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A B S T R A C T

The epidemiological investigations and animal model experiments have confirmed the impact of obesity on the
brain, behavior, and cognition. However, the mechanism by which obesity affects cognitive function is not fully
understood. With the development of an aging society, there is an increase in the economic and social burden
caused by the decline in cognitive function. This manuscript reviews the effects of inflammation and en-
doplasmic reticulum stress (ERS) on the hypothalamus, hippocampus, and the possible impact on cognitive
impairment. These findings provide new insights into the pathophysiological mechanisms that lead to the de-
velopment of cognitive impairment in the context of obesity.

1. Introduction

Obesity adversely affects almost all physiological functions of the
body and hence, is a threat to public health. It increases the risk of
diabetes, cardiovascular disease, certain cancers and a range of mus-
culoskeletal diseases, obesity has also been associated with cognitive
dysfunction [1].

Cognition is an intelligent processing process in which the body
recognizes and acquires knowledge. It involves a series of psychological
and social behaviors such as learning, memory, language, thinking,
spirit, and emotion. Cognitive impairment refers to the abnormality of
the brain's advanced intelligent processing process related to the above-
mentioned learning memory and thinking judgment, which causes
serious learning and memory disorders, accompanied with pathological
processes such as aphasia or apraxia [2]. The different levels of cog-
nitive impairment range from mild cognitive impairment to dementia
[3,4].

The increase in the quantity of adipose tissue along with the in-
crease in the release of various adipokines in obese individuals has led
to widespread peripheral low-grade inflammation [5]. The in-
flammatory process can be involved in the development of peripheral
and central nervous disorders associated with obesity symptoms, in-
cluding mood and cognitive changes [6]. Endoplasmic stress (ERS) is an
adaptive response to the accumulation of misfolded proteins in the
lumen of the endoplasmic reticulum. Moderate ERS plays an adaptive

cytoprotective role by activating unfolded protein responses, while
excessive and long-lasting ERS leads to apoptosis [7]. ERS and in-
flammatory signaling synergistically aggravate neuronal and synaptic
dysfunction and form a vicious circle when causing neuronal apoptosis
[8,9].

We, in the current article, have reviewed the existing literature that
associates obesity-related cognitive impairment with increased in-
flammation and neuronal ERS, which can lead to the dysfunction of
brain regions associated with mood regulation, learning, and memory,
especially in the hypothalamus and hippocampus.

2. The association of obesity and cognitive impairment

2.1. Effect of obesity on cognitive deficiency in human studies

There are a growing number of prospective cohort studies on the
association between obesity and cognitive function in humans that have
been conducted across various countries. The body mass index (BMI)
and waist circumference are the most widely used measurements for
obesity in the human surveys [10]. Some studies have observed the
impact of obesity on the central nervous system through the changes in
the brain imaging because of the lack of standard way to assess the
human cognition [11].

Statistical analysis has shown that there is a significant U-type
correlation between BMI and dementia [10]. A systematic review and
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meta-analysis of a large population has highlighted a positive correla-
tion between obesity and dementia during middle age, however, a ne-
gative correlation was observed in the later years of life [12]. Inter-
estingly, a study has found that the negative effects on cognition are
more remarkable in obese males [11].

The association between obesity and cognitive impairment is not
only supported by epidemiological cross-sectional and prospective
studies [10], but also has been verified by the investigations that show
that dietary intervention can improve cognitive performance [13].
Studies suggest that the cognitive changes induced by high energy diet
(HED) have a chain of adverse effects on appetite control in the future,
which lead to the concept of vicious cycle model [14]. In a meta-ana-
lysis of 41 studies, there was a significant association between atten-
tion-deficit/hyperactivity disorder and obesity, regardless of possible
confounding factors such as psychiatric comorbidities [15]. Researchers
have also found that in some cases obesity is accompanied with mild
cognitive impairment [16,17]. There are also mood disorders in obese
individuals, including anxiety, depression and fear [18,19] (Table 1).

2.2. Effect of obesity on cognitive impairment in rodent models

To study obesity and related health complications, particularly
cardiovascular disease or type 2 diabetes mellitus, various obese models
have been developed, and these models have established the neuro-
biological basis of obesity-related emotional and cognitive changes
[13]. The more commonly used obese animal models are diet-induced
obesity (DIO) models, among which the high fat diet (HFD) induced
obesity model is the most widely used [25]. In addition to the diet-
induced obesity model, Bloch K and co-workers also established a
model of obesity by administering streptozotocin in the in-
tracerebroventricular. Using this obesity model, they found that mice
exhibited severely impaired spatial learning during the acquisition and
reversal phases [26].

Short-term HFD (one week) impaired spontaneous alternation in
mice [27], and a chronic HFD led to cognitive impairment by causing
pathological injury in brain [13,28]. Consistent with clinical findings,
DIO in mice was found to be associated with multiple cognitive ab-
normalities, including learning and memory impairment, along with
anxiety, depression, and other cognitive disorders [27,29,30]. The
cognitive impairment induced by HFD was more prevalent during
childhood and adolescence of the mice [31].

Some studies suggest that the cognitive impairment caused by DIO
could be reversed and rehabilitated by dietary interventions
[13,32,33], while other experiments have shown that the cognitive
impairment in the mice offspring induced by DIO in perinatal periods
could not be reversed, even if the mice were weaned and switched to a
healthy diet [34]. However, the research on the contribution of critical
periods, exposure doses, and diets from mothers and fathers to cogni-
tive function in offspring is still insufficient and requires further in-
vestigations (Table 2).

3. Mechanisms underlying obesity-associated cognitive
impairment

3.1. Systemic inflammation in obesity disrupts the permeability of the blood
brain barrier

Obesity is characterized by a chronic low grade inflammation, and it
is accompanied by progressive infiltration of immune cells into adipose
tissues [40]. In adipose tissue, macrophages play a key role in chronic
inflammation and metabolic dysfunction, and many studies have shown
that macrophages play a critical role in systemic insulin resistance [41].
After being exposed to a long-term high-fat diet, hyperlipidemia, and
hyperglycemia, an increased level of pro-inflammatory cytokines and
inflammatory cytokines was detected in the blood circulation [42].
These abnormal conditions disrupt the blood brain barrier (BBB) andTa
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change the permeability of the BBB [43].
In a study by Hargrave and co-workers, an increase in permeability

of the BBB was observed after 90 days of Western diet feeding [44].The
brain endothelial cells that form the BBB can be regulated by a series of
inflammatory mediators [45]. There are many inflammatory factors
that can increase the permeability of endothelial cells and enlarge the
diameter of blood vessels, leading to increased BBB penetrability and
transport dysfunction (Fig. 1) [46].

3.1.1. Specific anatomical features of the hypothalamus
The hypothalamus is the nerve center that regulates visceral activity

and endocrine activity, which located in the ventral surface of the brain
and below the thalamus [47]. It is worth noting that the arcuate nucleus
lacks a typical blood-brain barrier [48]. The BBB of the hypothalamus
can sense the dynamic changes in the neuroendocrine events and reg-
ulate the permeability through tight junction complexes [49]. There-
fore, the BBB lesions can directly affect the normal function of the
hypothalamus [50]. The hypothalamus can link visceral activities with
other physiological activities, and has important physiological func-
tions such as regulation of body temperature, nutrient uptake, water
balance, endocrine, and emotional response [51]. On the one hand, the
hypothalamic senses satiety and controls the intake of food to affect the
energy balance, it indirectly affects cognitive function [52]. On the
other hand, the hypothalamic ventrolateral nucleus and preoptic area
can produce behavioral and mental abnormalities (action reduction,
orientation) (Obstacles, moodiness, hallucinations, etc.), which directly
affect cognition function [28].

3.1.2. The hippocampus is primarily for the memory and learning
The hippocampus is an important part of the limbic system, and the

dorsal hippocampus is associated with learning and memory and ven-
tral hippocampus is involved in the regulation of emotions and stress
response [53]. Therefore, the hippocampus is considered to have the
closest relationship with cognitive dysfunction. Many studies have also
found that the BBB of the hippocampus is susceptible to damage and a
high-energy diet (HED) can lead to hippocampal dysfunction
[43,44,54].

According to one study, continuous feeding of HED in mice in-
creases the permeability of fluorescein sodium across the BBB of hip-
pocampus [55]. HED can deplete tight junction proteins between the
brain endothelial cells, and in particular can reduce the expression of
claudin-5 and claudin-12 mRNA in choroid plexus and BBB [56]. It is
one of the important mechanisms leading to cognitive impairment.

3.2. Inflammation in hypothalamus and hippocampus

Over a decade ago, researchers have suggested an inflammatory
response in the hypothalamus of obese animals [57]. In recent studies,
the correlation between hypothalamic inflammation and HFD induced
obesity can be observed through the Magnetic Resonance Imaging
(MRI) of the brain in obese animal models as well as human subjects
[40]. Histologically, glial cell proliferation is a characteristic of hy-
pothalamic inflammation [58], including the infiltration of microglia
cells and the proliferation of astrocytes, which is evident by the in-
creased density of the glial cells (Fig. 1) [52].

3.2.1. Inflammation of the hypothalamus
The inflammation of the hypothalamus and the proliferation of glial

cells are related to the systemic low-grade inflammation caused by
obesity [59]; and the latest research shows that the hypothalamus in-
flammation is mediated by the interaction between neurons and non-
neuronal cells (microglia and astrocytes) [33]. The signaling pathway
involved in hypothalamic inflammation, includes toll-like receptor 4
[60], IκB kinase-β/nuclear factor-κB [40], c-Jun N-terminal kinase
(JNK), suppressor of cytokine signaling 3 and pro-inflammatory cyto-
kines (TNF-α, IL-1β, IL-6 and IL-10) [52,61].Ta
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Free fatty acids have shown to activate the innate immune system
through toll-like receptors, which further activate downstream tran-
scription factors (such as nuclear factor κB, NF-κB) [62]. IKB kinase-B/
nuclear factor-Kb (IKKB/NF-kB) pathway plays a vital role in promoting
inflammatory response within the cells [63], therefore, it is often re-
ferred to as the “start switch” of the innate immune system [61]. Stu-
dies have shown that as a regulator of microglial activation in high-fat
diets, NF-κB, can cause hypothalamus dysfunction [64]. Microglial cells
recruit unique bone marrow cells through NF-κB pathway [64], which
then migrate to the hypothalamus from the bone marrow and induce
hypothalamus metabolic inflammation [60,61,65]. JNK, on the other
hand, can be stimulated by various environmental conditions and in-
flammatory cytokines, and it promotes inflammation via stabilization of
the mRNA of inflammatory cytokines and other inflammatory media-
tors [59].

The upstream signaling pathways mentioned above can up-regulate
the expression of cytokines (interleukins IL-1β, IL-6, tumor necrosis
factor-alpha TNF-α) [63], chemokines (chemokine ligand 2 CCL2, C-X-
C chemokine ligand 10 CXCL10) and other pro-inflammatory factors
[66]. Comparative experiments have demonstrated the higher levels of
mRNA and protein of inflammatory cytokines (TNF-α, IL-1 and IL-6) in
hypothalamus after HFD feeding or intravenous free fatty acids [61].

Considering the time-line and regional distribution of central in-
flammation, and the special anatomical location of hypothalamus with
incomplete blood brain barrier, researchers have suggested that the
inflammation of the hypothalamus after an HFD stay one step ahead of
other brain areas [47,58]. It can be inferred that the inflammation of
hypothalamus can alter the internal hypothalamic circuitry and hy-
pothalamic neural outputs to other brain regions. This leads to impaired
cognitive function in hippocampus, amygdala, reward processing cen-
ters, and other brain areas. And these brain regions have an in-
flammatory response in the later stages of high-fat feeding [28,40].

Therefore, the central inflammation in obese individuals not only can
result in the destruction of hypothalamic satiety signal and the constant
overeating, but also can cause negative effects on cognitive function
[52].

3.2.2. The influence of inflammation on hippocampus
The influence of inflammation on hippocampus induced by obesity

is one of the topics of recent research. Obesity-mediated inflammation
in the hippocampus is characterized by an increase in inflammatory
factors (IL-1β, IL-6, TNF-α), which triggers a series of inflammatory
processes [67]. The inflammatory factor IL-1β inhibits aspartate-de-
pendent or non-dependent synaptic enhancement, long-term potentia-
tion, and glutamate release in the hippocampus. The researchers also
found that TNF-α is overexpressed in the hippocampus of the obese
individuals and it impairs neurogenesis in adults by inhibiting cell di-
vision of hippocampal progenitors, resulting in memory and learning
deficits [31].

3.3. The endoplasmic reticulum stress of the central neurons

The endoplasmic reticulum is metabolic organelles within the eu-
karyotic cells, which can detect the nutritional changes in cells. And it
plays a vital role in the protein folding, secreted proteins and trans-
membrane protein modification after translation, protein maturation,
and other step of protein synthesis [68]. The functional homeostasis of
the endoplasmic reticulum is destroyed and ERS is triggered by both
over nutrition induced by a HFD and hyperglycemia and hyperlipi-
demia accompanied with obesity [69].

3.3.1. Three pathways for endoplasmic reticulum stress
The known unfolded protein response (UPR) signals mainly com-

posed of the following three pathways: PERK-eIF2α, IRE1α and ATF-6.

Fig. 1. Effect of diet-induced obesity on the central nervous system.
As a result of diet-induced obesity the expression of cytokines, microglia, and astrocytes in the hypothalamus were found to be increased. The inflammatory pathway
in the hippocampus is activated and apoptosis is increased, and the glutamate release, long-term potentiation, synapse formation, and neurogenesis were all reduced
in the hippocampus; the degree of permeability of the BBB, endothelial cell penetration, blood vessel diameter, and inflammatory mediators were all increased. All
these factors combined can lead to cognitive dysfunction.
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PERK and IRE1 are both protein kinases that can be activated by di-
merization and self-phosphorylation in the case of ERS and then acti-
vate their downstream signaling pathways [70]. Glucose-regulating
protein 78 (GRP78) is a molecular chaperone that promotes protein
folding [71]. It can make IRE1, PERK, and AFT6 inactive by linking
with the endoplasmic internal segment of the three UPR pressure-sen-
sitive proteins (IRE1 and PERK's amino terminal and ATF6 carboxyl
terminal) when the protein folding load of the endoplasmic reticulum is
mild [71–73]. GRP78 belongs to the family of Heat Shock Protein 70
(HSP70), which is the key molecule of ERS reaction [62].

Normally, the content of GRP78 in cells is less, but its mRNA can
promote expression under the ERS response. When the endoplasmic
reticulum in the state of overload stress, unfolded or misfolded proteins
are stored in the endoplasmic reticulum and combined with GRP78, so
that GRP78 can be separated from the UPR signal response protein
[71]. The UPR signaling pathway is active after GRP78 separated from
IRE1, PERK and AFT6, followed by the inhibition of proteins synthesis,
correct folding of unfolded proteins, and degradation of the misfolded
proteins [8].

3.3.2. Unfolded protein response of the endoplasmic reticulum
During the early stage of ERS in cells, an adaptive cellular protective

mechanisms is activated by unfold or misfolded proteins, which is
called the UPR. UPR can help to relieve stress, restore the homeostasis
of the cells and keep the cells alive [68].

URP has a protective effect on cells in the initial stage of ERS,
however, it activates the apoptosis pathway when the ERS is persistent
and exceeds the regulation ability of the endoplasmic reticulum [71].
The activated apoptosis includes three apoptotic signaling pathways:
the growth arrest and DNA damage-inducible gene 153 (CHOP/
GADD153) pathway [73], the JNK pathway, and the caspase-12
pathway (the cysteine protease pathway of the endoplasmic reticulum)
[67].

Studies have shown that both genetically and DIO can trigger ERS
and activate UPR signals in key metabolic tissues (such as adipose
tissue, liver, skeletal muscle, pancreas) [70]. Similar to the response of
the surrounding tissues to over nutrition, the hypothalamus also shows
ERS under high-fat conditions [59]. A pathological hallmark of many
neurodegenerative diseases is the accumulation of misfolded proteins
and protein aggregates in neurons and surrounding supporting cells
affected by HFD [74]. Both neurodegenerative diseases and obesity
trigger similar ERS responses. Astrocytes ERS shares the UPR activation
pathways in obesity and neurodegenerative diseases (Fig. 2) [68,75].

3.3.3. ERS is closely related to inflammation
ERS and UPR have recently been associated with inflammation in a

variety of human diseases such as autoimmune, infection, neurode-
generative diseases and metabolic disorders [8], intracellular ERS and
inflammatory signals share a wide range of regulatory factors and ef-
fectors in various biological processes. Therefore, ERS can adversely
affect metabolic homeostasis by affecting the inflammatory signaling
network [69]. Some studies have reported that ERS and inflammation
in the hypothalamus of obese mice can activate each other and cause a
disturbance of leptin signaling pathway that future inhibits the normal
metabolism of the cells [76].

In the report of Salminen A, et al., it has been shown that ER stress
can also induce an inflammatory response through different UPR
pathways. Efficient signaling pathways include the three pathways of
endoplasmic reticulum stress described above and the inflammatory
caspase-induced signaling pathway, which together act on the patho-
genesis of Alzheimer's disease (AD) [77]. Santos LE and co-workers also
pointed out that there is a positive feedback loop between ERS and
inflammation, which has a clear meaning for neurodegeneration and
AD. ERS may be inseparable from inflammatory responses, leading to
neuronal and synaptic dysfunction and memory decline [9].

3.4. Pathological mechanism of cognitive impairment caused by
inflammation and ERS

3.4.1. Inflammation promotes beta-amyloid production
Some studies have found that systemic inflammatory of obesity

promotes the production of beta-amyloid, which may be one of the
pathogenesis of (AD). Peripheral insulin resistance and hyper-
insulinemia increase peripheral free fatty acid levels, while peripheral
and central TNF-α levels also increase, which reduce and clearance of
Aβ by the liver, leading to an increase in peripheral Aβ levels [78,79].

The high level of Aβ in plasma interferes with its metastasis that
from the brain to the periphery, which in turn increases Aβ transport to
the brain. As a result, release of Aβ from the nerve cells is inhibited.
Studies have also found that a specific pathway, downstream of insulin
receptor can regulate the expression or activation of beta-secretase or
gamma secretase and hence, Aβ production. The decreased level of
insulin-degrading enzymes in obese individuals also aggravates the
deposition of Aβ in the neurons. Therefore, the accumulation is a
consequence of several pathological mechanisms such as increased
production of Aβ, peripheral clearing dysfunction, and increased brain
inflammation, which can lead to memory defects and even pathological
features of Alzheimer's disease [25].

3.4.2. ERS increase neuronal apoptosis and reduced neurogenesis
Neurons are the basic unit of brain structure and function [80].

Abnormalities in the number and function of neurons can affect the
normal operation of the central nervous system [81].

Obesity can activate the expression or activity of inflammatory re-
sponse proteins, aggravate oxidative stress and ERS [82], and disrupt
leptin and insulin signaling in brain regions such as the hypothalamus
and hippocampus, resulting in leptin and insulin resistance [41,61].
Inflammatory signal transduction is an induction signal of pre-apoptotic
cells. Cytokines such as TNF-α and IL-1β can induce apoptosis in dif-
ferent cell types [83]. Oxidative stress can promote apoptosis in neu-
rodegenerative diseases through extrinsic and intrinsic pathway [84].
Intracellular chronic ERS also activates three apoptotic signaling
pathways, which is one of the major pathways leading to apoptosis
[85]. It is know that normal cell autophagy inhibits apoptosis. How-
ever, the cells cannot survive when autophagy causes the excessive
consumption of intracellular proteins and organelles, and leads to
apoptosis [73]. The state of inflammation, oxidative stress and ERS
caused by obesity impair the autophagy, hence, it does not inhibits
apoptosis but promotes apoptosis (Fig. 2) [59].

Neurogenesis is the continuous replacement of central nervous cells
and granulosa cells, enabling newborn neurons to replace dying cells
and form functional synapses [86]. The neurogenesis of the hippo-
campus will continue into adulthood, so it is essential for learning and
memory [87]. Hippocampal neurogenesis is a unique form of neural
circuit plasticity that can generate new neurons in the dentate gyrus.
New neurons appearing in adults show enhanced synaptic plasticity
during maturation, which is the physiological basis of cognition and
emotion (Fig. 1) [83].

Inflammation can activate microglia, which then reduces neuro-
genesis by inhibiting neuronal stem cell proliferation, reduces the sur-
vival of newly developed neurons, reduces their integration into ex-
isting neuronal circuits [88]. On the other hand, HFD can lead to a
decrease in the availability of serotonin 5-HT [89] and a decrease in the
synthesis of Brain-derived neurotrophic factor (BDNF), leading to a
reduction in the positive effects of promoting nerve regeneration [90].

4. Conclusion and prospect

Based on existing results, this article explores the association be-
tween obesity and cognitive function from the perspective of in-
flammation and ERS. Obesity can trigger chronic inflammation and
endoplasmic reticulum stress through multiple signaling pathways
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[91]. The accumulated adipose tissue produces and secretes in-
flammatory factors, which can further induce a series of inflammations
and injuries after entering the brain through the BBB, resulting in in-
creased apoptosis and decreased nerve regeneration in the hypotha-
lamus and hippocampus. Over time, structural changes occur in the
brain regions such as the hypothalamus and hippocampus, which may
permanently perpetuate reversible cognitive abnormalities [18].

Researchers have explored the possible mechanisms of the obesity
that impact the cognitive function. However, the specific signaling
pathways and related sites are still unclear and more deep experimental
studies are needed. A few new potential sites, such as the prominent
GPAT4 expression in the hippocampus, haven been reveals. GPAT4, a
glycerol-3-phosphatidyl transferase that limits the first step of lipid
synthesis, is prominently expressed in the hippocampus and is known to
play an important role in the development of obesity and insulin re-
sistance in the periphery [92], however, whether it has an impact on
cognitive function is worth exploring.

Only when we fully understand the impact of obesity on cognition
and explore potential mechanisms, can we find possible treatment sites
and formulate effective intervention strategies.
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