the brain:plasma ratio relative to SC insulin. Brain to
plasma ratios of (left) Gyax and (right) AUC values obtained after subcutaneous (SC) and
intranasal (IN) insulin (2.4 1U) administration were calculated. IN administration resulted in
a greater than 200- and 2000-fold increases in the brain:plasma insulin Gy, and AUC
ratios, respectively. Values depict the mean + SEM or mean; 1= 3-8/group.
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Figure 4.
SC insulin induces severe hypoglycemia. Blood glucose was measured at multiple time

points postadministration of insulin (2.4 1U) via the subcutaneous (SC) or intranasal (IN)
route. SC administration resulted in significant and prolonged reductions in blood glucose
and death in about 10% of mice. IN administration of the same dose had no significant effect
on blood glucose. Values depict the mean + SEM. Blood glucose changes are compared by
two-way ANOVA with Bonferroni posthoc test; **p < 0.01 vs basal for SC; = 3/group.
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Repeated IN insulin administration increased brain concentrations of glucose and
phosphorylated energy metabolites. Tissue was harvested from mice after 9 days of daily
intranasal (IN) administration of vehicle or insulin (2.4 1U). Brain energy metabolites were
analyzed by NMR. IN insulin administration produced an increase in (top left) glucose and
(top middle) ATP as well as in (top right) the energy storage molecule phosphocreatine.
There was no change in (bottom left) ADP, but there was a corresponding reduction in
(bottom right) creatine. Values are depicted individually as well as the mean £ SEM.
Changes due to treatment are compared by £test; *p < 0.05, **p < 0.01; n= 7-13/group.
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