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Abstract

Centrally administered insulin stimulates the reward system to reduce appetite in response to food
intake in animal studies. In humans, studies have shown conflicting results, with some studies
suggesting that intranasal insulin (INI) in relatively high doses may decrease appetite, body fat,
and weight in various populations. These hypotheses have not been tested in a large longitudinal
placebo-controlled study. Participants in the Memory Advancement with Intranasal Insulin in Type
2 Diabetes (MemAID) trial were enrolled in this study. This study on energy homeostasis enrolled
89 participants who completed baseline and at least 1 intervention visit (42 women; age 659
years; 46 INI, 38 with type 2 diabetes) and 76 completed treatment (16 women, age 64+9; 38

INI, 34 with type 2 diabetes). The primary outcome was the INI effect on food intake. Secondary
outcomes included the effect of INI on appetite and anthropometric measures, including body
weight and body composition. In exploratory analyses, we tested the interaction of treatment with
gender, body mass index (BMI), and diagnosis of type 2 diabetes. There was no INI effect on food
intake or any of the secondary outcomes. INI also showed no differential effect on primary and
secondary outcomes when considering gender, BMI, and type 2 diabetes. INI did not alter appetite
or hunger nor cause weight loss when used at 40 I.U. intranasally daily for 24 weeks in older
adults with and without type 2 diabetes.
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Introduction

Insulin is a pancreatic hormone with important effects on metabolism. Insulin gains access
to the central nervous system (CNS) by binding to insulin receptors in the endothelial cells
of the blood-brain barrier (1) and with intranasal administration through extra-neuronal
transport in the olfactory epithelium (2). Insulin receptors are broadly distributed in the CNS
(olfactory bulbs, arcuate nucleus, hypothalamic paraventricular nucleus, suprachiasmatic
and periventricular regions), suggesting that peripheral insulin acts on hypothalamic nuclei
to control energy homeostasis (3). It has been proposed that states of peripheral insulin
resistance such as obesity or type 2 diabetes may also disrupt the central effects of insulin
possibly due to low levels of insulin delivered centrally (4) or due to insulin resistance in the
brain (5). Systemic use of Insulin Detemir has shown the potential to acutely activate brain
insulin signaling more than regular human insulin, and even overcome or restore central
insulin resistance observed in humans with obesity, possibly due to acute increase in brain
insulin concentrations (6). Of note, there seems to be a discrepancy between central and
peripheral insulin effects; peripheral insulin administration may actually promote weight
gain through anabolic effects on adipose tissue and/or by inducing hypoglycemia and thus
stimulating hunger(7). In contrast, animal studies have shown that centrally administered
insulin may act as an anorexigenic signal resulting in decreased food intake and body
weight. The intracerebro-ventricular administration of an insulin-mimetic has reduced food
intake and body weight in rats, altering the expression of hypothalamic genes known

to regulate eating behavior (8), but no similar studies have been performed in humans.
Intranasal insulin (INI) administration is an effective and safe method for direct drug
delivery to the CNS (2) in humans. In previous clinical studies evaluating the effects of INI
on energy homeostasis and food intake, results are conflicting. INI has inconsistently shown
to decrease appetite, reduce food palatability, or increase every expenditure. The effects
vary, and some are in the opposite direction, or vary according to sex and the population
tested, i.e. reduction of body fat in men but not in women (9), reduced food intake in obese
as compared to lean women (10), improvement of energy metabolism in healthy patients
but not in patients with type 2 diabetes (11). A recent crossover placebo-controlled trial
indicated that 160 1.U. of human insulin administered intranasally achieved reduction of
intake and reward value of cookies, and appetite in women (10). We aimed to determine
whether 40 1.U. of INI would have effects in terms of food intake and appetite levels as well
as body composition (i.e. body weight, fat and lean mass) in men and women between 50
and 85 years old including persons with and without diabetes. Participants from the Memory
Advancement by Intranasal Insulin in type 2 diabetes (MemAID) clinical trial were enrolled
in this study. The MemAID trial (12) was a randomized, placebo-controlled, double blind
study that examined the effects of daily administration of INI vs. placebo over 24 weeks,
followed by 24 weeks of post-treatment follow-up. We hypothesize that INI will promote
anorexigenic effects as evidenced by reduction in food intake which, sustained over time,
could lead to weight loss. Furthermore, as a proof-of-concept, we expected to see differences
in the effect of INI on energy homeostasis when adjusting or stratifying by gender and states
reflecting underlying insulin resistance, such as obesity and diagnosis of type 2 diabetes in
secondary exploratory analyses.
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Research design and methods

Design

The MemAID study was a two-center, randomized, double-blind, parallel design placebo-
controlled trial evaluating the long-term effects of 40 I.U. of human INI (Novolin® R

Novo Nordisk Inc., Baksvaerd, Denmark, off label use (13)) or sterile saline once daily
(12,14). Participants were randomized into four treatment arms (type 2 diabetes-INI, type 2
diabetes-Placebo, Control-INI, and Control-Placebo). The trial was conducted from October
6, 2015 to May 31, 2020 and it was approved by the US Food and Drug Administration
(FDA; IND#107690) and registered on www.clinicaltrials.gov (NCT02415556). MemAID
study was conducted at the Syncope and Falls in the Elderly (SAFE) Laboratory, Clinical
Research Center (CRC) at Beth Israel Deaconess Medical Center (BIDMC), and at the
Center for Clinical Investigation (CCI) at Brigham and Women’s Hospital (BWH). The
protocol was approved by the Committee on Clinical Investigation at BIDMC and BWH,
and all participants signed the informed consent. Participant enrollment in this study took
place from March 2016 to March 2018.

Study Population

Intervention

Participants between ages of 50 and 85 years able to walk for six minutes, used as a
minimum functional capacity index, were screened. Inclusion criteria were participants with
type 2 diabetes treated with non-insulin oral or injectable agents, participants without type
2 diabetes with fasting plasma glucose <126 mg/dL and HbAlc <6.5%, and being able

to provide informed consent. In this study, 38 participants with type 2 diabetes and 51
participants without type 2 diabetes were included. Exclusion criteria were type 1 diabetes,
insulin-treated type 2 diabetes, intolerance to insulin, history of severe hypoglycemia,
diagnosis of dementia or mini-mental state examination <20, current recreational drug or
alcohol abuse, acute medical condition that required either hospitalization or surgery within
the past 6 months and liver or renal failure or transplant. Participants took part in an on-site
screening session to ensure eligibility when informed consent was obtained. During this
visit, participants underwent a comprehensive review of medical history and medications,
physical examination, height, weight, waist and hip circumference measurements, and
blood sampling. Throughout the duration of this study, participants consented to undergo
measurements of body composition and caloric intake as part of MemAID study protocol.

and procedures

Volunteers were randomly allocated to receive 40 1.U. (0.4mL) of human insulin (rDNA
origin, Novolin® R, Novo Nordisk, Bagsveerd, Denmark) or placebo (0.4 mL bacteriostatic
Sodium Chloride 0.9% solution) in a blinded fashion. The BIDMC and BWH research
pharmacies performed sterility procedures, reconstituted study drug and di spensed Insulin
and matching placebo to avoid distinguishable characteristics. Participants were instructed to
self-administer INI/placebo intranasally, twice into each nostril, alternating sides once daily
before breakfast for 24 weeks using the ViaNase™ electronic atomizer (Kurve Technology,
Inc. Lynnwood, WA, USA)(14). This device dispenses 0.1 ml over 20 seconds in a single
dose. Participants recorded their INI/Placebo intake routine. Medication vials were stored

at approximately 2 to 8°C and were replaced every 10 to 12 days. Study compliance was
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assessed by self-reported device usage and by subtracting the amount of medication returned
in a given study visit to the amount of medication given in the prior visit. This active period
was followed by a 24 week observation follow up period on no active medication.

Four in-person assessments, eight weeks apart, were performed in the treatment and
follow-up periods. In preparation for assessment visits, participants recorded their food and
beverage intake specifying quantities, method of preparation, and brand names at the time
of consumption for any 2 weekdays and 1 weekend day between study visits. Participants
were asked to fast for at least eight hours before the study visit. During assessment visits,
volunteers had vital signs measurement and underwent blood sampling. Subsequently, INI
was administered and assessment of body composition, appetite feelings, anthropometric
measurements and collection of food diaries were performed. Bioelectrical impedance
analysis (BIA, 50 kHz) using the RJL Quantum Il (RJL Systems, Clinton Township,
Michigan) was used to measure lean mass (%), body fat (%), basal metabolic rate (BMR,
kcal), and total body water (TBW, %). Participants rated how they felt in relation to hunger,
satiety, nausea, desire to eat something salty, sweet, and savory, and the amount they could
eat at the moment by marking a vertical line on a 10 cm visual analog scales (VAS). After
administration of INI/placebo, continental breakfast was provided. VVAS were completed
three times per visit during the treatment period: 1) fasting before INI/placebo, 2) Fasting
after INI/placebo (within five minutes of administration of study drug), 3) Postprandial
after INI/placebo and two times per visit during the follow-up period: 1) fasting and 2)
postprandial. Study staff measured waist circumference at the level of iliac crests and
widest hip circumference. Caloric intake (kcal), total amount of food (gr), calories from fat,
carbohydrate and protein (%) were analyzed from 3-day food diaries. For the purpose of this
study, fasting serum glucose (mmol/l) and insulin (mU/1) levels were analyzed.

Randomization and group allocation

The randomization was done for each of the two sites (BIDMC, BWH). Within each

site, a subject was randomized to one of the four treatment arms. Block randomization

was used with three block sizes: 4, 8, and 12. The size of the block was randomly
determined by uniform distribution (e.g. if the random variable is less than 1/3, block

size of four was selected, between 1/3 and 2/3, block size of eight was selected, and

greater than 2/3, block size of twelve was selected). We expected the distribution of subject-
specific confounding variables to be similar across groups. The principal investigator, study
physicians, study staff, participants, and their health care providers were blinded to the
randomization. The principal investigator and the study physicians reviewed eligibility,
adverse events, outcomes, and provide approval for enrollment. The study staff conducted
the study procedures. The randomization code was generated by the study statistician (L.N.)
and was given to BIDMC and BWH study pharmacists.

Statistical methods

Statistical analyses were performed using SAS 9.4 software (SAS Institute, Cary, NC). Data
for continuous variables are presented as mean + SD when normally distributed or median
(interquartile range) when otherwise. Categorical variables are presented as numbers and/or
percentages. We evaluated the differences at baseline between study groups by one-way
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ANOVA, Wilcoxon rank-sum or Fisher exact test. On treatment analysis included data from
participants who completed baseline assessment and had data for outcomes of interest.
Linear mixed-effects model was used to assess the treatment effect of INI vs. placebo in
body composition, food intake, and anthropometric measurements over time as compared to
baseline, adjusting by time effect (Table 2). Intention-to-treat analysis was done to confirm
on-treatment analysis using the last observation carried forward method for all outcomes.
Because we anticipated that gender and states of insulin resistance such as obesity and

type 2 diabetes would play a role on the effect of INI on body composition and energy
expenditure, we evaluated the interaction effect of treatment (INI/Placebo) with body mass
index (BMI) categories, diagnosis of type 2 diabetes, and gender across time. To analyze
appetite feelings, the mean hunger and satiety score were calculated by treatment group at
week 0 (baseline), 8, 16, and 24 (treatment period) and the longitudinal trends of INI vs.
Placebo group are displayed in Figure 2. Graphical comparisons of salty, sweet, and fatty
food palatability, and amount can eat scores are available as supplementary material.

Baseline characteristics of study participants

Of the 402 participants assessed for eligibility, 154 (38.3%) were randomized. A total of 89
participants, 46 assigned to INI (19 with type 2 diabetes) and 43 to placebo (19 with type 2
diabetes), completed baseline and at least one follow-up visit and were included in the final
analysis. Of the 89 participants, 76 (38 INI, 38 placebo) completed treatment and 71 (35 INI,
36 placebo) completed follow-up (Figure 1, CONSORT). Age and gender were balanced
across study groups, overall baseline mean age was 65.2 years (SD 9.2) and 52.8% were
males. The majority of our cohort self-identified as white (75.3%), non-Hispanic (92.1%).
At baseline, 42.7% of the cohort had diagnosis of type 2 diabetes and 35.6% were obese.
Table 1 shows the baseline characteristics by treatment group and by diagnosis of type 2
diabetes. There were no differences in overall food intake among study groups at baseline.
Participants fasted for 12.7 hours (SD 2.4) before appetite assessments, mean hunger score
was 4.9 (SD 2.7) with no differences between INI and placebo groups. There were no
differences in other body composition measurements such as fat mass, lean mass, TBW,
and BMR in the whole cohort and within groups of participants with and without type 2
diabetes. No differences in BMI, weight, and waist circumference between INI and placebo
group were seen across study groups.

Longitudinal effects of INI on food intake, appetite, satiety, and food palatability

Participants in the INI group fasted for 12.5 + 2.2 hours and 12.5 + 2.4 hours in the placebo
group, in average. Food intake (median (interquartile range)) was 1,599 (671) kcal in the

INI group vs. 1,818 (948) kcal in the placebo group at baseline. During the intervention
period, INI group consumed 1,594 (721) kcal vs. 1,962 (1,090) by the placebo group, which
is 368 kcal less in the INI group, but this difference was not statistically significant (p=0.22).
There were no changes in overall food intake nor in preference of macronutrients in the

diet. Macronutrient palatability was similar between INI and placebo across the 24-week
intervention period as reflected by meal composition in terms of calories consumed from
carbohydrates, proteins and fat. Figure 2 displays the longitudinal effects of INI vs. placebo
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over 24 weeks of treatment and 24 weeks of follow-up on food intake, fat mass, BMR, and
weight.

During assessment visits, breakfast induced a sharp decline in appetite score and an increase
in satiety score. There were no immediate differences in perception of appetite feelings
between INI and placebo group after study drug administration. Fasting INI administration
did not alter appetite over time nor satiety ratings in relation to breakfast intake (Figure 3).

Longitudinal effects of INI in weight and body composition

On-treatment analyses (Table 2) of participants with data at baseline showed no differences
in weight, BMI or waist circumference between INI and placebo group. Estimated difference
in body weight, through linear mixed effect models, was 5kg lower in INI group as
compared to placebo during treatment period, but this difference was not statistically
significant when adjusting by time effect. Average weight in the INI group was 1.2kg less

at end of treatment compared to baseline and average weight in the placebo group was

0.6kg higher at end of treatment compared to baseline. Body composition measured by fat
mass, lean mass, and TBW remained steady during treatment period, with no longitudinal
differences in participants who received INI as compared to placebo. Participants underwent
follow-up assessments for 24 weeks after treatment discontinuation. There were no
differences in weight (p=0.14), BMI (p=0.19), BMR (p=0.96), fat mass (p=0.45), lean mass
(p=0.13), and energy intake (p=0.23) between INI and Placebo groups during post-treatment
follow-up.

Previous studies have shown mixed results of INI effects in men as compared to women and
in normal weight populations as compared to overweight and obese. In our cohort, women
had lower overall food intake and consumed less calories from carbohydrates, protein, and
fat as compared to men. In addition, women had lower weight, lower BMR, lower fat

mass, and lower TBW. As expected, participants with type 2 diabetes had higher weight,
BMI, and fat mass. Higher lean mass and BMR were also observed in participants with
type 2 diabetes. In addition, BMI was associated with BMR, fat mass, lean mass, and

TBW. The interaction of INI or placebo effect with gender, BMI, and diagnosis of type 2
diabetes was not statistically significant for all outcomes: anthropometric measures, body
composition, and food intake. Further on-treatment analyses showed no differences between
Diabetes-INI vs. Diabetes-Placebo groups in weight, body composition or energy intake.
When comparing INI vs. placebo within overweight/obese group, INI group weighted

8kg less than placebo group (p=0.02) at the end of the intervention period. However, the
estimated weight difference at end of intervention from baseline was 0.16kg less in INI
group vs. Placebo group. There were no differences in BMI, BMR, fat or lean mass, and
food intake. Results from on-treatment analyses were confirmed when adjusting by missing
data through intention-to-treat analysis using last observation carried forward (supplemental
material).

Discussion

In this study, we report a null effect of long-term (24 weeks) daily administration of 40
I.U. of INI once daily on food intake, appetite, and weight in older adults. Similarly, there
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were no differences in the effect of INI when comparing men to women, obese to lean
participants, and diagnosis of type 2 diabetes. The lack of INI effects on body weight,
BMI, glucose and HbAc is consistent as seen the whole cohort of the MemAID trial
(12). To date, this study assesses the largest reported sample size and longest treatment
duration allowing better understanding of the effect of INI on energy homeostasis, as well
as providing new evidence for the possible usage of INI to treat obesity and metabolic
disorders.

Existing data on the effect of INI on energy metabolism have been conflicting. In human
studies, INI has shown to modify weight and food intake in particular populations and
settings but its effect, if any, has been variable and primarily shown only in subgroups

of study participants. For instance, three studies (10,15,16) with sizes ranging from 17

to 35 participants found that one time administration of 160 1.U. of INI regulates energy
homeostasis centrally acutely in women: one showed modulation of intrinsic brain activity
in the hypothalamus and orbitofrontal cortex, which is associated with the rewarding
properties of food, in 17 healthy lean women (15). Other study found decreased appetite,
food intake, and palatability after INI administration in 30 healthy women in postprandial
state only (16) and another showed similar results but only in women with obesity, when
comparing 17 obese vs. 35 lean women (10). When including men and testing the effect of
INI as compared to women, existing evidence suggests that women do not benefit from 160
I.U. of INI in terms of body weight and energy consumption. One study showed that 160
I.U. of INI decreased food intake in 14 men but not in women(17), another showed that after
40 1.U. of INI 4 times daily for 8 weeks (160 1U daily) only men lose weight and reduced fat
mass whereas women gained weight due to increased total body water. Of note, in this study
that included 24 men vs. 16 women, hunger ratings decreased overtime but not acutely after
INI use and there were no changes in energy expenditure overall (17).

In contrast, another study found that 40 I.U. of INI increases brain levels of adenosine
triphosphate and phosphocreatine and lowered calorie intake in 15 healthy young men

(18). There is also controversy on how humans with different degrees of peripheral insulin
resistance respond to INI administration. Healthy overweight participants (30 young males)
displayed reduced regional cerebral blood flow (CBF) after 160 1.U. of INI as compared

to normal weight in regions involved in gustation, memory and reward in one study (19).
Another study showed that 23 obese/overweight participants had increased CBF 30 minutes
after 160 1.U. of INI use as compared to 25 lean participants but when adjusting for sex,
only lean men showed a reduction of high-caloric food palatability as compared to the obese
group (20). Two other studies found that 160 I.U. of INI induced lower food intake and
body weight only in lean but not in overweight individuals, each with a sample size of

10 to 15 individuals (21,22). Recently, a functional MRI study measuring blood oxygen
level-dependent (BOLD) signal in response to visual food cues after 1601U of INI showed
food-cue reactivity in the amygdala and insular cortex with interactions between sex and
obesity. Women showed higher BOLD activity than men in response to central insulin, and
particularly normal weight men and women with overweight showed an increase in central
insulin-induced BOLD response in the insula (23). In terms of age, 160 1.U. showed no
difference of INI effect on appetite, food intake, and energy expenditure between young
and older adults (24,25). Overall, sample sizes in these studies have ranged from 10 to 30
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participants in each group of interest and the largest study included 54 participants in total.
Notably effects on body metabolism were only observed at a dose 1601U of INI, a four times
higher than in our study.

Herein, we report no decrease in food intake, fat mass, lean mass, and weight after

chronic administration of 40 I.U. of human Insulin (Novolin®) and that any INI effect
lacked statistical significance when comparing with placebo and adjusting for time in 89
participants. Furthermore, our study did not find a significant interaction between the central
effect of INI with states of peripheral insulin resistance such as high BMI and diagnosis

of type 2 diabetes, nor differences between INI and placebo within diabetes and overweight/
obese groups. The effect of INI was tested over 24 weeks of treatment, when including

38 participants with overweight (BMI = 25kg/m?), 32 participants with obesity (BMI >

30 kg/m?2), and 38 participants with diagnosis of type 2 diabetes. In addition, we did not
observe differences among gender. In this present study, participants had access to food ad
libitum as they were logging the amount and food kinds according to their likes at home;
this allows the assessment of overall changes in eating habits while on INI therapy. We did
not observe differences in hunger or satiety scores between INI and placebo group acutely,
and no changes in appetite after 24 weeks of daily administration of 40 I.U. of INI as
compared to baseline. The MemAID trial had a study compliance of 78% with participants
self-reported medication device usage >65% (>109 days)(12).

Insulin receptors in the CNS are predominantly present in the olfactory bulb, cerebellum,
and the arcuate nucleus of the hypothalamus which is known to be involved in
neuroendocrine functions [4]. When adiposity signals reach the arcuate nucleus, pro-
opiomelanocortin (POMC) neurons suppress food intake (27). Prior studies in rodents

have shown that centrally administered insulin increases the expression of POMC by

the activation of phosphoinositol-3 kinase pathway (28), which in turn may result in
anorexigenic behavior. Brain insulin sensitivity correlates with adiposity as increased insulin
peripherally results in chronic exposure of the hypothalamus to high insulin levels with
subsequent over-activation of insulin receptors and development of hypothalamic insulin
resistance (29). One of the key concepts that has gained attention as a potential way to
overcome obesity is the conversion of white adipose tissue (WAT) to brown adipose tissue
(BAT) and the role of CNS-mediated signals on this interaction. BAT requires high-energy
substrate from the oxidation of fatty acids for thermogenesis whereas dysfunctional WAT

(as in obesity) generates excess of free fatty acids, inflammation, and insulin resistance due
to inadequately high lipolysis (30). In animal studies, the administration of Insulin in the
CNS suppressed sympathetic nervous outflow to WAT (31) suppressing lipolysis, stimulated
higher uptake of fatty acids, and WAT browning (32). Importantly, Brain insulin also showed
to decrease food intake in baboons (33), chickens (34), and marmots (35) but mixed results
in rats (8,36). In humans, some studies showed that INI might decrease lipolysis (37) and
circulating free fatty acids (11,38,39), and cause acute reduction in hepatic lipid content after
INI administration in men (11). Other studies showed no change in hepatic lipid content
after 4 weeks of INI administration (40), and unchanged triglyceride-rich lipid particle
production in the constant-fed state or clamp conditions (39). Ultimately, INI use has not
resulted in fat mass reduction in most studies and when loss of fat mass and body weight
was achieved, no concomitant change in energy expenditure was present (9). Animal models
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have been more conclusive and consistent than translational human models thus far, which
suggests that physiologic mechanisms behind the effect of INI administration on metabolism
in humans differ from animals and need further investigation.

A limiting effect that could play a role in the reproducibility of results across existing
clinical trials in humans is the dosage of INI used. Most clinical trials assessing the

effect of INI on energy homeostasis have been conducted using a single dose of 40

to 160 1.U. (15,16,18,20,24,25,37,41-45). Studies in mice have showed an elevation of
reward thresholds by directly applying low doses of insulin in the ventral-tegmental area
and a modulated food intake without affecting reward-related behavior at higher doses

of insulin (46). In humans, the MemAID study evaluated the INI effect on resting-state
functional connectivity (rsFC) in medio-prefrontal cortex (mPFC) through blood oxygen
level dependent (BOLD) fMRI scans. We showed that after 24 weeks of treatment, 40 1.U.
of INI increased resting state mPFC-postcentral rsFC and decreased mPFC-cerebellum rsFC
suggesting the potential effect of INI on decision making and goal-oriented behaviors (12),
confirming results of an improved connectivity between hippocampus and default mode
network regions (47). A prior placebo-controlled fMRI study looked at the effect of 40,

100 and 160 1.U. of INI on the functional connectivity of the dopaminergic midbrain in 42
men (48). The connectivity between the dopaminergic midbrain and ventromedial prefrontal
cortex (vmPFC) was modulated equally by doses of 40 and 160 I.U. in individuals with
high insulin sensitivity and in those with low insulin sensitivity, the connectivity modulation
was still significant but at a slower increase. Doses of 160 1.U. of INI have been associated
with mild tingling and burning sensation in the nose and with changes in plasma glucose
and insulin levels (24) indicating local and systemic effects. The results hereby presented
are the product of daily administration of 40 I1.U. of human insulin for 168 days. INI was
well tolerated and all reported adverse events were self-resolving with no sequelae (12). The
mechanism of why low and high doses of insulin seem to act equally when administered
centrally remains to be understood.

In the elderly, similar insulin binding to adipocytes and monocytes than in nonelderly groups
has been observed through euglycemic clamp monitoring, which suggests the presence of

a post-receptor insulin action defect causing both a decrease in peripheral glucose disposal
and a rightward shift in the dose-response curve of insulin action (49). Therefore, it could

be argued that older age represents an even state of insulin resistance across our study
population. The degree of peripheral insulin sensitivity might affect the response to central
insulin, as is the case of a prior study where participants with higher insulin sensitivity
showed an increase activation in the insular cortex in response to INI (23). This could be
further assessed in future studies by contrasting BMI and type 2 diabetes among younger
adults.

Strengths of this study are its large sample size that included a diverse pool of participants
such as individuals with and without type 2 diabetes, with obesity, healthy lean, and both
men and women. We also performed a detailed assessment of energy metabolism: intake
through food diaries, expenditure by bioelectrical impedance, perception of appetite and
satiety through VAS, and periodic body measures, all of them recorded at baseline, during
intervention, and during post-intervention follow-up period.
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A limitation of the present study is missing data reflected in the different samples sizes
across groups depending upon the outcome under evaluation (Table 1.). Our study entailed
a multipart protocol involving in-person visits every four weeks and completion of 24-hour
food intake logs for a total of 21 days over 48 weeks of study participation, which hindered
adherence to the protocol. We handled missing data by including intention-to-treat analysis
through last observation carried forward as part of our analyses obtaining the same results
than in on-treatment analyses. There was no estimation of the sample size needed to achieve
statistical significance given lack of prior data testing the effect of INI at a dose of 40 IU that
could be used to perform power calculations. An empirically chosen number of 34 subjects
per group would provide an 80% power at the two-tailed p-value of 0.05 to demonstrate a
0.5 effect estimate i.e. ratio of mean difference between the groups over standard deviation.
In contrast, an empirically chosen a number of 46 subjects per group which would provide
a 90% power at the two tailed p-value of 0.05 to demonstrate a 0.5 effect estimate i.e.

ratio of mean difference between the groups over standard deviation. Differences, albeit
non-significant, in weight and energy intake in the INI as compared to placebo group might
be of clinical relevance if future larger studies demonstrate significant effects with the doses
and mode of administration used herein. However, given our sample size and characteristics
of study participants, it remains uncertain if any outcome changes correspond to INI effect
and these hypotheses remain to be fully explored by larger future studies A dose response
curve of INI effects on body metabolism may be needed to determine if any effects could be
seen at higher INI doses.

Conclusion

Research in animals has underscored the role of brain insulin on the regulation of appetite,
but data in humans are inconsistent despite initial hopes that intranasal insulin would
translate into lower food intake and ultimately weight loss. Using intranasal administration
of insulin is a promising effective method of direct drug delivery to the CNS. In our study,
40 1.U. of INI did not regulate appetite or peripheral energy expenditure and could not
correct insulin resistance in participants with type 2 diabetes. This influences the way we
understand and approach INI for the treatment of obesity and provides further insight in
the selection of individuals who would not respond to INI by regulating eating behavior
and achieving weight loss. Future large and inclusive (i.e. women and men, as well as
individuals with and without type 2 diabetes) studies looking into a dose-response curve of
more than 40 1.U. and its effect on measures of energy homeostasis and fMRI in humans
are needed. The scientific community should continue to dive in potential pathways and
therapies involved with rewarding of food and change on dietary habits to continue to battle
obesity. In addition, to identify different phenotypes of obesity and individualize therapies
according to the degree of metabolic disease associated with obesity (50,51). The ultimate
goal is to reduce the prevalence of obesity which has affected nearly 40% of adults in the
US over the last decade and is a significant risk factor for poor health outcomes and higher
mortality.
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248 Screening Failures
22 Inclusion criteria not met
101 Exclusion criteria met

89 Mot interested
29 Other reasons
2 Withdrew consent

154 Randomized

5 Investigator terminated

65 Not analyzed

33 DC before first follow-up
32 Missing follow-up data

38 DIABETES <—

89 Analyzed

——> 51 CONTROL

46 INI

|

43 PLACEBO

8 DC before treatment
7 Withdrew consent
1 Investigator decision
0  Lost to follow-up

5 DC before treatment
2 Withdrew consent
2 Adverse event
1 Lost to follow-up

— 38 COMPLETED TREATMENT 38 COMPLETED TREATMENT <
3 DC post-treatment 2 DC post-treatment
3 Lost to follow-up 1 Lost to follow-up
0 Investigator decision 1 Investigator decision
~> 35 COMPLETED FOLLOW-UP 36 COMPLETED FOLLOW-UP <

Figure 1.

CONSORT diagram. INI, intranasal insulin; DC, discontinued.
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Figure 2.

Weeks

16 24 32 40 48
Weeks

Mean and SD at each study visit for INI (red bars) and placebo (black bars). There was no
differences between INI and Placebo groups on energy intake, basal metabolic rate, weight
and fat mass over 24 weeks of treatment and 24 weeks of follow-up. P-values are derived
from linear mixed-effect models testing differences between 40 1.U. of INI and placebo after
24 weeks of treatment adjusted by time. Underlined weeks in x-axis corresponds to weeks

on treatment.
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Figure 3A.
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Figure 3B. Baseline - Week 0 Intervention period - Week 8
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Figure 3. 3A) Hunger 3B) Satiety.
Values are mean scores of visual analogue scales (VAS) ratings. For panels at baseline (week

0), “Fasting” is before breakfast and “Postprandial” is after breakfast. For panels during
intervention period (week 8 and week 16) and at end of intervention (week 24), “Before” is
before breakfast and before INI/placebo; “After” is before breakfast and after INI/Placebo;
“Postprandial” is after breakfast and after INI/Placebo. There was no difference between INI
and placebo groups at any of these time points. Red line=INI; black dashed line= placebo.
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For continuous variables, data are means (standard deviation) or medians (interquartile range). For categorical
variables, n7was used. Comparisons between INI and Placebo groups in the whole cohort and among
participants with and without diagnosis of Diabetes were not statistically significant. Differences were tested
by Wilcoxon rank-sum test, analysis of variance, or Fisher exact test as appropriate to determine differences at
baseline between INI and placebo within each group. Intranasal Insulin (INI), African-American (AA), Body
Mass Index (BMI), Basal Metabolic Rate (BMR), Fasting Plasma Glucose (FPG), Fasting Plasma Insulin

(FPI).

All Participants

With Diabetes

Without Diabetes

Demographics INI Placebo INI Placebo INI Placebo
n=46 n=43 n=19 n=19 n=27 n=24
Age, years 65.5 (8.8) 64.7 (9.6) 63.5 (7.3) 62.9 (9.4) 66.9 (9.7) 66.2 (9.8)
Sex, . Male, Female 21,25 26, 17 8,11 13,6 13,14 13,11
Race, /7 White, AA, other 38,7,1 29,10, 4 15,4,0 8,8,3 23,31 21,2,1
Eﬁg;gﬂ}g . Hispanic, Not 2,44 5,38 1,18 3,16 1,26 22,2
ggg;;org%?r?gic n=46 n=43 n=19 n=19 n=27 n=24
Weight, kg 791 (13.4) 83.9 (19.5) 84.9(136) | 92.2(188) 749 (11.8) 772 (17.6)
BMI, kg/n?? 28.5 (5.0) 29.9 (6.6) 312 (5.0) 327 (7.5) 265 (4.1) 27.5 (4.6)
Waist circumference, cm 101.1 (12.5) 103.6 (18.1) 109.7 (9.6) 109.7 (17.0) 95.1 (10.8) 98.7 (17.8)
Hips circumference, cm 105.8 (11.1) 1077 (11.9) | 1145(125) | 1103(133) | 1025@8) | 105.7(10.5)
Body composition n=29 n=31 n=15 n=16 n=14 n=15
Fat mass, kg 255 (9.3) 27.2 (12.3) 273(9.2) 31.9 (12.8) 23.7 (9.5) 222 (9.8)
Lean mass, kg 53.9 (12.1) 58.7 (12.1) 56.9(139) | 62.2(10.0) 50.6 (9.3) 54.9 (13.3)
Body water, % 52.5(45.0-56.4) | 54.1(459-56.7) | 53.1(149) | 53.2(11.9) 499 (11.1) 54.9 (9.9)
BMR, kcal 14945 (249.8) | 1580.3(280.6) | 1572(273.8) | 1703.6 (224.0) | 1410.7 (197.5) | 1467.3 (308.3)
Food intake n=41 n=35 n=17 n=14 n=24 n=21
Energy intake, kcal 17682'87(71%8)9'5‘ 17042'87%31'5‘ 1574 (500) | 16353 (478) | 1862(671.3) | 1808.6 (701.9)
Calories from fat, kcal 5873025;.‘3)9-5‘ 628-70825’2)4-9‘ 635.7 (286.9) | 653.7 (203.8) | 684.3(222.0) | 631.7 (295.1)
2?;‘/’”65 from carbohydrates, 795992(()(_53)7 4= 8051?2(5’_%2)'3‘ 659.9 (238.8) | 807.2(296.9) | 916.7(384.2) | 926.7 (380.3)
Calories from protein, kcal 285555235)8'6‘ 277'355g2_71)‘"7‘ 209.0 (122.1) | 3516 (140.7) | 319.0(128:6) | 283.0(138.9)
Appetite assessment n=46 n=42 n=19 n=19 n=27 n=23
Hunger — fasting, score 5.0 (2.6) 4.8 (2.9) 5.5 (2.3) 4.9 (3.0) 4.6 (2.8) 4.7 (2.9)
Satiety — Postprandial, score 6.7 (2.8) 6.7 (2.8) 6.5(3.1) 5.5(3.4) 6.8 (2.6) 7.8 (1.5)
Hours of fasting 12.8 (2.4) 12.9 (2.5) 12.6 (2.2) 13(1.9) 13 (2.5) 12.8 (2.9)
Metabolic profile n=46 n=43 n=19 n=19 n=27 n=24
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FPG, mg/dL 1011-‘2’8(%?8‘ 96-101(()88)-0‘ 12.2 (1) 13.3 (16.9) 92 (12) 90 (12)
FPI, mU/L 95(63-165) | 100(69-163) | 131(73) 117 (46) 75 (4.4) 77 (4.2)
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Table 2.

anthropometric measurements, body composition, and food intake.

Page 20

Linear mixed-effect models testing for differences between the effect of INI and Placebo over 24 weeks of
treatment. Variance was estimated using restricted maximum likelihood technique and results are displayed as
estimate (standard error of estimate). P-values are derived from the interaction between covariates, gender,
diagnosis of diabetes, and BMI, and treatment effect. INI (intranasal insulin), SE (standard error), Body Mass

Index (BMI).
Interaction effect by
INI vs. Placebo
Qutcomes Gender | Diagnosis of Diabetes BMI
n Estimate (SE) | p-value | p-value p-value p-value
Anthropometric measurements
Weight, kg 89 -5.0 (3.5) 0.16 0.28 0.50 -
BMI, kg/m? 89 -15(1.2) 0.22 0.44 0.91 -
Waist circumference, cm 89 -2.3(3.2) 0.48 0.29 0.67 -
Body composition
Basal metabolic rate, kca/ 60 | -113.6 (71.4) 0.12 0.67 0.46 0.45
Fat mass, kg 60 -2.2(2.8) 0.44 0.96 0.43 0.23
Lean mass, kg 60 -4.7 (3.2) 0.14 0.73 0.63 0.89
Total body water, % 60 -0.8 (1.8) 0.65 0.72 0.79 0.48
Food intake

Energy intake, kcal/ 76 | -150.9 (122.7) 0.22 0.25 0.31 0.49
Calories from carbohydrates, kcal | 76 —-94.1 (69.6) 0.18 0.75 0.40 0.84
Calories from proteins, kcal 76 -37.9(25.9) 0.15 0.14 0.10 0.38
Calories from fat, kcal 76 -15.2 (46.1) 0.74 0.26 0.66 0.17
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