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Abbreviations: 5-HT, 5 hydroxy triptamine; AD, alzheimer 
disease; Aβ, amyloid-β; Aβ 1-42 and Aβ 1-40, shorter peptides of Aβ 
released during pathogenesis; ApoE, apolipoprotein E; CI, cognitive 
impairment; CMV, cytomegalovirus; CRP, c reactive protein; CSF, 
cerebrospinal fluid; CSN, central nervous system; DA, dopamine; 
EBV epstein-barr virus; GF, germ free; IBS, irritable bowel 
byndrome; IL-6; inter leukin 6; IL-8, inter Leukin8; MAMPS, microbe 
associated molecular patter NA, noradrenalin PET, positron emission 
tomography; PPA, precursor protein amyloi; p-tau, phosphorylated 
tau protein; SCFA, short chain fatty acid; sLRP , soluble low density 
lipoprotein receptor-related protein-1; SPF, specific pathogen free; 
sRAGE, soluble receptor for advanced glycation end products; 
TNF-α, tumor necrosis factor alpha

Introduction
The aim of this first part is providing solid grounds to propose links 

between gut microbiota and cognitive decline through inflammatory 
processes, although direct action on neurotransmitters may also 
have an incidence. Hence, it will be needed to update the state of 
the art on CI and AD, and their links with inflammatory processes 
will be revealed through the study of molecular markers. Finally, the 
relationship of gut micro biota with brain function and changes during 
ageing will be reviewed.

Cognitive impairment and alzheimer disease

Life expectancy has greatly improved in the last century, 
generating unprecedented social and public health problems, due to 
the great increase of the older population. In fact, different forecasts 
suggest that 50% of today’s young people will reach 90years and, if 
present proportions persist, between 40-60% of them will suffer some 
sort of cognitive impairment or AD after that age (90years). Hence, 
if we are unable to find a solution, in two to three decades there will 
be more dements than ever before in human history.1,2 Unfortunately, 
all studies revealed that age is the main risk factor for CI or AD and 
it duplicates every 10years, therefore, our “oldest old” - that is older 
than 90years- are those at greater risk. Different works have tried to 
determine other risk factors and although a significant correlation 
has been found between longevity and the intake of vitamins, 
antioxidants, physical activity, caffeine, alcohol or body mass index, 
it was not possible to find any relationship with the development 
of neurodegenerative diseases. Among all factors studied that may 
influence the development of CI or AD, only hypertension has been 
clearly determined to reduce and hypotension to increase the risk to 
develop dementia. The causes are yet undetermined, but it has been 
suggested that brain capillaries develop rigid walls with age and 
contorted paths require greater tension for the adequate perfusion 
of nutrients and oxygen.3‒5 The presence of amyloid-β (Aβ) protein 
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Abstract

Developed societies are facing a remarkable increase of population’s longevity and, 
consequently, of chronic diseases such as obesity, cardiovascular or neurodegenerative 
diseases. Age associated cognitive impairment (CI) (dementia) in its different forms 
represent a real social, economic and public health problem, and particularly the severe 
and highly prevalent Alzheimer disease (AD). Inflammation and altered metabolism of 
neurotransmitters and hormones are common in elderly suffering CI and AD. Met genomics 
studies have demonstrated that in normal adult population, as well as in older people, 
health status and diet are the main factors affecting micro biota composition. Older persons 
frequently develop immune system degeneration leading to a low response to antigens and 
to a low profile persistent inflammation (inflammaging). Data from elderly populations and 
disease models show that systemic inflammation alters gut micro biota and also certain 
changes in the micro biota induce inflammatory secretions. In addition, there is a more 
than likely role of gut micro biota in the gut-brain signalling through the synthesis and 
processing of neurotransmitters. Hence, changes occurring in the gut micro biota of the 
elderly mostly due to diet, environment and inflammatory processes might be associated 
to brain function. The objective of this review would be to show that there are evidences 
that link gut micro biota and cognitive decline through inflammatory processes, although 
direct action on neurotransmitters may not be discarded. Research data shown here supports 
the view that inflammation linked to neurodegenerative diseases associated to ageing, may 
cause changes in the gut micro biota composition that, turn, would feed inflammation and 
aggravating the disease. This perverse cycle has been delayed to a certain extent through a 
healthy diet rich in complex carbohydrates, such as the Mediterranean diet.
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is a definite risk factor, as 60% of old persons with dementia show 
presence of Aβ after positron emission tomography (PET) scan, and 
40% of healthy volunteers of similar age (>90) showed the presence 
of Aβ. However, this healthy group positive for Aβ lost their cognitive 
faculties faster than the healthy group with no Aβ signal.6 Aβ plates 
have an important role in AD pathogenesis, but the severity of the 
cognitive impairment holds greater correlation with the burden of 
neocortical neurofibrillary tangles than with the presence of Aβ 
plates.7 In elderly of very advanced age (more than 90-95years), 
the pathology of AD depends rather on genetic factors than on age 
itself due to the appearance of the precursor protein amyloid-β 
(PPA).Nowadays, different causes of dementia can be histological 
differentiated among them, of course, AD and hippocampus sclerosis. 
The main neuropath logical features of AD are the loss of neurons and 
synopsis, the formation of plates (of Aβ protein) and neurofibrillary 
tangles (aggregates of tau protein associated to microtubules) in the 
cortical and limbic regions of the brain, and until present, the most 
efficient diagnostic of AD is obtained through lumbar puncture for the 
detection of Aβ 1-42 and Aβ 1-40, total tau protein or phosphorylated 
tau (p-tau).8,9 CI and AD can be classified as diseases of inflammatory 
nature due to the high concentrations of inflammatory markers 
detected (see below); prolonged anti-inflammatory treatments reduce 
the risk of their development. Although the causal relationship 
between inflammation and CI or AD has not been disclosed, but some 
molecular components of inflammatory events promote pathological 
processes that lead to AD, while others have the opposite effect. This 
apparently depends on the way they affect different types of cells in 
the brain of different individuals.10

Investigation and diagnostic of cognitive impairment 
and alzheimer disease through molecular methods

The clinical diagnostic of AD is mainly based on neuro-
psychological symptoms and until recently this disease required the 
post mortem confirmation of the presence of Aβ plates and fibrillary 
tangles in the cortex for 100% precise diagnostic.11 Therefore, in the 
last years a great effort has been devoted to determine molecular 
markers for robust, and if possible, early diagnostics of AD. The 
protein analysis of cerebrospinal fluid (CSF) (βA 1-42 (INNOTEST®), 
ApoE, tau and phosphorylated tau is now considered the most precise 
method for the diagnostic of AD.12‒15 Attempts to develop less invasive 
methods were published based on the detection of multiple plasma 
molecular markers (between 18 and 89) that showed a precision of 
70% for early detection of CI and AD.16,17 Later studies developed 
methods for the analysis of individual markers in plasma, such as the 
presence of the soluble form of the receptor for advanced glycation end 
products (sRAGE) and the soluble low density lipoprotein receptor-
related protein-1 (sLRP).18 Metabolites of different fluids have been 
characterized through metabolomics in AD transgenic mouse models 
and humans with AD and CI. In general terms, detected products in 
plasma and CSF followed parallel patterns and likely differences were 
found between normal elderly people and those affected by AD or 
CI (up to 40-60% of total compounds). Differential patterns were 
mainly found in canonical pathways related to the energy metabolism 
and mitochondrial function, lipid biosynthesis and transport, and 
metabolism of neurotransmitters and hormones. Remarkably, some of 
these signatures and profiles can be explained by the metabolism of 
the gut microbiota, as will be reviewed below.19‒23 The detection of 
individual compounds can be used as a fast diagnostic method. For 
example, the presence of cortisol in saliva could be shown in a number 
of works that holds direct relationship with stress,24 determined 
through ELISA techniques.25 However, cortisol determination can 

also be related to neurodegenerative processes, especially CI and 
AD, as marker of the hypothalamus and the adrenocortical gland 
activity26 and it can be determined as a typical CSF metabolite in 
AD.27 Since 2005 gene expression studies (transcriptomics) tried to 
discriminate differences between healthy volunteers and CI and AD 
patients using DNA microarrays on nervous tissue and CSF samples.28 
The amount of information obtained was precise and abundant, but 
those studies underestimated posttranscriptional events, offering only 
a partial view of such biological problems. On the other hand, the 
transcriptomic analysis of blood cells may offer a more general view 
on the status of the organism. A very complete blood study by Lunnon 
K et al.,29 described differential expression of more than 2,900 probes 
between controls and patients with CI and AD. The most significant 
group (77) had lower level of expression in the subjects affected by 
CI and AD, from which authors underpinned genes mainly related 
to the respiratory chain of mitochondria. Of note, the only group of 
genes significantly over expressed in the disease cases were related 
with inflammatory immune response, particularly pathways related 
to endothelial leukocyte migration, oxidative phosphorylation and 
ribosomal synthesis.29

Finally, newly developed imaging techniques need to be 
mentioned. PET and magnetic resonance imaging (MRI) are non-
invasive methods with great in vivo resolution that have successfully 
been applied to humans. PET with 2-[18F] fluoro-2-deoxy-D-glucose 
(FDG) has been globally used for more than 20years. This probe 
detects general levels of metabolic activity, and images obtained 
have enough resolution for some expert professionals to determine 
if patients are suffering CI or AD.30 In the past years, radiolabelled 
probes applied are able to directly detect Aβ with great efficacy, for 
example, results using [11C]-Pittsburg compound-B (PIB) rendered a 
robust diagnostic of the fibrillary deposition of the amyloid protein in 
the neocortex on 238 volunteers of a multicenter study.31 Also the ratio 
of Aβ 1-42/ Aβ 1-40 using high precision mass spectroscopy were 
definitely associated with the presence of cortical Aβ fibrils.32

Gut microbiota and the gut-brain axis

Humans have coevolved during millions ofyears with a variety of 
microbial species in such a way that we need a balanced gut microflora 
(microbiota) for food digestion, pathogen inhibition, preservation of 
the gut mucosa integrity, so that from the moment of birth, we depend 
on the gut microbiota to achieve a proper maturation of the immune 
system.33,34 Changes in the composition of the microbiota exert an 
effect on the host physiology, contributing to the development of 
diseases that involve inflammatory disorders, type II diabetes, obesity, 
metabolic syndrome for reviews see35‒38 and liver functions.39 The 
axis Brain-Intestine has long been known to affect intestinal functions 
under stress or anxiety conditions (up-down signal). Here we will 
focus on the “down-up” signal and will show some experimental 
examples that highlight such Gut-Brain communication mechanism. 
The fact that gut micro biota can transcend the digestive and immune 
functions is still confronted by the skepticism of some clinicians, 
but there are sound scientific evidences of the existence of signaling 
pathways between gut micro biota and the brain. Four transport paths 
have been proposed for signals from Gut (micro biota) to Brain: the 
vagus nerve and spinal efferent systems; mediators of the immune 
system, such as cytokines; enteric hormones; and finally, signaling 
molecules produced by the gut micro biota.40 Some examples are 
following that will shed light on these mechanisms. It has been shown 
that germ free (GF) mice displayed greater motor activity and less 
anxiety than mice colonized with normal micro biota (SPF). This 
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difference can be attributed to an increase in noradrenalin (NA), 
dopamine (DA) and 5-hydroxytriptamine (5-HT) turnover in the 
striatum of GF mice, known monoamine neurotransmitters associated 
to anxiety-like behavior, and to changes in expression of genes that 
participate in the synaptic plasticity.39 In a different study, GF male 
mice showed a significant increase in hippocampus concentration of 
5-HT (serotonin), if compared to conventionally colonized animals. 
In fact, the concentration of tryptophan, precursor of serotonin, was 
higher in plasma of GF mice, suggesting that gut microbiota may 
influence serotonergic neurotransmission of the central nervous 
system (CNS) via humoral communication path.41 Different works 
could demonstrate that the vagus nerve serves as an important 
neurotransmitter of the changes occurring in the gut microbiota. 
These studies described assays in which the intake of probiotc strains, 
Lactobacillus rhamnosus and Bifidobacterium longum, did not 
reduce inflammatory markers, however, they managed to normalize 
the anxiety related behavior caused by colitis, a process mediated by 
the vagus nerve that is possibly activated at the level of the enteric 
nervous system.42 Particularly, L. rhamnosus (JB-1) induced gene 
expression changes of the receptor of γ-aminobutiric acid (GABA) 
in different regions of the brain, as well as a reduction of the levels 
of corticosterone and the anxiety/depression related behavior. Those 
behavioral and neuro chemical effects were not present in vagotomized 
mice.43 Catecholamines (CA) can also be involved in the Gut-Brain 
signaling regulated by gut bacteria. Much lower levels of dopamine 
and norepinephrine have been found in the intestinal lumen of GF 
mice than in conventional SFP mice, further, CA found in SPF mice 
were biologically active, while those in GF mice were conjugated or 
inactive.44 Manipulation of the micro biota in rodents gives rise to 
changes in the regulation of anxiety, mood, cognition and pain, that led 
to suggest that proper modification of the gut microbiota could be an 
optional strategy in the development of new therapies in complex CNS 
disorders.45 In this line, some studies related changes in the gut micro 
biota with autism, anxiety and depression also in humans, however, the 
signaling channels are still under research.46 It could be demonstrated 
that chronic intestinal infection in animal models is related to an 
anxiety and depression related behavior, effects that are associated to 
changes in the patterns of proinflammatory cytokines and metabolic 
pathways of kinurenine/tryptophan.47 In humans, the irritable bowel 
syndrome (IBS) is correlated to intestinal inflammation and a strong 
deviation of the normal gut microbial pattern (dysbiosis). Since gut 
inflammation is the basis of systemic inflammation, endotoxemia and 
neuro inflammation, this would explain why a high proportion of IBS 
patients (also consuming alcohol, tobacco and high fat diets), have 
a high risk to suffer respiratory, neuromuscular, psychological, sleep 
or neurological disorders, stressing the effect of the communication 
paths between dysbiosis, gut and the CNS.48 In a mouse model of the 
ME7 prion disease, systemic inflammation induced acute cognitive 
deficiencies.49 Regarding the incidence of the general inflammatory 
condition on dementia in humans, a recent meta-analysis demonstrated 
that high levels of peripheral inflammatory markers are related to a 
slight increase in the risk of dementia in the broad sense, not to AD.50

Microbiota and the immune system in the elderly

Ageing brings along deregulation of the immune response due 
to a life-long hyper stimulation of the immune system (immuno 
senescence). At advanced age, there is a lower response to antigens 
due to thyme involution, with a reduction of total T and B cells, 
and naïve T cells (CD95-) needed for the production of new 
immunoglobulins (Ig) against pathogens. As consequence of age, 
there is also an accumulation of effector T cells (CD8+) that produce 

pro-inflammatory cytokines, an increase of Natural Killer (NK) cells 
and a progressive activation of macrophages, all this is displayed 
with constant low grade inflammatory signaling (inflammaging). This 
inflammatory stage in elderly people has been related to different age 
related diseases, from diabetes to cardiovascular or neurodegenerative 
diseases for review see.51 Certain viral infections, such as Epstein-Barr 
Virus (EBV) and cytomegalovirus (CMV).52 Significantly participate 
in the development of the chronic pro-inflammatory state in elderly. 
This inflammatory scenario sensitizes elderly to microbe associated 
molecular patterns (MAMPS) that originate an inflammatory loop that 
may explain why changes in micro biota composition are related with 
the progression of diseases and frailty in older population, although at 
present we cannot explain what occurs first.53 Thus, the maintenance 
of a stable and “healthy” micro biota could prevent or delay the 
inflammatory state associated to age (inflammaging). Certain bacterial 
groups, such as Faecal bacterium, lactobacilli and bifido bacteria can 
modulate the pro-inflammatory response.54‒57 In fact, the presence of 
strains of the genus Bifidobacterium in the gut micro biota of elderly 
is negatively correlated with high levels of the pro-inflammatory 
cytokine TNF-α and with the interleukine 10 (IL-10).58 On the other 
hand, the increase of Enterobacteriaceae and other Proteobacteria is 
related to the reduction of short chain fatty acids (SCFA) in feces, lower 
secretion of mucins, a greater stimulation of bacterial endotoxins, as 
well as the reduced permeability of the intestinal barrier, favoring 
the severity of the immune response and reducing the tolerance to 
otherwise harmless commensal bacteria, which under those conditions 
are turned into a strong pro-inflammatory stimulus.59,60 Micro biota 
changes with age and it was proposed that older people have a higher 
proportion of Bacteroidetes vs. Firmicutes, and low presence of 
bifidobacteria.61 However, recent studies could not find significant 
differences between micro biota in healthy adults and elderly of 
more than 65years. Nevertheless in older persons, there is a clear 
relationship between the health status, diet and age related decline, 
particularly parameters of frailty, co-morbidity, nutritional status, 
inflammatory markers and fecal water metabolites. Inflammatory 
markers (TNF-α, IL-6, IL-8 and the C reactive protein (CRP)) had 
higher levels in institutionalized subjects than in community dwelling 
elderly.62 This relationship between the immune system, microbiota 
and age becomes relevant in AD patients. The immune system of 
old persons susceptible to AD could be weaker, as deduced from the 
significant relationship between the evolution towards mild cognitive 
impairment and AD and the presence of antibodies against bacteria 
typically associated to periodontal infections, such as Fusarium 
nucleatum and Prevotella intermediate.63

Discussion
During the lastyears, human studies on the composition of the 

gut microbiota have generated massive amounts of data in different 
individuals and conditions. One of the main observations was that 
significant relationships could be established between “core” bacterial 
populations in the gut associated to different diets. Initially, three 
enterotypes were described after the dominant bacterial groups, they 
were the Bactericides enterotype, associated to diets rich in protein, 
simple sugars and animal fat and, Prevotella and Ruminococcus 
enterotypes related to high fiber intake.64 Subsequent publications 
simplified this classification to Bacteroides and Prevotella 
enterotypes.65 The Prevotella entero type was not only bound to complex 
carbohydrate consumption but resulted in a more efficient utilization 
of fiber and release of beneficial SCFAs in individuals carrying this 
enterotype.66 Similar conclusion was drawn by a study (cited above) 
that constitutes a landmark of the gut micro biota research in elderly.62 
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These authors analyzed micro biota of 178 volunteers ≥65years 
old and obtained the covariance with other factors, like community 
dwelling vs. long stay in institutions, clinical indicators of frailty, 
inflammation and dietary profiles. This study clearly determined that 
a long stay in institutions was bound to different bacterial groups and 
to inflammatory markers (TNF-α, IL-6 and IL-8 and CRP), but also 
found that individuals in institutions followed a diet richer in animal 
fat and with less fiber. These volunteers had a less diverse micro 
biota, a lower functional independence, depression, and mini-mental 
cognitive test scores. A gradient was observed as individuals changed 
from community dwelling to long stay in institutions, following a 
decrease of SCFAs in feces and bacteria from the genera Prevotella 
and Ruminococcus. This work suggested a clear connection 
between gut micro biota/diet and mental status in older persons. The 
Mediterranean diet has a direct impact on the gut micro biota can 
be established through its high content in vegetables and complex 
carbohydrates that favor the proliferation of Prevotella.67 Furthermore, 
recent meta-analysis reported that a better adherence to Mediterranean 
diet can delay cognitive decline.68 And even ApoE ε4 allele carriers 
had a better performance in executive function after 36months.69 Both 
studies suggesting a fundamental role of the gut microbiota. But how 
are intestinal bacteria connected to brain function? Different studies 
mentioned above showed that changes in the gut microbiota lead to 
altered expression of anxiety and synaptic plasticity genes.39 And 
changes in the behavior (anxiety and social interaction) of mice.70 
However, due to intrinsic difficulties of the mouse models, a clear 
connection could not be established with cognitive faculties but, in 
humans, depression in inflammatory diseases, like IBS, have been 
related to cognitive decline.48 Then, inflammation can be the link. 
AD is considered disease where inflammation does not exclusively 
affect the CNS, it also implies systemic dysfunction of metabolic, 
inflammatory, and biochemical pathways. Certainly, inflammaging 
was described as a low-grade, controlled, asymptomatic, chronic, 
systemic, inflammatory state, affecting older people has been related 
to many age related diseases.71 And particularly to frailty and faster 
cognitive decline in the elderly.72‒74

Conclusion
This is a multidisciplinary topic that is developing very fast in 

the last few years, as ageing health complications and the need for 
empowerment of older citizens constitute institutional priorities in 
modern society. Other comprehensive reviews have tried to condense 
the numerous interacting factors and very complex causalities of 
cognitive impairment including frailty, depression, inflammation or 
oxidative stress among others.73 This review has a different aim, to 
summarize scientific reports in a simple scheme that could connect 
four main factors: age, gut micro biota, diet and inflammation with 
cognitive decline (Figure 1). Age prompted inflammaging, results 
in a chronic, systemic inflammation that has a direct impact on 
the composition of the gut micro biota, but also causes the general 
health decline, including frailty, depression and accelerates AD and 
dementia. Diet and possible dietary interventions (pro biotics and 
pre biotics) may help to manage deviations of the gut micro biota. 
Particularly, the Mediterranean diet has a positive impact on the micro 
biota, increasing the populations of Prevotella and the production of 
beneficial SCFAs by gut bacteria. Although out of this context, this 
diet also provides Omega 3 and Omega 6 fatty acids that improve 
cardiovascular disease, a health problem with a known negative 
impact on cognitive performance.

Figure 1 Scheme representing demonstrated (black arrows) and modelled 
relationships (grey arrow) occurring during ageing between Gut Micro biota, 
Diet, Mood and Depression, Inflammation and Cognitive Faculties, where 
inflammatory processes play a central role. This is described in detail in the 
Discussion and Conclusions.
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