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Abstract
Obesity is a risk factor for non-communicable diseases such as cardiovascular disease and diabetes, which are leading causes 
of death and disability. Today, China has the largest number of overweight and obese people, imposing a heavy burden on 
China’s healthcare system. Obesity adversely affects the central nervous system (CNS), especially cognitive functions such 
as executive power, working memory, learning, and so on. The gradual increase in adult obesity rates has been accompanied 
by a increase in childhood obesity rates. In the past two decades, the obesity rate among children under 5 years of age has 
increased from 32 to 42 million. If childhood obesity is not intervened in the early years, it will continue into adulthood 
and remain there for life. Among the potential causative factors, early lifestyle may influence the composition of the gut 
flora in childhood obesity, such as the rate and intake of high-energy foods, low levels of physical activity, may persist into 
adulthood, thus, early lifestyle interventions may improve the composition of the gut flora in obese children. Adipose Axis 
plays an important role in the development of obesity. Adipose tissue is characterized by increased expression of nucleoside 
diphosphate-linked molecule X-type motif 2 (NUDT2), amphiphilic protein AMPH genes, which encode proteins that all 
play important roles in the CNS. NUDT2 is associated with intellectual disability. Furthermore, amphiphysin (AMPH) is 
involved in glutamatergic signaling, ganglionic synapse development, and maturation, which is associated with mild cognitive 
impairment (MCI) and Alzheimer’s disease (AD). All of the above studies show that obesity is closely related to cognitive 
decline in patients. Animal experiments have confirmed that obesity causes changes in cognitive function. For example, 
high-fat diets rich in long- and medium-chain saturated fatty acids may adversely affect cognitive function in obese mice. 
This process may be attributed to the Short-Chain Fatty Acid (SCFA)-rich high-fat diet (HFD) activating enterocyte TLR 
signaling, especially TLR-2 and TLR-4, altering the downstream MyD88-4 signaling, thereby impacting the downstream 
MyD88-NF-κB signaling cascade and up-regulating the levels of pro-inflammatory factors and lipopolysaccharide (LPS). 
These changes result in the loss of integrity of the intestinal mucosa and cause an imbalance in the internal environment. 
Obesity may lead to the disruption of the intestinal flora and damage the intestinal barrier function, causing intestinal flora 
dysbiosis. In recent years, a growing number of studies have investigated the relationship between obesity and the intestinal 
flora. For example, high-fat and high-sugar diets have been found to lead to the thinning of the mucus layer of the colon, a 
decrease in the number of tight junction proteins, and an increase in intestinal permeability in mice. Such changes alter the 
composition of intestinal microorganisms, allow endotoxins into the blood circulation, and induce neuroinflammation and 
brain damage. Therefore, obesity affects cognitive function and is even hereditary. This paper reviews the obesity-induced 
cognitive dysfunction, the underlying mechanisms, the research progress of intestinal flora dysregulation in obese patients, the 
relationship between intestinal flora and cognitive function changes, and the research progress on intestinal flora dysregula-
tion in obese patients. We want to regulate the internal environment of obese patients from the perspective of intestinal flora, 
improving the cognitive function of obese patients, and prevent obesity-induced changes in related neurological functions.
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Abbreviations
CNS	� Central nervous system
NUDT2	� Nucleoside diphosphate-linked molecule 

X-type motif 2
AMPH	� Amphiphysin
MCI	� Mild cognitive impairment
AD	� Alzheimer’s disease
SCFA	� Short-chain fatty acid
HFD	� High-fat diet
IL-4	� Interleukin-4
TNF-α	� Tumor necrosis factor
MCP1	� Monocyte chemoattractant protein-1
BBB	� Blood–brain barrier
c-JNK	� C-Jun N-terminal kinase
NF-κB	� Nuclear factor-κB
ATMs	� Adipose tissue macrophage subtypes
IL-6	� Interleukin-6
HS	� Hyperinsulinemia
β-tau	� Phosphorylated-tau protein
ERK 1/2	� Extracellular signaling-associated protein 

kinase 1/2
ROS	� Reactive oxygen species
Ccl2	� C–C motif chemokine ligand 2
Nos2	� Nitric oxide synthase 2
SRB	� Sulfate-reducing bacteria
BMAA	� β-N-methylamino-L-alanine
ENS	� Enteric nervous system
LC	� Lactobacillus casei
5-HT	� 5-Hydroxytryptamine
GABA	� Gamma-aminobutyric acid
LSG	� Laparoscopic sleeve gastrectomy
RYG​	� Jejunal Y-anastomosis

Types of obesity‑induced cognitive 
alterations and their research progress

Mild cognitive impairment (MCI)

MCI is defined as a progressive decline in memory or other 
cognitive functions, which does not affect the ability to per-
form daily living tasks and does not meet the diagnostic 
criteria for dementia. The diagnostic criteria for MCI were 
proposed by Petersen in 1999 and revised by an interna-
tional working group in 2003. MCI is classified into four 
subtypes, including single cognitive domain amnestic, mul-
tiple cognitive domain amnestic, single cognitive domain 
non-amnestic, and multiple cognitive domain non-amnestic 
[1]. In a large-sample clinical study, the prevalence of MCI 
in adults over the age of 65 years was 10–20% [2]. Obesity 
increases the risk of MCI and is not related to age [3]. MCI 
is mainly characterized by attention deficit, poor executive 
functioning, impaired decision-making, impaired language 

learning, and memory loss. The symptoms are more pro-
nounced in patients with metabolic syndrome and tend to be 
more severe in men than in women, which may be attributed 
to the protective effect of estrogen in women, however, the 
role of obesity as a risk factor for dementia remains con-
troversial. Studies have confirmed that patients with a BMI 
of more than 30 kg/m2 showed the highest prevalence of 
dementia [4].

Obesity-induced MCI has also been demonstrated in 
animal experiments, as evidenced by increased anxiety-like 
behavior in mice [5, 6], increased central nervous aging 
process, neuroinflammation induction, and microglia acti-
vation [7]. This was confirmed in a study by Lei Y et al. 
[8]. In mice, microglia activation triggers the release of 
TNF-α and IL-1β, which impair spatial learning and recall 
and ultimately lead to cognitive dysfunction in mice. Hence, 
microglia may be an important target for obesity-induced 
cognitive changes [9]. HFD-induced obesity in mice leads 
to an increase in LPS and increased intestinal permeabil-
ity; in addition, LPS in the blood circulation can cross the 
blood–brain barrier and directly affect microglia, triggering 
neuroinflammation [10]. Neuroinflammation is a precursor 
of MCI. Furthermore, obesity adversely affects hippocampal 
structure and function, which induces a decline in hippocam-
pus-dependent learning and memory ability. Damage to the 
hippocampal structure is often accompanied by neuroinflam-
mation, which is closely related to cognitive dysfunction.

Most importantly, the multiprotein complex NLRP3 is 
produced and activated, which induces microglia to produce 
the interleukins IL-1β and IL-18 under the mediation of cas-
pase-1 [11].

In summary, the causes of obesity-induced mild cognitive 
impairment are multifaceted and involve multiple biologi-
cal mechanisms. It is widely believed that fat accumulation 
may trigger chronic low-grade inflammation throughout the 
body, and its representative markers include C-reactive pro-
tein (CRP), tumor necrosis factor α (TNF-α), etc. Inflam-
matory factors cross the blood–brain barrier and affect the 
function of nerve cells. Secondly, insulin resistance is also 
involved in cognitive impairment in obese patients, because 
insulin may affect oxygen metabolism and energy utilization 
in the brain, which has a significant effect in functional brain 
regions with high glucose demand, such as the hippocam-
pus, and further affects learning and memory functions in 
obese patients. Then, adipose tissue may also secrete adi-
pokines (e.g., lipocalin, leptin) that impair synaptic plastic-
ity, affect serotonin and dopamine transmission, and impair 
neurocognitive function. Finally, obese patients due to the 
accumulation of large amounts of fat in the nasopharynx, 
resulting in long-term, chronic hypoxia, the formation of 
obstructive sleep apnea syndrome. All four of these factors 
may be responsible for the development of mild cognitive 
function in obese patients.
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Alzheimer disease (AD)

AD is a progressive neurodegenerative disease that mani-
fests clinically as cognitive decline and its neuropathol-
ogy is characterized by the early appearance of amyloid 
plaques across brain regions in the cerebral cortex [12], 
with the spreading of tau phosphate neurofibrillary tan-
gles in the entorhinal cortex and hippocampus [13]. These 
changes are the pathologic basis for the development of 
AD. Middle-aged obesity is a high-risk factor for AD, 
which can increase the risk of AD by more than twofold 
[14]. The efficacy of several weight loss and diabetes drugs 
in improving the clinical symptoms of AD by reducing 
body weight is being investigated [15–17].

A number of clinical studies have explored the rela-
tionship between obesity and AD. A clinical study of 
6582 older British adults showed a 31% increased risk of 
dementia in the obese group [18]. Regrettably, the exact 
cause of obesity-induced AD remains unknown. Rel-
evant studies reported that obesity may lead to excessive 
release of insulin, causing systemic insulin resistance. As 
an active endocrine organ, the adipose tissue releases pro-
inflammatory adipokines and cytokines (including leptin, 
lipocalin, TNF-α, and IL-6), producing a systemic, low-
grade inflammatory internal environment. This state may 
lead to blood–brain barrier dysfunction, triggering a cen-
tral inflammatory response, which may induce AD [19]. 
Moreover, leptin resistance may be involved in obesity-
induced AD. Leptin is secreted by adipose tissue and acts 
on leptin receptors in the central nervous system, exerting 
a protective effect on the hippocampus to regulate feeding 
behavior and memory function in organisms. However, 
hyperleptinemia may lead to cognitive deficits [20].

The link between obesity and AD has also been con-
firmed by animal experiments. High-fat and high-sugar 
diet feeding for 3 days was found to cause microglia acti-
vation and hypothalamic inflammation, which may be due 
to the transient increase of uncoupling protein 2 (UCP2) 
mRNA and changes in mitochondrial dynamics. Selec-
tive inhibition of UCP2 may improve the mitochondrial 
dynamics and functional changes, inhibit microglia acti-
vation and hypothalamic inflammation, and attenuate the 
degree of hypothalamic inflammation to ameliorate cogni-
tive function changes in AD [21].

β-amyloid and tau protein phosphorylation are typical 
alterations in AD, and obesity can affect β-amyloid metab-
olism, resulting in the accumulation of the protein and the 
formation of plaques, which are neurotoxic and involved 
in the formation of AD. In addition, insulin resistance may 
affect the hyperphosphorylation of tau protein and the for-
mation of neurofibrillary tangles, which is another key 
pathologic feature of AD. Nonetheless, further research on 
the relationship between obesity and AD is required, but 

the exact mechanism remains unknown. Future relevant 
scientific studies will bring additional therapeutic oppor-
tunities for AD patients.

Dementia

Dementia is a clinical syndrome characterized by intellec-
tual impairment with cognitive deficits as the core symptom, 
including impaired cognitive functioning in memory, lan-
guage, visuospatial, attention, analytical, and problem-solving 
skills, which may be accompanied by personality changes and 
psychiatric behavioral abnormalities, the condition affects peo-
ple’s ability to carry out daily activities independently, and 
early detection, diagnosis, and treatment may prevent further 
progression [22].

Obesity can cause neuroinflammation, which represents an 
important link between dementia and obesity [23]. In obese 
patients, adipose tissue secretes immune factors or metabolic 
mediators such as C-reactive protein, interleukin IL-1β, and 
leptin, which cross the blood–brain barrier and are involved in 
the development of neuroinflammation, ultimately impairing 
brain function and leading to the development of dementia. In 
addition, studies have also investigated adipokines secreted by 
adipose tissue, which modulate insulin resistance, contribute to 
the dysfunction of the gut-brain axis, exacerbate the systemic 
inflammatory response, and exacerbate neuroinflammation and 
the development of dementia [24].

Furthermore, insulin resistance and mitochondrial dys-
function represent another possible link between obesity and 
dementia. Excessive adipose tissue leads to fatty acid accu-
mulation; consequently, inflammatory adipokines are released 
and insulin resistance occurs [25]. Insulin resistance leads to 
a reduction in brain insulin signaling, resulting in the impair-
ment of neuronal metabolism and function [26]. Brain oxy-
gen consumption accounts for 20% of the total body oxygen 
consumption, whereas neurons account for 80–90% of the 
brain oxygen consumption. In neuronal cells, mitochondrial 
dysfunction exacerbates neuronal degeneration and death as 
mitochondria influence neuronal transmission, Ca2+ homeo-
stasis, neuronal plasticity, and maintenance of morphologi-
cal stability [27]. Considering the strong association between 
mitochondrial energy supply and neurons, interventions tar-
geting mitochondrial energy metabolism to attenuate insulin 
resistance and obesity-induced neuronal degeneration may 
ameliorate cognitive dysfunction in elderly obese patients.

Neuroinflammation, insulin resistance, and mitochondrial 
dysfunction are important mechanisms underlying cognitive 
function changes in obese patients, but there is still a lack of 
specific research to elucidate the underlying principles. We 
look forward to more related studies in the future.
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Mechanisms of obesity‑induced cognitive 
dysfunction: summarized as blood–brain 
barrier dysfunction, systemic inflammation, 
and insulin resistance (Fig. 1)

Blood–brain barrier dysfunction

Obesity causes dysfunction of the endothelial cells that form 
the capillary wall and act as the main components of the 
blood–brain barrier (BBB). Considering that obesity may 
gradually impair the BBB and activate neuroinflammation 
and degeneration, endothelial cells may be a key factor in 
obesity-associated cognitive deficits. A mouse model study 
in aged obese animals revealed that long-term HFD leads 
to increased perivascular, plasma-derived IgG permeability 
in the hippocampus, leading to chronic inflammation [7]. 
Reduced hippocampal microvessel density was observed 
in obese aged mice with hippocampus-dependent cogni-
tive impairment compared to normal diet mice. In addition, 

obesity disrupts endothelial cell tight junction structures, 
resulting in increased blood–brain barrier permeability [28]. 
Topiramate (Topomax®; TPM) is an inhibitor of mitochon-
drial carbonic anhydrase (mCA) and reduces the level of 
reactive oxygen radicals, attenuates oxidative stress, and pre-
vents BBB disruption in the brains of STZ-induced diabetic 
mice. Salameh T S et al. demonstrated that TPM prevented 
the loss of claudin-12 and ZO-1 in HFD mice while increas-
ing the expression of tight junction proteins in the mouse 
hippocampus and restoring the integrity of the BBB [29].

Long-term high-fat and high-sugar diet stimulate the 
hypothalamic center to increase sensitivity to the inflam-
matory signaling intermediate c-Jun N-terminal kinase 
(c-JNK)/nuclear factor-κB (NF-κB) signaling molecules, 
leading to an increase in pro-inflammatory cytokines, 
impaired insulin, and leptin signaling. These changes result 
in inflammation, which is an important factor in aggravating 
blood–brain barrier dysfunction [30]. Finally, a high-fat and 
high-sugar diet can also trigger the proliferation and mor-
phological transformation of microglia, which is a specific 
response of the hypothalamus to the HFD diet [31].

Fig. 1   Mechanisms of obesity-induced cognitive dysfunction. Obesity-induced cognitive dysfunction is primarily mediated by blood–brain bar-
rier dysfunction, systemic inflammation, and insulin resistance



3557Molecular and Cellular Biochemistry (2025) 480:3553–3567	

The above studies all suggest that obesity participates in 
the development of BBB by triggering neuroinflammation 
and activating related inflammatory pathways in different 
ways, thereby aggravating cognitive dysfunction.

Systemic inflammation

Systemic inflammation caused by obesity primarily involves 
white adipose tissue hypertrophy and dysfunction. Multiple 
adipose tissue macrophage subtypes (ATMs) are present in 
white adipose tissue, Different subpopulations have different 
functions, such as the M1 phenotype being pro-inflammatory 
and the M2 type being anti-inflammatory [32]. Inflammatory 
factors produced by ATM include interleukin-6 (IL-6) and 
tumor necrosis factor-alpha (TNF-α). With adipocyte hyper-
trophy, IL-6 secretion gradually increases and exerts multi-
ple effects on inflammation and immune response. Clinical 
studies have shown that IL-6 and its receptor expression 
are upregulated in the subcutaneous adipose tissue of obese 
patients compared to normal-weight patients; IL-6 disrupts 
neural circuits responsible for cognitive function and task 
completion, inhibits neuron formation, and reduces synap-
tic plasticity, ultimately decreasing the ability to learn and 
remember. Moreover, the IL-6 receptor antagonist toci-
lizumab was found to reduce systemic inflammation and 
improve cognitive function [33].

TNF-α is another inflammatory factor produced by 
ATMs. It activates the phosphate pathway and improves 
insulin resistance. A study in obese patients on hemodialysis 
showed that TNF-α-receptor 1 knockout rats were resistant 
to diet-induced obesity [34]. Under physiological conditions, 
moderate concentrations of TNF-α in the hippocampus mod-
ulate synaptic plasticity; However, there was a significant 
correlation with cognitive impairment when TNF-α was 
elevated, TNF-α may modulate cognitive function through 
the endothelium of microvessels. A clinical study isolated 
perivascular tissue from obese patients and found that the 
tissue had a weak endothelium-dependent diastolic response, 
which may be attributed to the fact that the perivascular 
tissue around microvessels in obese patients was weakly 
responsive to endothelium-dependent diastole. This may 
be explained by obese patients’ perivascular adipose tissue 
producing excessive TNF-α, leading to increased levels of 
oxidative stress and the loss of vasodilatory function. The 
mechanism may be related to endogenous oxidative stress 
signals induced by TNF-α [35], such as the upregulation 
of TNF-α and IL-1β, the downregulation of IL-6, and the 
activation of microglial cells that can activate the TLR4/
MyD88/NF-κB signaling pathway and attenuate the cogni-
tive dysfunction induced by hematoxylin in rats [36].

In summary, the systemic inflammation caused by obesity 
is mainly white adipose tissue hypertrophy, which activates 
macrophages to polarize into M1 type. This type mainly 

plays a pro-inflammatory role, secreting inflammatory fac-
tors such as TNF -α, IL-1 β, IL-6, further activating sign-
aling pathways including TLR4/MyD88/NF κ B, reducing 
synaptic plasticity, aggravating neuroinflammation, and 
causing cognitive dysfunction. This pathway may be the 
main cause of obesity induced systemic inflammation, ulti-
mately leading to cognitive dysfunction.

Hyperinsulinemia (HS)

Insulin is involved in energy metabolism in the brain, and 
insulin receptor signaling plays an important role in syn-
aptic plasticity, neuronal survival, learning, and memory 
clocks. Dietary obesity-mediated HS is closely associated 
with central nervous system insulin receptor impairment, but 
the exact mechanism remains unknown. Naotaka Izuo et al. 
constructed insulin receptor knockout mice with P1195L 
mutation (IR-KI mice) and demonstrated that insulin resist-
ance induces cognitive dysfunction; cognitive deficits devel-
oped significantly faster in IR-KI mice compared to AD mice 
[37]. Moreover, long-term high-fat and high-sugar diets may 
cause HS, leading to insufficient cerebral glucose metabo-
lism and impaired recognition memory [38].

Furthermore, insulin affects amyloid β-peptide clearance 
and Tau phosphorylation, which are classical features of AD 
[39]. HS was found to interfere with downstream processes 
of amyloid β peptide in AD patients, such as inflammation 
and oxidative stress, dyslipidemia, mitochondrial and syn-
aptic function, and impaired brain insulin signaling, which 
mediates the impaired cognitive function. Significant insu-
lin dysfunction was observed in the peripheral tissues of 
AD patients, which may be caused by chronic HS reducing 
the permeability of the blood–brain barrier and preventing 
the transport of insulin receptors, resulting in a decrease in 
central insulin levels [40]. A large number of abnormal Tau 
proteins are present in the brains of AD patients, and the 
abnormal modification and content changes of Tau proteins 
play a crucial role in the pathogenesis of clinical AD. A 
study by Das-Earl et al. confirmed that metabolic syndrome 
increases phosphorylated-tau protein (β-tau) in rat hip-
pocampus, activates the insulin/PI3K/Akt signaling pathway 
[41], upregulates β-tau protein expression, including cortical 
β-tau, tau epitope, and insoluble or human β-tau [42], and 
exacerbates peripheral inflammation. These changes result in 
the deterioration of Aβ pathology in the mouse hippocampal 
cortex [43], and can collectively lead to cognitive dysfunc-
tion in AD patients.

In summary, the impact of hyperinsulinemia on cogni-
tive function mainly involves insulin resistance in brain 
regions. When insulin levels increase, except for the neural 
features related to vigilance, attention, and memory, namely 
cortical activity, is enhanced, all other cortical activations 
are weakened. Long term hyperinsulinemia will reduce the 
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number of insulin receptors, thereby reducing the amount 
of insulin entering the brain, leading to a decrease in brain 
insulin uptake and affecting insulin action, which is a typical 
neuropathological feature of AD. In addition, mitochondrial 
dysfunction is also an important change in hyperinsuline-
mia, which can hinder the brain insulin signaling pathway 
and affect cognitive function, the same change also involves 
disturbances in glucose and lipid metabolism, synaptic 
plasticity, and neuronal signaling. The above factors col-
lectively contribute to the cognitive function changes caused 
by hyperinsulinemia.

Advances in the study of gut flora dysbiosis 
in obese patients

The gut-brain axis influences various physiological pro-
cesses, including glucose homeostasis, regulation of feeding 
processes, gut motility, and appetite, it is closely related to 
the formation of obesity [44]. Intestinal flora can alter the 
secretion of gut hormones such as GLP-1, gastrin, PYY, and 
leptin, which affect appetite and satiety through the hypotha-
lamic neuroendocrine pathway [45]. Short-chain fatty acids 
(SCFA) bind to receptors on enteroendocrine cells (EECs) 
and alter the release of gut hormones into the systemic cir-
culation [46]. In addition, various taste receptors (bitter, 
fatty, fresh, and sweet) in EECs are activated, resulting in 
the release of GLP-1, gastrin, and cholecystokinin, which 
suppresses appetite function through the hypothalamic cent-
ers [47].

Dysbiosis of the intestinal flora leads to an increase in 
acetate concentration, which activates the parasympathetic 
nervous system and promotes the release of glucose, caus-
ing an increase in glucagon [48], long term hyperglycemia 
can promote glycogen breakdown and gluconeogenesis in 
the liver, causing the body to remain in a hyperglycemic 
state for a long time and triggering insulin resistance, which 
is an important development process of obesity [49]. Fur-
thermore, the intestinal flora can stimulate the release of 
neuroactive metabolites such as 5-hydroxytryptamine and 
GABA, which affect the appetite center [50]. Among them, 
5-hydroxytryptamine is affected by melanocortin neurons 
and can reduce appetite and ultimately lower body weight 
[51]. In addition, GABA is an inhibitory neurotransmit-
ter in the central nervous system and is involved in energy 
regulation.

Obesity-associated microflora can influence the rate of 
calorie intake from food [52]. A previous study reported 
that obese populations have elevated primary fermentative 
enzyme production and nutrient translocation rates by gut 
microbes compared to lean populations, which may pro-
vide more energy to the host [53]. Therefore, modifying the 

gut flora of obese people represents a potential therapeutic 
option to treat obesity and its associated metabolic diseases.

The changes in gut microbiota of obese patients mainly 
include: (1) Changes in intestinal microbial diversity: for 
example, Megamonas, Prevotella and Bacteroides strains, 
among which Megamonas dominated clustering is associ-
ated with a higher obesity rate and severe metabolic dys-
function [54], the proportion of Firms/Bacteroides is higher 
in diabetes patients, and Lactobacillus is more in obese 
individuals. (2) The relationship between gut microbiota 
and metabolite levels: for example, the content of gluta-
mate in obese individuals is significantly higher than that 
in normal weight individuals, and is inversely proportional 
to the number of Bacteroides thetaiotaomicron. (3) The gut 
microbiota can also affect host metabolism through various 
mechanisms, including the synthesis of amino acids SCFA. 
The above factors collectively lead to changes in the gut 
microbiota of obese patients, resulting in impaired cogni-
tive function.

Gut flora and altered cognitive function

In addition to the gut-brain axis, the gut microbiota affects 
brain function via inflammation and oxidative stress, neuro-
logical substances, and diet. Recent studies have investigated 
the effects of metabolites produced by the gut microbiota 
on neurodevelopment and formation. These metabolites 
were found to connect neuronal cells and gut microbes to 
influence cognitive functions [55]. The research progress 
of several pathways mentioned previously is summarized to 
provide a reference for researchers (Fig. 2).

Gut‑brain axis

The gut-brain axis is a network of bidirectional information 
exchange between the brain and the gut, which is primarily 
mediated by metabolites produced by gut microbes and cells 
in the central nervous system, including neuronal cells and 
astrocytes.

Mitochondria-dependent neuronal signaling plays a cen-
tral role in neuronal activity in the mammalian brain, and 
neuronal loss can lead to memory loss, depression, and anxi-
ety [56]. Microbiota can produce SCFAs, including propion-
ate and butyrate, which upregulate mitochondrial oxidative 
stress levels and activate extracellular signaling-associated 
protein kinase 1/2 (ERK 1/2) by increasing the levels of 
reactive oxygen species (ROS) to promote neuronal differen-
tiation and formation [57]. Therefore, the SCFAs-mediated 
increase in mitochondrial content could have a positive 
effect on neuronal development.

Indole is a metabolite of gut microbes and is also an 
important mediator between neurons and gut microbes. 
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The oral administration of indole promotes the develop-
ment of hippocampal neurons in adult mice by activating 
the AHR signaling pathway and increasing the expres-
sion of β-connexin, neuroligin 2, and vascular endothelial 
growth factor α at both the mRNA and protein levels. 
Furthermore, indole also increases the expression of pre 
and post-synaptic densities of hippocampal dystrophin 
95 to stimulate the integration of neuronal function; this 
effect has been demonstrated in AHR-knockout mice [58].

In addition to the gut-brain axis, astrocytes and micro-
glia in the central nervous system participate in neu-
ronal activities in the brain. In particular, astrocytes are 
involved in neuronal development, neural circuit forma-
tion and metabolism, and neuronal repair. For example, 
SCFAs and indole can reduce neuroinflammation by 
down-regulating the expression of pro-inflammatory 
factors such as C–C motif chemokine ligand 2 (Ccl2) 
and nitric oxide synthase 2 (Nos2) in astrocytes [59]. 
Moreover, the metabolite tryptophan was found to affect 
astrocyte morphology and suppress CNS inflammation, 
whereas the gut flora bile acid metabolite TUDCA was 
reported to protect astrocytes from inflammation and neu-
rodegeneration [60].

Gut‑brain axis causes cognitive dysfunction 
through inflammatory and oxidative stress 
pathways

The destruction of gut microorganisms causes oxidative 
stress, which is a key step in the development of neuro-
inflammation and a prerequisite for cognitive changes in 
obese patients [61]. Some studies have shown that gut 
dysbiosis can elevate blood LPS levels, inducing elevated 
serum inflammation and exacerbating neuroinflammation, 
while elevated endotoxin levels activate the TLR4/NF-κB 
signaling pathway and exacerbate neuroinflammation in 
AD mice [62]. Furthermore, inflammation can lead to 
increased blood pressure and increased neuroinflamma-
tion in AD mice. Inflammation can also lead to the dis-
ruption of the tight junction proteins of the blood–brain 
barrier, enabling leukocytes and T cells to reach the brain 
parenchyma, resulting in neuronal death and cognitive 
dysfunction. In the CNS, CD4+ Th17 and Th1 lympho-
cytes produce IL-27 and IFN-γ, resulting in neuronal 
axonal damage and oligodendrocyte death [63]. More 
importantly, a high-fat, high-sugar diet is strongly associ-
ated with blood–brain barrier permeability, contributing 

Fig. 2   Pathways of intestinal flora and altered cognitive functions. The gut-brain axis acts as a link between the gut flora and cognitive function, 
mediating cognitive changes through inflammation, oxidative stress, flora metabolites, and neurological substances
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to the development of neuroinflammation and cognitive 
dysfunction.

However, no gold standard has been established regarding 
the evaluation of blood–brain barrier permeability. Some 
scholars have proposed the use of the phenolphthalein excre-
tion test and circulating D-lactic acid to determine the per-
meability of the intestinal barrier, or the use of time-domain 
near-infrared imaging to evaluate the permeability of the 
blood–brain barrier of mice. These assessment methods can 
confirm the role of the intestinal barrier induced alterations 
in cognitive function.

Cognitive dysfunction of the gut‑brain axis via flora 
metabolites and neurologic substances

In addition to inflammatory pathways, gut flora metabo-
lites and neurological substances can also impact cognitive 
function. Gut flora metabolites can be categorized into two 
groups based on their positive or negative effects on cog-
nitive function. The Richenobacteriaceae, Desulfovibrio, 
Cyanobacteria, Aspergillus, Desulfovibrio, Helicobacter, 
and Escherichia coli have been shown to be detrimental to 
cognitive function [64]. Vibrio desulfuricans, also known 
as sulfate-reducing bacteria (SRB) belong to the phylum 
Aspergillus; these bacteria induce intestinal permeability 
and promote toxin leakage, impairing brain function [65]. 
The bacteria are known to produce the neurotoxin β Cyano-
bacteria produce the neurotoxin β-N-methylamino-L-alanine 
(BMAA). This neurotoxin promotes nervous system disor-
ders and increases the formation of Aβ plaques and tangle 
deposits of phosphorylated tau neural progenitor fibers that 
can lead to progressive neuronal and synaptic loss, which is 
a pathognomonic feature of AD, aspergillus induces neuro-
inflammation and microglia activation, leading to cognitive 
decline [66]. Desmodium was found to increase inflamma-
tion production [67]. In addition, Bacteriophage de Ferris 
can increase inflammation production, and Helicobacter 
induces several cytokines, such as IL-6 and TNF-α, lead-
ing to blood–brain barrier disruption and neurodegeneration 
[68]. Ehrlichia produces extracellular amyloid that binds to 
Toll-like receptor 2 and triggers a downstream inflammatory 
response, which ultimately affects cognitive functions [69].

In contrast, Rumococcus spp, Ackermannia mucilaginosa, 
Mucilaginous bacilli, Negative bacilli, Clostridium perfrin-
gens, Eubacterium spp, and Heterobacterium spp exert ben-
eficial effects on cognitive function. Ruminococcus spp. pro-
duce butyrate, which inhibits histone deacetylase, reduces 
the secretion of pro-inflammatory cytokines, and improves 
cognitive functions [70]. In patients with low butyrate levels, 
LPS induces a decrease in BBB and an increase in IL-1β 
expression, exacerbating cognitive dysfunction in mice [71]. 
Mucormycetophilic Ackermannia was found to attenuate 
intestinal barrier dysfunction, reducing Aβ plaque deposition 

in the brain, and attenuating cognitive dysfunction [72, 73]. 
On the other hand, negative bacilli had a positive effect on 
cognitive function [74]. Clostridium difficile can synthesize 
the strong oxidant 3-indolepropionic acid, which protects the 
brain from oxidative damage, reduces neuronal apoptosis, 
attenuates pathological histological changes and blood–brain 
barrier permeability, and improves cognitive function [75]. 
Moreover, Eubacterium spp. and Heterobacterium spp. can 
also improve cognitive function. In addition to the species 
present in the gut microbiota, their proportion also affects 
cognitive function; over-transplantation of Ackermannia 
mucophilus exacerbated intestinal inflammation, and an 
increased proportion of Ackermannia mucophilus was 
observed in patients with AD [76].

Neurotransmitters released in the digestive tract can par-
ticipate in the enteric nervous system and influence vagal 
activity, forming a complete neural pathway. Such neuro-
transmitters mainly include GABA, serotonin, melatonin, 
histamine, acetylcholine, and catecholamines, which are 
involved in vagal regulation via afferent sensory neurons 
[77]. Additionally, these neurotransmitters can also influ-
ence the activation of the gastrointestinal immune system 
by altering the response of mast cells and macrophages to 
the intestinal flora. Furthermore, the intestinal flora regu-
lates intestinal function through the enteric nervous system 
(ENS), which is independent of the central nervous system 
but can control both CNS and autonomic nervous system 
communication. Long-term feeding of Lactobacillus casei 
(JB-1) to rats with increased intrinsic excitability of intes-
tinal muscular AH cells and inhibitory time was shortened 
after slow hyperpolarization. This represents a potential 
information transfer pathway between gut microbes and the 
nervous system [78].

In summary, the gut brain axis is an important pathway 
for cognitive function changes in obese patients, which 
caused by gut microbiota. Interactive signals along the 
gut brain axis can regulate inflammatory injury percep-
tion, inflammatory response, and immune homeostasis. 
The reason may be intestinal inflammation and oxidative 
stress causing intestinal ecological imbalance, leading to an 
increase in blood LPS levels, inducing serum inflammation, 
and the elevated endotoxin levels, which could activated 
the TLR/NF-KB signaling pathway, exacerbating neuro-
inflammation in obese mice. Secondly, the gut microbiota 
can secrete dopamine, 5-HT, norepinephrine, etc. 5-HT is 
a key signaling molecule in the gut brain axis and plays 
an important role in cognitive processing. Finally, dietary 
intake, particularly high-fat, meat, butter, etc., can cause a 
decrease in serum concentrations of chromium, magnesium, 
and zinc, as well as an increase in the abundance of Egg-
erthella and Faecalibacterium bacterial communities. The 
above are all related studies on the relationship between gut 
brain axis and cognitive function changes in obese patients, 
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but unfortunately, the specific mechanism is still unclear. 
However, we look forward to more research on gut axis in 
the future to clarify the mechanism in detail.

Advances in the study of cognitive 
alterations due to gut flora dysbiosis 
in obese patients (Fig. 3)

Mechanism

Changes in bacterial species and systemic inflammation

Obesity leads to an increased relative abundance of the 
thick-walled phylum Firmicutes, and a decrease in the 
abundance of the phylum Mycobacterium. Furthermore, 
a lower number of bacterial genes (i.e., < 480,000 gene 
counts) [79] was associated with obesity, as well as 
reduced alpha diversity, species richness, and beta diver-
sity [80]. A study involving obese mice revealed that high-
fat, high-sugar diets increased the abundance of thick-
walled bacillus phylum in the gut, showing greater changes 

in gut microbial abundance compared to plant-based diets. 
This resulted in increased turnover of G− bacilli, increased 
production of LPS, dysbiosis of the microbial ecology, 
increased intestinal permeability, and increased passage of 
opportunistic pathogens, thereby triggering inflammation 
and altering cognitive function. In addition, a long-term 
high-fat diet increases the formation of celiac particles and 
accelerates the entry of LPS into the body’s circulation 
[81]. Moreover, the expression of the TOLL-like receptor 
TLR4 is upregulated in the gut, which recognizes LPS 
on the cell wall of Gram-negative bacteria, activates the 
TLR4 signaling pathway, releases pro-inflammatory factor 
and chemokines, and leads to chronic systemic low-grade 
inflammation [82]. Vascular endothelial dysfunction is a 
risk factor for cerebrovascular disease and may be caused 
by the dysregulation of microbial ecology and relative 
abundance, increased LPS levels, and inflammation. This 
may be attributed to inadequate perfusion altering the 
structure and function of the brain, leading to cognitive 
decline. Thus, increased LPS can lead to dysregulated gut 
ecology and systemic inflammation, activating immune 
responses and endothelial dysfunction and affecting cog-
nitive function.

Fig. 3   Progress in the study of cognitive alterations caused by dys-
biosis in the gut flora of obese patients. Changes in gut flora species, 
systemic inflammation, and neuroactive substances can lead to altered 
cognitive function in obese patients; changes in gut flora species and 

relative abundance, pharmacological treatments, and surgical weight-
loss procedures may potentially improve cognitive function in obese 
patients
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Therefore, inhibiting the inflammatory response, influ-
encing the composition of the gut microbiota, or targeting 
specific strains of bacteria may potentially improve obesity 
or diet-induced alterations in cognitive function. Interven-
tions with gut flora may be developed to improve cognitive 
function in obese patients.

Neuroactive substances

The gut microbiota secretes several neuroactive substances, 
which are closely related to cognitive function changes in 
obese patients [83]. These substances can influence neurode-
velopment, cognition, and behavior by modulating bidirec-
tional communication between the intestinal tract and the 
central nervous system [84]. For example, the gut flora 
can produce neuroactive metabolites such as 5-hydroxy-
tryptamine (5-HT), gamma-aminobutyric acid (GABA), 
propionate, and short-chain fatty acids.

5-HT is an important neurotransmitter synthesized in the 
gut and central nervous system and plays an essential role in 
the gut-brain axis, where its activity is mainly determined by 
the 5-HT transporter SERT, which exerts its signaling func-
tion through the specific neuroreceptor 5-HTR to regulate 
functions such as mood, cognition, and inflammation [84]. 
Gamma-aminobutyric acid (GABA) is an inhibitory neuro-
transmitter involved in multiple physiological and metabolic 
processes. GABAergic neurons in the brain produce the 
enzyme glutamic acid decarboxylase, which converts glu-
tamic acid to GABA. Specific species of bacteria in the gut 
produce GABA, including Lactococcus lactis, Pseudomonas 
fragilis, Parabacillus spp, Eubacterium spp, and Bifidobac-
terium spp [85]. In addition, another study revealed that 
Bifidobacterium bifidum in the intestinal tract of adoles-
cents also contained this compound; moreover, the strains 
PRL2019 and HD17T2H showed higher GABA production, 
and Bifidobacterium bifidum may be positively associated 
with neuropsychiatric disorders in adolescents [86]. GABA 
imbalance or reduced activity can lead to mood disorders 
such as anxiety and depression, schizophrenia, and autism; 
hence, GABA may be a therapeutic target for psychiatric-
related disorders.

SCFAs are derived from microbial fermentation that is 
indigestible. The site with the highest SCFA concentration 
in the human gut is the colon, where SCFAs act as an energy 
substrate for enterocytes and colonocytes, affecting intesti-
nal epithelial barriers and defenses. In addition, they exert 
anti-inflammatory effects by regulating the recruitment and 
migration of immune cells, T-cell and B-cell differentiation, 
and gene expression of some inflammatory chemokines and 
cytokines [87]. Therefore, SCFAs play a crucial role in the 
health status of the host and promote lipid metabolism, 
glucose utilization, and immune homeostasis. SCFAs also 
affect the structure and function of the mammalian brain 

and improve learning, memory, mood, neurodevelopment, 
cognitive function, and stress response, among others [88]. 
Considering the close relationship between the gut micro-
biota and the host, dysbiosis has been associated with sev-
eral extra-intestinal disorders of metabolic, behavioral, and 
neurological origins. SCFAs may be a potential target for the 
treatment of such disorders [89].

The types of gut microbiota, systemic inflammation, and 
neuroactive substances are the three major pathways through 
which gut microbiota affects cognitive function changes in 
obese patients. In the gut microbiota, Clostridium, Rumino-
coccus, and Bifidobacterium are positively correlated with 
memory scores, while Bacteroides and Proteobacteria are 
negatively correlated with memory scores, SCFA producing 
bacteria are responsible for producing tight junction pro-
teins, improving intestinal permeability, preventing brain 
damage, and peripheral inflammation caused by cytokine 
leakage. These microbiota are closely related to cognitive 
function changes in obese patients. Systemic inflamma-
tion involves the imbalance of intestinal ecology and sys-
temic inflammation caused by an increase in LPS, which 
can activate immune response and endothelial dysfunction, 
affecting cognitive function. Neuroactive substances include 
5-hydroxytryptamine (5-HT), gamma aminobutyric acid 
(GABA), propionate, and short chain fatty acids. The above 
three factors can both influence each other and jointly affect 
the cognitive function of obese patients.

Potential approaches to modulate gut flora 
to improve cognitive function in obese patients

Altering the strain type and relative abundance of the gut 
flora:

Zhao T et al. treated obese patients and their lipid metabo-
lism disorders by modulating the structure, relative abun-
dance, and function of the gut microbiota [90]. The results 
from animal experiments by Uaasr et al. suggest that trans-
plantation of the gut microbiota from obesity-resistant mice 
into germ-free obesity-susceptible mice improves specific 
metabolic consequences of obesity [91]. Furthermore, 
Nicolucci A C et al. found that the use of prebiotics reduced 
body mass index Z-scores, percent body fat, percent trunk 
fat, and serum IL-6 levels [92]. Therefore, gut flora trans-
plantation and oral prebiotics may be therapeutic tools to 
improve cognitive function in obese patients.

Pharmacotherapy

Pharmacotherapeutic drugs, including atorvastatin, mela-
tonin, and natural supplements such as beluga, have been 
shown to alleviate LPS-induced neuroinflammatory, behav-
ioral, and cognitive dysfunction in animal studies [93]. 
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LPS-derived TLR4 agonists, gut ecological modulators, 
and vagus nerve stimulation and its associated treatment 
to inhibit inflammatory pathways may potentially prevent 
cognitive decline. The leucine-restricted diet can reshape 
the structure of the microbiota, e.g., by down-regulating the 
ratio of fungi/mycobacteria, decreasing the relative abun-
dance of bacteria associated with inflammation (e.g., Ace-
tobacter, Helicobacter, Mucor sphaericus, and short-chain 
fatty acid-producing genera), and, finally, decreasing the 
cognitive deficits induced by LPS [94]. Currently, numer-
ous studies have investigated the mechanism underlying the 
inflammatory effects of increased LPS, leading to dysregu-
lation of gut ecology [95–97]. These findings may provide 
evidence for targeted drug development for obese patients.

Bariatric surgery

The two main types of bariatric surgery for the treatment 
of obesity include laparoscopic sleeve gastrectomy (LSG) 
and jejunal Y-anastomosis (RYG) [98]. Studies have shown 
that bariatric surgery not only reduces body weight but also 
improves neurocognitive function in obese individuals, 
but the exact mechanism remains unclear. In obese indi-
viduals, an increased proportion of thick-walled phyla was 
observed, accompanied by a lower abundance of anamorphic 
phyla, leading to ecological dysregulation of the intestinal 
flora. Bariatric surgery results in increased diversity and 
composition of the intestinal flora, including anamorphic 
phyla and clostridial phyla, and a decrease in thick-walled 
phyla, anamorphic phyla, and actinomycetes. The decrease 
in the thick-walled phyla increases the host metabolism and 
decreases caloric absorption, which ultimately leads to a 
decrease in body weight [99]. In addition to altering the 
number and diversity of fecal microorganisms, bariatric sur-
gery can also improve serum biomarkers [100]. Under nor-
mal physiological conditions, pro-inflammatory cytokines 
are unlikely to cross the blood–brain barrier, but the neural 
signals they send may cross the blood–brain barrier, trig-
gering blood–brain-barrier-deficient hypothalamic disorders 
such as autism. Furthermore, LSG was found to decrease 
IL-1β and TNF-α levels, while increasing IL-4 levels, which 
correlates with serum biomarkers or with bacterial abun-
dance in diseases such as diabetes mellitus, obesity, and 
bulimia nervosa. Elevated levels of IL-1β can have a nega-
tive impact on neuronal cell death and cognitive function, 
but IL-4 may have a protective effect on cognitive function 
[101]. In order to fully understand the mechanisms associ-
ated with the bariatric surgery-microbiota-brain-gut axis, 
further studies are required to explore changes in relevant 
regions of the brain postoperatively and to determine the 
effects of obesity on the integrity of the blood–brain bar-
rier. Future longitudinal studies are required to evaluate the 
multifactorial changes following bariatric surgery to provide 

more solid evidence. Regrettably, research on the effects of 
long-term changes in gut microbiota on cognitive function is 
currently lacking, and the effects of obesity on blood–brain 
barrier integrity and its associated neurostructural changes 
remain incompletely understood.

Changing the type and abundance of gut microbiota, drug 
therapy, and Bariatric Surgery are the three methods that 
can regulate gut microbiota and improve cognitive function 
in obese patients. In the future, there may more effective, 
simple and non-invasive methods.

Summary and outlook

Gut flora is associated with altered cognitive function in 
obese patients, mainly changes in the composition, abun-
dance, and metabolic products of the gut microbiota, which 
can affect energy absorption and metabolism in the human 
body, leading to the formation of obesity, and obesity ulti-
mately triggers cognitive changes. Possible mechanisms 
underlying this association include the following points. 
1 Inflammatory Reaction: The inflammatory response is 
often elevated during obesity, and imbalances in some flora 
may lead to intestinal inflammation.Inflammatory state is 
linked to cognitive decline, as inflammatory factors can 
cross the blood–brain barrier and affect brain function. 2 
Product of metabolism: Gut flora metabolites, such as 
SCFA and neuroactive substances, can affect neurological 
function. SCFAs are thought to impact cognitive function 
by affecting neurotransmission, modulating inflammatory 
responses, and apoptosis. 3 Neurotransmitter: Gut flora 
synthesize a variety of neurotransmitters, such as 5-hydroxy-
tryptamine and dopamine, which have modulatory effects on 
mood and cognitive function. An imbalance in gut flora may 
lead to altered levels of these neurotransmitters, which may 
affect cognitive function.

Therefore, the association between gut flora and altered 
cognitive function in obese patients may result from a com-
bination of factors. Although current research is still explor-
ing these mechanisms, advances in this area may help to 
develop new therapeutic approaches, such as improving cog-
nitive function by modulating gut flora. We look forward to 
the early realization of this intervention.
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