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Abstract

Accumulating evidence suggests that disrupted brain insulin signaling promotes the development
and progression of Alzheimer’s disease (AD), driving clinicians to target this circuitry. While both
traditional and more modern antidiabetics show promise in combating insulin resistance, intranasal
insulin appears to be the most efficient method of boosting brain insulin. Furthermore, intranasal
delivery elegantly avoids adverse effects from peripheral insulin administration. However, there
remain significant open questions regarding intranasal insulin’s efficacy, safety, and potential as
an adjunct or mono-therapy. Thus, this review aims to critically evaluate the present evidence and
future potential of intranasal insulin as a meaningful treatment for AD.

This article is part of the Special Issue entitled ‘Metabolic Impairment as Risk Factors for
Neurodegenerative Disorders.’
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1. The Alzheimer’s disease insulin connection

Alzheimer’s disease (AD) is hallmarked by amyloid beta (Ap) plaques, neurofibrillary
tangles, widespread cortical neuronal loss, and cognitive impairment (Selkoe, 2001; Hardy
and Selkoe, 2002; Igbal et al., 2016). Several lines of evidence converge to suggest that
central insulin resistance plays a causal role in the development and progression of AD (Ma
et al., 2009; De Felice et al., 2009). For instance, several landmark studies have revealed
reduced brain insulin receptor sensitivity and insulin receptor expression in post-mortem
AD brains (Steen et al., 2005; Moloney et al., 2010; Talbot et al., 2012). Additionally,
diabetes, a condition inextricably linked to insulin resistance, has also been identified

as a significant risk factor for developing AD. For instance, a recent meta-analysis of
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longitudinal population-based studies (involving 1,746,777 individuals) revealed that the risk
of AD is increased by roughly 50% in diabetics as compared to the general population
(Zhang et al., 2017). Further supporting this conclusion, extensive work has been done to
elucidate the specific mechanistic pathways underlying the connection (reviewed in Ferreira
et al., 2014; Biessels and Reagan, 2015; Vieira et al., 2017; Bloom et al., 2017). Thus, the
above evidence combines to advocate for central insulin resistance as a primary feature of
AD pathology.

With this in mind, ongoing clinical trials targeting AD primarily utilize therapeutics
designed to reduce brain insulin resistance (Bomfim et al., 2012; Talbot and Wang, 2014).
However, addressing brain insulin levels directly may also represent a viable complimentary
strategy for curbing AD pathology. Supporting this, reduced central insulin has been
observed in AD patients (Craft et al., 1998). In this context, great hopes have been attached
to the use of the intranasal delivery route to increase central nervous system (CNS) insulin.
With this in mind, the present review briefly describes the intranasal delivery method.
Thereafter, it critically evaluates the efficacy, safety, and future potential of intranasal insulin
in the treatment of AD symptomology.

2. Mechanisms of delivery

Animal studies have shown that insulin can be transferred, without compromising its
biological properties, along olfactory and trigeminal pathways to the brain via the nasal
route (Thorne et al., 1995, 2004, 2008; Liu et al., 2001; Ross et al., 2004; Ma et al., 2007;
Lochhead and Thorne, 2012; Renner et al., 2012a,b; Dhuria et al., 2016). The olfactory
nerve terminates in the olfactory bulb, while the trigeminal nerve enters the brain through
both the pons and the cribriform plate, allowing for drug delivery to both the anterior and
posterior regions of the brain (Lochhead and Thorne, 2012; Renner et al., 2012b). Transport
of substances along the olfactory and trigeminal nerve pathways is thought to occur through
both intracellular and extracellular mechanisms (Chapman et al., 2013).

As in animals (Salameh et al., 2015; Ramos-Rodriguez et al., 2017), intranasal delivery
appears to raise brain insulin levels in humans. In a study involving 36 healthy humans (9
female, 27 male, 25-41 years of age) (Born et al., 2002), cerebrospinal fluid (CSF) and
serum concentrations of insulin were measured dynamically within 80 min of intranasal
administration (40 international units (IU) regular human insulin) in samples of CSF and
venous blood. Predictably, CSF concentrations began to rise within 10 min of administration
and peaked after 30 min; however, serum concentrations remained unaltered (Born et al.,
2002). Interestingly, there are several studies in which acute intranasal insulin administration
was followed by a transient increase in serum insulin, as well as a reduction in plasma
glucose within the physiological range (Benedict et al., 2011; Heni et al., 2012; Brinner et
al., 2013; Thienel et al., 2017). However, these short-lived increases in serum insulin due to
intranasal insulin are substantially less problematic than the larger, more sustained increases
resulting from peripheral administration.

Several studies support the hypothesis that intranasal insulin reaches the brain in
physiologically relevant levels in humans. For instance, a single intranasal dose of 60 1U
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significantly changed brain activity 30 min post-administration in healthy men (Hallschmid
et al., 2004a). Of note, intranasal insulin increases resting-state functional connectivity
between the hippocampus and other regions of the brain, which may explain some of its
cognitive benefits (Zhang et al., 2015; Kullmann et al., 2017). Finally, in line with findings
in mice that brain insulin is anorexigenic and regulates whole-body energy metabolism
(Briining et al., 2000; Morton et al., 2006), intranasal insulin reduces body fat, alters CNS
processing of food cues, results in lower ad-libitum food intake, and improves peripheral
insulin signaling in humans (Hallschmid et al., 2004b; Benedict et al., 2008, 2011; Guthoff
et al., 2010; Hallschmid et al., 2012; Jauch-Chara et al., 2012; Iwen et al., 2014). While
these measures are not directly related to AD, combined with the above evidence they
indicate that intranasal insulin indeed reaches the CNS, and does so at therapeutically useful
concentrations.

3. Evaluation of efficacy

3.1. Animal studies

This section covers the effects of intranasal insulin on the core mechanisms involved in

AD (briefly summarized in Fig. 1). Several studies involving both cognitively healthy and
AD animal models have investigated the effects of intranasal insulin on CNS parameters
affected by AD. With respect to cognition, the vast majority of animal studies have produced
encouraging results. Both acute and repeated intranasal treatment with insulin, spanning
from days to several weeks, improve cognitive functions that typically deteriorate in AD.
Specifically, they produce significant improvements in spatial memory, working memory,
decision making, motor memory, and recognition of novel objects. Studies in both wildtype
and 3xTg-AD mice - a transgenic model of AD - demonstrate improved spatial memory
functions following treatment with intranasal insulin for =1 month (Apostolatos et al.,

2012; Mao et al., 2016). Similar improving effects on spatial memory are found after acute
intranasal delivery of insulin to another transgenic mouse model of AD, the SAMP8 mice
(Salameh et al., 2015). Of note, administration of insulin when given 5 min post training, but
not 24 h post training, boosted spatial memory in SAMP8 mice (Salameh et al., 2015). This
indicates that the timing of intranasal insulin administration may be critical in facilitating

its memory-improving effects. In separate experiments involving wildtype and 3xTg-AD
mice, repeated intranasal treatment with insulin mitigated acute and long-term impairments
in learning and retention of spatial memory that typically occur following anesthesia (Zhang
etal., 2016; Chen et al., 2017). Memory-improving effects have also been demonstrated for
other species, including cats and rats. For instance, in cats infected with post intracranial
feline immunodeficiency virus, treatment 5 days per week with intranasal insulin for six
weeks improved motor speed, gait variance, decision making, and motor memory (Mamik
et al., 2016). Thus, the weight of the evidence supports the efficacy of intranasal insulin to
improve cognition in animals.

There are, however, a minority of studies that do not support this conclusion. For instance,
the longest animal trial to date investigating intranasal insulin’s impact on memory
produced no significant effect on memory, as measured by odorant and object recognition
(C57BL6/J mice treated with daily intranasal insulin for 2 months) (Bell and Fadool, 2017).
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Additionally, in a rat model, intranasal insulin actually reduced performance in the Morris
water maze task (Anderson et al., 2017). However, such seemingly contradicting findings are
sparse.

The above-mentioned findings, with some exception, favor intranasal insulin for treating
cognitive deficits in patients suffering from AD. It is important, though, to additionally
examine whether intranasal insulin alters the turnover of brain metabolites that are involved
in the etiology of AD. In a study in 9-month old 3xTg-AD female mice treated acutely with
propofol, one-week treatment with daily intranasal insulin attenuated hyperphosphorylation
of tau, promoted brain insulin signaling, and led to up-regulation of protein phosphatase 2A,
a major tau phosphatase in the brain. Intranasal insulin also resulted in down-regulation

of several tau protein kinases, including cyclin-dependent protein kinase 5, calcium/
calmodulin-dependent protein kinase I, and c-Jun N-terminal kinase (Chen et al., 2014a).
These results were confirmed in older female wildtype mice treated with intranasal insulin
prior to anesthesia (Zhang et al., 2016), as well as in a type 2 diabetes rat model in which
intranasal therapy for 4 weeks markedly reduced tau hyperphosphorylation in the rat brain
(YYang et al., 2013). However, as with cognition, there is conflicting evidence regarding

its impact on brain metabolites. For example, one-week of intranasal insulin therapy in
3xTg-AD mice had no effect on CNS levels of total tau, tau phosphorylation, tau kinases
and tau phosphatase (Chen et al., 2014b). Additional studies in transgenic mouse models
of tauopathy, with longer duration of intranasal insulin therapy and follow-up, are therefore
needed to evaluate the therapeutic capacity of intranasal insulin to alter AD taupatholgy.

One week of daily intranasal insulin led to a 50% reduction of the Ap 40 levels in the
forebrains of 9-month-old female 3xTg-AD mice (Chen et al., 2014b). Further reinforcing
the idea that intranasal insulin may slow amyloidogenesis in AD, treating female 4.5-month-
old APP/PS1 mice for 6 weeks with daily intranasal insulin reduced amyloid plaques in both
the hippocampus and cortex, and lowered concentrations of soluble AB oligomers in the
brain (Mao et al., 2016). The latter finding is intriguing from a therapeutic point of view, as
soluble AB oligomers are considered the most neurotoxic form of Ap peptides in the brain
(Ferreira et al., 2007). Finally, treating six-month-old female Sprague-Dawley rats with daily
intranasal insulin for six days reduced hippocampal AB concentration (Subramanian and
John, 2012).

As indicated by animal studies, intranasal insulin may possibly exert positive effects on
additional neuropathological processes, thereby eventually curbing the development and
progression of AD. For instance, 9-month-old 3xTg-AD mice treated with a daily dose of
intranasal insulin for one week exhibited signs of reduced microglia activation and increased
levels of synaptic proteins (Chen et al., 2014b). A chronic activation of microglial cells is
hypothesized to result in neuroinflammation, and has been identified as contributor to AD
pathogenesis (Tejera and Heneka, 2016). On the other hand, a downregulation of presynaptic
and postsynaptic proteins has been proposed to be related to cognitive impairments in

AD (Reddy et al., 2005). These findings could thus be seen as an additional support for

the therapeutic potential of intranasal insulin. However, somewhat dampening enthusiasm,
repeated doses of intranasal insulin in 21-month-old male rats resulted in glial overactivation
(Anderson et al., 2017). Moreover, in contrast to robust effects seen after seven days of
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intranasal insulin (Marks et al., 2009), only modest effects on the activation of proteins
along the insulin downstream signaling pathway in the olfactory bulb of C57BL6/J mice
could be observed after 2-month of intranasal insulin therapy (Bell and Fadool, 2017). If
confirmed by future studies, the latter could suggest that neurons in the olfactory bulb
become less responsive to brain insulin under conditions of chronic intranasal insulin
therapy. Whether this is true for neuronal responses to insulin in other brain regions is
unclear.

3.2. Cognitively healthy humans

Studies in cognitively healthy humans have led to insights into the effects of acute and
long-term intranasal insulin administration on cognition. In first randomized controlled
proof-of-concept intervention trials involving either normal-weight or obese young adults
(<40 yrs old), 8 weeks of daily intranasal doses of regular insulin improved delayed recall
of word lists (Benedict et al., 2004; Hallschmid et al., 2008). This long-term effect was
even stronger when insulin aspart, a fast-acting insulin analog, was delivered via the nasal
route for 8 weeks (Benedict et al., 2007). More recent studies have even presented findings
suggesting that a single dose of intranasal insulin is already sufficient to improve cognitive
performance in cognitively healthy humans (Benedict et al., 2008; Novak et al., 2014;
Brinner et al., 2015). For instance, a single intranasal dose of insulin improved visuospatial
memory and verbal fluency functions in a sample of elderly non-demented type 2 diabetes
patients and aged-matched subjects (Novak et al., 2014), possibly as a result of increased
resting-state functional connectivity between the hippocampal regions and multiple regions
within the default mode network (Zhang et al., 2015). Whether intranasal insulin influences
tau metabolism and turnover of AR peptides in the circulation or in CSF has, however, not
thoroughly been investigated in cognitively healthy humans. The latter is quite important
given the long window of preclinical AD (Jack et al., 2013). To our best knowledge,

there is just one study in the literature in which 10 and 20 1U of insulin were effective

in reducing plasma concentrations of Ap42 levels in cognitively healthy elderly subjects
(mean age >70 years). This effect was only seen in those who did not carry copies of the
apolipoprotein E epsilon4 (APOE4) AD risk allele (Reger et al., 2008a). Whereas some
studies observed that plasma concentrations of AB42 concentrations were higher in subjects
at risk for future AD (Lue et al., 2017), others have shown that lower plasma concentrations
of AB42 concentrations were inversely correlated with brain A load (Lui et al., 2010). With
these conflicting data in mind, caution is warranted when concluding that reduced plasma
concentrations of AB42 levels upon intranasal insulin administration provide supportive
evidence for neuroprotective properties of nasal insulin.

To summarize, findings in cognitively healthy humans are encouraging in that they suggest
that intranasal insulin may, in a dose- and memory task-dependent manner, improve
cognition. It should be noted though that some studies report null-findings. For instance, in
cognitively healthy subjects aged >70 years used as controls for patients with mild cognitive
impairment (MCI, the prodromal state of AD) and AD, a single dose of intranasal insulin
(ranging from 10 to 60 IU) failed to improve attention, working memory, and story recall
(Reger et al., 2006, 2008a). Maybe even more alarming, a recent study in young adults (<30
years old) found that intranasal insulin, administered prior to sleep, impaired the acquisition
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of new contents in both the declarative and procedural memory systems on the next day
(Feld et al., 2016). Further complicating the story, the latter finding could suggest that the
direction in which intranasal insulin alters memory functions in humans may be subject to
circadian regulation. Finally, the vast majority of studies dealing with effects of intranasal
insulin on memory in cognitively healthy humans did not report adverse effects, except

for some reporting transient drops in plasma glucose (Benedict et al., 2008) and an acute
elevation of blood pressure (Benedict et al., 2005). At first glance, this speaks for a favorable
side effect profile of intranasal insulin in humans, at least in the long-term. On the other
hand, caution is warranted, as it cannot be ruled out that these studies did not thoroughly
monitor possible side effects during and after cessation of intranasal insulin intervention.

3.3. AD patients

The last decade has seen a surge in clinical trials for intranasal insulin in patients with
amnestic MCI and AD. The weight of the evidence, with some exceptions (Stein et al.,
2011; Rosenbloom et al., 2014), demonstrates that both acute and chronic administration

of various insulin formulations improves several aspects of cognition (Reger et al., 2006,
2008a,b; Craft et al., 2012, 2017; Claxton et al., 2013, 2015). This includes - but is not
limited to - verbal memory, memory savings, and selective attention. Moreover, cognitively
impaired patients treated with intranasal insulin exhibit signs of functional improvement
(Reger et al., 2008b; Craft et al., 2012). Noteworthy, while cognition of APOE4-negative
patients generally benefitted from nasal insulin (e.g. Reger et al., 2006; Reger et al., 200843;
Craft et al., 2012), in APOE4-positive patients, mixed results have been obtained. For
instance, while intranasal administration of regular insulin did not alter or even impair
cognitive functions (Rosenbloom et al., 2014), three weeks (but not 4 months) of daily
intranasal doses of insulin detemir improved cognitive functions in APOE4-positive patients
(Claxton et al., 2015; Craft et al., 2017). Adding further complexity, APOE4-negative
women and men exhibit different dose-response patterns. Cognition was generally improved
in men treated for 4 months with intranasal doses of 20 and 40 U regular insulin daily,
respectively. In contrast, APOE4-negative females’ cognitive performance declined over
time on the high but not low dose of insulin (Claxton et al., 2013). The mechanistic basis of
APOE-related treatment differences remains unknown.

In the largest study to date (Craft et al., 2012) involving 104 cognitively impaired

patients with either MCI or AD in which subjects were assigned to three study arms

(20 1U regular insulin daily; 40 IU regular insulin daily; placebo daily for 4 months),
intranasal insulin therapy improved delayed memory (in the 20 IU group) and preserved
caregiver-rated functional ability (both groups). Intriguingly, over the 4 month trial, the
parietotemporal, frontal, precuneus, and cuneus brain regions showed reduced progression
of hypometabolism in those treated with insulin (both doses) (Craft et al., 2012). Some of
these results were later confirmed in a smaller trial showing that intranasal administration of
regular insulin (40 U daily for four months) improved memory and preserved brain volume
(Craftetal., 2017).

Studies performed in MCI and AD patients have shown that intranasal insulin not only alters
cognitive functions but also levels of AD biomarkers in both the circulation and CSF. For
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instance, cognitively impaired patients treated with 20 1U of regular insulin (twice daily) for
21 days exhibited an increased AB40/42 ratio in blood, both under fasting and postprandial
conditions (Reger et al., 2008b). The increased ratio could indicate that less AB42 was
produced in the brain (and/or periphery). Alternatively, it could suggest that less AB42
reached the circulation due to increased deposition in the brain. In a separate clinical trial
testing the acute effects of four intranasal doses of regular insulin (10, 20, 40, or 60 1U),
higher doses were linked with increased plasma concentrations of Ap42 in APOE4 negative
patients. No such dose-response relationship was seen in patients with APOE4 (Reger et al.,
2008a). Finally, with respect to CSF AD biomarker profiles, daily intranasal doses of regular
insulin for 4 months affected neither tau nor Ap peptides in cognitively impaired patients
(Craft et al., 2012). These null findings could be confirmed in a smaller study (n = 36) in
that treating MCI and AD patients with daily doses of regular insulin did not alter CSF
concentration of AB42, tau, and tau-P181 (). The same study, however, found a lower ratio
of tau-P181 to CSF AB42 following regular insulin treatment relative to placebo (Craft et al.,
2017). The ratio of tau-P181 to CSF AP42 has recently been identified as a sensitive marker
of AD pathology (Harari et al., 2014).

4. Future potential

Cumulatively, the above findings support the use of intranasal insulin as a novel therapeutic
in the treatment of AD. However, by virtue of being favorable, these results also highlight
the need for follow-up research. As discussed, to date, the effects of intranasal insulin

have only been investigated in relatively smaller samples (treatment arms with less than 50
patients) for no more than 4 months. Additionally, gender, APOE genotype, and the type of
insulin formulation appear to considerably modify patient response. With this in mind, more
studies with longer durations and specific sample populations are needed to paint a clearer
picture of the connection between insulin and AD pathology.

One major point of exploration must be the impact of intranasal insulin on central insulin
receptor expression and sensitivity in AD. Chronic elevation of systemic insulin has been
linked to impaired insulin response in peripheral tissues (Shimomura et al., 2000). By
analogy, it is reasonable to speculate that in the long term, chronic intranasal administration
may produce similar adverse effects centrally. Long-duration trials that include a late-stage
test of acute brain insulin resistance could address this concern. Even such trials may

not go far enough: the extent to which dose timing and frequency impact central insulin
resistance is also a mystery. This despite the fact that, for instance, insulin sensitivity of
peripheral tissues exhibits a clear circadian pattern in healthy humans (Boden et al., 1996).
Additionally, the impact of dose frequency is poorly understood. With these thoughts in
mind, future trials investigating both timing and frequency may help to develop an optimal
dosing “schedule” that effectively balances efficacy and safety.

Finally, intranasal insulin’s potential as a combination treatment is obvious. Antidiabetics
such as GLP-1 agonists are designed to offset brain insulin resistance (Bomfim et al.,
2012; Talbot and Wang, 2014). Furthermore, antidiabetics facilitate an increased response
to insulin treatment (Ebinger et al., 2000). As one major concern with chronic intranasal
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insulin is its possible impact on brain insulin resistance, utilizing it in conjunction with
antidiabetics may help elucidate its full potential in the treatment of AD.
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Fig. 1.
Mechanisms involved in Alzheimer’s disease that are likely promoted by brain insulin
resistance and a lack of brain insulin and counteracted by intranasal insulin therapy.

Abbreviations: Ap, amyloid beta; AD, Alzheimer disease.

Neuropharmacology. Author manuscript; available in PMC 2023 September 27.

Neurodegeneration

Alzheimer’s disease



	Abstract
	The Alzheimer’s disease insulin connection
	Mechanisms of delivery
	Evaluation of efficacy
	Animal studies
	Cognitively healthy humans
	AD patients

	Future potential
	References
	Fig. 1.

