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The brain is a major target of circulating insulin. Enhancing central nervous insulin action has been shown to
improve memory functions in animals as well as in humans, benefitting in particular hippocampus-
dependent (declarative) memory. As Alzheimer's disease (AD) is associated with reduced central nervous
insulin signaling and attenuated permeation of blood-borne insulin across the blood-brain-barrier, the
cognitive decline in AD patients may at least in part be derived from impaired brain insulin signaling. Thus,
therapeutic strategies to overcome central nervous system insulin deficiency and resistance might be an
attractive option in the treatment of cognitive impairments like AD. Insulin can be effectively delivered
directly to the brain via the intranasal route that enables the hormone to bypass the blood-brain barrier and
modulate central nervous functions. This review summarizes a series of studies demonstrating beneficial
effects of intranasal insulin on memory functions both in healthy humans and in patients with cognitive
impairments such as AD. These experiments in humans consistently indicate that enhancing brain insulin
signaling by intranasal administration of the hormone improves hippocampus-dependent memory in the
absence of adverse side effects. Considering that insulin also acts as a neuroprotective signal, up-regulating
brain insulin levels by intranasal insulin administration appears to be a promising approach in the treatment
and prevention of central nervous system insulin deficiency and resistance as found in AD.
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1. Introduction

The successful isolation of insulin from the pancreas and the
demonstration that the hormone effectively normalizes blood glucose
levels in near-fatal cases of diabetes were milestones of modern
medical science (Banting and Best, 1922). Because brain glucose
metabolism appeared to be unaffected by insulin [for instance, see
(Park and Johnson, 1955)], the central nervous system (CNS) for a
long time was considered to be an insulin-independent organ.
However, the discovery of insulin and its receptors in the CNS nearly
six decades after the first purification of the hormone vitiated this
assumption (Havrankova et al., 1978b). In the meantime, it has been
shown in a number of different species including humans that
enhanced brain insulin signaling decreases food intake and body
weight, pointing to an important physiological role of the hormone in
the CNS [(Woods et al., 1979; Hallschmid et al., 2004a), for review, see
(Porte et al., 2005)]. Insulin, reaching the brain via a receptor-
mediated, saturable transport system (Woods et al., 2003), along with
leptin provides the CNS with negative feedback on body fat stores,
thus essentially contributing to the central nervous control of body
weight. Also, high densities of insulin receptors are present in the
hippocampus (Havrankova et al., 1978a), a structure that is highly
relevant for the formation of declarative memory, i.e., the conscious
retention and recollection of facts and events (Squire and Zola, 1996).
The assumption that insulin thus may influence declarative memory
functions was corroborated by reports showing that the direct
administration of insulin into the CNS acutely improves hippocam-
pus-dependent memory tested during a passive avoidance task in rats
(Park et al., 2000) and that higher as compared to lower doses of i.v.
insulin enhance declarative memory functions in healthy men (Kern
et al., 2001).

Remarkably, patients suffering from Alzheimer's disease (AD)
often display disturbed cerebral glucoregulation as indicated by the
progressive reduction of brain glucose metabolism observed in
positron emission tomography studies (Mosconi et al., 2009). They
also show reduced brain insulin receptor activity along with lower
cerebrospinal fluid (CSF) insulin levels and peripheral hyperinsuline-
mia (Craft et al., 1998; Zhao and Townsend, 2009) and attenuated
insulin and insulin-like growth factor expression (Steen et al., 2005),
suggesting that impaired brain insulin signaling plays a critical role in
the loss of memory functions associated with this disease. Against this
background, raising CSF insulin concentrations may be expected to
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Fig. 1. Intranasal insulin improves memory in humans [data from (Benedict et al.,
2004)]. Immediate and delayed word list recall in healthy humans following 7
(immediate recall) and 8 weeks (delayed recall) of intranasal administration of regular
human insulin (160 IU/day, black bars, n=19) and placebo (white bars, n=19),
respectively. Immediate recall was tested 3 min after the auditory presentation of 30
nouns (e.g., car, tree, and chocolate). Delayed recall of the same list of nouns was tested
after one more week of treatment. Baseline adjusted means±SEM are indicated.
*P≤0.05, for pairwise comparisons between groups.
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counteract AD related memory deficits. Supporting this assumption,
enhancing brain insulin levels in AD patients by intravenous insulin
administration has been shown to acutely improve performance on a
verbal (i.e., hippocampus-dependent) memory task (Craft et al.,
1996). However, owing to the strong peripheral side effects of
intravenous insulin infusion, notably hypoglycemia, and the fact that
high systemic doses would be needed to achieve functionally effective
insulin concentrations in the CSF, this mode of administration is not
viable in the clinical setting. In contrast, the intranasal route may be a
promising approach enabling the selective elevation of central
nervous insulin levels while avoiding adverse side effects (Born
et al., 2002; Francis et al., 2009).

2. Intranasal delivery of substances to the brain

The blood-brain barrier (BBB) is a natural barrier protecting the
brain from damage by harmful substances that might be ingested or
otherwise enter the blood stream. Intranasal administration circum-
vents the BBB to rapidly and directly deliver therapeutics to the CNS.
The olfactory region has unique anatomic and physiologic attributes
that provide both extracellular and intracellular pathways into the
CNS that bypass the BBB (Thorne et al., 1995; Illum, 2000; Hanson and
Frey, 2008; Dhuria et al., 2010). Olfactory sensory neurons are the
only first order neurons whose cell bodies are located in a distal
epithelium. Their dendrites are directly exposed to the external
environment of the upper nasal passage while their axons project
through perforations in the cribriform plate of the ethmoid bone to
synaptic glomeruli in the olfactory bulb. Previously, we have
demonstrated that intranasal administration of insulin provides direct
access of the hormone to the CSF within 30 min without substantial
uptake into the bloodstream (Born et al., 2002). Given that
intraneuronal, axonal transport requires hours to days for substances
to reach the brain (Thorne et al., 1995), it is more plausible to assume
that intranasal insulin, passing through intercellular clefts in the
olfactory epithelium, diffuses into the subarachnoidal space and is
rapidly delivered to CSF (Born et al., 2002) and brain tissue (Francis
et al., 2008, 2009) via bulk flow transport (Thorne and Frey, 2001)
through perineural channels (Dhuria et al., 2010). In addition to the
olfactory pathway, insulin, insulin-like growth factor-I and other
therapeutics have also been shown to be rapidly transported from the
nasal mucosa to the brain along the trigeminal neural pathway
(Francis et al., 2008; Ross et al., 2008; Thorne et al., 2008, 2004).

Experiments in humans have shown that intranasal insulin exerts
rapid effects on EEG parameters (Hallschmid et al., 2004b). Such
changes are roughly comparable to those induced by intravenous
bolus injections of the hormone, indicating that following intranasal
administration, a significant amount of the applied dose reaches the
brain in a functionally active state (Hallschmid et al., 2004b).

3. Intranasal insulin improves memory in healthy humans

Intranasal administration of insulin has repeatedly been demon-
strated to improve memory functions relying on the hippocampus
that displays a high density of insulin receptors (Havrankova et al.,
1978b). In a human study (Benedict et al., 2004), we assessed the
effects of intranasal insulin on memory performance in 38 healthy
young volunteers who were intranasally administered either placebo
or insulin (160 IU/d) during an eight-week treatment phase. At the
beginning and end of treatment, lists of 30 nouns (e.g., tree, father,
and chocolate) were orally presented to the subjects. In addition to an
immediate recall 3 min after presentation of the words, in a delayed
recall session taking place one week later subjects wrote down all
words they still remembered. Whereas immediate recall performance
was unaffected by seven weeks of pretreatment with intranasal
insulin, subjects of the insulin as compared to the placebo group
remembered significantly more words one week after the presenta-
tion (Fig. 1). In a further study (Benedict et al., 2007), we focused
on the effects of intranasally administered insulin aspart on
hippocampus-dependent memory, applying the same study design
as described above (Benedict et al., 2004). After subcutaneous
administration, insulin aspart is more rapidly absorbed than regular
human insulin (Kang et al., 1991) due to faster dissociation from
hexamers into monomers and dimers (Brange and Volund, 1999).
Accordingly, we hypothesized that insulin aspart would access the
brain compartment with higher efficiency than regular insulin and
exert stronger effects on memory function. After 8 weeks of
treatment, delayed word list recall as compared to placebo treatment
was significantly improved in both the insulin aspart and regular
human insulin groups. In line with our hypothesis, insulin aspart-
treated subjects performed even better than those of the regular
human insulin group. Recent data indicate that the memory-
improving effects of acutely administered insulin are more pro-
nounced in women than in men, pointing to the potential relevance of
gender differences in the emergence of central nervous insulin effects
(Benedict et al., 2008).

4. Intranasal insulin improves memory function in AD patients

Based on clinical evidence linking AD with disturbed brain insulin
signaling, Craft and colleagues assessed the acute effects of different
doses of intranasal insulin (10, 20, 40, 60 IU) on hippocampus-
dependent memory function in memory-impaired subjects (early
stage AD or amnestic mild cognitive impairment — MCI) in
comparison to age-matched healthy controls (Reger et al., 2006,
2008a). After receiving a nasal dose of insulin or placebo, subjects
were presented a list of words and were asked to recall as many items
as possible. Intranasal insulin treatment produced significant memory
improvement, with the patients showing maximal benefits when
20 IU were administered. In both studies, memory-improving effects
of intranasal insulin were found only in non-carriers of the APOE4
gene allele that is linked to an increased risk of developing AD
(Cummings and Cole, 2002), whereas the APOE4-postive subjects
showed no benefits or even a decline in memory function. It is
currently unclear whether this difference is due to the stronger
association between insulin resistance and AD found in patients
without as compared to those with the risk allele (Craft et al., 1998) or
if insulin administration may aggravate impairments in central



Fig. 3. Insulin blocks the binding of neuronal Aβ-derived diffusible ligands (ADDLs) to
hippocampal neuronal cultures [modified with permission from (De Felice et al.,
2009)]. Insulin (100 nM or 1 μM) was added 30 min before ADDLs were administered.
Binding of ADDLs to hippocampal neurons was detected using NU4 antibody.
Significant differences to non-insulin-treated ADDL-treated cultures are indicated
(***P≤0.007).
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nervous glucose metabolism present in carriers of the APOE4-positive
genotype (Reiman et al., 2004).

In order to further examine the therapeutic potential of intranasal
insulin in individuals with early stage AD or amnestic MCI, Craft and
coworkers treated patients with daily insulin doses for three weeks
and tested their memory performance before and after (Reger et al.,
2008b). In each session, subjects listened to a story containing 44
informational bits and were then asked to recall the story immedi-
ately and after a 20-minute delay. Memory savings were calculated as
the relative amount of information retained over the delay between
immediate and delayed recall. Relative to baseline performance, at
day 21 insulin-treated AD andMCI subjects displayed greater memory
savings than placebo-assigned subjects (Fig. 2). Taken together, the
results gained in healthy and memory-impaired humans indicate a
beneficial memory effect of intranasal insulin preferentially with
regard to hippocampus-dependent declarative memory functions.
Given that cognitive impairments and diabetes are hypothesized to
share the pathogenic feature of central nervous insulin resistance, it is
important to note in this context that in a rodent model of diabetes,
intranasal insulin prevented cognitive decline, cerebral atrophy and
white matter changes in the brain (Francis et al., 2008).

5. Potential mechanisms of insulin-induced
memory improvements

Several mechanisms may contribute to the memory-improving
effect of central nervous insulin signaling. Experimental findings link
insulinergic input to regional improvements of glucose metabolism
(Bingham et al., 2002), enhanced synaptic long-term potentiation
(Lee et al., 2009), modulations of the action of neurotransmitters like
norepinephrine and acetylcholine (Gerozissis, 2003) and attenuated
cortisol secretion (Benedict et al., 2004; Hallschmid et al., 2008).
Insulin in the brain also stimulates the formation of an insulin
degrading enzyme that is capable of degrading beta amyloid (Aβ),
whose strong accumulation in the brains of AD patients is assumed to
be a pathogenic hallmark of the disease (Craft, 2009). Small oligomers
of the peptide, known as Aβ-derived diffusible ligands (ADDLs), are
potent CNS neurotoxins (Lambert et al., 1998). They attach to
neuronal synapses with high specificity, thereby acting as pathogenic
ligands (Gong et al., 2003). In a recent report, insulin was shown to
significantly mitigate pathological binding of ADDLs to synapses of
hippocampal neurons [Fig. 3; (De Felice et al., 2009)]. Moreover,
insulin has been reported to regulate glycogen-synthase kinase-3-
beta, thereby inhibiting the phosphorylation of tau protein that forms
neurofibrillary tangles which are a further pathological feature of AD
(Hong and Lee, 1997). Insulin has also been shown to maintain
synaptic density (Chiu et al., 2008) and to reduce the hypothalamic–
Fig. 2. Intranasal insulin improves memory in early stage AD [modified with permission
from (Reger et al., 2008b)]. Mean memory saving scores (±SEM) in patients with early
stage AD at baseline (day 0) and after 21 days of treatment with placebo (n=12) and
insulin (n=13), respectively. Insulin-treated patients showed increased memory
savings over the 21-day period relative to placebo (*P≤0.05).
pituitary–adrenal axis response to stress that can have deleterious
effects on the hippocampus (Bohringer et al., 2008).

6. Concluding remarks

The studies briefly summarized here support the assumption that
brain insulin signaling essentially contributes to memory function in
humans. Accordingly, experimental findings suggest that central
nervous system insulin deficiency and resistance is a pathophysiologic
core feature of cognitive impairments like AD (Zhao and Townsend,
2009; Craft, 2009), even prompting some clinical researchers to refer
to this disease as “Type 3 diabetes” (de la Monte and Wands, 2008).
Enhancing insulin signaling in the brain bymeans of intranasal insulin
administration may therefore be a useful option in the treatment and
possibly even the prevention of this devastating disease.
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