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Abstract: Despite decades of intense research, disease-modifying therapeutic approaches for Alzheimer’s
disease (AD) are still very much needed. Apart from the extensively analyzed tau and amyloid pathological
cascades, two promising avenues of research that may eventually identify new druggable targets for AD
are based on a better understanding of the mechanisms of resilience and vulnerability to this condition.
We argue that insulin-like growth factor I (IGF-I) activity in the brain provides a common substrate for
the mechanisms of resilience and vulnerability to AD. We postulate that preserved brain IGF-I activity
contributes to resilience to AD pathology as this growth factor intervenes in all the major pathological
cascades considered to be involved in AD, including metabolic impairment, altered proteostasis, and
inflammation, to name the three that are considered to be the most important ones. Conversely, disturbed
IGF-I activity is found in many AD risk factors, such as old age, type 2 diabetes, imbalanced diet, sedentary
life, sociality, stroke, stress, and low education, whereas the Apolipoprotein (Apo) E4 genotype and
traumatic brain injury may also be influenced by brain IGF-I activity. Accordingly, IGF-I activity should
be taken into consideration when analyzing these processes, while its preservation will predictably help
prevent the progress of AD pathology. Thus, we need to define IGF-I activity in all these conditions and
develop a means to preserve it. However, defining brain IGF-I activity cannot be solely based on humoral
or tissue levels of this neurotrophic factor, and new functionally based assessments need to be developed.

Keywords: Alzheimer’s disease; insulin-like growth factor I; vulnerability and resilience; risk factors

1. Introduction

Mutations in amyloid precursor protein (APP) and preselinins are associated with
familial Alzheimer’s disease (fAD), which constitutes around 1% of AD cases [1], and
are the cause of overproduction of amyloid β (Aβ) peptides [2,3]. Excess production
and reduced clearance of Aβ peptides have been postulated for many years as the major
pathogenic pathway in AD [4]. fAD patients usually start to show symptoms at around
the fourth decade of life [5], which suggests that overproduction of Aβ over the decades is
required to start AD symptoms. In sporadic AD (sAD) associated with old age, it is now
considered that Aβ accumulation starts at least 20 years before AD symptoms become
evident, at around >65 years of age [6]. Hence, apparently, fewer years of Aβ accumulation
are required in sAD to develop symptoms, compared to fAD. Among several potential
explanations, it might be that a younger brain combats Aβ accumulation more efficiently
than an older brain, as specific mechanisms of resilience to cognitive deterioration have
been described [7,8], which may weaken along with age. Alternatively, it is possible that in
sAD, other pathogenic pathways contribute to Aβ accumulation to reach a pathological
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threshold earlier. This threshold is specific for each individual [9], and a sizable proportion
of elders (around 30%) show Aβ accumulation without AD symptoms [10]. As sAD is
considered a multifactorial disease resulting from genetic/environmental interactions [11],
while the former are, at present, difficult to overcome, environmental risk factors are
possible to curtail. Indeed, lifestyle interventions are now implemented in personalized
medicine protocols for AD patients [12], and constitute the basis of current therapeutic
proposals [13] apart from pharmacotherapy.

Based on our observations and those from many other laboratories, we postulate that
among other processes involved in the transition from prodromic to fully fledged sAD,
such as vascular, metabolic, or immune disturbances [14], an additional underlying process
that may help explain why a given lifestyle factor modulates sAD risk is brain insulin-like
growth factor I (IGF-I) activity. We already postulated that loss of IGF-I function due
to reduced IGF-I receptor sensitivity, IGF-I deficiency, or both, favors the development
of pathogenic events related to AD [15]. In turn, AD pathology may also contribute to
disrupted IGF-I activity. We later discussed in more detail the role of insulin peptides (ILPs)
in the link between lifestyle and sAD risk [16], providing a mechanistic framework for
this connection. Namely, inflammation, oxidative stress, altered proteostasis, impaired Aβ
clearance, tau hyperphosphorylation, disturbed metabolism, and reduced cytoprotection
would be processes resulting from impaired ILP activity. We now elaborate further this
proposal, postulating a specific link between IGF-I activity and mechanisms of resilience
and vulnerability in AD.

Many clinical studies link altered IGF-I activity and sAD risk (see, for example, [17,18]),
but no definitive connection has been yet confirmed. We now propose that most of the
established risk factors for sAD, including old age, type 2 diabetes, sedentary life, loneliness,
unbalanced diets, stroke, and post-traumatic stress disorders (PTSD) are associated with
impaired IGF-I function. Other well-established risk factors such as ApoE4 genotype may
also be related to IGF-I dysfunction, although the evidence is not as robust. Traumatic brain
injury (TBI), which also disturbs brain IGF-I activity, may also be a risk factor for sAD, but
the evidence in this regard is not yet firm. At any rate, not only we [19] but also others
already suggested a link between altered IGF-I activity and diverse AD co-morbidities
and risk factors [20,21]. However, we would like to point out that other disturbances,
besides altered IGF-I activity, will likely be involved in the connection between the above-
mentioned risk factors and AD.

This growth factor shows a wide repertoire of actions in the brain, and its alteration
will impact on many aspects known to be affected in AD. For a more detailed discussion
of this topic, we refer readers to a previous review [16]. In brief, neurotrophic activity
of IGF-I involves adult neurogenesis [22], re-innervation after insult [23], reduction in of
inflammation [24] and oxidative stress [25], promotion of glucose uptake [26], and many
others [27]. Its pro-cognitive actions include numerous effects on neuronal plasticity [28],
cognition [29], and mood [30]. IGF-I is also involved in key homeostatic processes, including
energy allocation [31] and the sleep/wake cycle [32]. The circadian activity of IGF-I [33] is
likely involved in the latter. Table 1 shows a summary of major IGF-I activities in relation
to AD and supporting references.

Table 1. Reported IGF-I activities related to mechanisms known to be altered in AD.

Activity Main References

Neurogenesis [22,34]

Re-innervation [23]

Regulation of inflammation [24,35]

Regulation of oxidative stress [25,36]
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Table 1. Cont.

Activity Main References

Neuronal plasticity [28,37]

Cognition [29]

Mood [30]

Energy allocation [26,31,38]

Sleep/wake cycle [32]

2. IGF-I and AD Resilience

The concept of AD resilience has been coined to explain the presence of AD pathology
in cognitively intact individuals [39]. The specific mechanism underlying AD resilience
is still undetermined and is often related to the concept of cognitive reserve (see below).
Resilience to AD seems in part to be genetically determined as it shows a sex-dependent
inheritable architecture [40], and this is not surprising considering the heavy genetic make-
up of AD risk [41]. This genetic component may help uncover novel targets of resilience,
such as the recently reported reelin, a protein functionally related to ApoE [42], a major
genetic risk factor for sAD. However, the bulk of mechanisms of AD resilience are not
genetic, and novel proposals are needed.

Accordingly, several lines of research are trying to shed light on AD resilience, as it
appears very promising to develop novel routes of AD therapy. For example, early life
context [43], aerobic glycolysis [44], efficient microglial phagocytosis [45], and dendritic
spine plasticity [46] have all been suggested to contribute to resilience/vulnerability to AD.
Therefore, understanding the underlying mechanisms will unveil new potential targets
in AD prevention. In this vein, while no general consensus has yet been reached, and the
major conclusions indicate that further work is needed to firmly establish a causal link
between circulating IGF-I levels and cognition [47], available information allows us to
suggest that preserved brain IGF-I activity also contributes to resilience to AD pathology.
Thus, all the major characteristics found in individuals resilient to AD can be explained
in the light of preserved brain IGF-I activity. These include conserved neuronal numbers,
synaptic markers, and axonal architecture, as well as cytokine profiles consisting of higher
anti-inflammatory signals and neurotrophic factors, and lower cytokine mediators of
microglial recruitment [48,49]. Indeed, recent ideas supporting a multifactorial approach
to treating cognitive loss in dementia [13] can be accommodated in our proposal if we
consider these multi-pronged measures as a means to preserve brain IGF-I activity, such as
through behavior (Figure 1).

Mechanisms of IGF-I-Dependent AD Resilience

Potentiation of neurotrophic activity, most often BDNF [51], has already been invoked
as a mechanism of AD resilience [52], but specific mechanisms and factors need to be
defined. Since the neuroprotective actions of IGF-I are pleiotropic [27,47], all the major
characteristics found in AD resilience can be readily explained through them. These
variety of IGF-I effects involve different pathways, as explained in detail elsewhere [16].
Importantly, other neurotrophic pleiotropic factors, such as melatonin, have also been
implicated in AD resilience through longevity signals, such as Sirt1, or anti-inflammatory
pathways involving NFκB [53]. Therefore, it is very likely that different neurotrophic
activities, and not only IGF-I, are involved in resilience to AD.

As for the mechanisms underlying IGF-I-mediated AD resilience, we first focus on
cell-based processes that affect all types of brain cells [54]. Among them, synapse loss
is considered a major structural disturbance associated with cognitive deterioration in
sAD [55]. Thus, IGF-I is involved in physiological synaptogenesis during development [56],
in adult brains [57], and in synapse repletion after an insult [58]. Importantly, dendritic



Int. J. Mol. Sci. 2023, 24, 16440 4 of 18

spines, a major site of cortical synapses, provide AD resilience [46], while IGF-I promotes
dendritogenesis [59] and is intricately involved in synaptic physiology [60,61].
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Figure 1. Preservation of brain IGF-I activity through behavior. There are four main behavioral
approaches to preserving brain IGF-I activity. Three of them, balanced emotional life and active
physical and mental life, are already well established to reduce sAD risk. Reduction in stress
associated with current lifestyle through different approaches (i.e., meditation), regular (moderate)
exercise, and engagement in cognitively demanding tasks, including social intercourse, are becoming
common knowledge in the prevention of sAD. In the case of balanced diets, numerous studies
have not yet reached a firm consensus for any one in particular, although the Mediterranean diet is
probably the most favored at present [50]. Modified from [16].

Another process that is emerging as an important event in cellular changes in AD
is neuro-inflammation, classically associated with astrocytes and microglia as the main
cellular effectors [62,63]. We must remember that inflammation is primarily a homeostatic
response to pathology, and when it becomes maladaptive, for as yet poorly described rea-
sons, it constitutes a key factor in driving sAD pathology [64,65], leading to the alteration of
structural and functional brain networks seen in AD, as recently reported [66]. This “double-
edge sword” process [67] is also modulated by IGF-I acting through a calcineurin-NFκB
pathway in astrocytes that reversibly drives AD pathology in AD mice [24]. Naturally,
neuro-inflammation also impacts on many other cellular activities, such as astrocyte phago-
cytosis [68], microglial reactivity [69] and proliferation [70], and activity of brain resident
macrophages [71], and it also interacts with the brain angiotensin anti-inflammatory path-
way [72,73]. The involvement of IGF-I in the response to neuro-inflammatory processes
associated with brain damage in general attests to an important role of IGF-I in neuro-
inflammation [72]. Conversely, neuro-inflammation associated with AD will contribute to
IGF-I resistance in a “vicious circle” often described in the AD pathological cascade.

Other cell-associated processes in AD pathology, such as excess oxidative stress [74],
which is probably directly involved in AD-related cell demise [75], are also counteracted by
IGF-I [25]. Since an efficient mechanism of prevention of oxidative stress has been suggested
to work in the brain of individuals showing AD resilience [76], antioxidant actions of IGF-I in
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brain tissue could be forming part of this resilience. Moreover, tau hyperphosphorylation in
neurons, a hallmark of AD, can also be ameliorated by IGF-I through its capacity to inhibit tau
kinases such as GSK-3 [77]. Indeed, IGF-I null mice show brain tau hyperphosphorylation [78].
Finally, disturbed proteostasis, a common trait in many neurodegenerative diseases [79] and
considered a major culprit in AD [80], is also related to brain IGF-I actions affecting brain Aβ
clearance, catabolism, and neurotoxicity [81–83].

At the system level, dysregulated neural circuit activity [84,85] and an altered as-
trocytic network [86,87], or both disturbances interacting with each other [88,89], are
postulated to participate in the initiation and maintenance of the AD pathogenic cascade.
While diverse explanations have been proposed, including early alterations of peptidergic
systems [90,91], tau accumulation [92], or early loss of inhibitory tone [93], impaired brain
IGF-I activity may also be involved. Although the evidence is less robust than its relation
to cell-based processes related to AD pathology, it is well documented that IGF-I regulates
neuronal activity at various levels. Thus, IGF-I modulates neuronal excitability [60] and
excitatory/inhibitory balance [29,94], which also includes its actions through astrocytes [37],
a type of glial cell known to modulate neuronal circuits. Indeed, we recently argued that
regulation of neuronal activity by IGF-I is so widespread that it may underlie its role as an
interoceptive neuromodulatory signal involved in brain states [47].

Another system-level disturbance associated with AD is insulin resistance, as seen in
type 2 diabetes [95]. In this case, the evidence linking IGF-I activity with insulin sensitivity
and brain insulin actions is robust [96,97], even though the hierarchical structure of these
relationships is not yet defined. Finally, a vascular-related disturbance underlying sAD
pathology was invoked decades ago, and is of potential relevance to this disease, if only be-
cause vascular disturbances are commonly associated with AD pathological hallmarks [98].
Again, brain IGF-I is instrumental in brain vascular function [99].

Both higher education and physical activity are associated to better mental health and
are claimed to promote resilience to AD [100–103]. Thus, a straightforward connection
between preserved brain IGF-I activity and AD resilience can be established. Indeed,
both increased mental activity associated with environmental enrichment [104] and higher
physical activity associated with exercise promote brain IGF-I function [105,106].

The aforementioned processes illustrate the pleiotropic actions of IGF-I on brain cells
since multiple aspects of cell physiology appear to be targeted by IGF-I. This is a key
characteristic of brain IGF-I function that probably is present in other organs.

3. IGF-I and AD Risk

We will discuss now those instances where disturbed brain IGF-I activity likely helps
explain its association with AD risk. The underlying mechanisms usually relate to reduced
IGF-I activity, resistance to IGF-I actions, or even both.

3.1. Old Age

Age is the most important risk factor for sAD [1] and is associated with a decline in
the activity of IGF-I [107] in the form of deficiency [108] and resistance [109], affecting also
the brain [110]. This reduced activity is sufficient to explain the lower IGF-I-dependent
resources to combat age-associated deleterious changes that may contribute to the develop-
ment of the pathogenic cascade in AD. Reduced IGF-I input during aging compromises
health span in general [111], while in the brain, this deficiency impacts on vascular func-
tion [112], neuro-vascular coupling [113], cognition [114], mood balance [115], and sensory
perception [116,117]. A particular characteristic of aging that is presently gaining attention
in its relation to AD pathology is that it is frequently associated with disturbed circadian
rhythms in the brain and in peripheral organs [118], mostly because AD patients show al-
tered sleep/wake timing [119]. Of note, Aβ clearance takes place mostly during sleep [120],
while IGF-I regulates the expression of circadian clock genes [121], and its production
depends on them [33]. Accordingly, we recently observed that IGF-I also modulates the
sleep/wake cycle [122] and other circadian behaviors [123].
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Despite an obvious association between reduced IGF-I activity during aging and delete-
rious changes in brain function found in sAD, current mainstream thinking poses brain IGF-
I activity as detrimental in AD pathology [124,125]. Thus, whether age-associated lowering
IGF-I activity is adaptive or maladaptive for AD, along with other brain maladies [126,127],
is still debated. We recently addressed this controversy, favoring the proposal that the IGF-I
receptor (IGF-IR) is a dependence receptor [128] with ligand-independent actions that are
counter-regulated by IGF-I [129]. We reasoned that in old age, IGF-I activity is decreased,
and ligand-independent actions of IGF-IR remains unchecked. However, more work is
needed to clarify the potential causal role of IGF-I in AD pathology.

3.2. Type 2 Diabetes

Loss of insulin sensitivity underlying type 2 diabetes (T2D) is linked to age [130]
and affects also IGF-I sensitivity [131], as both ILPs are functionally interrelated in the
control of glucose handling [31,132] and probably in other functions [128]. Since different
lines of evidence support that T2D is a risk factor for sAD [133], in recent years, a causal
connection between T2D and AD has been extensively explored and discussed [95,134],
although no firm conclusions have been reached yet. Thus, it is not clear whether T2D
favors AD [135,136], or vice versa [137,138], or whether both conditions evolve in paral-
lel [139]. Among the favored mechanisms underlying this connection, T2D-induced brain
Aβ accumulation [140], tau hyperphosphorylation [141], Aβ-induced loss of insulin sensi-
tivity [142], T2D-associated oxidative stress and inflammation [134], subclinical blood–brain
barrier (BBB) breakdown [143], and defective insulin signaling [144] have been proposed.

We consider that brain disturbances associated with T2D, most prominently cognitive
deterioration [145], may be related not only to the underlying metabolic alterations but
also to a dysfunctional ILP system (which includes IGF-binding proteins) that will interfere
with essential homeostasis processes, such as central control of energy allocation [97,146],
inflammation/oxidative stress, feeding, or the sleep/wake cycle, as discussed above.

3.3. Imbalanced Diet

A link between diet and AD has long been recognized in epidemiological studies [147],
although recent evidence questions a direct cause–effect relationship since diverse con-
tradictory observations [148,149] no longer allow us to unequivocally ascribe obesity as
a risk factor for AD, although a majority of analyses favor this connection [150]. As type
2 diabetes, metabolic syndrome, and imbalanced diets are closely linked, metabolic alter-
ations associated with improper feeding behavior still need to be considered important
contributors in the path to AD, as pilot experiments have suggested [151]. At any rate,
diet habits long considered to be protective, such as the Mediterranean diet, are probably
beneficial in attenuating AD risk [152]. Among the potential pathogenic drivers in the link
between diet and AD, neuroinflammation is considered the best candidate [153] as it is a
disturbance associated with reduced IGF-I activity [154].

3.4. Sedentary Life

Among the modifiable lifestyle factors included in preventive schemes for sAD and
many other maladies, an active life is commonly considered. There is now ample exper-
imental and epidemiological evidence that physical activity is an effective measure to
preserve cognitive abilities [155], with therapeutic application [156]. Experimental evidence
suggests that the therapeutic efficacy of physical activity differs from that provided by
mental activity [157]. However, this distinction may not be relevant for our argument, as
it seems that brain activity per se [105], regardless of what triggers it, stimulates brain
uptake of circulating IGF-I. Conversely, since serum IGF-I is a mediator of exercise neuro-
protection [158], we suggested that disturbed IGF-I action in the brain contributes to the
deleterious effects of a sedentary life through a loss of homeostatic repair mechanisms [159].
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3.5. Low Education

Years in school are inversely associated with the risk of dementia [160] and rate of
cognitive decline [161]. The concept of cognitive reserve [162], with more functional re-
sources available, provides a commonly used explanation for this link [163]. This concept
helps interpret the fact that around 30% of people with AD pathology show normal cogni-
tion [164], with explanations varying from larger brains or increased neuronal plasticity
in individuals with higher mental activity linked to educational status. While attempts
to identify the processes purportedly connecting cognitive reserve and sAD risk are still
not satisfactory [165], mendelian randomization analyses point to cognitive performance
associated with cognitive reserve as a direct cause of protection against AD [166]. Signifi-
cantly, both brain growth [167] and neuronal plasticity are directly related to brain IGF-I
activity [168]. From our point of view, higher education is associated with sustained higher
mental activity, which will preserve brain IGF-I activity.

3.6. Stroke

Cerebrovascular accidents are considered the “silent pandemic” as they are the sec-
ond cause of death worldwide [169]. Unfortunately, they are widely held as an sAD risk
factor [170], and vascular pathology is the most common co-morbidity observed in AD
brains [98]. Among the potential mechanistic links between stroke and sAD, defects in
interstitial fluid drainage of Aβ peptides [171], development of cerebral amyloid angiopa-
thy [172], tissue hypoxia [173], and excitotoxicity [174] have all been argued as pathological
disturbances resulting from stroke that favor the development of sAD. In line with our
proposal that IGF-I activity is responsible for the link between stroke and sAD, IGF-I activity
in stroke patients is altered [175], while disturbed IGF-I activity underlies cerebrovascular
dysfunction in AD mice [176]. In addition, insulin resistance, a consequence of IGF-I
dysfunction [132,177], also links stroke with AD [178].

3.7. Post-Traumatic Stress Disorder

This condition is another instance that may help explain the increasing world incidence
of sAD. Hence, post-traumatic stress disorder (PTSD) also shows an increased incidence
worldwide, being linked to conflicts, natural disasters, and climate change [179], and may
also be a risk factor for sAD, although this is still not firmly settled yet [180,181]. This is not
surprising as stress in general is linked to AD pathology [182]. In this vein, as low serum
IGF-I is linked to higher vulnerability to stress in humans and mice [30], and vulnerability
to stress is also linked to AD risk [183], a direct link between stress and AD risk is readily
justified by low IGF-I activity.

Notwithstanding a link between stress in general, IGF-I, and AD, in the particular case
of PTSD, sleep disturbances associated with this condition have been argued to have a link
with AD [184]. However, no AD-like pathology is found in PTSD patients [185]. Since sleep
is associated with Aβ clearance [120], sleep disturbances are found in mice with reduced
IGF-I activity in hypothalamic orexin neurons [32], and these mice develop PTSD-like
features upon exposure to trauma [94], we propose that the link between PTSD and AD is
mediated by faulty IGF-I activity in the hypothalamus. At any rate, PTSD exacerbates AD
pathology in mouse models [186].

We next discuss those factors with weaker evidence that brain IGF-I activity underlies
their connection with sAD risk.

3.8. ApoE4

The E4 allele of ApoE is a major genetic contributor to sAD [187]. Only a few scattered
observations link ApoE4 with IGF-I, with both seemingly interacting with each other.
Therefore, no robust evidence is yet available regarding a role of IGF-I in the genetic risk
posed by ApoE4. Higher levels of serum IGF-I are associated with the ApoE4 genotype in
a UK BioBank sample of 400,000 individuals [188], while a modifying role of ApoE4 has
been ascribed to the connection between serum IGF-I levels and brain network activity in
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a >13,000 large cohort of the UK Biobank [189]. It has also been pointed out a modifying
effect of IGF-I polymorphisms on the genetic risk of AD [190], whereas the ApoE4 genotype
modulates brain responses to insulin [191], whose effects are related to IGF-I. Further, the
ApoE genotype modulates the brain IGF system [192].

3.9. Traumatic Brain Injury

An association of traumatic brain injury (TBI) with a greater risk of developing de-
mentia has also been postulated, and TBI is considered a risk factor for sAD [193], although
there is still no general agreement [194]. Increased Aβ production early after TBI [195],
supported by clinical observations [196], provides an easy explanation for the underlying
IGF-I dysfunction, as IGF-I has been postulated to participate in Aβ clearance [81]. In-
deed, a previous proposal already suggested that IGF-I underlies the link between TBI and
AD [197], and recent data tend to substantiate this claim as many of the newly reported
alterations purportedly linking both conditions may involve IGF-I. Thus, the resultant
vascular injuries [198], axon damage favoring Aβ and hyperphosphorylated tau accumu-
lation [199], or neuro-inflammation [200] may readily associate with IGF-I dysfunction.
However, not all the changes recently reported, such as enhanced production of acetylated
tau [201] or TDP-43 [202]; disturbed cathepsin B [203] or delta-secretase function [204]; and
specific post-TBI disturbances identified in patients such as diffuse axonal injury, which
provide an explanation for the neurodegenerative changes probably anteceding sAD [205],
can yet be associated with IGF-I.

4. Outlook

Defining what we could consider a preserved IGF-I activity is challenging. A range
of serum IGF-I values in the normal population has not yet been recorded since technical
shortcomings have not been entirely solved [206–208]. Further, due to the complex biology
of the IGF system, which includes IGF-I and -II together with six binding proteins, serum
concentrations are, in all likelihood, insufficient to define IGF-I activity in target organs.
In an attempt to respond to this limitation, clinical assays, such as “free IGF-I” [209] or
“IGF-I binding activity” [210], have been proposed, but their clinical validity is not yet
confirmed at a general level. Therefore, this first goal is still distant. Moreover, for a better
functional account of the actual IGF-I input to the brain, we suggest that other approaches
should be implemented. As an example, we already proposed [211] an exercise-based
procedure to probe IGF-I activity in the brain by combining a bout of exercise (similar to
procedures already used in the clinical setting to determine cardiovascular fitness) with
electrophysiological (EEG) recordings of brain activity (Figure 2). This protocol is intended
to be used in clinical practice and is based on previous findings of exercise-induced IGF-I
entrance into the brain [106] and IGF-I-induced changes in EEG patterns [212].
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Figure 2. Indirect determination of IGF-I activity in the brain using electro-encephalographic (EEG)
responses to exercise as a surrogate. The proposed test is based on three observations in mice:
(A) Exercise induces the entrance of circulating IGF-I into the brain [106]. (B) Circulating IGF-I
modulates EEG patterns [212]. (C) Absence of exercise-induced changes in EEG patterns in mildly
cognitively impaired APP/PS1 mice [211]. Right panel: the proposed test for measuring brain IGF-I
activity in humans consists of EEG recordings at rest, followed by a bout of moderate exercise and
subsequent EEG recordings. The prediction is that subjects showing no EEG changes after exercise
are at risk of developing cognitive disturbances. The purported explanation is that IGF-I activity is
lower in the brains of these subjects.

5. Summary

The shortcomings of current concepts in AD research are now widely accepted [213].
Among the elegant proposals [214] and elaborated suggestions [213] formulated to provide
a working framework to elucidate the etiopathogenic processes in sAD, we put forward
a reductionist approach for furthering research into the development of novel AD ther-
apies based on the notion that IGF-I activity in the brain may serve as a biomarker of
resilience/vulnerability to AD pathology. Although faulty brain IGF-I activity will not be
the sole factor leading to a multifactorial, highly complex disease such as sAD, we propose
that it should be taken into account as a potential therapeutic aid in conjunction with novel
avenues of treatment.
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153. Więckowska-Gacek, A.; Mietelska-Porowska, A.; Wydrych, M.; Wojda, U. Western diet as a trigger of Alzheimer’s disease: From
metabolic syndrome and systemic inflammation to neuroinflammation and neurodegeneration. Ageing Res. Rev. 2021, 70, 101397.
[CrossRef] [PubMed]

154. Venters, H.D.; Tang, Q.; Liu, Q.; VanHoy, R.W.; Dantzer, R.; Kelley, K.W. A new mechanism of neurodegeneration: A proinflam-
matory cytokine inhibits receptor signaling by a survival peptide. Proc. Natl. Acad. Sci. USA 1999, 96, 9879–9884. [CrossRef]
[PubMed]

155. Cotman, C.W.; Berchtold, N.C. Exercise: A behavioral intervention to enhance brain health and plasticity. Trends Neurosci. 2002,
25, 295–301. [CrossRef]

156. Forbes, D.; Thiessen, E.J.; Blake, C.M.; Forbes, S.C.; Forbes, S. Exercise programs for people with dementia. Cochrane. Database
Syst. Rev. 2013, 12, CD006489.

https://doi.org/10.1159/000074514
https://www.ncbi.nlm.nih.gov/pubmed/14671410
https://doi.org/10.1001/archneurol.2007.29
https://www.ncbi.nlm.nih.gov/pubmed/18195144
https://doi.org/10.2337/db13-1954
https://www.ncbi.nlm.nih.gov/pubmed/24931033
https://doi.org/10.1212/WNL.0000000000002950
https://www.ncbi.nlm.nih.gov/pubmed/27385744
https://doi.org/10.1172/JCI79742
https://doi.org/10.2337/diabetes.53.2.474
https://doi.org/10.1523/JNEUROSCI.1071-09.2009
https://doi.org/10.3233/JAD-180906
https://doi.org/10.1111/j.1365-2990.2008.00948.x
https://doi.org/10.2174/1567205011310030009
https://www.ncbi.nlm.nih.gov/pubmed/23036024
https://doi.org/10.15252/emmm.201404183
https://www.ncbi.nlm.nih.gov/pubmed/25617315
https://doi.org/10.3233/JAD-160284
https://doi.org/10.1002/ana.25826
https://www.ncbi.nlm.nih.gov/pubmed/32557841
https://doi.org/10.1210/er.2007-0034
https://www.ncbi.nlm.nih.gov/pubmed/18436709
https://doi.org/10.2337/db06-0318
https://doi.org/10.1016/j.jalz.2015.05.016
https://doi.org/10.3390/nu15071795
https://doi.org/10.1002/alz.13155
https://doi.org/10.1016/j.neubiorev.2021.08.028
https://doi.org/10.1002/alz.12421
https://www.ncbi.nlm.nih.gov/pubmed/34310044
https://doi.org/10.3109/00207454.2016.1155572
https://www.ncbi.nlm.nih.gov/pubmed/26887612
https://doi.org/10.1016/j.arr.2021.101397
https://www.ncbi.nlm.nih.gov/pubmed/34214643
https://doi.org/10.1073/pnas.96.17.9879
https://www.ncbi.nlm.nih.gov/pubmed/10449788
https://doi.org/10.1016/S0166-2236(02)02143-4


Int. J. Mol. Sci. 2023, 24, 16440 16 of 18

157. Wolf, S.A.; Kronenberg, G.; Lehmann, K.; Blankenship, A.; Overall, R.; Staufenbiel, M.; Kempermann, G. Cognitive and physical
activity differently modulate disease progression in the amyloid precursor protein (APP)-23 model of Alzheimer’s disease. Biol.
Psychiatry 2006, 60, 1314–1323. [CrossRef]

158. Carro, E.; Trejo, J.L.; Busiguina, S.; Torres-Aleman, I. Circulating insulin-like growth factor I mediates the protective effects of
physical exercise against brain insults of different etiology and anatomy. J. Neurosci. 2001, 21, 5678–5684. [CrossRef]

159. Trejo, J.L.; Carro, E.; Nunez, A.; Torres-Aleman, I. Sedentary life impairs self-reparative processes in the brain: The role of serum
insulin-like growth factor-I. Rev. Neurosci. 2002, 13, 365–374. [CrossRef]

160. Del Ser, T.; Hachinski, V.; Merskey, H.; Munoz, D.G. An autopsy-verified study of the effect of education on degenerative
dementia. Brain 1999, 122, 2309–2319. [CrossRef]

161. Stern, Y.; Albert, S.; Tang, M.X.; Tsai, W.Y. Rate of memory decline in AD is related to education and occupation: Cognitive
reserve? Neurology 1999, 53, 1942–1947. [CrossRef]

162. Stern, Y.; Barulli, D. Cognitive reserve. Handb. Clin. Neurol. 2019, 167, 181–190. [PubMed]
163. Ngandu, T.; von Strauss, E.; Helkala, E.L.; Winblad, B.; Nissinen, A.; Tuomilehto, J.; Soininen, H.; Kivipelto, M. Education and

dementia: What lies behind the association? Neurology 2007, 69, 1442–1450. [CrossRef]
164. Walker, J.M.; Dehkordi, S.K.; Schaffert, J.; Goette, W.; White Iii, C.L.; Richardson, T.E.; Zare, H. The Spectrum of Alzheimer-Type

Pathology in Cognitively Normal Individuals. J. Alzheimer’s Dis. 2023, 91, 683–695. [CrossRef] [PubMed]
165. Seyedsalehi, A.; Warrier, V.; Bethlehem, R.A.I.; Perry, B.I.; Burgess, S.; Murray, G.K. Educational attainment, structural brain

reserve and Alzheimer’s disease: A Mendelian randomization analysis. Brain 2023, 146, 2059–2074. [CrossRef]
166. Hu, Y.; Zhang, Y.; Zhang, H.; Gao, S.; Wang, L.; Wang, T.; Han, Z.; Sun, B.L.; Liu, G. Cognitive performance protects against

Alzheimer’s disease independently of educational attainment and intelligence. Mol. Psychiatry 2022, 27, 4297–4306. [CrossRef]
[PubMed]

167. Beck, K.D.; Powell-Braxton, L.; Widmer, H.R.; Valverde, J.; Hefti, F. Igf1 gene disruption results in reduced brain size, CNS
hypomyelination, and loss of hippocampal granule and striatal parvalbumin-containing neurons. Neuron 1995, 14, 717–730.
[CrossRef]

168. Tu, X.; Jain, A.; Parra Bueno, P.; Decker, H.; Liu, X.; Yasuda, R. Local autocrine plasticity signaling in single dendritic spines by
insulin-like growth factors. Sci. Adv. 2023, 9, eadg0666. [CrossRef]

169. Katan, M.; Luft, A. Global Burden of Stroke. Semin. Neurol. 2018, 38, 208–211. [CrossRef]
170. Honig, L.S.; Tang, M.X.; Albert, S.; Costa, R.; Luchsinger, J.; Manly, J.; Stern, Y.; Mayeux, R. Stroke and the risk of Alzheimer

disease. Arch. Neurol. 2003, 60, 1707–1712. [CrossRef]
171. Arbel-Ornath, M.; Hudry, E.; Eikermann-Haerter, K.; Hou, S.; Gregory, J.L.; Zhao, L.; Betensky, R.A.; Frosch, M.P.; Greenberg, S.M.;

Bacskai, B.J. Interstitial fluid drainage is impaired in ischemic stroke and Alzheimer’s disease mouse models. Acta Neuropathol.
2013, 126, 353–364. [CrossRef] [PubMed]

172. Ghiso, J.; Frangione, B. Cerebral amyloidosis, amyloid angiopathy, and their relationship to stroke and dementia. J. Alzheimer’s
Dis. 2001, 3, 65–73. [CrossRef] [PubMed]

173. Sun, X.; He, G.; Qing, H.; Zhou, W.; Dobie, F.; Cai, F.; Staufenbiel, M.; Huang, L.E.; Song, W. Hypoxia facilitates Alzheimer’s
disease pathogenesis by up-regulating BACE1 gene expression. Proc. Natl. Acad. Sci. USA 2006, 103, 18727–18732. [CrossRef]
[PubMed]

174. Yu, S.P.; Jiang, M.Q.; Shim, S.S.; Pourkhodadad, S.; Wei, L. Extrasynaptic NMDA receptors in acute and chronic excitotoxicity:
Implications for preventive treatments of ischemic stroke and late-onset Alzheimer’s disease. Mol. Neurodegener. 2023, 18, 43.
[CrossRef] [PubMed]

175. Hayes, C.A.; Valcarcel-Ares, M.N.; Ashpole, N.M. Preclinical and clinical evidence of IGF-1 as a prognostic marker and acute
intervention with ischemic stroke. J. Cereb. Blood Flow. Metab. 2021, 41, 2475–2491. [CrossRef] [PubMed]

176. Lopez-Lopez, C.; Dietrich, M.O.; Metzger, F.; Loetscher, H.; Torres-Aleman, I. Disturbed cross talk between insulin-like growth
factor I and AMP-activated protein kinase as a possible cause of vascular dysfunction in the amyloid precursor protein/presenilin
2 mouse model of Alzheimer’s disease. J. Neurosci. 2007, 27, 824–831. [CrossRef]

177. Friedrich, N.; Thuesen, B.; Jørgensen, T.; Juul, A.; Spielhagen, C.; Wallaschofksi, H.; Linneberg, A. The association between IGF-I
and insulin resistance: A general population study in Danish adults. Diabetes Care 2012, 35, 768–773. [CrossRef]

178. Zhou, M.; Li, H.; Wang, Y.; Pan, Y.; Wang, Y. Causal effect of insulin resistance on small vessel stroke and Alzheimer’s disease: A
Mendelian randomization analysis. Eur. J. Neurol. 2022, 29, 698–706. [CrossRef]

179. Shalev, A.; Liberzon, I.; Marmar, C. Post-Traumatic Stress Disorder. N. Engl. J. Med. 2017, 376, 2459–2469. [CrossRef]
180. Greenberg, M.S.; Tanev, K.; Marin, M.F.; Pitman, R.K. Stress, PTSD, and dementia. Alzheimer’s Dement. 2014, 10 (Suppl. 3),

S155–S165. [CrossRef]
181. Kuring, J.K.; Mathias, J.L.; Ward, L. Risk of Dementia in persons who have previously experienced clinically-significant Depression,

Anxiety, or PTSD: A Systematic Review and Meta-Analysis. J. Affect. Disord. 2020, 274, 247–261. [CrossRef] [PubMed]
182. Catania, C.; Sotiropoulos, I.; Silva, R.; Onofri, C.; Breen, K.C.; Sousa, N.; Almeida, O.F.X. The amyloidogenic potential and

behavioral correlates of stress. Mol. Psychiatry 2007, 14, 95–105. [CrossRef] [PubMed]
183. Wilson, R.S.; Evans, D.A.; Bienias, J.L.; Mendes De Leon, C.F.; Schneider, J.A.; Bennett, D.A. Proneness to psychological distress is

associated with risk of Alzheimer’s disease. Neurology 2003, 61, 1479–1485. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biopsych.2006.04.004
https://doi.org/10.1523/JNEUROSCI.21-15-05678.2001
https://doi.org/10.1515/REVNEURO.2002.13.4.365
https://doi.org/10.1093/brain/122.12.2309
https://doi.org/10.1212/WNL.53.9.1942
https://www.ncbi.nlm.nih.gov/pubmed/31753132
https://doi.org/10.1212/01.wnl.0000277456.29440.16
https://doi.org/10.3233/JAD-220898
https://www.ncbi.nlm.nih.gov/pubmed/36502330
https://doi.org/10.1093/brain/awac392
https://doi.org/10.1038/s41380-022-01695-4
https://www.ncbi.nlm.nih.gov/pubmed/35840796
https://doi.org/10.1016/0896-6273(95)90216-3
https://doi.org/10.1126/sciadv.adg0666
https://doi.org/10.1055/s-0038-1649503
https://doi.org/10.1001/archneur.60.12.1707
https://doi.org/10.1007/s00401-013-1145-2
https://www.ncbi.nlm.nih.gov/pubmed/23818064
https://doi.org/10.3233/JAD-2001-3110
https://www.ncbi.nlm.nih.gov/pubmed/12214074
https://doi.org/10.1073/pnas.0606298103
https://www.ncbi.nlm.nih.gov/pubmed/17121991
https://doi.org/10.1186/s13024-023-00636-1
https://www.ncbi.nlm.nih.gov/pubmed/37400870
https://doi.org/10.1177/0271678X211000894
https://www.ncbi.nlm.nih.gov/pubmed/33757314
https://doi.org/10.1523/JNEUROSCI.4345-06.2007
https://doi.org/10.2337/dc11-1833
https://doi.org/10.1111/ene.15190
https://doi.org/10.1056/NEJMra1612499
https://doi.org/10.1016/j.jalz.2014.04.008
https://doi.org/10.1016/j.jad.2020.05.020
https://www.ncbi.nlm.nih.gov/pubmed/32469813
https://doi.org/10.1038/sj.mp.4002101
https://www.ncbi.nlm.nih.gov/pubmed/17912249
https://doi.org/10.1212/01.WNL.0000096167.56734.59
https://www.ncbi.nlm.nih.gov/pubmed/14663028


Int. J. Mol. Sci. 2023, 24, 16440 17 of 18

184. Delic, V.; Ratliff, W.A.; Citron, B.A. Sleep Deprivation, a Link Between Post-Traumatic Stress Disorder and Alzheimer’s Disease. J.
Alzheimer’s Dis. 2021, 79, 1443–1449. [CrossRef]

185. Weiner, M.W.; Harvey, D.; Landau, S.M.; Veitch, D.P.; Neylan, T.C.; Grafman, J.H.; Aisen, P.S.; Petersen, R.C.; Jack, C.R., Jr.;
Tosun, D.; et al. Traumatic brain injury and post-traumatic stress disorder are not associated with Alzheimer’s disease pathology
measured with biomarkers. Alzheimer’s Dement. 2022, 19, 884–895. [CrossRef]

186. Justice, N.J.; Huang, L.; Tian, J.B.; Cole, A.; Pruski, M.; Hunt, A.J.; Flores, R.; Zhu, M.X.; Arenkiel, B.R.; Zheng, H. Posttraumatic
Stress Disorder-Like Induction Elevates β-Amyloid Levels, Which Directly Activates Corticotropin-Releasing Factor Neurons to
Exacerbate Stress Responses. J. Neurosci. 2015, 35, 2612–2623. [CrossRef]

187. Raber, J.; Huang, Y.; Ashford, J.W. ApoE genotype accounts for the vast majority of AD risk and AD pathology. Neurobiol. Aging
2004, 25, 641–650. [CrossRef]

188. Ferguson, A.C.; Tank, R.; Lyall, L.M.; Ward, J.; Celis-Morales, C.; Strawbridge, R.; Ho, F.; Whelan, C.D.; Gill, J.; Welsh, P.; et al.
Alzheimer’s Disease Susceptibility Gene Apolipoprotein E (APOE) and Blood Biomarkers in UK Biobank (N = 395,769). J.
Alzheimer’s Dis. 2020, 76, 1541–1551. [CrossRef]

189. Li, T.; Pappas, C.; Klinedinst, B.; Pollpeter, A.; Larsen, B.; Hoth, N.; Anton, F.; Wang, Q.; Willette, A.A. Associations Between
Insulin-Like Growth Factor-1 and Resting-State Functional Connectivity in Cognitively Unimpaired Midlife Adults. J. Alzheimer’s
Dis. 2023, 94, S309–S318. [CrossRef]

190. Wang, W.; Yu, J.T.; Tan, L.; Liu, Q.Y.; Wang, H.F.; Ma, X.Y. Insulin-like growth factor 1 (IGF1) polymorphism is associated with
Alzheimer’s disease in Han Chinese. Neurosci. Lett. 2012, 531, 20–23. [CrossRef]

191. Traversy, M.T.; Vandal, M.; Tremblay, C.; Tournissac, M.; Giguère-Rancourt, A.; Bennett, A.D.; Calon, F. Altered cerebral insulin
response in transgenic mice expressing the epsilon-4 allele of the human apolipoprotein E gene. Psychoneuroendocrinology 2017,
77, 203–210. [CrossRef] [PubMed]

192. Keeney, J.T.; Ibrahimi, S.; Zhao, L. Human ApoE Isoforms Differentially Modulate Glucose and Amyloid Metabolic Pathways in
Female Brain: Evidence of the Mechanism of Neuroprotection by ApoE2 and Implications for Alzheimer’s Disease Prevention
and Early Intervention. J. Alzheimer’s Dis. 2015, 48, 411–424. [CrossRef] [PubMed]

193. Gu, D.; Ou, S.; Liu, G. Traumatic Brain Injury and Risk of Dementia and Alzheimer’s Disease: A Systematic Review and
Meta-Analysis. Neuroepidemiology 2022, 56, 4–16. [CrossRef] [PubMed]

194. Dams-O’Connor, K.; Guetta, G.; Hahn-Ketter, A.E.; Fedor, A. Traumatic brain injury as a risk factor for Alzheimer’s disease:
Current knowledge and future directions. Neurodegener. Dis. Manag. 2016, 6, 417–429. [CrossRef]

195. Johnson, V.E.; Stewart, W.; Smith, D.H. Traumatic brain injury and amyloid-β pathology: A link to Alzheimer’s disease? Nat. Rev.
Neurosci. 2010, 11, 361–370. [CrossRef]

196. Mohamed, A.Z.; Nestor, P.J.; Cumming, P.; Nasrallah, F.A. Traumatic brain injury fast-forwards Alzheimer’s pathology: Evidence
from amyloid positron emission tomorgraphy imaging. J. Neurol. 2022, 269, 873–884. [CrossRef]

197. Zheng, P.; Tong, W. IGF-1: An endogenous link between traumatic brain injury and Alzheimer disease? J. Neurosurg. Sci. 2017,
61, 416–421. [CrossRef] [PubMed]

198. Ramos-Cejudo, J.; Wisniewski, T.; Marmar, C.; Zetterberg, H.; Blennow, K.; de Leon, M.J.; Fossati, S. Traumatic Brain Injury and
Alzheimer’s Disease: The Cerebrovascular Link. EBioMedicine 2018, 28, 21–30. [CrossRef]

199. Brett, B.L.; Gardner, R.C.; Godbout, J.; Dams-O’Connor, K.; Keene, C.D. Traumatic Brain Injury and Risk of Neurodegenerative
Disorder. Biol. Psychiatry 2022, 91, 498–507. [CrossRef]

200. Kempuraj, D.; Ahmed, M.E.; Selvakumar, G.P.; Thangavel, R.; Dhaliwal, A.S.; Dubova, I.; Mentor, S.; Premkumar, K.; Saeed, D.;
Zahoor, H.; et al. Brain Injury-Mediated Neuroinflammatory Response and Alzheimer’s Disease. Neuroscientist 2020, 26, 134–155.
[CrossRef]

201. Shin, M.K.; Vázquez-Rosa, E.; Koh, Y.; Dhar, M.; Chaubey, K.; Cintrón-Pérez, C.J.; Barker, S.; Miller, E.; Franke, K.; Noterman,
M.F.; et al. Reducing acetylated tau is neuroprotective in brain injury. Cell 2021, 184, 2715–2732.e23. [CrossRef] [PubMed]

202. Gao, F.; Hu, M.; Zhang, J.; Hashem, J.; Chen, C. TDP-43 drives synaptic and cognitive deterioration following traumatic brain
injury. Acta Neuropathol. 2022, 144, 187–210. [CrossRef] [PubMed]

203. Hook, V.; Yoon, M.; Mosier, C.; Ito, G.; Podvin, S.; Head, B.P.; Rissman, R.; O’Donoghue, A.J.; Hook, G. Cathepsin B in
neurodegeneration of Alzheimer’s disease, traumatic brain injury, and related brain disorders. Biochim. Biophys. Acta Proteins
Proteom. 2020, 1868, 140428. [CrossRef]

204. Wu, Z.; Wang, Z.H.; Liu, X.; Zhang, Z.; Gu, X.; Yu, S.P.; Keene, C.D.; Cheng, L.; Ye, K. Traumatic brain injury triggers APP and Tau
cleavage by delta-secretase, mediating Alzheimer’s disease pathology. Prog. Neurobiol. 2020, 185, 101730. [CrossRef] [PubMed]

205. Graham, N.S.N.; Jolly, A.; Zimmerman, K.; Bourke, N.J.; Scott, G.; Cole, J.H.; Schott, J.M.; Sharp, D.J. Diffuse axonal injury predicts
neurodegeneration after moderate-severe traumatic brain injury. Brain 2020, 143, 3685–3698. [CrossRef]

206. Brabant, G.; Wallaschofski, H. Normal levels of serum IGF-I: Determinants and validity of current reference ranges. Pituitary
2007, 10, 129–133. [CrossRef]

207. Harris, T.G.; Strickler, H.D.; Yu, H.; Pollak, M.N.; Monrad, E.S.; Travin, M.I.; Xue, X.; Rohan, T.E.; Kaplan, R.C. Specimen
processing time and measurement of total insulin-like growth factor-I (IGF-I), free IGF-I, and IGF binding protein-3 (IGFBP-3).
Growth Horm. IGF Res. 2006, 16, 86–92. [CrossRef]

https://doi.org/10.3233/JAD-201378
https://doi.org/10.1002/alz.12712
https://doi.org/10.1523/JNEUROSCI.3333-14.2015
https://doi.org/10.1016/j.neurobiolaging.2003.12.023
https://doi.org/10.3233/JAD-200338
https://doi.org/10.3233/JAD-220608
https://doi.org/10.1016/j.neulet.2012.10.015
https://doi.org/10.1016/j.psyneuen.2016.11.028
https://www.ncbi.nlm.nih.gov/pubmed/28088659
https://doi.org/10.3233/JAD-150348
https://www.ncbi.nlm.nih.gov/pubmed/26402005
https://doi.org/10.1159/000520966
https://www.ncbi.nlm.nih.gov/pubmed/34818648
https://doi.org/10.2217/nmt-2016-0017
https://doi.org/10.1038/nrn2808
https://doi.org/10.1007/s00415-021-10669-5
https://doi.org/10.23736/S0390-5616.16.03431-7
https://www.ncbi.nlm.nih.gov/pubmed/26349470
https://doi.org/10.1016/j.ebiom.2018.01.021
https://doi.org/10.1016/j.biopsych.2021.05.025
https://doi.org/10.1177/1073858419848293
https://doi.org/10.1016/j.cell.2021.03.032
https://www.ncbi.nlm.nih.gov/pubmed/33852912
https://doi.org/10.1007/s00401-022-02449-w
https://www.ncbi.nlm.nih.gov/pubmed/35713704
https://doi.org/10.1016/j.bbapap.2020.140428
https://doi.org/10.1016/j.pneurobio.2019.101730
https://www.ncbi.nlm.nih.gov/pubmed/31778772
https://doi.org/10.1093/brain/awaa316
https://doi.org/10.1007/s11102-007-0035-9
https://doi.org/10.1016/j.ghir.2006.01.002


Int. J. Mol. Sci. 2023, 24, 16440 18 of 18

208. Simstich, S.; Züllig, T.; D’Aurizio, F.; Biasotto, A.; Colao, A.; Isidori, A.M.; Lenzi, A.; Fauler, G.; Köfeler, H.C.; Curcio, F.; et al.
The impact of different calibration matrices on the determination of insulin-like growth factor 1 by high-resolution-LC-MS in
acromegalic and growth hormone deficient patients. Clin. Biochem. 2023, 114, 95–102. [CrossRef]

209. Frystyk, J. Utility of Free IGF-I Measurements. Pituitary 2007, 10, 181–187. [CrossRef]
210. Galle, S.A.; van der Spek, A.; Drent, M.L.; Brugts, M.P.; Scherder, E.J.A.; Janssen, J.; Ikram, M.A.; van Duijn, C.M. Revisiting the

Role of Insulin-Like Growth Factor-I Receptor Stimulating Activity and the Apolipoprotein E in Alzheimer’s Disease. Front.
Aging Neurosci. 2019, 11, 20. [CrossRef]

211. Miki Stein, A.; Munive, V.; Fernandez, A.M.; Nuñez, A.; Torres Aleman, I. Acute exercise does not modify brain activity and
memory performance in APP/PS1 mice. PLoS ONE 2017, 12, e0178247. [CrossRef] [PubMed]

212. Trueba-Saiz, A.; Cavada, C.; Fernandez, A.M.; Leon, T.; Gonzalez, D.A.; Fortea, O.J.; Lleo, A.; Del, S.T.; Nunez, A.; Torres-Aleman,
I. Loss of serum IGF-I input to the brain as an early biomarker of disease onset in Alzheimer mice. Transl. Psychiatry 2013, 3, e330.
[CrossRef] [PubMed]

213. Rollo, J.; Crawford, J.; Hardy, J. A dynamical systems approach for multiscale synthesis of Alzheimer’s pathogenesis. Neuron
2023, 111, 2126–2139. [CrossRef] [PubMed]

214. Frere, S.; Slutsky, I. Alzheimer’s Disease: From Firing Instability to Homeostasis Network Collapse. Neuron 2018, 97, 32–58.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.clinbiochem.2023.02.008
https://doi.org/10.1007/s11102-007-0025-y
https://doi.org/10.3389/fnagi.2019.00020
https://doi.org/10.1371/journal.pone.0178247
https://www.ncbi.nlm.nih.gov/pubmed/28542392
https://doi.org/10.1038/tp.2013.102
https://www.ncbi.nlm.nih.gov/pubmed/24301648
https://doi.org/10.1016/j.neuron.2023.04.018
https://www.ncbi.nlm.nih.gov/pubmed/37172582
https://doi.org/10.1016/j.neuron.2017.11.028

	Introduction 
	IGF-I and AD Resilience 
	IGF-I and AD Risk 
	Old Age 
	Type 2 Diabetes 
	Imbalanced Diet 
	Sedentary Life 
	Low Education 
	Stroke 
	Post-Traumatic Stress Disorder 
	ApoE4 
	Traumatic Brain Injury 

	Outlook 
	Summary 
	References

