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1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia, characterized by a progressive loss of memory,

visuospatial and complex cognitive abilities, such as language and reasoning, which ultimately lead to a total inability to

perform any type of daily activity . Oftentimes, the patient presents comorbid psychopathologies, including depression,

psychosis, anxiety, aggressive and antisocial behavior. Histologically, AD has been traditionally described by the

appearance of neurofibrillary tangles (NFTs) and amyloid plaques . NFTs are the intracellular aggregation of

hyperphosphorylated Tau, a microtubule-associated protein that provides axonal cytoskeleton stability. Under pathological

conditions (e.g., neuroinflammation and insulin resistance), Tau undergoes hyperphosphorylation, and consequently,

conformational changes that reduce its affinity for microtubules , leading to neurodegeneration . Misfolded Tau can

spread via migration to neighbor healthy neurons, worsening the condition . Senile amyloid plaques are formed by

amyloid β (Aβ) peptide accumulation . The old amyloid hypothesis formulated to explain AD postulates that soluble Aβ

oligomers, and Aβ deposits in plaques, together with NFTs are ultimately responsible for neuronal death.

Aβ-peptide is generated from the amyloid protein precursor (APP) proteolysis. APP is a transmembrane glycoprotein

expressed in a wide variety of cells and located on chromosome 21 (21q21.3, in mammals) and it undergoes proteolysis

by secretases in two possible pathways (see Figure 1). The amyloidogenic pathway starts by the action of the β-site APP-

cleaving enzyme 1 secretase (BACE 1), followed by the action of the γ-secretase (presenilin). This sequential cleavage

releases different lengths of Aβ peptides (39–42aa), depending on γ-secretase action. Long peptides (Aβ ) are more

prone to aggregation. The non-amyloidogenic pathway starts by the α-secretase action followed, as above, by γ-

secretase, where no pathological peptides are generated. In healthy conditions, both pathways would compete in APP

proteolysis The clearance of amyloid products is carried out by microglia, the resident brain macrophages. An imbalance

between the formation and clearance of Aβ peptides would result in their aggregation and accumulation in amyloid

plaques .

Figure 1. Amyloid precursor protein (APP) processing. The α and γ secretases are involved in the non-amyloidogenic

pathway, whereas the β and the γ secretases are involved in the amyloidogenic pathway, generating the Aβ toxic

oligomer.
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Soluble Aβ oligomers can also be neurotoxic, since they induce intracellular oxidative stress and synaptic dysfunction 

 through the aberrant interaction with numerous receptors (NMDA, AMPA, acetylcholine, insulin, BDNF and receptors

for advanced glycosylation end products; for a review, see ). Since deposition of Aβs in amyloid plaques have been

observed in other dementias and in non-demented aged people, it is nowadays only considered a specific AD hallmark,

unless it is observed togehter withother signs, such as NFTs, neurodegeneration, insulin resistance and

neuroinflammation . Importantly, inflammation and insulin resistance start the pathological process years before the

appearance of AD’s first clinical symptoms .

2. Neuroinflammation in AD

Neuroinflammation is a process regulated by the brain resident macrophages, the microglia cells, which are required to

recognize and eliminate any toxic component in the central nervous system (CNS) (for a review, see ). Microglia has a

high capacity for mobility, and they can switch between two different phenotypes, M1 and M2, that are characterized by a

different morphology and cytokine expression profile. The M2 phenotype is the “resting” type that actively monitors the

brain in healthy conditions . The switch to M1 begins with the recognition of the pathogen-associated molecular

patterns (PAMPs) or the damage-associated molecular patterns (DAMPS) by the pattern recognition receptors (PRRs).

These include the ‘toll-like receptors’ (TLRs) in microglia membrane (both plasma and endosomal membrane), the

cytoplasmic NOD-like receptors (NLR), the intracellular retinoic acid-inducible gene-I-like receptors and the

transmembrane C-type lectin receptors (for a review, see ). PAMPS and DAMPS range from bacterial wall components,

lectins,  lipopolysaccharides (LPS) and virus capsid proteins, to debris released by dying cells and Aβ oligomers . The

activation of this system, the so-called inflammasome, initiates the inflammatory cascade, that will induce the secretion of

pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ) and interleukins 1β, 6 and 18

(IL-1β, IL-6 and IL-18, respectively). Pro-inflammatory cytokines purpose is to orchestrate the neutralization and

elimination of toxic molecules and cellular debris. In normal conditions, once the toxic stimuli have been cleared, microglia

swifts to the anti-inflammatory (M1) phenotype and secretes anti-inflammatory cytokines such as interleukins 4, 10 and 18

(IL-4, IL-10 and IL-18, respectively), brain-derived neurotrophic factor (BDNF) or nerve growth factor (NGF), whose role is

to terminate the innate immune response and contribute to restore the synaptic function. However, under pathological

conditions, microglia cells do not go back to their resting state, thus causing a chronic inflammation process, with the

overproduction of pro-inflammatory cytokines and reduction of neuroprotective factors that in sustained situations become

highly toxic, leading to neurodegeneration .

Therefore, the chronic neuroimmune system activation underlies the initiation and progression in many dementias, and it

is involved in the late onset of AD . Not only Aβ activates the microglia , but also misfolded Tau interaction with

microglia triggers inflammation . The elimination of the microglial receptor, NLR family pyrin domain containing 3

(NLRP3) has shown to reduce brain Aβ levels in rodent models of AD ; since then, NLRP3 inflammasome has been

deeply studied and characterized in AD . In addition to the neurological symptoms, neuroinflammation also underlies

the psychiatric signs associated with AD, and for that reason, targeting neuroinflammation has also been proposed to treat

those comorbid disturbances .

According to the neuroinflammation hypothesis underlying AD, there is a lower incidence of AD among users of chronic

non-steroidal anti-inflammatory molecules (NSAIDs) . NSAIDs inhibit mostly the cyclooxygenase (COX) activity,

which synthesizes prostaglandin (PG) from arachidonic acid. At least two isoforms have been described, COX-1 and 2.

COX-1 is expressed constitutively; in contrast, COX-2 is induced by inflammation and cellular stress, increasing PG

production . Anti-inflammatory compounds, inhibiting COX activity, Naproxen and Celecoxib have been tested in clinical

trials against AD. Naproxen, a non-selective COX inhibitor was administered (220 mg/twice day for two years) to 195 pre-

symptomatic AD subjects (aged 55+) with a familial history of AD. The progression of the disease was evaluated with the

Alzheimer’s Progression Score (APS). Although Naproxen reduced the rate of the APS, the data was not significant .

Celecoxib, a selective COX-2 inhibitor, was administrated (200 mg/twice day for 2 years) in 677 pre-symptomatic subjects

(70+) with at least one first-degree relative with AD. No improvement in the cognitive symptoms in the Alzheimer’s

Disease Anti-inflammatory Prevention Trial (ADAPT) in the AD patients compared to the placebo group was found .

None of these clinical trials analyzed inflammation biomarkers; therefore, these studies cannot test the neuro-

inflammation hypothesis underlying AD progression. In addition, another conclusion from these clinical data is to shift the

focus to different inflammation pathways, other than the COX-PG pathway.

For example,  the specific TNF-α inhibitor, Etanercept, was evaluated in a small group of 41 AD patients (55+) with mild to

severe AD (SMMSE score between 10 and 27), to test its anti-inflammatory effect and subsequent improvement of

cognitive function. The weekly 50 mg subcutaneous administration was well tolerated; however, after 24 weeks of

treatment, Etanercept did not show significant beneficial effects in cognition, behavior, systemic cytokine levels or global
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function compared to the placebo-treated group . The failure of this clinical trial, maybebe due to i) Also, the period of

time of assays is too short; and/or ii) there are other factors that may be involved for instance insulin resistance ; thus,

inhibiting specifically the TNF-α action may not be sufficient to counteract the inflammasome activity.

3. Targeting Insulin Resistance to Treat AD

The late onset of AD is strongly associated with insulin resistance; in fact, AD has been often recognized as Type 3

diabetes . Several situations can bring about insulin resistance: metabolic syndrome caused by high fat diet,

sedentarism, obesity, genetic predisposition and neuroinflammation . Insulin resistance increases Tau aberrant

phosphorylation, the expression of APP and the formation of Aβ oligomers and its deposition. In addition, insulin

resistance augments oxidative and endoplasmic reticulum stress, mitochondrial dysfunction and pro-inflammatory

cascades . Not surprisingly, Type 2 Diabetes mellitus (T2DM) has been associated with cognitive impairment .

For this reason, administration of intranasal (IN) insulin has been considered as a potential therapeutic strategy against

AD. A systematic review on this strategy concluded that whereas IN insulin administration showed improvement in verbal

memory and story recall, it was not effective on other aspects of cognition. Interestingly, the authors conclude that the

treatment is affected by the presence of Apoe4 isoform, where Apoe4 (–) patients displayed more benefits compared to

Apoe4 (+) patients. This systematic review concluded that IN insulin (although very safe, not interfering with systemic

glucose levels) does not seem an effective treatment for dementia associated to AD or mild cognitive impairment (MCI).

Most importantly, these data support that proper stratification by disease stage, Apoe4 carrier status and different types of

insulin must be considered for a better therapeutic effect .

In Insulin resistance situations, the administration of insulin will  not effective in the long term; thus, other treatments have

been developed to enhance the insulin sensitivity instead, These strategies include the activation of adenosine

monophosphate (AMP)-activated protein kinase (AMPK). AMPK activation inhibits the mammalian target of rapamycin

(mTOR)/p70 ribosomal S6 kinase (p70S6K) activity . The mTOR/p70S6K pathway is activated by insulin and

phosphorylates the insulin receptor substate 1 (IRS1) on serine residues as a negative feedback loop to reduce insulin

signaling   (see Figure 2). Interestingly, AMPK activity displays an anti-inflammatory effect, decreasing inflammatory

cells proliferation and their adhesion to the blood vessel endothelium. AMPK activity also reduces amyloidogenesis, Tau

hyperphosphorylation and the activation of autophagic degradation . In agreement with this, a pilot study in non-diabetic

subjects (aged 55–80 years) diagnosed with MCI, Metformin (an AMPK activator) administration, ameliorated learning,

memory and attentional abilities, evaluated by the Paired Associates Learning (PAL) scale and DMS Percent Correct

Simultaneous. Interestingly, there was the improvement in behavior, but no changes in the cerebrospinal fluid (CSF) of

Aβ , and total or phosphorylated Tau levels were found , further suggesting the idea that the amyloid hypothesis does

not accurately explain AD.

Figure 2. Insulin signaling cascade. The scheme shows the negative feedback mechanism that mTORC1 exerts over

IRS1/2. Activation of AMPK inhibits mTORC1, thus improving insulin signaling. In pathological situations, insulin

resistance reduces Akt activity, leading to higher GSK-3β activity and subsequent Tau hyperphosphorylation, an important

hallmark of AD.

Milk-derived proteins have also been proposed as possible antioxidant and anti-inflammatory compounds, given their

capability to reduce insulin resistance. For example, lactoferrin (a multifunctional iron-binding glycoprotein) administration

increases insulin sensitivity in adipose tissue explants from obese subjects . Indeed, Lactoferrin antioxidant function

is highly dependent on its iron binding capacity . In metabolic syndrome, iron accumulation is considered an important

factor underlying insulin resistance and oxidative stress; accordingly, iron-chelators have a positive effect ameliorating the

physiopathology of obesity. Lactoferrin therapeutic potential against AD was tested in a pilot study with AD patients. Short-

term administration of lactoferrin (250 mg/day for three months) reduced serum oxidative levels and neuroinflammatory

markers, and regulated neurotransmitters serum levels concomitant with improved cognitive performance, compared to

control .

Moreover, deficiency in micronutrients such as vitamin B12 (critical for mental health ) has been associated with insulin

resistance . Interestingly, combined treatment of folic acid and vitamin B12 has been shown to improve AD

cognitive performance in a randomized trial of 240 patients diagnosed with MCI for 6 months, concomitant with a

reduction in serum inflammatory markers . Additionally, Vitamin B12 in combination with anti-psychotic drugs

(Risperidone and Quetiapine) reduced blood levels of the pro-inflammatory cytokines IL-8 and TNF-α and augmented the

expression of the anti-inflammatory cytokine TGF-β, compared to non-treated AD patients . The same medication

formulation was tested in psychotic patients for the expression of the Cluster of Differentiation 68 (CD68), a protein
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expressed by monocytes and macrophages that has been shown to correlate positively with psychotic symptoms in AD

patients. This treatment reduced CD68 expression , and therefore, has been proposed as a good strategy against AD.

In addition, CD68 has been shown to bind and internalize oxidized Low-Density Lipoprotein (oxLDL), a cholesterol carrier

, suggesting a relationship of CS68 with intracellular lipid accumulation and atherogenesis.

In this line of research, pharmacological treatments used to treat other diseases, such as hypertension (i.e., calcium

channel blockers)   or hypercholesterolemia (i.e., statins) , were postulated as therapeutic agents against AD,

given their alleged anti-inflammatory and insulin sensitizing properties. The results from a randomized clinical trial

demonstrated that, for instance, the calcium channel blocker nilvadipine has no beneficial effects in a clinical trial against

treating AD . On the other hand, statins’ potential therapeutic effect against Alzheimer seems controversial. Simvastatin

has been shown to improve memory deficits only at higher doses (80 mg/daily for 18 months) in small groups of patients

(50+) ; lower doses in larger groups, even though they were efficient in lowering lipid levels, did not ameliorate memory

performance . Another statin has been evaluated, artovastatin. In an 18 months clinical trial in dyslipidemic patients,

although artovastatin effectively corrected dyslipidemia and inflammatory markers, cognitive function was not evaluated in

the study ; furthermore, a randomized clinical trial demonstrated no beneficial effects of artovastatin treatment on AD

patients’ symptoms . These data conclude that although there is a promising therapeutic evidence in correcting

dyslipidemia in AD, more studies are needed to establish statins therapeutic applications in AD patients, since reasonable

concerns arises with lowering of the cholesterol molecule itself

In conclusion, the clinical data reviewed suggest a promising potential to treat neuroinflammation in AD to ameliorate the

symptoms. Further studies are required to establish an effective treatment protocol to address this complex disease.
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