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Background: There is a correlation between gut microbiota and cognitive function. The mechanisms and pathways
explain why the incidence of Alzheimer's disease in subjects undergoing bariatric surgery is lower than in other

Methods: In this review article, we aim to discuss the association of obesity, cognitive impairment, and physio-
logical changes after bariatric surgery.

Results: Bariatric surgery has a series of physiological benefits which may lead to an improvement in cognitive
functions in individuals who are prone to later developing Alzheimer's disease. Also, taxonomical change in the
gut microbiome profile provides a healthy condition for living with better levels of cognition without neuro-
pathological damages in older ages.

Conclusion: It can be concluded that there is a possible correlation between cognitive dysfunction and increased
risk of cognitive dysfunction in people with a BMI higher than 40 kg/m?. Bariatric surgery may increase neu-
rotransmitters and improve the gut bacteria, leading to a significant reduction in the risk of Alzheimer's disease.

1. Introduction

Obesity is an unresolved and undeniable issue in developed countries,
with its prevalence tripling over the past 40 years [1]. Reliable treatments
for people with a BMI higher than 40 include surgical methods such as
Roux-en-Y gastric bypass (RYGB), adjustable gastric band (AGB), and
laparoscopic sleeve gastrectomy (LSG) [2]. Based on previous reports,
patients experience 15 to 20% loss in total weight after surgery using these
methods [3]. While neural responses to food and food cues can predispose
subjects to uncontrolled eating habits, these processes are also controlled
by some cognitive agents. Deficits in attentional bias, delay discounting,
and episodic memory have clear connections to overeating in bench and
bedside settings. The weight loss interventions affect the mentioned defi-
cits through strategies designed to either directly improve cognitive
function or circumvent them by tailoring weight management strategies to

patients' specific cognitive profiles [4]. Bariatric surgery (BS), as a weight
loss intervention, has a series of benefits for patients that results in
improving quality of life, weight loss, and metabolic pathways. The most
important modifications are the reductions in glucagon secretion and
glucose production in the liver, hunger, p-cells apoptosis and glucagon
secretion in the pancreas; and an increase in glucose uptake and storage in
muscles, p-cells proliferation, pancreatic hormone secretion, insulin
secretion/biosynthesis and bile secretion in the gallbladder [5]. In an
innovative study, results suggested that cognitive impairment is an inde-
pendent contributor to poorer total and work-related quality of life in
candidates undergoing bariatric surgery [6]. Mild cognitive impairment is
a predictive factor for Alzheimer's disease (AD) and cognitive dysfunction.
These factors were found to be more common in individuals with obesity
[7,8] and in patients undergoing BS due to their elevated BMI, with one
report showing more than 50% of patients undergoing BS being diagnosed
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with mild cognitive impairment [9,10]. Underlying mechanisms including
a rise in tau protein and neurofibrillary tangles, the build-up of amyloid
plaques and neuroinflammatory processes, brain atrophy, as well as pre-
mature synaptotoxicity may put elderly people in danger of AD [9]. To
shed light on the sequelae of obesity on cognitive function, researchers
evaluated key factors and found that the distribution of white adipose
tissue (WAT) plays an important role [7,10]. Specifically, the abdominal
WAT leads to an increase in inflammation and AD-related adipokines such
as monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor-o
(TNF-a), interleukin-f (IL- B), and IL-6 [11]. Beside the effects of IL-6 on
hippocampal volume/function, the inflammation and enhanced cytokine
levels may cause 1) cardiovascular diseases such as hypertension throm-
bosis, atherosclerosis, and endothelial dysfunction, 2) poor blood circula-
tion leading to a reduction in Cerebral Blood Flow (CBF) resulting in
decreased cognitive function [12], 3) damages to food-intake regulating
circuits of the brain [13] and 4) affects other adipokines expression i.e.
angiotensinogen, serum amyloid A (SAA), and plasminogen activator
inhibitor-1 (PAI-1) [5]. In terms of brain structure and function, higher
levels of leptin released by fat cells are closely related to a reduction in grey
matter (GM) volume in people with obesity (Fig. 1) [10]. These elevated
levels of leptin also affect the energy intake regulation in hypothalamus
neurogenesis, memory, and brain structure [14,15]. When it comes to
food-related stimulus processing, cases with obesity illustrate 1) a reduc-
tion in volume of the frontal operculum, post-central gyrus, dorsal stria-
tum, hippocampus, and prefrontal cortex; 2) an increased activation in
some regions of the brain including the nucleus accumbens and caudate
nucleus when a sweet, bitter, and high calorie diet is consumed; and 3) a
decreased connectivity in reward-related networks (Fig. 1) [16]. Surpris-
ingly, this food-related stimulus processing demonstrates that these alter-
ations lead to obesity rather than obesity leading to this food-related
processing in the brain [17]. When it comes to cognitive function and
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obesity control, a reduction in memory performance and learning abilities
due to a significant decrease in brain activity in some regions associated
with learning, as well as an inadequate implicit learning caused by lower
dopamine signaling can be seen in people with higher BMI [18]. Addi-
tionally, higher impulsivity and lack of inhibitory control are other reasons
for decreased accuracy resulting in lower cognitive function [10]. With
current findings, researchers believe that the gut, its hormones, and
microbiome may have undeniable impacts on brain structure and cognitive
function. For instance, short-chain fatty acids (SCFAs) produced by intes-
tinal microbes play a major role in the production of neurotransmitters and
their precursors [19]. Nota et al., claimed that the WAT and the gut
microbiome would be the cornerstones of any changes in brain function
[10]. Based on multiple studies, the gut microbiome may have both pos-
itive and negative effects on the brain and therefore may facilitate or
impede the progress of AD [20,21]. Moreover, an altered microbiome
enhances the production of p-amyloid, a hallmark of AD [22], therefore
diet may affect the progression of AD through altered gut bacteria. As
mentioned previously, BS is completely associated with the changed di-
etary pattern, eubiosis/dysbiosis of microbiota, and physiological revolu-
tion after the procedure [20,23], hence it seems meaningful that this type
of surgery may have a considerable impact on the progression of AD. In this
study, we aim to describe the influences of the gut microbiome on the
pathogenesis of AD following BS in subjects with obesity by evaluating
existing research findings and identifying gaps in the knowledge required
to advance our understanding of the pathways (see Table 1).

2. The impacts of obesity on Alzheimer's disease

A study with 18 years of follow-up reported a 36% increase in the risk
of AD, with each one unit increase in BMI in elderly women [24].
Therefore, AD progression is raised in individuals with obesity through a
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Fig. 1. Sequelae of obesity resulting in decline in cognitive function, brain structure and increased risk of Alzheimer's disease. Adipokines such as monocyte
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Table 1
Taxonomic profile of the gut microbiome in AD patients after bariatric surgery.

Taxa Reported change Reported change Reported change
in AD after LSG after RYGB

Firmicutes
Firmicutes 1 [51] 1 [50] 1 [52]
Faecalibacterium 1 [51] 1 [55] 1 [53]
F. Prausnitzii 1 [58] 1 [53]
Clostridiales 1 [51] 1 [59,60] N/A
Steptococcus 1 [51] N/A 1 [53]
Blautia 1 [51] 1 [501, 1 [52] No change
Veillonella 1 [51] Partially 1 [52] 1 [53]
Clostridium 1 [51] 1 [55] 1 [52]
Roseburia N/A N/A
Eubacterium 1 [51] 1 [52] Partially 1 [52]
Dorea spp. 1 [55] 1 [61]
Listeria N/A N/A
Ruminococcaceae 1 [51] 1 [59] N/A
Bacteroidetes
B. fragilis 1 [62] 1 [61,63]
Alistipes spp. 1 [51] 1 [50] 1 [53]
Verrucomicrobia
Akkermansia 1 [51] 1 [52] 1 [53]
Actinobacteria
Bifidobacterium 1 [51] 1 [52] 1 [63]

1 [53]
Actinobacteria 1 [51] 1 [50] N/A
Collinsella 1 [52] 1 [52]
Proteobacteria
Helicobacter 1 [50] N/A
E. coli 1 [51] 1 [54] 1 [53]
Enterococcus 1 [50] 1 [53]
Fusobacteria
Fusobacterium 1 [52] 1531, | [52]

Spp.

F. nucleatum N/A 1 [50,53]
Bacteroidetes
Bacteroides 1 [51] 1 [52] 1 [52]

series of changes in metabolic and physiological pathways, distinct from
people with normal weight or individuals with lower BMI [7].
Obesity-related systemic inflammation promotes insulin resistance in
several organs specially brain, resulting in hyperinsulinemia and hyper-
glycemia which subsequently contribute to A accumulation and lack of
degradation of misfolded and hyper-phosphorylated tau protein [25]. On
the other hand, enhanced inflammatory cytokines may gain access to the
brain through blood brain barrier, leading to reduced synaptic plasticity
and impaired neurogenesis [26]. In addition, a reduction in regional CBF
in the prefrontal brain regions is an obvious part of these changes in
people with obesity which can lead to neurodegeneration and lower
attention, reasoning, and executive function. Also, people with higher
BMI illustrate increased aging of the brain, increased risk of dementia,
and activity of synchronicity [27]; as well as decreased critical thickness
(as measurement factor for GM), GM volume, white matter (WM) volume
(impaired WM microstructure due to demyelination), fiber connectivity,
axial diffusivity, resting-state functional connectivity (RSFC), function-
ality of (pre)frontal cortex and eventually inhibition [8,10,16]. As far as
the effect of BMI on WM integrity is concern, studies reported that fibre
integrity was reduced with increased BMI in the entire corpus callosum,
the largest WM structure in the brain. Decreased fibre integrity was
observed pointing to demyelination in the fornix with increasing BMI.
However, based on a report, this effect is diminished after correcting for
vascular and inflammatory markers.

In general, these results demonstrate that obesity is mainly related to
axonal damage accompanied with demyelination in WM [28]. Fig. 1
demonstrates the impacts of obesity on cognitive function, brain struc-
ture, and risk of AD in more detail.

3. The effects of bariatric surgery on Alzheimer's disease

More than half a sample of pre-surgical patients undergoing bariatric
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surgery met the criteria for mild cognitive impairment [7]. In this study,
participants completed the computerized cognitive battery exams and
questionnaires within 30 days before surgery and 12 months post-
operatively. It has been reported that shortly after BS, subjects demon-
strated an obvious improvement in cognitive control, change in brain
activation, increase in predominantly memory domains, and increased
executive function [8,29,30]. One month after LSG, individuals illus-
trated an increase in WM integrity and connectivity [10]. At the 12-week
follow-up period, attention/executive function and memory abilities
were increased and cognitive impairment became less prevalent in
post-bariatric subjects than pre-bariatric individuals [31]. Six months
after BS, an obvious improvement in GM and WM density can be seen in
almost all bariatric cases [8,31,32]. Reports by Alosco et al., illustrated
that 24 months after the surgery, improved memory, decreased inflam-
mation and lower expression of AD-related proteins (i.e. amyloid pre-
cursor protein (APP)) were found among patients with obesity [32].
Although some researchers believe that the most common postoperative
complication of BS, nutritional deficiencies, may put patients in danger of
cognitive dysfunction [33]; the mechanisms and pathways show that BS
might be a part of the process in reversion cognitive impairment asso-
ciated with obesity [29,34,35]. Not only does the weight loss following
BS immediately result in improved cognitive function, but also the neu-
roprotective effects of BS can be seen up to 3 years after the procedure
[10]. One of the most crucial changes in patients undergoing bariatric
surgery is in Glucagon-like peptide-1 (GLP-1) levels, which is responsible
for a series of metabolic pathways after surgery [36,37]. GLP-1 levels
demonstrated a 5-10 fold increase after the procedure, leading to higher
secretion of insulin — a neuroprotective hormone that also acts as a
growth factor for the brain [38,39]. GLP-1 benefits the central nervous
system (CNS) with neuroprotective and neurotrophic effects, thereby
helping increase memory and learning abilities [40,41], while also
increasing synaptic plasticity, the growth of neurons, and reducing
neuronal injury after BS [9]. Understanding the relationship between
obesity and cognitive function is crucial for the identification of potential
therapeutic and prophylactic targets. Some researchers are testing
several diabetes therapies that enhance insulin signaling for a potential
therapeutic benefit in dementia. Furthermore, disruption of insulin
signaling, however, makes neurons more vulnerable to metabolic stress,
thus accelerating neuronal dysfunction. Defective insulin signaling is
associated with decreased cognitive ability and the development of de-
mentia [42]. Interestingly, BS through GLP-1 can reduce the risk of AD
even in diabetic non-obese patients [43]. Patients undergoing bariatric
surgery illustrated a reduction in blood oxygenation level-dependent
(BOLD) signal, important for the rewarding process; changes in RSFC,
affecting self-referential processing, learning and eating behavior; alter-
ation in adipokine secretion leading to increased CBF; improvement in
the gut pattern and its hormones [44]; reduction in APP and its mRNA;
expression of activator protein-1 (AP-1) (p-amyloid activates AP-1 lead-
ing to inflammation); other pro-inflammatory mediators (i.e. CRP and
MCP-1); and AD-related genes even 3-4 years following RYGB or LSG
[10]. Fig. 2 shows schematic information on the possible changes in
biological pathways following BS resulting in a reduction in risk of AD in
patients.

4. The effects of bariatric surgery on Alzheimer's disease through
microbiome

Physical activity and the gut microbiome independently influence
cognitive function. Regular and supervised exercise mediates the compo-
sition of the gut microbiome, while cognitive improvement due to physical
activity may be partially controlled by the gut microbiome [45]. The gut
microbiota plays a key role in metabolic pathways, especially following BS,
leading to improvement in both obesity-related complications and
non-obesity-related disorders [46]. Based on previous studies, impairment
in the microbiome can lead to cerebrovascular degeneration and inflam-
mation [2,19], while reduction in cytokines levels (such as IL-6, MCP-1,
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Fig. 2. Changes in physiological and neurological parameters leading to remission in AD risk factors after Bariatric surgery.

and TNF-a) and inflammation after BS result in lower metabolic stress,
subsequently leading to an increased hippocampal GM volume and
memory improvement. Changes in gut hormone secretions such as fasting
ghrelin levels (caused by increased GLP-1 and postprandial peptide YY)
lead to the regulation of energy homeostasis in the brain and functional
brain changes (Fig. 3). Given the fact that reduction in ghrelin levels results
in increased connectivity in regions for self-control and executive func-
tions, an improvement in hippocampus and brain reactivity can be

observed. Based on a study by Zhang et al., in 2020, the gut microbiome,
influenced by neuroprotective dietary patterns, illustrated positive impacts
on the brain including an increase in nerve membrane as well as a
reduction in Dendritic lesions, neuron apoptosis, accumulation of Ap, tau
disorder, inflammation and oxidation, and the risk of chronic disease [23].
Alternatively, the introduction of gut microbes to neuroimpaired dietary
patterns revealed negative effects on the brain as well as AD progression
facilitated by increased blood vessel injury, Ap accumulation, tau
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Fig. 3. Improvement in cognitive function as a result of Alzheimer's disease Eubiosis in the gut microbiota influences bariatric surgery.

phosphorylation, inflammation and oxidation, as well as lower neuron
plasticity, autophagy, cholinergic nerve system function and finally
decreased cognitive function in individuals [22]. As mentioned previously,
patients undergoing bariatric surgery demonstrated a reduced occurrence
of Akkermensia mucinipila, which is positively connected to hippocampal
atrophy [23]. Researchers believe that dysbiosis features of the gut
microbiome might be a potential indicator of early AD [47,48]. On the
other side, eubiosis in this pattern concluded a reduction in the risk of AD
in individuals following BS [19,23]. For instance, not only is
inflammation-related Erysipelotrichaceae significantly associated with an
increased risk of AD [23] and neuroinflammation (mostly caused by gut
bacteria), it is also one of the pathological syndromes of AD [48]. In
another study using animal subjects, the group which was fed milk con-
taining Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum,
and Lactobacillus fermentum displayed a promoted cognitive function [49].
Moreover, altering the microbiome by decreasing Streptococcus spp.,
B. subtilis, E. coli, Klebsiella pneumonia, Mycobacterium spp., Salmonella spp.,
and Staphylococcus aureus enhanced the production of f-amyloid which is
an important parameter for diagnosing AD [22]. An increase in Firmicutes
and Blautia species has been reported, while a reduction in the mentioned
bacteria has been reported in patients who underwent LSG cases but not in
RYGB patients [50]. Also, changes in taxonomic profile in the gut bacteria
of LSG and RYGB subjects are in the opposite side of reported dysbiosis in
AD patients [51] such as a reduction in Akkermansia [52,53], E. coli [53,
54], Faecalibacterium (just in LSG cases) [55], Veillonella [52,53], Clos-
tridium (Just in RYGB subjects) [52], Eubacterium [52], Bifidobacterium (just
in RYGB subjects) [53], and Bacteroides [52]. Unfortunately, there is not
enough evidence or reports for dysbiosis/eubiosis of gut microbiota after
BS in relation to the status of AD and cognitive function. Changes in the gut
bacteria after BS results in an increase of gut-derived hormones including
insulin, GLP-1, peptide YY, glucagon, and ghrelin. These hormones lead to
an increased connectivity in regions important for self-control including/as
well as the hippocampus, consequently increasing brain reactivity and
causing a series of functional changes in the brain [9]. Although some
experts believe that nutritional deficiencies after BS may lead to memory
impairment [56], changes in the gut microbiome (including an increase
butyrate levels) play a crucial role in the reduction of memory impairment

and the improvement of cognitive problems in patients [23]. An increase in
BDNF is yet another physiological change caused by the gut microbiota
providing neural growth in patients after bariatric surgery [57]. Accu-
mulatively, eubiosis in the gut microbiome pattern leads to a physiological
and metabolic revolution in patients by decreasing in inflammation, ce-
rebrovascular degeneration, accumulating of af, tau disorders, nerve
membrane, blood vessel injury, and dendritic lesion as well as increasing
neuron plasticity, autophagy and cholinergic nerve system which results in
a reduction in the risk of AD [9,23]. Alternatively, higher SCFA levels, one
of the changes after BS [5], increases neurotransmitters and leads to a
significant reduction in the risk of AD following BS [10]. The physiological
and metabolic changes following BS are undeniable, but each type of BS
such as LSG, RYGB, AGB has different impacts on patients with obesity.
Therefore, researchers should determine the exact type of surgery for their
target group of study.

5. Conclusion

It can be concluded that there is a possible correlation between
cognitive dysfunction and increased risk of AD in people with a BMI
higher than 40 kg/m?. BS, on the other side, is a surgical treatment for
weight loss having a series of physiological benefits which may lead to an
improvement in cognitive functions in individuals who are prone to later
developing AD. Another change following BS is a taxonomical change in
the gut microbiome profile, providing a healthy condition for living with
better levels of cognition without neuropathological damages in older
ages. In addition, more specific studies needed to draw reliable tax-
onomical profiles of the gut microbiome in patients undergoing bariatric
surgery divided by the type of surgery. On the other hand, rather than the
type of surgery, there are also some other factors involved in the gut
microbiome eubiosis/dysbiosis after bariatric surgery such as genetic
background, nutritional habits and preferences after surgery, sedimen-
tary or active lifestyle, the ability of body to overcome mentally with low
intake meals and manage the levels of proteins/carbohydrates, which
researchers may consider them as exclusion or inclusion criteria in their
studies to have precise results for this population.
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