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Summary
A variety of axes between brain and abdominal organs have been reported, but the interaction between brain and vis-
ceral white adipose tissue (vWAT) remains unclear. In this review, we summarized human studies on the associa-
tion between brain and vWAT, and generalized their interaction and the underlying mechanisms according to
animal and cell experiments. On that basis, we come up with the concept of the brain-vWAT axis (BVA). Further-
more, we analyzed the potential mechanisms of involvement of BVA in the pathogenesis of Alzheimer’s disease
(AD), including vWAT-derived fatty acids, immunological properties of vWAT, vWAT-derived retinoic acid and
vWAT-regulated insulin resistance. The proposal of BVA may expand our understanding to some extent of how the
vWAT impacts on brain health and diseases, and provide a novel approach to study the pathogenesis and treatment
strategies of neurodegenerative disorders.

Copyright � 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Introduction
Over the past few decades, the connections between cen-
tral nervous system and other organs have always been
the focus of research in the biomedical field. Currently,
bidirectional communications and underlying mecha-
nisms between brain and gut microbiota,1,2 brain and
liver,3,4 and brain and pancreas5,6 have been extensively
revealed, which greatly enriched our understanding of
brain health and diseases.

The adipose tissue, also known as fat tissue or fatty
tissue, is composed of multiple distinct cells and mole-
cules (e.g. adipocytes, macrophages and other immune
cells, stromal vascular fractions, nerve tissue, and vari-
ous proteins in the extracellular matrix).7,8 Generally, it
is divided into two types, white adipose tissue (WAT)
and brown adipose tissue (BAT), depending on differen-
ces of location, function and cellular composition.9 In
adults, BAT is located only in the interscapular region
extending from the anterior neck to the thorax,9,10 while
WAT is found throughout the whole body and
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conventionally organized into several anatomically dis-
tinct depots.11 The omental, mesenteric, retroperitoneal,
gonadal and pericardial depots are the main locations of
visceral WAT (vWAT),10,12 and subcutaneous WAT
(sWAT) distributes primarily in back, abdominal wall
and gluteofemoral regions which are considered as the
subcutaneous depots.13 To date, methods for detection
of vWAT mainly include waist circumference, com-
puted tomography (CT), magnetic resonance imaging
(MRI), three-dimensional body scanning technology,
dual energy X-ray absorptiometry (DEXA), ultrasonogra-
phy and bioelectrical impedance analysis (body compo-
sition analyzer).14 Waist circumference is the simplest
and most economical among all methods. CT and MRI
tests, which can directly measure the area and volume
of vWAT, are considered as the standard methods for
quantitative assessment of vWAT depots and have been
the most widely used in previous studies.14�16

Up to now, studies on vWAT mainly focus on fat
metabolism, inflammation, insulin resistance, and obe-
sity17 in light of the secretory function of vWAT including
leptin, adiponectin, resistin, apelin, visfatin, omentin,
chemerin, lipocalin, and the cytokines such as tumor
necrosis factor (TNF) -a and interleukin (IL) -618�20
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(Table 1). However, the interaction between brain and
vWAT and its underlying mechanisms have not been sys-
tematically discussed so far. Therefore, here we summa-
rized human studies on the association between brain and
vWAT and generalized their bidirectional communication
and potential mechanisms according to animal and cell
experiments. Based on this, we come up with a new con-
cept of brain-vWAT axis (BVA). Given that many of brain
changes mentioned in foregoing human studies are cru-
cial clinical features of Alzheimer’s disease (AD), we took
AD as an example to further analyze the potential impacts
of BVA on the pathogenesis of neurodegenerative disor-
ders in this review.
Evidence from human studies on the
association between brain and vWAT

Association between the general structure of brain and
vWAT
Changes in the brain cortical thickness have been
reported to be associated with the vWAT accumulation
in neuroimaging studies at different ages (Table 2). In
adolescents aged 15-18 years, the cortical thickness in
several regions of the brain and the total cortical thick-
ness measured by MRI were significantly positively cor-
related with the ratio of vWAT defined by dividing the
area of intra-abdominal fat per the total area of the
abdominal cavity.21 In subjects aged 19-50 years, both
BMI and vWAT were independently correlated with the
decrease of the cortical thickness in clusters comprising
left lateral occipital region, left inferior temporal cortex,
left precentral region and inferior parietal region.22
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However, the cortical thickness of right insula, left fusi-
form gyrus and right inferior temporal region was only
negatively correlated with the vWAT volume.22 In
healthy middle-aged subjects, both the volume of sWAT
and vWAT had remarkedly negative correlations with
the cortical thickness measured by CT.23 And there was
an even more significantly negative association between
the increased volume of vWAT and the decreased corti-
cal thickness independent of BMI and insulin resis-
tance.23 In the elderly, the larger area of vWAT was
accompanied with the reduced cortical thickness of
global, parietal, temporal, cingulate and insula lobe.24

Also, vWAT has a close relationship with the volume
of different brain regions (Table 2). The area of vWAT
had a significant negative association with temporal
lobe volume, and the volume ratio of the thigh muscle
to vWAT was found to be markedly positively correlated
with temporal lobe, gray matter of the temporal lobe,
and cerebellum.25 Specifically, the thigh muscle/vWAT
ratio was significantly positively correlated with right
temporal pole, right inferior temporal cortex and left
entorhinal cortex, all of which were thought to be
related to cognition, and was markedly positively associ-
ated with right pallidum and bilateral cerebellar corti-
ces, all of which were considered to be related to motor
function.25 But, the vWAT volume had a negative corre-
lation with the temporal lobe volume.25 Human immu-
nodeficiency virus-infected male patients with the larger
vWAT volume had the smaller volume of bilateral poste-
rior hippocampus, left mesial temporal lobe and tempo-
ral stem white matter, as well as the larger volume of
cerebrospinal fluid (CSF).26 Moreover, vWAT had a
stronger correlation with the brain atrophy than age,
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Participants Sample
size

Outcomes Correlation Study design References

Adolescents aged

15�18 years

44 The total cortical thickness vs. The ratio of

vWAT to the total body fat

Positively Cross-sectional

study

21

Subjects aged 19�50

years

72 BMI and vWAT vs. The decrease of the cortical

thickness in clusters comprising left lateral

occipital area, left inferior temporal cortex,

left precentral area and inferior parietal area

Negatively Cross-sectional

study

22

The cortical thickness of right insula, left fusi-

form gyrus and right inferior temporal area

vs. The volume of vWAT

Negatively

Healthy middle-aged

subjects

733 The volume of sWAT and vWAT vs. The corti-

cal thickness

Negatively Prospective study 23

The increased volume of vWAT vs. The

decreased cortical thickness

Negatively

The elderly 316 The area of vWAT vs. The cortical thickness of

global, parietal, temporal, cingulate and

insula lobe

Negatively Cross-sectional

study

24

Community-dwelling

healthy older

population

1209 The volume ratio of the thigh muscle to vWAT

vs. The volume of temporal lobe and

cerebellum

Positively Prospective study 25

The thigh muscle/vWAT volume ratio vs. The

volume of left entorhinal cortex, right tem-

poral pole and inferior temporal gyrus

Positively

The thigh muscle/vWAT volume ratio vs. The

volume of cerebellum and right globus

pallidus

Positively

The volume of vWAT vs. The temporal lobe

volume

Negatively

HIV-infected male

patients

226 The volume of vWAT vs. The volume of bilat-

eral posterior hippocampus, left mesial

temporal lobe, temporal stem white matter,

and the larger volume of cerebrospinal fluid

Negatively Prospective study 26

Subjects from Southern

Germany

351 The volume of the perihepatic adipose tissue

vs. The volume of cingulate gyrus and hip-

pocampal gray matter

Negatively Prospective case-

control study

27

Table 2: The main outcomes of human studies on the association between the general structure of brain and vWAT.
Abbreviations: vWAT, visceral white adipose tissue; AD, Alzheimer’s disease; sWAT, subcutaneous white adipose tissue.
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BMI, hypertension and type 2 diabetes mellitus.26 Addi-
tionally, the volume of the perihepatic adipose tissue,
rather than other obesity-related markers, was found to
be significantly negatively correlated with the volume of
cingulate gyrus and hippocampal gray matter, indicat-
ing that the association between the vWAT in different
depots and the volume of distinct brain regions could
be various.27
Association between the microstructure of brain and
vWAT
The microstructure of brain has been found to be related
to vWAT among all age groups (Table 3). In normal-
weight children participating in physical activity, the
www.thelancet.com Vol 84 , 2022
reduction of vWAT was accompanied with faster perfor-
mance in the Eriksen flanker task and increased ampli-
tude of P3 event-related brain potential.28 In adolescents
aged 12-18 years, the volume of vWAT was independently
markedly positively associated with white/gray matter
signal ratio, T1 weighted signal intensity in white matter,
and standardized magnetization transfer ratio (MTR, a
functional MRI index derived from MTON and MTOFF
sequences and conventionally considered as an indicator
of myelination and de-myelination) in both gray and
white matter.29 In adolescents and middle-aged adults,
vWAT was associated with serum C-reactive protein level,
which was in turn correlated with changes in white mat-
ter microstructure and lower processing speed in cogni-
tive testing.30 Glycerophosphocholines probably
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mediated the relationship between vWAT and both white
matter microstructure and processing speed.30 The vol-
ume of vWAT was correlated negatively with gray matter
density in both cerebellar hemispheres in young-to-mid-
age subjects.31 Besides, the higher amount of vWAT was
accompanied with the decreased eigenvector centrality
(EC, a marker of functional brain architecture derived
from the task-independent functional MRI data) in cere-
bellum, left posterior temporal and parietal lobe, and
with an increased EC in the cingulate cortex.31 The MRI-
T2 relaxation time in the mediobasal hypothalamus was
positively correlated with the vWAT volume in healthy
adult men.32 In the elderly, the area of vWAT was found
to be negatively associated with the normalized MTR
peak height in gray and white matter independent of sex,
age, BMI, hypertension, current smoking, statin use and
type 2 diabetes mellitus.33

The vWAT level was negatively associated with the
functional connectivity between dorsal-mid insula and a
cluster encompassing lateral hypothalamus, preoptic
nuclei and bed nucleus of the stria terminalis, and was
positively correlated with the functional connectivity
between dorsal-mid insula and bilateral middle frontal
gyri, as well as the right intraparietal gyrus.34 A muta-
tion near DHCR24 gene was identified to encode a cho-
lesterol-synthesizing enzyme (rs588709), which was
nominally associated with white matter microstructure,
vWAT and circulating concentration of Omega-3 fatty
acids in interaction with vWAT, respectively.35 Besides,
the higher mass of vWAT assessed by DEXA fan-beam
technology showed a significant correlation with the
reduced fractional anisotropy (FA, a functional MRI
indicator of white matter integrity) in a set of clusters in
both hemispheres in normal-weight military pilots.36

The elevated baseline brain insulin sensitivity was corre-
lated to the decreased volume of total body fat and
vWAT after the lifestyle intervention.37 Notably, vWAT
but not sWAT was closely associated with the strong
insulin responsiveness of the hypothalamus.37 A signifi-
cant decrease in hypothalamic cerebral blood flow was
observed in subjects receiving intranasal insulin and
the magnitude of this response was correlated with
vWAT but not with other fat compartments.38 Brain
insulin action was selectively impaired in prefrontal cor-
tex and hypothalamus in subjects with the accumula-
tion of vWAT.38

Association between lesions of brain and vWAT
Many brain parenchymal lesions have been proved to
be associated with vWAT, especially cerebral small ves-
sel diseases (CSVDs). The area of vWAT (� 100 cm2),
as measured by CT, was linked to white matter lesions
and silent lacunar infarction (SLI, defined as an
asymptomatic, well-defined lesion with a diameter
� 3 mm with the same signal characteristics as the
CSF) in participants without a history of stroke inde-
pendent of age, BMI and other cardiovascular risk fac-
tors.39 Visceral obesity index (VAI) has been
considered as a significant predictor of SLI because
VAI had a positive dose-response relationship with the
number of SLI lesions and had a more prominently
close correlation with SLI in women than that in
men.40 In neurologically healthy subjects, the higher
VAI was associated with the higher prevalence and
burden of SLI.40 Women with the higher VAI had the
lower gray matter density in the caudal anterior cingu-
late cortex compared to those with the lower VAI.41 In
subjects free of CSVDs, those with white matter hyper-
intensities (WMH) had more amount of vWAT area,
BMI and waist circumference than those without
WMH.42 The area of vWAT was found to be an inde-
pendent risk factor for cerebral WMH after adjusting
for age, sex, type 2 diabetes mellitus, hypertension,
smoking and alcohol consumption.42 A higher vWAT/
sWAT ratio was found to be an independent predictor
of the cerebral microbleeds (CMBs) in neurologically
healthy subjects.43 Similar results of comparison and
regression analyses were also observed in the study of
vWAT and lacunar infarction.42 In addition, the
vWAT/sWAT ratio was also independently associated
with the presence of ischemic changes, cerebral artery
stenosis or occlusion, and cervical plaque in apparently
healthy adults.44 After statistical adjustment of cardio-
vascular effects on WMH, the increase of vWAT had
an independent negative effect on white matter in mid-
dle age prior to cognitive impairment.45 The percent-
age of vWAT in total body fat was significantly
correlated with white matter lesion load, severity of
atherosclerosis, ischemic encephalopathy, and the rec-
ognized markers of cerebrovascular diseases. The per-
centage of vWAT was also regarded as a risk factor for
both CSVDs and cerebral atherosclerosis of large,
medium and small arteries.46 Waist-to-hip ratio
(WHR), a marker of visceral obesity, was proved to be
related to higher deep WMH and higher deep-to-peri-
ventricular WMH ratio,47 in which the elevated IL-6
probably acted as a mediator shown by the mediation
analysis.47 Besides, a study from Japan revealed that
the vWAT area was larger in the white matter lesions-
positive group than that in the white matter lesions-
negative group, and both the larger vWAT area and
insulin resistance were the independent predictors of
white matter lesions in patients with type 2 diabetes
mellitus.48

In summary, a wealth of human research evidence
has proved that general structure, microstructure, and
lesions of brain are closely related to vWAT at the phe-
notypic level, suggesting a certain interaction between
brain and vWAT and its underlying mechanisms
deserved further discussion.
www.thelancet.com Vol 84 , 2022



Participants Sample
size

Outcomes Correlations Study design References

Normal-weight children

participating in physical

activity

206 The area of vWAT vs. The task perfor-

mance and the elevated amplitude

of P3 event-related brain potential

Negatively Prospective study 28

The adolescents 970 The volume of vWAT vs. The white/

gray matter signal ratio, T1

weighted signal intensity of white

matter, and the MTR of white and

gray matter

Positively Cross-sectional study 29

Adolescents and middle-

aged adults

872 The volume of vWAT vs. The serum

C-reactive protein level

Positively Cross-sectional study 30

The volume of vWAT vs. The serum

C-reactive protein level, the

changes in white matter micro-

structure, and the processing

speed in cognitive testing

Negatively

Young subjects 100 The volume of vWAT vs. The struc-

tural regions of cerebellum

involved in motor processing and

cerebrum involved in cognitive

and emotional processing

Negatively Cross-sectional study 31

Healthy adult men 41 The vWAT volume vs. The MRI-T2

relaxation time in the mediobasal

hypothalamus

Positively Cross-sectional study 32

The elderly 243 The area of vWAT vs. The peak height

of MTR in gray matter and white

matter

Negatively Cross-sectional study 33

The adults ranging in

weight status (normal and

excess weight)

75 The vWAT level vs. The functional

connectivity of the middle-dorsal

insula with a cluster involving the

bed nucleus of stria terminalis and

hypothalamus

Negatively Cross-sectional study 34

The vWAT level vs. The functional

connectivity of the rostral insula

with the right amygdala, the mid-

dle-dorsal insula with the middle

frontal gyri, and the middle-dorsal

insula with the right intraparietal

cortex

Positively

Military helicopter pilots 23 The mass of vWAT vs. The white mat-

ter fractional anisotropy

Negatively Cross-sectional study 36

High risk for type 2 diabetes

participants

300 The brain insulin sensitivity vs. The

volume of total body fat and vWAT

Negatively Prospective study 37

The volume of vWAT vs. The insulin

responsiveness of hypothalamus

Negatively

Healthy lean and over-

weight obese participants

48 Cerebral blood flow in the hypothala-

mus vs. The volume of vWAT

Negatively Prospective study 38

Table 3: The main outcomes of human studies on the association between the microstructure of brain and vWAT.
Abbreviations: vWAT, visceral white adipose tissue; AD, Alzheimer’s disease; MTR, magnetization transfer ratio; MRI, magnetic resonance imaging.
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Evidence from basic biomedical studies on the
interaction between brain and vWAT

Influence of specific brain regions and related structure
on the mass and function of vWAT
The hypothalamus and its related structure play a cru-
cial role in regulating vWAT (Figure 1). The mesenteric
vWAT in mice with the depletion of hypothalamic
somatostatinergic neurons was resistant to lipolysis, as
shown by a 50% reduction in isoproterenol-induced
lipolysis compared to controls.49 The hypothalamic pep-
tide oxytocin directly inhibited the inflammation in
vWAT manifested by the decreased mRNA expression
of IL-6 and TNF-a, and increased concentrations of
anti-inflammatory adipokines.50 By means of an
osmotic mini-pump, a long-term administration of
brain-derived neurotrophic factor (BDNF) at the lateral
ventricle or into the paraventricular nucleus of hypothal-
amus lowered food intake and body weight, decreased
the weight of sWAT and vWAT (perirenal, mesenteric
and epididymal depots), and reduced adipocyte size and
serum concentration of triglyceride in mice.51 Cortico-
trophin-releasing hormone (CRH) and urocortin par-
tially mediated long-term effects of BDNF to depress
feeding and promote lipolysis.51 Compared with the
controls, male mice undergoing selective genetic abla-
tion of tanycytes in arcuate nucleus and median emi-
nence of the hypothalamus had the higher mass of
vWAT in perigonadal and retroperitoneal depots, the
larger volume of perigonadal adipocytes, and the stron-
ger insulin insensitivity, however, no significant differ-
ences in body weight or food intake were observed.52 A
long-term intracerebroventricular infusion of adiponec-
tin decreased the vWAT mass in the epididymal depot
by increasing energy expenditure and fat oxidation via
the activation of both insulin and leptin signaling path-
ways in the hypothalamus.53

The autonomic nerve also plays a key role in the reg-
ulation of brain on vWAT (Figure 1). A novel sympa-
thetic aorticorenal circuit was identified in which the
autonomic nerve plays a key bridging role.54 On one
hand, sympathetic nerve endings downwards modulate
the activity of innate lymphoid cell (ILC) group -2 and
the expression of glial-derived neurotrophic factor in
the gonadal vWAT depot via the b2-adrenergic signaling
pathway, and on the other hand, the sympathetic nerve
upwards connects to certain higher-order brain regions
including the hypothalamic paraventricular nucleus.54

By inhibiting the sympathetic nerve activity in rats, the
ventromedial hypothalamus injury significantly
increased body weight, vWAT mass and sWAT mass,
regulated the activity and balance of autonomic nervous
system in WAT, and induced an increased expression of
nesfatin/nucleobindin (NUCB)-2.55 Of note, NUCB-2 is
the precursor of nesfatin-1, a kind of anorexia protein,
overexpression of which can induce visceral obesity due
to a high-fat diet (HFD) in mice.56 In addition, blockage
of afferent signals from the common hepatic branch of
the vagus by an injection of capsaicin promoted lard
intake, leading to the selective deposition of vWAT in
the mesenteric depot in a diabetic rats model.57
Involvement of vWAT in the regulation on the
structure and function of brain
Increase of vWAT induced by dietary has been proved to
participate in regulation on brain structure and func-
tion. In addition to elevated vWAT mass and body
weight, the rats fed with a HFD showed worse perform-
ances in both open field test and Morris water maze
test, increased production of mitochondrial reactive oxy-
gen species and extent of mitochondrial swelling in the
brain, decreased degree of electrical-induced long-term
potentiation and density of dendritic spine in the hippo-
campus, and significant changes of anti-apoptotic pro-
tein B cell lymphoma (BCL)-2 and pro-apoptotic protein
BCL-2 associated X (Bax) in the brain, all of which could
be attenuated by an intraperitoneal injection of fibro-
blast growth factor �21.58 A long-term exercise on the
treadmill reversed HFD-induced excessive gain of
vWAT, enhanced the retention latency time in the pas-
sive avoidance task, revoked the increase of TNF-a, IL-
1b and cyclooxygenase-2 in the hippocampus, attenu-
ated the overexpression of both ionized calcium-binding
adapter molecule (IBA) �1 and glial fibrillary acidic pro-
tein (GFAP) in the cerebral cortex and hippocampal
dentate gyrus in the rats fed with a HFD.59 Intake of
Omega-3 fatty acids reduced the vWAT mass, attenuated
the inhibition on mitochondrial respiratory chain com-
plex, and partially reversed the neuroinflammation and
oxidative damage in rats fed with a HFD.60 The
decreased sensitivity of intestinal sensory nerves to
chemicals (cholecystokinin (CCK) and serotonin)
released by the intestine at meals,61 and the decreased
excitability of Gamma-aminobutyric acid (GABA) neu-
rons in the ventral tegmental region of the midbrain62

were observed in rats fed with a HFD. The offspring of
maternal HFD mice had the increase of vWAT mass,
expression of tryptophan hydroxylase 2 and BDNF, and
TNF-a mRNA level in the hippocampus.63 The diet
could induce the changes in macrophage migration to
the hypothalamus, adipose tissue and peritoneal cavity,
especially in men.64 In addition, some hypothalamic
macrophages were proved to originate from vWAT.64

Omentin-1 was confirmed to be a vWAT-specific
secretory protein negatively associated with obesity and
insulin resistance.65 Omentin-1 significantly reduced
the expression of cocaine and amphetamine-regulated
transcript and corticotrophin-releasing hormone, and
stimulated the release of norepinephrine in hypotha-
lamic synaptosomes.65 Omentin-1 significantly sup-
pressed the expression level of Bax and attenuated
H2O2-induced neuronal apoptosis by up-regulating
miR-128-3p at its 30-UTR.66 The increased permeability
www.thelancet.com Vol 84 , 2022



Figure 1. Schematic depicting the bidirectional communication between brain and vWAT.
Green circles show the involvement of vWAT in the regulation on the structure and function of brain. Blue circles display the

influence of specific brain regions and related structure on the mass and function of vWAT.
Abbreviations: vWAT, visceral white adipose tissue; HFD, high-fat diet; ILC, innate lymphoid cell; NUCB, nesfatin/nucleobindin;

BCL, B-cellymphoma; TLR, Toll-like receptor; CCK, cholecystokinin; 5-HT, 5-hydroxytryptamine, serotonin; GABA, g-aminobutyric acid;
BDNF, brain-derived neurotrophic factors; Bax, BCL associated X; CRH, corticotrophin-releasing hormone; BBB, blood-brain barrier.
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of blood-brain barrier (BBB) and decreased expression
of tight junction protein were observed in vWAT-
removed mice.67 After undergoing a transient middle
cerebral artery occlusion, the ischemic cerebral infarc-
tion volume, BBB permeability and intracerebral pro-
inflammatory cytokines were decreased in vWAT-
removed rats with preprocessed surgical operation.67

Knockout of inflammasome protein cryopyrin in vWAT
attenuated obesity-induced neuroinflammation and cog-
nitive impairment through IL-1b.68 In addition, resvera-
trol reduced the levels of IL-1b, TNF-a and
immunoglobulin in brain and vWAT, and decreased the
adipocyte size in vWAT and immunoglobulin G extrava-
sation in the brain.69

The evidence given by the aforementioned basic
biomedical studies strongly suggests an obvious
interaction between brain and vWAT with many dif-
ferent signaling pathways and molecular mecha-
nisms involved in (Figure 1). It is worth mentioning
that the connection between brain and vWAT is
mutual, not unidirectional, even though they are
physically far apart.
www.thelancet.com Vol 84 , 2022
A new concept generalizing the bidirectional
communication between brain and vWAT:
brain-vWAT axis
So far, as an essential tissue mainly distributed in the
abdominal cavity, vWAT has attracted increasing atten-
tion, and even have already been considered as an inde-
pendent organ by some researchers.70 Previously,
people summarized bidirectional communications and
potential mechanisms between brain and certain
abdominal organs, and have proposed a series of con-
cepts of “axis” connecting brain and gut microbiota,1,2

brain and liver,3,4 as well as brain and pancreas.5,6 Like-
wise, both brain-gut-adipose tissue axis71�73 and brain-
adipose axis74 have also been proposed before, neverthe-
less, there are still some important issues worth to be
discussed. First, the elaboration of the bidirectional
communication between brain and vWAT in the above
literature has not been comprehensive enough. They
either focused on how brain regulates food intake,
energy metabolism, and obesity somehow (e.g., through
insulin and leptin adiposity signaling pathway),72�74 or
7
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set changes of both brain and vWAT as the outcome of
the independent variables (e.g., Chowiseung cheng-
Tang, a herbal formulation) in the experimental
design,71 but they both ignored the effects of vWAT on
the brain. Second, as we concluded earlier in this
review, the gut does not seem to be a required mediat-
ing factor between brain and vWAT. Third, and most
importantly, considering differences in distribution,
function, and cellular composition of vWAT and sWAT,
and differences in the correlations between brain
changes and vWAT as well as sWAT we summarized
before, the current studies only focused on the associa-
tion between adipose tissue and brain, which does not
reflect the bidirectional communication between brain
and vWAT.

As mentioned above, it should be concluded that
there is a close connection between vWAT and the
general structure, microstructure, and lesions of the
brain according to human studies. Besides, people
have preliminarily clarified the specific regions of
the brain and their related structure which have the
capacity to affect the mass, cellular composition, and
function of vWAT, and also preliminarily revealed
the regulatory effects of vWAT on the structure, cel-
lular and molecular components of specific regions
of the brain based on animal and cellular studies
(Figure 1). Notably, the possible signaling pathways
mediating the interaction between brain and vWAT
are complex (Figure 1). Specifically, we summarized
the potential mechanisms or mediating factors
mainly including autonomic nervous system,49�57

neurotransmitters,51,54,61�63 inflammation,50,59,60,
67�69 hormones,52,54,65,66 fat metabolism51,56�59,64

and glucose metabolism53,54,57 on the basis of current
studies.

Taken together, here we come up with the con-
cept of the BVA on the basis of all the findings we
summarized in the preceding part of this review.
Unlike other brain-related axes, the concept of BVA
emphasizes more on the bidirectional communica-
tion between brain and vWAT rather than the unidi-
rectional effects. Besides, in the naming process, we
put “brain” in front of “vWAT”, which does not
mean that vWAT is in a complete, passive, subordi-
nate and downstream position. Obviously, as two
extremely essential organs, the current human stud-
ies and mechanism research on the relationship
between brain and vWAT have some apparent limita-
tions in depth and breadth. Specifically, we believe
that there are three issues that deserve further dis-
cussion: a, the regulation and signaling pathways of
the body on BVA under physiological conditions; b,
the intrinsic signaling pathways and mediating fac-
tors connecting brain and vWAT in BVA; and c, the
role of BVA in the occurrence and progression of
neurological diseases.
Potential involvement of brain-visceral
white adipose tissue axis in the pathogenesis
of AD

As discussed above, the proposed concept of BVA proba-
bly established a novel perspective to explore the rela-
tionship between vWAT with brain health and diseases.
As neurological physicians, we further focused on
whether vWAT influenced the occurrence and progres-
sion of central nervous system diseases through this
axis. It is well known that the atrophy of specific brain
regions,75 changes in brain microstructure76 and cere-
bral vascular dysfunction77 are crucial clinical features
of AD. Thus, we take AD as an example to analyze the
potential impacts of BVA on the pathogenesis of neuro-
degenerative disorders.

Characterized by the progressive decline of cognitive
function, activities of daily living and social function,78

AD is an age-related neurodegenerative disorder that
accounts for about 60%�80% of all dementia cases.79

Extracellular amyloid-b (Ab) aggregates and intracellu-
lar tau neurofibrillary tangles are the two neuropatho-
logical hallmarks of AD,80 however, it is generally
believed that the sporadic AD (accounting for more
than 99% of all AD cases) is comprehensively caused
by a combination of age, genetics, environment, metab-
olism, inflammation and other factors.81 Thus, its exact
pathogenesis has not been fully elucidated and the treat-
ment halting or reversing the disease progression has
not been developed so far.82

Clinically, growing studies on the relationship
between vWAT and AD have been reported.83 Several
genetic mutation loci (such as APOM and APOA5) have
been found to be co-associated with the genetic risk of
late-onset AD and peripheral lipid metabolism.84 A
meta-analysis showed that both midlife abdominal obe-
sity and old age abdominal obesity were independent
risk factors for AD (Evidence level I).85 The vWAT accu-
mulation significantly increased the long-term risk of
AD in normal elderly people over 60 years of age.86

Compared with age- and sex-matched controls, patients
with mild-to-moderate AD had significantly higher
vWAT mass, and the correlation was more pronounced
in male AD patients.87 A prospective study of asymp-
tomatic middle-aged adults with risk factors for AD
showed that the vWAT accumulation was significantly
associated with decline of brain Ab burden, language
learning and language memory.88 Using 18F-FDG
uptake in vWAT on positron emission tomography
(PET) images as a marker of vWAT metabolism, the
subjects with higher vWAT metabolism exhibited sig-
nificantly higher brain Ab burden than those with lower
vWAT metabolism.89 The 18F-FDG uptake in vWAT
was significantly associated with brain Ab burden inde-
pendent of age, sex and WMH.89 In addition, the higher
the vWAT index was, the higher the risk of mild
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cognitive impairment (MCI) would be in the elderly.90

The above studies indicate a close association between
vWAT and the occurrence and progression of AD.

Also, there have been plenty of neuroimaging
reports about the association between AD-related brain
structure and vWAT. Adults with higher vWAT index
had more pronounced memory loss, subcortical gray
matter atrophy and hippocampal atrophy.91 And the
strength of these correlations gradually increased with
age.91 In healthy community dwelling elderly subjects
without cognitive impairment, the volume of vWAT
showed a positive association with the lateral ventricle
volume and negative correlations with verbal episodic
memory (assessed by the Rey Auditory Verbal Learning
Test), attention (assessed by the Digit Span subtest
from the Wechsler Memory Scale -III) and hippocampal
volume.92 The thigh muscle/vWAT ratio in the elderly
was positively correlated with the volume of right tem-
poral pole and inferior temporal gyrus, but the vWAT
volume was negatively correlated with the volume of
temporal lobe.25 Using quantitative magnetization
transfer and neurite orientation dispersion and density
imaging techniques, the increased vWAT mass was
found to be associated with the fornix myelin dam-
age.93 The functional MRI studies also found signifi-
cantly negative correlations between the vWAT volume
and both memory and brain structural covariance net-
work in adults,94 and a marked correlation between
vWAT and the peak of the normalized MTR in the gray
matter in the elderly.33 The above studies suggest a
close association between vWAT and AD-related brain
structure.

However, the underlying mechanisms of the associa-
tion between vWAT and AD have not been fully eluci-
dated so far. To this end, we have made several
deductions and inferences based on the current litera-
ture (Figure 2).
Potential role of vWAT-derived fatty acids in the
pathogenesis of AD
The fatty acid metabolism is closely related to vWAT.
On one hand, the vWAT accumulation leads to the
changes in the fatty acids profile.95 On the other hand,
saturated fatty acids (SFAs) are capable to promote
vWAT storage, while polyunsaturated fatty acids
(PUFAs) have the capacity to prevent the vWAT
accumulation.96

vWAT is linked to fatty acids in the blood. In the
community-dwelling elderly, the palmitic acid in serum
cholesteryl esters was correlated to the vWAT accumula-
tion, while the inverse correlation between linoleic acid
in serum phospholipids and vWAT remained signifi-
cant.96 The healthy overweight subjects with the larger
area of vWAT had higher levels of SFAs, myristic acid,
palmitic acid, stearic acid, monounsaturated fatty acids
(MUFAs), palmitoleic acid, oleic acid, n-6 PUFAs,
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linoleic acid, dihomo-Gamma-linolenic acid, arachi-
donic acid, n-3 PUFAs, docosapentaenoic acid and cis-
10-heptadecenoic acid, and the higher activities of Delta
9- and Delta 6-desaturase, while a lower activity of Delta
5-desaturase.95,97 However, another study had found
that the thickness of vWAT in overweight subjects was
negatively correlated with serum levels of linoleic acid
and PUFAs.97 In postmenopausal women, the area of
vWAT was positively correlated with the plasma level of
fatty acids, and negatively related to insulin resistance.98

Fatty acid metabolism in vWAT is associated with
multiple factors. Compared with metabolically healthy
obese subjects, metabolically abnormal obese subjects
had the increased adipocyte volume and decreased lev-
els of n-3 eicosapentaenoic acid and n-6 Gamma-lino-
lenic acid in vWAT.99 Both palmitate tracer storage and
calculated palmitate storage rates were higher in vWAT
than those in sWAT and higher in women than those in
men.100 Concentrations and activities of fatty acid stor-
age enzymes were significantly increased in the vWAT
of overweight individuals.100 In addition, overweight
subjects had lower levels of phosphatidylcholine, triacyl-
glycerol and diacylglycerol, and less phospholipid unsa-
turation in vWAT than in sWAT.101 Compared with
non-obese subjects, morbidly obese subjects had signifi-
cantly higher levels of palmitic acid, palmitoleic acid,
PUFAs, Omega-6 and SFAs/PUFAs ratio, and a
markedly lower arachidic acid concentration in
vWAT.102 Among morbidly obese subjects, those with
high insulin resistance had lower levels of lauric acid,
myristic acid, docosahexaenoic acid (DHA), and
Omega-3/Omega-6 ratio, and higher levels of arachi-
donic acid, eicosenoic acid, arachidonic acid, arachi-
donic acid/linoleic acid ratio than those with low
insulin resistance.102 Uptake of fatty acids from plasma
was increased by sWAT and vWAT but decreased by
skeletal muscle in obese patients.103 The concentrations
of fatty acid metabolites (heptanate, caprylate and gas-
trodiate) in vWAT in postmenopausal women were sig-
nificantly higher than those in premenopausal
women.104 The concentration of stearic acid in vWAT
was negatively correlated with both vWAT area and
serum triglyceride.105

The regulation of fatty acid metabolism is related to
vWAT. Both in normal-weight and obese patients, the
mRNA expression of the gene encoding fatty acid syn-
thase (FASN) was increased in vWAT than that in
sWAT.106 The level of p85a, a regulatory subunit of
phosphatidylinositol 3 kinase (PI3K), was correlated
with the levels of stearic acid and oleic acid in vWAT,
and the level of p110b, a catalytic subunit of PI3K, was
correlated with palmitic acid, DHA, linoleic acid and
arachidonic acid in vWAT.107 The levels of SFAs (such
as palmitate acid) in obese women’s vWAT was related
to the increased expression of 11-b-hydroxylidase 1.108 In
obese women, the concentration of stearic acid in
vWAT-derived large-diameter adipocytes was
9



Figure 2. Schematic depicting the potential vWAT-related pathways involved in the pathogenesis of AD.
The vWAT has the potential to influence Ab metabolism, tau metabolism, microglial activation and neuroinflammation via sev-

eral pathways including vWAT-derived fatty acids, immunological properties of vWAT, retinoic acid derived from vWAT, and vWAT-
regulated insulin resistance.

Abbreviations: AD, Alzheimer’s disease; Ab, Amyloid b; SFAs, saturated fatty acids; PUFAs, polyunsaturated fatty acids; MUFAs,
monounsaturated fatty acids; FAHFA, fatty acid esters of hydroxy fatty acids; FASN, fatty acid synthase; RA, retinoic acid; CDK, cyclin-
dependent kinase; NF-kB, nuclear factor kappa B; RAR, retinoic acid receptor; Tregs, regulatory T cells; CCL, chemokine (CC-motif)
ligand; CCR, CCL receptor; CX3CL1, C-X3-C motif chemokine ligand 1; NLRP, nucleotide binding domain leucine-rich repeats and
Pyrin domain containing receptor; NKT, natural killer T; CXCR, chemokine (C-X-C motif) receptor.
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significantly lower than that in vWAT-derived small-
diameter adipocytes.105 Additionally, levels of free fatty
acids in vWAT-derived adipocytes were decreased in
postabsorptive women.109

Animal experiments have shown that the removal of
vWAT significantly restored plasma free fatty acid than
the removal of sWAT in obese rats.110 In HFD-induced
obese mice, the proportion of stearic acid and oleic acid
in total fatty acids was lower and higher in smaller
diameter vWAT-derived adipocytes than that in larger
diameter vWAT-derived adipocytes, respectively.111 Defi-
ciency of suppression of tumorigenicity 2 receptor in
mice led to the elevated storage of SFAs and an
increased expression of CD36 in vWAT, which aggra-
vated the chronic inflammation of adipocytes and pro-
moted the transformation of macrophagic polarization
from M2 to M1 in vWAT.112 Fatty acid esters of hydroxy
fatty acids (FAHFA) are a novel class of endogenous
lipids with anti-inflammatory and anti-diabetic effects.
A total of 51 FAHFA family members, including 301
regional isomers, have been detected in the vWAT of
mice at all ages, and the number of FAHFA in vWAT
were increased with age.113 Dehydroepiandrosterone-
sulfate reduced total SFAs, n-6 PUFAs and n-6/n-3
PUFA ratio and increased MUFAs in human-derived
vWAT.114 In addition, it was found that palmitic acid
reduced the expression of insulin receptor substrate 1
in vWAT-derived adipocytes. Several fatty acids had the
capacity to affect the regulation of vWAT-derived adipo-
cytes on the expression of PI3K.107 Dehydroepiandros-
terone-sulfate decreased the palmitic acid level,
increased the isooleic acid concentration, and slightly
elevated the estimated desaturase activity in vWAT.114

AD is closely associated with the composition and
metabolic dysregulation of fatty acids.115 Palmitic acid
significantly increased the levels of Ab, b-site amyloid
www.thelancet.com Vol 84 , 2022
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precursor protein cleaving enzyme-1 (BACE1) and cyto-
kines such as TNF-a, IL-1b, and IL-6 in SH-SY5Y and
HMC3 cells.116 Extracellular palmitic acid induced the
expression of amyloid precursor protein (APP) and
BACE1 and promoted the production of Ab in SK-N-MC
cells.117 Alpha-linoleic acid attenuated the learning and
memory impairment of rats injected with Ab42 intra-
hippocampally in the Morris water maze test, decreased
the levels of malondialdehyde, nitric oxide, TNF-a, IL-
1b, IL-6 and nuclear factor kappa B (NF-kB), and
increased the content of glutathione and the activity of
catalase in the CA1 region of the hippocampus.118 Con-
jugated linoleic acid reduced the co-localization of APP
with BACE1 in late endosomes in mouse neurons,
resulting in the reduced cleavage of APP by BACE1 and
Ab production.119 Conjugated linoleic acid-riched diet
reduced the Ab level, increased microglia numbers and
the astrocytes expressing anti-inflammatory cytokines
(IL-10 and IL-19) in the hippocampus of an AD mice
model expressing human APP and bearing the Swedish
and Indiana mutations (hAPPSwInd, J20).120 Supple-
mentation with dietary oleic acid increased the Ab40/
Ab42 ratio, decreased levels of BACE1, presenilin and
amyloid plaques in the brain, and increased the sAPPa
level in an early-onset AD transgenic mouse model
expressing the double-mutant form of human APP,
Swedish (K670N/M671L) and Indiana (V717F).121 In
addition, Omega-3-PUFAs have been proved to reduce
cerebral Ab deposition, improve brain energy metabo-
lism, lessen oxidative stress, and improve cognition and
activities of daily living.115,122 DHA has the capacity of
regulating fiber formation and aggregation of Ab,123,124

redirecting the amyloid response of APP to the non-
amyloid response, effectively reducing the production
of Ab,125 and decreasing the oligomeric Ab-induced pro-
duction of reactive oxygen species in mouse primary
cultured microglia.126

Thus, considering the essential role of vWAT in reg-
ulating fatty acid metabolism and the roles of different
fatty acids in Ab metabolism and AD-like pathological
features, it is reasonable to infer that vWAT may be
involved in the pathogenesis of AD through fatty acids
(Figure 2).
Potential role of immunological properties of vWAT in
the pathogenesis of AD
A variety of immune cells exist in vWAT. For instance,
as a unique structure of omentum, milky spots (MSs)
are organized aggregates of leukocytes embedded
between adipocytes just beneath the mesothelial cell
layer that covers the omentum. MSs support a unique
population of vWAT-related CD4+ regulatory T cells
(Tregs) which express a variety of inflammatory cyto-
kines and chemokines such as chemokine (CC-motif)
ligand 2 (CCL2), C-X3-C motif chemokine ligand 1
(CX3CL1), IL-6 and TNF-a.127�129
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Genetic studies have proved that the A-2518G poly-
morphism of CCL2 was associated with an elevated risk
for AD and increased serum concentration of CCL2.130

The CSF level of CCL2 was positively correlated with the
atrophy severity of medial temporal lobe structure and
negatively correlated with Mini-Mental State Examina-
tion (MMSE) scores in AD patients.131 The plasma con-
centration of CCL2 was higher in AD patients compared
with that in MCI patients and controls, and was positively
correlated with the severity of cognitive impairment.132

The baseline level of CCL2 was markedly associated with
changes in MMSE scores in the two-years follow-up.132

In prodromal AD, the CSF concentration of CCL2 was
associated with a faster cognitive decline during follow-
up.133 Besides, CCL2 combined with t-tau, p-tau and
Ab42 in CSF could predict the conversion of MCI to AD
and the rate of cognitive decline.133 In addition, the
genetic polymorphism of CCL2 receptor (CCR2) was
associated with the risk of AD.134

Animal experiments showed that deficiency of CCL2
aggravated the impairment of learning and memory,
reduced the microglial capacity to phagocytize Ab, accel-
erated Ab deposition and oligomer formation, and dis-
rupted neurogenesis and differentiation in the
subgranular zone of the hippocampal dentate gyrus in
APP/PS1 transgenic mice.135 However, inhibition of
CCL2 synthesis was proved to prevent the neurotoxicity
of Ab.136 Besides, overexpression of CCL2 in the brain
exacerbated the accumulation of microglia and the
deposition of diffuse Ab in APP transgenic mice.137

Overexpression of CCL2 increased the hyperphosphory-
lation of tau protein, promoted the conversion of soluble
tau polymers to insoluble tau polymers, and enhanced
the activation of glial cells in the brain of rTg4510 trans-
genic mice.138 In addition, deficiency of CCR2 exacer-
bated the learning and memory impairment, increased
the intracellular accumulation of soluble oligomer Ab
in the frontal brain, and promoted the expression of
transforming growth factor (TGF) -b 1, TGF-b receptor
and CX3CR1 in plaques-associated microglia in APP/
PS1 transgenic mice.139 Deficiency of CCR2 accelerated
early disease progression and markedly impaired micro-
glial accumulation in Tg2576 transgenic mice which
accumulated Ab earlier and died prematurely in a man-
ner that associated with CCR2 gene dosage.140 Trans-
plantation of CCR2-deficient bone marrow cells (BMCs)
enhanced memory deficits and increased the amount of
soluble Ab in APP/PS1 transgenic mice.141 In contrast,
transplantation of wild-type BMCs restored memory
and reduced soluble Ab accumulation in APP/PS1/
CCR2⁻/⁻ transgenic mice.141 Overexpressing of CCR2
in the brain was found to prevent cognitive decline
and restore the function of monocytes in APP/PS1/
CCR2⁻/⁻mice.141

Similarly, human studies have found that the CSF
level of CX3CL1 in AD patients was remarkably lower
than that of the control group.142 Autopsy showed that
11
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the expression of receptor of CX3CL1 (CX3CR1) in the
cerebral cortex of AD patients was significantly
increased and positively correlated with the severity of
AD symptoms.143 Animal experiments have found that
deficiency of CX3CR1 aggravated AD-related neuronal
and behavioral deficits which were associated with the
cytokine production rather than the Ab plaque deposi-
tion.144 Ablation of CX3CR1 worsened the memory
retention in passive avoidance and novel object recogni-
tion tests, enhanced tau pathology, and exacerbated the
consumption of calcium-binding proteins in the hippo-
campal dentate gyrus in mice overexpressing human
APP.144 In addition, overexpression of CX3CL1 pro-
moted neurogenesis, attenuated tau pathology,
improved cognitive function, and prolonged the survival
time of PS19 tau transgenic mice.145 Neurogenesis
enhanced by overexpression of CX3CL1 could be attenu-
ated by interfering with the mothers against decapenta-
plegic homolog 2 (Smad2) signaling pathway
independent of CX3CR1-CX3CL1 interaction.145 Overex-
pressing of the membrane-anchored C-terminal frag-
ment of CX3CL1 significantly reduced Ab deposition
and neuronal loss,146 and overexpressing of CX3CL1-
intracellular C-terminal domain reversed the neuronal
loss through TGFb2/3-Smad2/3 signaling pathway and
some other genes important for neurogenesis in 5xFAD
transgenic mice.146

In addition, vWAT-induced nucleotide binding
domain leucine-rich repeats and Pyrin domain con-
taining receptor (NLRP-3) was found to impair learn-
ing and memory through IL-1-mediated microglial
activation in mice with dietary obesity.68 Administra-
tion of the conditioned medium derived from adi-
pose tissue mesenchymal stem cells obtained from
vWAT attenuated the deficits of spatial and recogni-
tion memory, decreased Ab plaques formation,
enhanced neuron survival, and reduced the levels of
IL-1b, TNF-a, Toll like receptor (TLR)-2 and TLR-4
in an AD rats model.147

Therefore, in view of the immunological properties
of vWAT and the roles of different immune molecules
in Ab metabolism, tau metabolism and AD-like patho-
logical features, it is reasonable to speculate that vWAT
may participate in the pathogenesis of AD (Figure 2).

Potential role of retinoic acid derived from vWAT in
the pathogenesis of AD
The vWAT has the capacity to synthesize a large amount
of retinoic acid (RA) and this synthesis can be regulated
by the HFD.148 Resident macrophages (GATA6+) in
MSs of omentum produce high level of retinaldehyde
dehydrogenase (RALDH)-2,70,149 which is a key enzyme
generating RA in vivo. RA is also generated from retinal-
dehyde in vWAT by the aldehyde dehydrogenase-1 fam-
ily of enzymes (ALDH1).150 The enzyme ALDH1-A is
involved in all-trans RA biosynthesis in a depot-specific
manner in human vWAT.151
It was concluded that there was a very close relation-
ship between RA and AD.152 Impaired RA signaling
pathway has been generally thought to contribute to
neuroinflammation, oxidative stress, mitochondrial dys-
function and neurodegeneration, further leading to the
occurrence and progress of AD.153 A high dietary intake
of RA was found to be associated with a reduced inci-
dence of AD.154

All-trans RA was proved to prevent the accumulation
of Ab plaques, alleviate the hyperphosphorylation of tau
protein through the inhibition of cyclin-dependent
kinase (CDK) 5, inhibit the activation of microglia and
astrocytes, attenuate neuron degeneration and death,
and improve learning and memory in APP/PS1 trans-
genic mice.155 RA isomers (all-trans RA, 9-cis RA and
13-cis RA) were proved to protect primary cultured hip-
pocampal neurons from Ab-induced neurodegeneration
and apoptosis.156 RA isoforms promoted production
and lipidation of astrocytic apolipoprotein (Apo) E
through the retinoid X receptor (RXR)/retinoic acid
receptor (RAR) signaling pathway.157 9-cis-RA binding
to ApoA-1 significantly reduced the stability of the C-ter-
minal fragment of APP and decreased the production of
Ab.158 RA-induced RARa/RXRa signaling had the
capacity to reduce Ab production by directly inhibiting
Gamma-secretase-mediated cleavage of APP.159 All-
trans RA reduced the expression of BACE1 by regulating
the NF-kB signaling pathway under inflammatory con-
ditions.160 RA was found to have an anti-oligomeriza-
tion effect on Ab in vitro.161 In addition, RA induced
apoptosis in tau model cells (tau/P19 cells) during neu-
ral differentiation in which Ca2+/calmodulin-dependent
protein kinase II played an important mediating role.162

The RAR-a system was proved to be crucial in the
homeostatic modulation of synaptic plasticity which is
essential for memory function in adults.163 Administra-
tion of RAR agonist activated the RA signaling pathway,
increased the synthesis of insulin-degrading enzyme
(IDE) and neprilysin (NEP), accelerated the clearance of
Ab, reduced plaques and oligomers of Ab, inhibited the
phosphorylation of tau protein, and improved cognitive
function in Tg2576 transgenic mice.163 RA and RAR
agonist repaired Ab-induced DNA double-strand breaks
(DSBs) in SH-SY5Y cells and astrocytes derived from
the cortical tissue of mice.164 RA was found to prevent
DNA DSBs through RARa/b/g and PPARb/d recep-
tors.165 Activation of the RAR-a signaling pathway
increased the level of a-hydrolase (ADAM10), antago-
nized the intracellular and extracellular production of
Ab, and prevented neuronal death induced by Ab.166 In
addition, overexpression of miR-138 activated glycogen
synthase kinase (GSK) -3b and increased phosphoryla-
tion of tau protein in HEK293/tau cells. As a direct
binding site of miR-138, RAR-a could significantly
reduce the activity of GSK-3b and miR-138-induced tau
phosphorylation.167 Additionally, an exogenous supple-
mentation of RAR improved learning and memory
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abilities, increased the expression of IDE, reduced the brain
Ab burden, and decreased the levels of inflammatory fac-
tors in the hippocampus in APP23 transgenic mice.168

As mentioned above, given the regulatory role of
vWAT on RA and the involvement of RA signaling path-
way in Ab- and tau- related pathologies, the deduction
that vWAT is probably involved in the pathogenesis of
AD should be valid (Figure 2).
Potential role of vWAT-regulated insulin resistance in
the pathogenesis of AD
The vWAT is a key in regulating insulin resistance.169

Obesity-induced insulin resistance is thought to be
caused by a combination of a local decrease in immuno-
modulatory cells and an increase in pro-inflammatory
immune cells in vWAT.170 It has been found that insu-
lin resistance of peripheral adipose tissue was able to
change lipid composition and hippocampal synaptic
function.171 Higher frequencies of natural killer
T (NKT) cells were contained in vWAT (e.g. MSs of
omentum) than those in other conventional lymphoid
tissues.70 Several studies revealed that mice lacking
NKT cells significantly gained higher body weight,
reduced insulin sensitivity and an elevated number of
inflammatory macrophages in vWAT after a HFD
treatment.172,173 However, some animal experiments
showed that the insulin sensitivity of vWAT could be
enhanced when vWAT-related Tregs were consumed by
blocking IL-33 receptors.174 Inhibition of serotonin sig-
naling through serotonin receptor 2B attenuated insulin
resistance by reducing lipolysis in vWAT-derived
adipocytes.175 Rats lacking nuclear receptor subfamily
2 group E member 1 (NR2E1) had increased inflamma-
tory cytokine secretion, pronounced hyperlipidemia,
impaired insulin sensitivity and aberrant expression of
insulin signaling pathway and NF-kB pathway-related
molecules in vWAT after a HFD treatment.176 Removal
of vWAT prevented obesity-induced insulin resistance
and hyperinsulinemia, and significantly enhanced the
phosphorylation insulin-stimulated AKT at serine 473
and threonine 308 sites in sWAT, liver and skeletal
muscle.177 In men with abdominal obesity, the accumu-
lation of NK cells in vWAT was associated with vWAT
volume, low-grade inflammation, inflammatory macro-
phage polarization and insulin resistance.178 The pro-
portion of ST2+ Tregs in vWAT was severely reduced in
obese mice fed a high fat/sucrose diet.170 IL-33 treat-
ment fully restored the level of ST2+ Tregs in vWAT
and reduced vWAT inflammation, hyperinsulinemia
and insulin resistance.170 Compared with wild type
mice fed with a HFD, mice lacking chemokine (C-X-C
motif) receptor 3 (CXCR3) had lower fasting blood glu-
cose and improved glucose tolerance at a similar body
weight.179 HFD-induced infiltration of vWAT innate
and adaptive immune cells was significantly attenuated
in CXCR3�/� mice.179
www.thelancet.com Vol 84 , 2022
It is currently believed that insulin is extensively
involved in the pathogenesis of AD.180 A growing body of
evidence suggests that insulin has the capacity of protect-
ing against the neurotoxicity of Ab, regulating degradation
of Ab and phosphorylation of tau, enhancing dendritic
spine formation and synaptic viability, and modulating
neuroinflammation.180 Therefore, all the results above
indicate that vWAT may be involved in the pathogenesis
of AD by regulating insulin resistance (Figure 2).

From the above reasoning, we can find that vWAT
has the potential to influence certain essential patholog-
ical features of AD including Ab metabolism, tau
metabolism, microglial activation and neuroinflamma-
tion via several pathways including vWAT-derived fatty
acids, immunological properties of vWAT, vWAT-
derived retinoic acid and vWAT-regulated insulin resis-
tance, therefore, we speculate that vWAT is very likely
to participate in the pathogenesis of AD through the
four potential mechanisms (Figure 2). In addition, it
must be pointed out that the above four aspects were
only based on inference and deduction of the published
literature. In fact, as a widely distributed connective tis-
sue, the cellular composition of vWAT is extremely com-
plex, suggesting that it should have a variety of different
physiological functions. For example, vWAT contains
plenty of adipocytes that are capable to secrete multiple
hormones. Many of these hormones have been proved
to participate in the pathogenesis of AD (Table 1),
including metabolism of Ab,181�190 phosphorylation of
tau,182,183,189,191,192 hippocampal neurogenesis,181,193,194

neurodegeneration,181,195 synaptic function,196�200 neu-
roinflammation186,201�206 and oxidative stress.181,
182,184,206�208 All the findings indicate the vWAT-
derived hormones could be a mediator between vWAT
and AD. Nevertheless, to our knowledge, the direct
research evidence on whether vWAT is involved in the
pathogenesis of AD is still lacking so far.
Conclusions
In recent years, vWAT has increasingly become a hot-
spot in biomedical research, especially in immunity,
inflammation, nervous system, etc. Emerging evidence
from human and animal studies suggests there is a bidi-
rectional communication between brain and vWAT.
The human research evidence has shown their pheno-
typic association, and the basic experimental evidence
has preliminary revealed the potential signaling path-
ways and underlying molecular mechanisms of this
bidirectional communication. In addition, it is of scien-
tific significance to investigate the pathogenesis of AD
from the perspective of vWAT in the future.
Outstanding questions
We expect that the proposal of BVA may further empha-
size their intrinsic relationship for researchers.
13



Review

14
Meanwhile, the proposal of BVAmay expand our under-
standing of how systemic lipid metabolism impacts on
brain health to some extent and provide a novel
approach to investigate the pathogenesis and treatment
strategies of neurodegenerative disorders. However,
there are still many issues to be addressed.

First, the mechanisms of the bidirectional com-
munication between vWAT and brain have been still
lacking extensive and in-depth discussion. On one
hand, the influence of the hypothalamus on vWAT
has been studied more than other brain regions. It is
still unknown what the effects of the other brain
regions on vWAT are, and whether the other brain
regions or the certain groups of brain cells have the
capacity of regulating the location, cellular compo-
nents, and function of vWAT. On the other hand,
the effects of vWAT on brain structure and function,
especially the signaling pathways between both, have
not been adequately studied.

In addition, the effects of BVA on various brain-
related diseases, especially neurodegenerative disor-
ders, have still rarely been discussed. Although this
review provides a preliminary overview of the possible
involvement of vWAT in the pathogenesis of AD, the
relationship between vWAT and other neurodegener-
ative disorders, such as Parkinson’s disease and
amyotrophic lateral sclerosis is still lacking, especially
in clinical studies. We will follow research in these
related areas to further explore the potential bidirec-
tional communication between brain and vWAT, and
that in turn might support the views we proposed in
this review.
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