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Abstract: Obesity and the associated comorbidities are a growing health threat worldwide. Adipose
tissue dysfunction, impaired adipokine activity, and inflammation are central to metabolic diseases
related to obesity. In particular, the excess storage of lipids in adipose tissues disturbs cellular
homeostasis. Amongst others, organelle function and cell signaling, often related to the altered
composition of specialized membrane microdomains (lipid rafts), are affected. Within this context, the
conserved family of annexins are well known to associate with membranes in a calcium (Ca2+)- and
phospholipid-dependent manner in order to regulate membrane-related events, such as trafficking
in endo- and exocytosis and membrane microdomain organization. These multiple activities of
annexins are facilitated through their diverse interactions with a plethora of lipids and proteins,
often in different cellular locations and with consequences for the activity of receptors, transporters,
metabolic enzymes, and signaling complexes. While increasing evidence points at the function of
annexins in lipid homeostasis and cell metabolism in various cells and organs, their role in adipose
tissue, obesity and related metabolic diseases is still not well understood. Annexin A1 (AnxA1) is a
potent pro-resolving mediator affecting the regulation of body weight and metabolic health. Relevant
for glucose metabolism and fatty acid uptake in adipose tissue, several studies suggest AnxA2 to
contribute to coordinate glucose transporter type 4 (GLUT4) translocation and to associate with the
fatty acid transporter CD36. On the other hand, AnxA6 has been linked to the control of adipocyte
lipolysis and adiponectin release. In addition, several other annexins are expressed in fat tissues, yet
their roles in adipocytes are less well examined. The current review article summarizes studies on the
expression of annexins in adipocytes and in obesity. Research efforts investigating the potential role
of annexins in fat tissue relevant to health and metabolic disease are discussed.
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1. Introduction

1.1. Obesity

In most countries, the increasing prevalence of obesity represents a rapidly growing risk factor
for chronic liver diseases, type 2 diabetes (T2D), cardiovascular diseases and most types of cancer.
The mechanisms contributing to obesity are multifactorial and are far from being completely understood.
Moreover, life style changes with less caloric intake and increased energy expenditure appear insufficient
to reduce body weight in the long term. Hence, the identification of the multiple processes that
contribute to excess adiposity is required to enact innovative strategies to combat this epidemic [1,2].
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Some key features and cellular machineries that contribute to increased and dysfunctional fat mass are
listed below.

Adipose tissue is central to the development of obesity and is composed of different cell populations
including fibroblasts, preadipocytes, mature adipocytes, macrophages, mesenchymal stem cells,
endothelial cells, and vascular smooth muscle cells, with cellular function as well as their quantity
being affected by obesity [1]. All these different cell types, through various mechanisms, contribute
to obesity and associated comorbidities, which has been reviewed in detail elsewhere [1–3]. In brief,
storage of nutrients and their mobilization for energy production are critical functions of adipose
tissue. Yet, increased lipolysis in obese fat tissue is closely associated with the development of
insulin resistance and T2D [1–3]. In addition, the excessive accumulation of fat in adipocytes due to
overnutrition can lead to an inflammatory response that creates further metabolic complications [3–5].
In fact, even the physical stress triggered by the swelling that occurs in adipocytes upon increased
fat accumulation seems to contribute to inflammation and insulin resistance [6]. In regard to the
inflammatory process, macrophages accumulate in adiposity and in response to environmental
signals in the fat tissue, undergo polarization to pro-inflammatory M1 macrophages [3]. In addition,
in adipose tissue other myeloid cells, as well as T- and B-lymphocytes, have been linked to macrophage
homeostasis and the inflammatory process associated with obesity [7]. Moreover, the growing tissue
is not appropriately supplied with oxygen causing hypoxia, which contributes to inflammation and
fibrosis. This pathological progress, adipose tissue fibrosis, hinders tissue growth and is linked to
metabolic impediments [3]. Further complexity is created by truncal or android fat distribution, which
was recently identified as an independent risk factor for metabolic diseases in obesity. Also, visceral and
subcutaneous adipose tissues differ in blood flow, cellular composition, adipocyte size and endocrine
function, thereby contributing differently to whole body physiology [2,3].

Additionally, the identification of brown fat in humans [8–10] has initiated new exciting research
in the field over the last decade, as its highly elevated expression of uncoupling proteins leads to the
production of heat, which favors weight loss [3,11]. Due to its therapeutic potential, the process of
browning has created great interest, where white fat cells become so-called beige or brite adipocytes,
acquiring characteristics of brown fat, in particular the upregulation of uncoupling proteins. Hence,
molecules targeting brown or brite fat to increase energy expenditure are being investigated for
their potential to reduce body weight and improve metabolic health [12]. Actually, besides increased
thermodynamic expenditure, the activation of brown adipose tissue additionally accelerated other
cardioprotective and clinically relevant events, such as clearance of plasma triglycerides, a process that
was dependent on the fatty acid transporter CD36 [13]. Furthermore, brown fat also contributed to
lipoprotein processing and the conversion of cholesterol to bile acids in the liver, enabling the removal
of excess cholesterol from the body [14]. Moreover, especially under thermogenic stimulation, brown
fat releases several bioactive factors with endocrine properties, including insulin-like growth factor I,
interleukin-6 (IL-6), or fibroblast growth factor-21, which influence hepatic and cardiac function,
contributing to improved glucose tolerance and insulin sensitivity [15–17].

Given that obesity is characterized by an increased accumulation of triglycerides, research in
the field over the last two decades has focussed on the dysregulation of the fatty acid metabolism.
However, obese adipocytes also accumulate calcium and cholesterol crystals, which was demonstrated
to contribute to oxidative stress and cell death [5]. On the other hand, plasma membrane cholesterol
was depleted in obese fat cells which probably impaired the function of cholesterol-rich membrane
microdomains (lipid rafts), causing an elevated release of C-C motif chemokine ligand 2 (CCL2), a major
chemoattractant for monocytes [18]. In other studies, inhibition of the Niemann-Pick type C1 (NPC1)
transporter, which facilitates cholesterol export from late endocytic (pre-lysosomal) and lysosomal
compartments, impaired insulin signaling and glucose uptake in adipocytes [19]. Cholesterol is also
essential for the proper functioning of endo- and exocytic vesicle transport, which control the release
of distinct adipokines like adiponectin [20], an anti-inflammatory plasma protein that improves insulin
sensitivity, but is reduced in obesity [21].
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A more detailed analysis of the various pathways listed above and affected in obese adipose
tissues clearly is essential to develop strategies to combat obesity. However, it would go beyond the
scope of this review to list all pathways contributing to adipose tissue dysfunction and we refer the
reader to other excellent articles [3,4,22]. In the following, we will summarize and focus on the current
understanding of how a group of evolutionary conserved proteins, the annexins, may influence fat
tissue function in health and disease.

1.2. Annexins

The annexin family in humans and vertebrates consists of twelve structurally related Ca2+-
and membrane binding proteins (AnxA1–AnxA11, AnxA13) [23,24]. All annexins contain a variable
N-terminus, followed by a conserved C-terminal domain with four (or eight in AnxA6) annexin repeats
(Table 1). Each of these repeats encodes for Ca2+ binding sites, allowing annexins to rapidly translocate
to phospholipid-containing membranes in response to Ca2+ elevation [23,25,26]. Hence, annexin
functions are intimately dependent on their dynamic and reversible membrane binding behaviour.
Nevertheless, their similar structure, phospholipid-binding properties, overlapping localizations,
and shared interaction partners have made it difficult to elucidate their precise functions. Yet,
despite in vivo studies in knock-out (KO) models strongly suggesting redundancy within the annexin
family, specific functions of individual annexins have been identified [23,25–31]. Interestingly, besides
often subtle differences in their spatio-temporal and Ca2+-sensitive membrane binding behaviour to
negatively charged phospholipids, the diversity of N-terminal interaction partners, affinity to other
lipids, including phosphatidylinositol-4,5-bisphosphate, cholesterol and ceramide, posttranslational
modifications, and most relevant for this review, their differential expression patterns seem to facilitate
opportunities to create functional diversity within the annexin family [23,25–31]. The subsequent
chapters will review recent knowledge on the expression of individual annexins in adipose tissue, with
quite diverse implications for adipocyte and macrophage function in health and obesity.

Table 1. Domain structure, expression patterns, and potential functions of annexins expressed in
adipose tissue. The different length of the N-terminal leader and C-terminal annexin repeats 1–4
(1–8 for AnxA6) for each annexin are indicated. AnxA13a differs from AnxA13b by a 41 amino acid
N-terminal deletion [32]. Relevant references for each annexin are listed. AnxA, annexin; GLUT4,
glucose transporter type 4; HFD, high-fat diet; HSL, hormone-sensitive lipase; SV, stromal-vascular
fraction; TZDs, thiazolidinediones. N/A, not available.

Name Structure Adipose Tissue Expression Function References

A. Prominent Annexins in Adipose Tissue.

AnxA1
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[33–45] 

AnxA2 
 

adipocytes, 
endothelial cells, 

macrophages, 
subcutaneous fat, 
epididymal fat, 
mesenteric fat, 

guggulsterone , 
TZDs  

GLUT4 translocation, 
insulin response, glucose 
uptake, CD36-mediated 

fatty acid uptake, 
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HSL activation 
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[2,35,47,61–74] 
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AnxA2
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Table 1. Cont.

Name Structure Adipose Tissue Expression Function References

B. Other Annexins in Adipose Tissue.

AnxA3
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macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1 
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory 
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction, 
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 

adipocytes, SV, subcutaneous
fat, intraabdominal fat

adipocyte
differentiation ↓,

lipid accumulation?

[75–77], Geo
Profiles; DataSet
Record GDS2818
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2.1. Annexin A1 (AnxA1) 

AnxA1 (previously known as lipocortin 1) is expressed in most cell types, and abundant in 
macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1 
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory 
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction, 
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 
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actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 
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AnxA1 (previously known as lipocortin 1) is expressed in most cell types, and abundant in 
macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1 
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory 
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction, 
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 
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2.1. Annexin A1 (AnxA1) 

AnxA1 (previously known as lipocortin 1) is expressed in most cell types, and abundant in 
macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1 
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory 
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction, 
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 
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2. Annexin Expression Patterns in Adipose Tissue and Their Potential Functions in Obesity 

2.1. Annexin A1 (AnxA1) 

AnxA1 (previously known as lipocortin 1) is expressed in most cell types, and abundant in 
macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1 
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory 
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction, 
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 
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2. Annexin Expression Patterns in Adipose Tissue and Their Potential Functions in Obesity 

2.1. Annexin A1 (AnxA1) 

AnxA1 (previously known as lipocortin 1) is expressed in most cell types, and abundant in 
macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1 
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory 
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction, 
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 

adipocytes, SV, subcutanous
fat, intraabdominal fat

fatty acid release, adipokine
secretion? [91]

AnxA13a

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 22 

 

obesity , HFD , 
oxidative stress  

cholesterol-dependent 
adiponectin secretion? 

B. Other Annexins in Adipose Tissue. 

AnxA3 
 

adipocytes, SV, 
subcutaneous fat, 

intraabdominal fat 

adipocyte  
differentiation , 

lipid accumulation? 

[75–77], Geo 
Profiles; 
DataSet 
Record 

GDS2818 
 

AnxA5 
 

SV, subcutaneous fat, 
intraabdominal fat 

fat deposition, storage or 
mobilization? 

[35,78], 
Geo Profiles; 

DataSet 
Record 

GDS2818 
 

AnxA7 
 

SV, subcutaneous fat, 
intraabdominal fat 

infiltration of immune 
cells in dysfunctional 

adipose tissue? 

[79–83], Geo 
Profiles; 
DataSet 
Record 

GDS2818 

AnxA8 
 

adipocytes, SV, 
subcutaneous fat, 

intraabdominal fat 

cholesterol-dependent 
caveolae formation, 

cholesterol-dependent 
GLUT4 translocation, 
cholesterol-dependent 
adiponectin secretion? 

[84–89], Geo 
Profiles; 
DataSet 
Record 

GDS2818 

C. Insufficiently Studied Annexins in Adipose Tissue. 

AnxA4 
 

N/A lipolysis? [90] 

AnxA9 
 

N/A ?  

AnxA10 
 

adipocytes, SV, subcutanous 
fat, intraabdominal fat ?  

AnxA11 
 

adipocytes, SV, subcutanous 
fat, intraabdominal fat 

fatty acid release, 
adipokine secretion? [91] 

AnxA13a 
 

N/A ?  

AnxA13b 
 

N/A ?  

2. Annexin Expression Patterns in Adipose Tissue and Their Potential Functions in Obesity 

2.1. Annexin A1 (AnxA1) 

AnxA1 (previously known as lipocortin 1) is expressed in most cell types, and abundant in 
macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1 
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory 
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction, 
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 
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2. Annexin Expression Patterns in Adipose Tissue and Their Potential Functions in Obesity 

2.1. Annexin A1 (AnxA1) 

AnxA1 (previously known as lipocortin 1) is expressed in most cell types, and abundant in 
macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1 
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory 
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction, 
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility 
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an 
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide 
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial 
activities of these anti-inflammatory drugs [39,42]. 

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2 
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2 reduced 
inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result of the distinct 
expression patterns and the localized distribution of different FPR2 ligands in this tissue [36]. 
Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been identified in 
adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have anti-
inflammatory activities and highlight the requirement to fine-tune the balance of ligands with 
opposing activities, in order to activate the immune response and thereby accelerate the termination 
of inflammation [96]. 
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2. Annexin Expression Patterns in Adipose Tissue and Their Potential Functions in Obesity

2.1. Annexin A1 (AnxA1)

AnxA1 (previously known as lipocortin 1) is expressed in most cell types, and abundant in
macrophages, neutrophils, the nervous and endocrine system [23,27,92]. Like other annexins, AnxA1
is found at multiple locations inside cells, including the plasma membrane, endosomal and secretory
vesicles, the cytoskeleton and the nucleus, participating in membrane transport, signal transduction,
actin dynamics and regulation of metabolic enzymes related to cell growth, differentiation, motility
and apoptosis [25,26,92–94]. In addition, AnxA1 has a prominent extracellular function, acting as an
anti-inflammatory, pro-resolving protein which exerts its effects via binding to the formyl peptide
receptor 2 (FPR2). Both molecules are induced by glucocorticoids and contribute to the beneficial
activities of these anti-inflammatory drugs [39,42].

The inflammation-related functions of FPR2 are diverse and complex, with multiple FPR2
ligands exercising various and sometimes opposite activities [36,95]. While the loss of FPR2
reduced inflammation, the overall FPR2 activity in fat tissue in vivo is most likely the net result
of the distinct expression patterns and the localized distribution of different FPR2 ligands in this
tissue [36]. Importantly, resolvin D1 and lipoxin A4, both bioactive lipid mediators that have been
identified in adipose tissue, are agonists of this G-protein coupled receptor [96,97]. These lipids have
anti-inflammatory activities and highlight the requirement to fine-tune the balance of ligands with
opposing activities, in order to activate the immune response and thereby accelerate the termination of
inflammation [96].

Recent studies suggest that the AnxA1/FPR2 axis is highly relevant for obesity and related inflammation,
as well as other complications, such as insulin resistance, T2D and atherosclerosis [36,37,41,42,45].
As levels of FPR2 and its ligands critically influence strength of biological response, it is interesting
to note that in obese mice, adipose tissue FPR2 mRNA and resolvin D1 levels were decreased [95].
Most relevant for AnxA1 in adipose tissue, the FPR2 peptide agonist WKYMVM, which is derived
from the N-terminus of AnxA1, greatly enhanced the insulin response of diet-induced obese mice [45].
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Somewhat unexpectedly, FPR2 deficiency improved the metabolic health of mice that were
fed a high fat diet [36]. In this study, FPR2 was increased in fat of diet-induced obese mice and
diabetic, leptin-receptor mutated, animals. Loss of FPR2 in macrophages blocked polarization into
pro-inflammatory M1 macrophages [36]. FPR2 knock-out mice were less obese and higher thermogenesis
in skeletal muscle was most likely responsible for enhanced energy expenditure [36]. Although the
lack of FPR2 signalling events induced by ligands other than AnxA1 probably also contribute to the
phenotype of the FPR2 knock-out mice described above, one can speculate that up- or downregulation
of AnxA1 may also have profound effects on FPR2-dependent energy metabolism in adipose tissue.

In this context, it is still unclear which cell types contribute to extracellular AnxA1 levels in adipose
tissue. In fat tissues, AnxA1 was more abundant in the stromal-vascular fraction than in adipocytes [43],
indicating that infiltrating monocytes and macrophages expressing AnxA1 may represent the main
source of extracellular AnxA1 in fat [39]. In support of this hypothesis, when these immune cells
became activated, AnxA1 translocated to the cell surface and was secreted [39].

Besides the contribution of non-adipocytes to AnxA1 levels in fat mass, its expression appears
tightly regulated during adipocyte differentiation, as murine 3T3-L1 adipogenesis identified AnxA1
mRNA and protein downregulation [44]. In contrast, in mature adipocytes from patients with Simpson
Golabi Behmel syndrome, an overgrowth disorder leading to craniofacial, skeletal, cardiac, and renal
abnormalities, AnxA1 mRNA and protein amounts were approximately 65-fold higher compared to
their corresponding preadipocytes. As FPR2 levels were markedly reduced in this model, it remains
to be determined if drastically upregulated AnxA1 expression alters the repertoire and availability
of other extracellular FPR2 ligands and impacts on FPR2 activity [38,44]. Simpson Golabi Behmel
syndrome is associated with glypican-3 loss-of-function mutations [98], implicating a possible link
between adipocyte AnxA1 expression and this poorly characterized cell surface proteoglycan. However,
a more likely explanation could be the higher concentration of glucocorticoids used in this study,
possibly causing an elevation of AnxA1 levels irrespective of adipogenesis. The analysis of purified
preadipocytes and mature cells may be an appropriate approach to better define transcriptional and
post-transcriptional regulation of AnxA1 expression during adipogenesis.

The therapeutic potential of AnxA1 is further underscored by its upregulation in the subcutaneous
fat of obese men given rosiglitazone for two weeks [33]. Glitazones are insulin sensitizers and agonists
of peroxisomal proliferator-activated receptor-γ (PPARγ), a master regulator of adipogenesis [99].
AnxA1 is a target gene of this transcription factor in breast cancer cells [100] and most likely in
numerous other cell types [39,101]. Whether this PPARγ-dependent transcriptional control of the
AnxA1 promoter also applies for adipocytes needs additional studies.

Further documenting a relationship between AnxA1 and obesity, AnxA1 mRNA was strongly
increased in adipose tissue of mice on a high fat diet [34]. This upregulation was observed in
both leptin- and IL-6-deficient animals, strongly pointing at transcriptional pathways not directly
regulated by these factors being responsible for AnxA1 upregulation in a lipid-rich environment [34].
AnxA1 mRNA expression was also higher in visceral adipose tissues of obese compared to lean
children [102]. Proteome assessment of adipocytes isolated from subcutaneous fat of young and old
overweight patients revealed higher AnxA1 protein levels in the latter [35]. Hence, as older subjects
more often suffer from insulin resistance and cardiovascular disease, these findings further support a
function of AnxA1 in metabolic health. Interestingly, under inflammatory conditions, AnxA1 may
undergo protease-mediated degradation, leading to pro-inflammatory AnxA1 fragments that lack the
FPR2-binding motif in the N-terminal AnxA1 region [103]. Indeed, cleaved AnxA1 was more abundant
in adipose tissues of obese individuals independent of their insulin resistance status [40].

Whole body physiology critically influences adipose tissue function and in the following, we will
briefly summarize some observations that could impact on AnxA1 levels and functions in fat tissue.
In contrast to upregulated adipose AnxA1 levels in obesity-related disease settings listed above [33,34,102],
one study identified that circulating levels of AnxA1 were decreased in obesity [38]. Yet, more recent
research described that serum AnxA1 amounts increased with body mass index (BMI) and positively
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correlated with IL-6 [40]. In the same report, an association of serum AnxA1 levels with T2D was not
apparent [40]. The opposing outcome of these two studies clearly illustrates that further research is
needed to resolve the role of AnxA1 in adiposity and metabolic diseases.

Over the years, many studies have established that dysregulation of the inter-organ cross-talk
beween adipose tissue and other metabolic organs contribute to significant changes in energy
homeostasis, glucose and lipid metabolism in obesity and associated complications. Adipose tissue
releases numerous adipokines that influence liver, muscle and pancreas physiology, which in turn,
have potential to modify glucose and lipid handling in fat tissue [3,4]. This may also include alterations
in AnxA1 expression, secretion, and protein stability, which may impact on serum AnxA1 levels or
influence other AnxA1-related biological activities with indirect effects on adipocytes. For example,
non-alcoholic fatty liver disease is commonly diagnosed in the obese and is a spectrum ranging from
benign liver steatosis to hepatitis and fibrosis [21]. Hepatic AnxA1 protein expression was reduced
in patients with bridging fibrosis when compared to those with mild disease [104]. In mice fed a
methionine-choline-deficient diet to induce non-alcoholic steatohepatitis (NASH), hepatic AnxA1
protein levels were nevertheless increased [104]. While these findings may suggest a link between
AnxA1 expression levels and hepatic neutral lipid accumulation, oleate-induced lipid storage was
normal in AnxA1-overexpressing Huh7 hepatocytes [61]. Accordingly, hepatic triglycerides levels
were also comparably induced in murine NASH of wild type and AnxA1-deficient mice [104].
Yet irrespective of neutral lipid storage, liver inflammation and fibrosis were clearly enhanced in
AnxA1 KO-animals [104].

AnxA1 was expressed in liver macrophages and contributed to anti-inflammatory M2 macrophage
polarization and IL-10 production. Accordingly, macrophages developed into a pro-inflammatory M1
phenotype in the AnxA1 null animals [104]. Galectin-3 is produced by activated macrophages and
contributes to liver fibrosis, and recombinant AnxA1 prevented galectin-3 expression [104]. Strikingly,
AnxA1 protected the liver from NASH in this experimental model, which is characterized by body
weight loss [104]. Furthermore, inhibition of hepatitis C virus replication by AnxA1 showed a protective
role in the development of chronic liver disease [105]. Again, steatosis grade was not changed by
AnxA1 in the liver cells [105]. Hence, these studies suggest protective roles for AnxA1 in liver function,
which could also support a healthy communication with adipose tissue.

Beneficial effects of AnxA1 were also described in muscle and pancreatic beta-cells, both highly
relevant for glucose homeostasis [106]. The saturated fatty acid palmitate, which is elevated in
the plasma of obese patients, induced insulin resistance and suppressed AnxA1 expression in L6
myotubes [45,107]. On the other hand, AnxA1 released from mesenchymal stromal cells improved
the glucose-induced insulin release of human islets in a co-culture model demonstrating protective
functions on pancreatic beta-cells [108].

Taken together, most of the data summarized above point towards disease-preventing activities of
AnxA1 in obesity (Table 1). In further support of this model, AnxA1 null mice were in fact more obese,
had larger adipocytes and increased leptin levels when fed a high fat diet [34]. Common measures that
occur with high fat diet feeding, such as upregulation of lipolytic enzymes and downregulation of
11-beta hydroxysteroid dehydrogenase type 1, was only significant in fat tissues of the obese wild type
animals [34]. Corticosterone levels were higher in the AnxA1-deficient animals and may have further
promoted adiposity in these mice [34]. Moreover, the high fat diet fed AnxA1 KO-mice displayed
elevated glucose and insulin levels, and were less insulin-sensitive. Interestingly, despite the prominent
anti-inflammatory features of AnxA1 discussed above, adipose tissue inflammation was not induced
in these mice [34]. The exacerbation of obesity-associated metabolic diseases in AnxA1 null mice was
confirmed in a further study. The treatment of these mice with recombinant human AnxA1 reduced
body weight, fat mass, and liver steatosis [41].

Finally, others analyzed AnxA1 null mice fed a control chow diet. Body weight and adipocyte
size were normal, whereas epididymal fat mass was reduced in AnxA1-deficient animals [43].
Catecholamine-induced rise in cAMP levels and lipolysis were more pronounced in adipose tissue
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explants of the control animals [43]. Adipose tissue explants from the AnxA1 KO-mice further displayed
a lower production of IL-6, which was not attributed to a decline in the number of macrophages in
intra-abdominal fat pads [43].

Overall, the studies summarized above indicate AnxA1 as a metabolism-improving molecule in
models of metabolically stressed animals (Figure 1, Table 1). This may provide exciting therapeutic
opportunities [37,39,41,42,45,104], but more research—exploring for instance the comparison of energy
expenditure measurements in controls and the AnxA1 null mice on chow and high fat diets [34,41]—is
still needed to better understand the various molecular pathways regulated by AnxA1 in adipose tissues.
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Figure 1. The multiple roles of AnxA1 in metabolism. AnxA1 increased insulin release of pancreatic
beta-cells [108] and improved insulin response of skeletal muscle and whole body insulin sensitivity, thus
lowering circulating glucose and insulin levels [34,45]. AnxA1 further ameliorated hepatic inflammation
and fibrosis in a murine NASH model [104]. AnxA1 null mice were more obese, produced more leptin
and had higher adipose tissue lipolysis, inflammation and corticosterone levels. AnxA1 did not alter
the recruitment of adipose tissue macrophages [34].

2.2. Annexin A2 (AnxA2)

AnxA2 is ubiquitously expressed and most abundant in endothelial cells, monocytes and
macrophages. In addition, AnxA2 is also often upregulated in cancers [23,25,94,109–111]. Most AnxA2
proteins form a heterotetrameric complex with p11, a member of the S100 protein family, at the
plasma membrane and intracellular compartments, while only small amounts of AnxA2 monomer are
present in the cytosol, endosomes and nucleus. In these multiple locations, AnxA2 contributes to the
regulation of endo-/exocytic membrane transport, microdomain organization, membrane repair and
nuclear transport, relevant for many different cellular activities [23,25,26,93,94,109]. Also, extracellular
AnxA2 activities related to fibrinolysis and not discussed further in this review have been well
documented [109–112].

AnxA2 is expressed in the adipose tissues of humans and rodents [53,57] and has been linked
with two prominent aspects of adipocyte function (Table 1). Firstly, several studies implicated AnxA2
in glucose homeostasis, in particular the insulin-inducible translocation of GLUT4, the main glucose
transporter in adipocytes, from intracellular compartments to the cell surface. In one study, the silencing
of AnxA2 in 3T3-L1 adipocytes improved insulin sensitivity and glucose uptake [59]. In striking
contrast, others reported that AnxA2 inhibition or depletion, using antibodies or knockdown approaches,
strongly reduced insulin-inducible GLUT4 translocation [51]. As insulin exposure promoted GLUT4,
but not AnxA2, trafficking to the cell surface [55], it appears unlikely that direct interaction or GLUT4
translocation along AnxA2-positive vesicles occurs. Alternatively, the underlying mechanism could
involve a possible role of AnxA2 in insulin signaling through the modulation of insulin receptor
internalization [46]. Indeed, the fact that insulin induced AnxA2 phosphorylation [46,56,60], AnxA2
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sumoylation [50], and enhanced AnxA2 secretion [60] further indicates that the expression, localization
and activity of AnxA2 is closely connected to insulin signaling and glucose handling in adipocytes.
Hence, further studies are needed to clarify these current gaps of knowledge and discrepancies.

Secondly, AnxA2 has also been associated with fatty acid accumulation. In fact, in endothelial cells
and adipocytes of white adipose tissue, AnxA2 was critical for the cellular uptake of fatty acids. AnxA2
was found to bind prohibitin and the fatty acid transporter CD36 in both cell types, and assembly of
this complex at the plasma membrane was enforced by the presence of fatty acids [57]. This protein
complex not only improved fatty acid uptake in these two often neighbouring cell types, but also
enabled the transport of fatty acids from the endothelium to adipocytes. In further support of these
observations, palmitate-inducible expression of inflammatory genes like IL-6, IL-1 beta and tumor
necrosis factor alpha was markedly diminished upon AnxA2 suppression, while AnxA2 overexpression
amplified the proinflammatory capacity of this saturated fatty acid [59].

Several in vivo studies addressed the aforementioned potential roles of AnxA2 in glucose and
fatty acid metabolism (Figure 2). However, AnxA2 null mice had reduced steady-state glucose levels
and a normal glucose tolerance [57]. As the glucose uptake of white adipose tissues was comparable in
the control and AnxA2-deficient animals, it was concluded that AnxA2 did not have a central function
in GLUT4 translocation in vivo. On the other hand, AnxA2-deficient animals had a delayed clearance
of infused fatty acids, indicating that the lack of AnxA2 compromised CD36-mediated removal of
fatty acids from the bloodstream [57]. Given that thermogenic activation of brown adipose tissue
accelerated CD36-dependent clearance of plasma triglycerides [13], and palmitoylation-dependent
CD36 localization and trafficking in adipose tissue being sensitive to acute cold exposure [113],
testing cold tolerance in AnxA2 KO-mice in future studies could provide further critical insight.
Taken together, these findings might point at AnxA2 contributing to a more rapid clearance of lipids
and the improvement of postprandial hyperlipidemia.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 22 
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Figure 2. The diverse roles of AnxA2 and AnxA6 in adipose tissue function. AnxA2 improves
uptake and storage of fatty acids [57] and may have a role in glucose uptake and adipose tissue
inflammation [51,59]. On the other hand, AnxA6 modulates lipolysis and adiponectin secretion [68].

More recently, others investigated adenoviral-mediated AnxA2 up- or downregulation in mice
fed a high fat diet. Animals with low AnxA2 levels had reduced body weight at the end of the study,
displaying improved fasting blood glucose and insulin levels, as well as glucose and insulin tolerance.
Overexpression of AnxA2 did not change any of these parameters. In addition, AnxA2 depletion
was associated with less adipose tissue macrophages and inflammation, which was enhanced by
AnxA2 overexpression [59]. Hence, several AnxA2 functions observed in cell-based studies might be
relevant in stress-induced conditions in vivo, and, as outlined above, cell and animal studies support an
involvement of AnxA2 in adipose tissue function. In line with these observations, expression studies in
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humans and animal models suggest that AnxA2 levels are tightly regulated, often responding to changes
in whole body and adipose tissue physiology. For instance, AnxA2 was detected in preadipocytes
and was modestly induced during 3T3-L1 adipogenesis [54]. Guggulsterone, a natural drug which
inhibits adipocyte differentiation and induces apoptosis, increased AnxA2 expression in these cells [54].
While AnxA2 mRNA remained unchanged, post-translational processing of AnxA2 protein was
induced by guggulsterone [54], indicating that truncated AnxA2 isoforms may exert so far unknown
inhibitory functions during adipogenesis. However, in another study, troglitazone-induced PPARγ
activation, which promotes adipocyte differentiation [99], upregulated AnxA2 mRNA and protein
expression in 3T3-L1 adipocytes [51]. Likewise, the PPARγ agonist rosiglitazone also induced AnxA2
levels in subcutaneous fat of obese but otherwise healthy men. Together with the abovementioned
studies suggesting AnxA2 to promote glucose and fatty acid uptake, one can speculate that this
drug-induced upregulation of AnxA2 may contribute to the beneficial therapeutic effects of the
rosiglitazone-induced lowering of fasting insulin, glucose, and free fatty acids in plasma [33].

Interestingly, in murine adipose tissue AnxA2 protein levels were approximately two-fold higher
in large compared to small adipocytes. This differential expression pattern was abrogated in fat-specific
insulin receptor knock-out mice [47]. As the increased size of adipocytes is associated with an
elevated capacity for insulin-inducible neutral lipid storage, this further supports a function of AnxA2
upregulation in insulin-dependent metabolic changes during adipocyte differentiation and growth.
Indeed, a comparison of wild type and AnxA2-deficient mice revealed that AnxA2 was essential for
adipocyte growth, whereas adipogenesis was unaffected by the loss of AnxA2 [57].

Proteomic approaches to identify changes in weight loss and physical activity identified altered
AnxA2 levels in adipose tissue. Although a two-week high-intensity intermittent training of overweight
men neither improved BMI nor the parameters of insulin sensitivity, the inflammatory marker IL-6,
as well as AnxA2 and fatty acid synthase were significantly reduced in subcutaneous fat [53]. Likewise,
dietary changes, such as a low-fat, high-complex carbohydrate diet supplemented with long-chain
n-3 polyunsaturated fatty acids not only improved glucose and fatty acid metabolism, but also
downregulated AnxA2 expression in subcutaneous fat [52]. In contrast, a five week very low calorie
diet improved metabolic health and BMI of obese subjects, yet AnxA2 and GLUT4 levels increased,
whereas CD36 expression declined, in subcutaneous adipose tissues [49]. AnxA2 was also higher in
subcutaneous fat after weight loss achieved by a very low calorie diet [48]. In summary, the human
studies listed here do not consistently imply a common theme that associates similar changes of
AnxA2 levels in fat tissues upon weight loss. Likewise, discordant findings were also published on
the regulation of AnxA2 expression in murine obesity. Here, AnxA2 was expressed in epididymal
and mesenteric fat. Diet-induced obesity led to elevated AnxA2 protein levels in both fat depots,
which was also increased in the liver and skeletal muscle [59]. In spite of this, hepatic AnxA2 protein
amounts were found to be reduced in mice fed a high fat diet in a separate study [58]. Thus, for a
clearer picture of potential AnxA2 functions in fat tissue (Table 1), more studies are needed to improve
our understanding of the regulation of AnxA2 protein expression, localization and interaction partners
in adipocytes and other cells of fat tissues.

2.3. Annexin A6 (AnxA6)

AnxA6 is found in most cells and tissues, with abundant levels being expressed in endothelial and
endocrine cells, hepatocytes and macrophages [23,25–27,114]. The plasma membrane and endocytic
compartments represent the most common AnxA6 localizations [26,30,63,66,115–118], but AnxA6 is
also found along the secretory pathway [23,25,119], mitochondria [120] and lipid droplets [61,121].
Like other annexins, and depending on the cellular localization and repertoire of interaction partners,
AnxA6 participates in many cellular activities, some of which potentially relevant for adipose
tissue function, such as endo- and exocytosis, signal transduction, cholesterol homeostasis, stress
response [23,25–27,30,64,94,116] and lately, neutral lipid accumulation [61,62].
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The multifunctionality of AnxA6 has made it difficult to assign specific AnxA6 functions to
particular cell types, but despite a still limited number of studies addressing AnxA6 in adipocyte
biology, several cellular processes that are modulated by AnxA6 could possibly be relevant for adipocyte
function (Table 1). To begin with, AnxA6 upregulation inhibits cholesterol export from late endosomes,
which perturbs cellular cholesterol homeostasis similar to mutations in the late endosomal/lysosomal
NPC1 cholesterol transporter. This leads to reduced cholesterol levels in other compartments, such as
the plasma membrane, Golgi apparatus and recycling endosomes [63,73]. Consequently, membrane
trafficking is compromised, and we initially observed reduced numbers of caveolae due to caveolin-1
accumulation in the Golgi [63]. This could be highly relevant for adipocyte function, as caveolae are
most prominent in adipocytes, with roles in endocytosis, cholesterol and fatty acid uptake, lipid droplet
formation and signal transduction [122,123]. In follow-up studies, we then identified AnxA6-induced
cholesterol imbalance to cause mislocalization and dysfunction of several cholesterol-sensitive SNARE
proteins in the secretory pathway [72,73], all of which are fundamental for the metabolic response that
facilitates GLUT4 translocation in adipocytes [124]. Also, recent findings from our laboratories indicate
that cholesterol accumulation in late endosomes of NPC1 mutants promotes the interaction of AnxA6
with the Rab7-GTPase activating protein TBC1D15 (Rentero, Grewal and Enrich, unpublished results),
which has recently been implicated in Rab7-dependent pathways that regulate GLUT4 translocation
to the cell surface [125]. Impaired insulin signaling and glucose uptake in 3T3-L1 adipocytes upon
NPC1 inhibition [19] extend support for a model of upregulated AnxA6, through cellular cholesterol
imbalance, to impact on GLUT4 trafficking.

Secondly, AnxA6 associates with secretory granules in a Ca2+-dependent manner [67], participates
in Ca2+ homeostasis through store-operated Ca2+ entry [70] and alters catecholamine secretion [71],
all of which with links to the secretory pathway that enables adiponectin release [126]. Thirdly,
the scaffolding function of AnxA6 is critical for the formation and activity of several signalling
complexes [26,29,64–66], with roles in GLUT4 translocation and lipolysis [127]. Finally, we recently
identified the association of AnxA6 with lipid droplets in hepatocytes to influence their capacity to
store neutral lipids [61], which could also be relevant for neutral lipid storage in fat tissue.

Initial insights into AnxA6 functions in fat tissue were lately obtained from the characterization of
differentiated 3T3-L1 adipocytes overexpressing or lacking AnxA6. In this model, siRNA-mediated
AnxA6 knockdown impaired preadipocyte proliferation. Moreover, maturation of AnxA6-depleted
3T3-L1 adipocytes was associated with increased storage of triglycerides and elevated release of
adiponectin [68]. The latter finding was not observed in oleate-loaded cells [68], possibly indicating
independent mechanisms that cause changes in triglyceride accumulation and adiponectin release
upon AnxA6 depletion. Vice versa, AnxA6 overexpression in 3T3-L1 cells lowered cellular triglycerides
and adiponectin release (Figure 2). In addition, the catecholamine-stimulated phosphorylation of
hormone-sensitive lipase (HSL) to promote lipolysis was impaired in AnxA6-depleted cells and
coincided with AnxA6 localization on lipid droplets in adipocytes, implicating a scaffolding function
of AnxA6 at the lipid droplet membrane possibly relevant for HSL phosphorylation and not directly
linked to adiponectin release through the secretory pathway [68]. Importantly, this function of HSL is
not critical for fatty acid metabolism in non-adipose tissue [128], which might contribute to explain the
opposite effects of AnxA6 up- or downregulation on neutral lipid storage in cells from liver and fat
tissue [61,68]. Notably, AnxA6 levels did not change lipopolysaccharide response of 3T3-L1 adipocytes,
and basal as well as lipopolysaccharide-induced IL-6 levels were comparable in groups with high and
low AnxA6 levels [68].

Follow-up studies in AnxA6 KO-mice, which have normal body weight, glucose and insulin
levels, support some of the cell-based studies summarized above. In particular, serum adiponectin
levels were higher, while reduced amounts of adiponectin were found in the subcutaneous fat of the
AnxA6 KO-animals [68]. As cholesterol is critical for the release of adiponectin through the secretory
pathway [20], we speculate that the regulatory role of AnxA6 in cholesterol homeostasis [31,63,64,72,73]
could be responsible for alterations in adiponectin plasma levels in the AnxA6 KO-animals.
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Despite increased lipid storage in AnxA6-depeleted 3T3-L1 adipocytes, circulating triglycerides,
free fatty acids and cholesterol were normal in AnxA6 KO-mice [68]. Systemic lipid levels of
AnxA6-deficient animals were also comparable to controls after a high fat diet for 17 weeks [61,62].
Most interestingly, AnxA6 KO-mice gained less adipose tissue during high fat feeding [61,62], which
might be in line with the impaired proliferation observed in AnxA6-depleted preadipocytes [68].
On the other hand, and in contrast to the cell-based studies described above [68], circulating leptin and
adiponectin levels were slightly reduced in high fat diet fed AnxA6 KO-mice [61,62]. Lower fat mass is
usually associated with higher adiponectin and improved glucose homeostasis [21]. Such improvements
were not observed in the AnxA6 KO-animals [61,62] and AnxA6-related functions in other organs may
need to be considered to possibly explain these up till now opposing obervations.

Strikingly, AnxA6 deficiency in mice compromised regulatory steps to downregulate hepatic
gluconeogenesis that only became apparent after high fat diet feeding [61,62]. Likewise, dysfunctional
hepatic glucose homeostasis in AnxA6-KO mice was also observed after induction of metabolic stress
upon partial liver hepatectomy or starvation [129]. Given the prominent role for adipokines in the
coordination of hepatic glucose homeostasis, we speculate that so far unidentified changes in the
inter-organ metabolic communication beween fat and liver tissues of AnxA6-KO mice may contribute
to the fine-tuning of hepatic glucose metabolism, with potential consequences for the systemic control
of glucose in health and disease.

The abovementioned and in-part profound effects of AnxA6 up- or downregulation on the central
aspects of adipocyte function, including growth, lipid storage, and adiponectin release, suggest that
complex mechanisms might be in place to control AnxA6 expression levels in fat tissue. Several
studies provide some insight in this matter. AnxA6 protein expression modestly increased during
3T3-L1 cell adipogenesis and was clearly induced in mature human adipocytes when compared to their
respective preadipocytes [68]. AnxA6 protein levels were, however, not changed upon lipid loading of
adipocytes [68]. Likewise, exposure to high glucose or lipopolysaccharide did not impact on AnxA6
protein levels in 3T3-L1 cells. On the other hand, oxidative stress, which suppresses adiponectin
release and contributes to insulin resistance in obese adipose tissues [130], was associated with AnxA6
upregulation in 3T3-L1 adipocytes [68].

AnxA6 was also highly expressed in human monocytes, which can infiltrate fat tissue, and further
increased in monocytic cells of overweight patients [74]. How this might impact adipose tissue function
is still unclear, but high AnxA6 levels in phagocytes may accompany the process leading to foam cell
formation and atherosclerosis [64,74]. Alternatively, AnxA6-induced changes in membrane order at
the plasma membrane [131] may influence the distribution and activity of lipoprotein receptors and
cholesterol transporters at the cell surface responsible for cholesterol efflux [132]. Of note, adiponectin,
which protects from cardiovascular diseases [74,133], reduced AnxA6 protein expression in human
monocytic cells [74,133], but not in 3T3-L1 adipocytes [68].

Complex and differential AnxA6 expression patterns have also been observed in animal and
human studies. In subcutaneous, perirenal and epididymal adipose tissues from mice fed a high fat diet
for 14 weeks, AnxA6 levels were strongly induced [68]. This may in part be related to increased AnxA6
expression in macrophages [74]. Additionally, obese murine adipocytes also displayed higher AnxA6
protein levels [68]. AnxA6 protein amounts remained unchanged in the visceral fat of overweight
patients when compared to normal weight patients, illustrating that AnxA6 levels do not increase
when body weight and adipocyte size grow in humans [68]. Furthermore, AnxA6 expression was
induced in adipocytes during aging [35], which is associated with oxidative stress and a decline in
adipocyte function [134]. Hence, increased reactive oxygen species rather than cell hypertrophy seem
to mediate the upregulation of AnxA6 in adiposity.

Visceral fat accumulation has deleterious effects [2,68,69] and AnxA6 protein levels were higher
in human and murine visceral compared to subcutaneous adipose tissues [2,68,69]. In adipocytes
purified from the respective human fat depots, AnxA6 protein amounts were also more abundant
in the visceral fat cells [68]. Remarkably, fat depot distribution of AnxA6 changed in obesity. Here,
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AnxA6 levels were higher in subcutaneous adipose tissues compared to intraabdominal fat. Such a
change in fat depot expression is uncommon and cell-type specific regulation of AnxA6 may need to
be evaluated to identify the underlying mechanisms.

In murine epididymal fat, AnxA6 protein levels were approximately 60% higher in large when
compared to small adipocytes. This size-dependent change in AnxA6 expression was only detected
in insulin receptor knock-out mice but not in the respective control animals [47]. This indicates
that adipocyte growth is not associated with higher AnxA6 expression as long as the cells respond
to insulin [47]. Whether a differential insulin response of subcutaneous and visceral adipocytes [2]
contributes to altered AnxA6 protein needs further studies. Insulin did not change AnxA6 protein
levels in 3T3-L1 cells, excluding a direct effect of this hormone [68].

Finally, in brown fat, which is quite distinct from other fat tissues as its main function is to
produce heat, AnxA6 protein amounts remained unchanged in obesity [68]. Altogether, AnxA6 is
differentially expressed in the various fat depots and in some cases, response to diet was observed
(Table 1). Altogether this may indicate differential AnxA6 functions in the various fat tissues, which
still need to be resolved in future studies.

2.4. Other Annexins

2.4.1. Annexin A3 (AnxA3)

In comparison to the depth of literature on AnxA1, A2 and A6, up to date only a limited number
of studies have examined AnxA3 expression and function (Table 1). AnxA3 is most prominent in
neutrophils and macrophages and was detected in heart, lung, placenta, kidney and spleen, with highest
levels in murine adipose tissue [77]. Besides its Ca2+-dependent membrane binding behavior, its intra-
and extracellular locations and physiological functions are still poorly understood. Most AnxA3-related
studies focussed on its potential as a biomarker in several cancers and the association of AnxA3 with
chemotherapy resistance [135], with possible roles in the proliferative and invasive properties of cells.
Interestingly, a recent study identified the recruitment of AnxA3 to lipid droplets of hepatitis C virus
infected Huh7 hepatocytes [76], facilitating the interaction of viral proteins with apolipoprotein E
(ApoE) during virus maturation and egress. Given the prominent role of ApoE in mouse and human
adipocyte differentiation and lipid accumulation [136], one can speculate that yet to be identified
environmental signals may also trigger AnxA3-driven interactions with ApoE or other proteins on
the lipid droplet membrane during fat cell differentiation. In fact, one report identified AnxA3 to
negatively regulate adipogenesis. In this study, AnxA3 protein was highly expressed in preadipocytes
and strongly downregulated during 3T3-L1 cell differentiation [77]. Marked suppression of AnxA3
in early adipogenesis suggested an inhibitory function of AnxA3 in adipocyte differentiation [77].
Indeed, when AnxA3 was depleted by siRNA transfection of preadipocytes, expression of PPARγ2 and
lipid droplet accumulation were increased, enhancing terminal adipocyte differentiation [77]. Of note,
AnxA3 mRNA levels were comparable in the different white fat depots [77] (Table 2), indicating similar
roles in the various fat locations. Interestingly, stromal vascular cell fractions expressed higher AnxA3
mRNA levels compared to adipocytes [75]. Analysis of publicly accessible DNA microarray data
confirmed higher AnxA3 mRNA expression in murine stromal vascular cells (Table 2), suggesting that
AnxA3 might fulfill multiple cell-specific functions in fat tissue.

2.4.2. Annexin A5 (AnxA5)

AnxA5 is the most abundant annexin and except in neurons, is expressed ubiquitously [25,137].
During proliferation, differentiation and in many cancers, AnxA5 levels are often up- or
downregulated [138]. Ca2+ elevation triggers AnxA5 binding to various cellular sites [23,139,140] to
participate in cell growth and death, Ca2 signalling and homeostasis, membrane domain organization
and transport [23,30,140]. Therapeutically relevant, extracellular AnxA5 binds to outer membrane
phosphatidylserine, allowing detection of apoptotic cells [137]. Furthermore, AnxA5 has prominent
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extracellular roles in blood coagulation, phagocytosis, viral infection, membrane invagination and
membrane repair [137,138,141,142].

Although one can envisage several of these intra- and extracellular functions listed above being
relevant for the proper functioning of several cell types in adipose tissue, such as macrophages,
endothelial and vascular smooth muscle cells as well as adipocytes, current knowldege on AnxA5
function in fat physiology is still insignificant (Table 1). Analysis of publicly available expression
data (Geo profiles) revealed that AnxA5 mRNA was mostly expressed in murine adipocytes when
compared to the stromal vascular cells in subcutaneous and intraabdominal fat. Whereas adipocytes of
both fat depots had similar AnxA5 mRNA levels, stromal vascular cells in subcutaneous fat expressed
less AnxA5 mRNA (Table 2). In line with other differentiation models, AnxA5 protein expression
was induced in adipocytes during aging [35] and one study demonstrated an association of AnxA5
polymorphisms with obesity in a Korean patient cohort [78], which may suggest a function of AnxA5
directly or indirectly contributing to fat deposition, storage or mobilization.

2.4.3. Annexin A7 (AnxA7)

AnxA7 is the only annexin that contains a long (100 amino acids) and hydrophobic N-terminus.
Due to alternative splicing, a 47 kD splice variant is found in most tissues, while a larger 51 kDa
isoform is expressed in the brain, heart and skeletal muscle [143]. In these various cells and organs,
Ca2+-inducible association of AnxA7 with secretory vesicles, the plasma membrane and the nuclear
envelope has been observed [144], with possible roles in Ca2+/GTP-dependent exocytic pathways,
prostaglandin synthesis, cardiac remodelling and inflammatory myopathies [81,145,146]. In addition,
the GTPase activity of AnxA7 has potential as a tumour suppressor in several cancers [147].

The AnxA7 functions listed above and related to membrane transport, Ca2+ signalling and
hormone production could be relevant in fat, but very little is still known about potential roles for
AnxA7 in adipocytes or other cell types in this tissue (Table 1). Nevertheless, in other cells and tissues,
several AnxA7-related tasks may also influence adipose tissue function. For example, one mouse model
lacking AnxA7 displayed defects in Ca2+ release and Ca2+-dependent signal transduction, affecting
insulin secretion [82,83]. On the other hand, another independently generated AnxA7 KO-mouse model
was strikingly different and did not reveal a role for AnxA7 in Ca2+-dependent insulin secretion [79].
In addition, in some cell types, AnxA7 negatively regulates cyclooxygenase-dependent prostaglandin
E2 formation [80]. Hence, elevated plasma prostaglandin levels in AnxA7 KO-mice may contribute to
decreased glucose tolerance and elevated glucose-inducible insulin secretion [81]. Most relevant for fat
tissue in obesity, cyclooxygenase-dependent prostaglandin E2 production has been associated with
pathologic complications that lead to inflammation and fibrosis, impaired adaptive thermogenesis and
lipolysis in obese white adipose tissue [148].

Although the latter might indicate that AnxA7 plays a role in infiltrating immune cells in
dysfunctional adipose tissue, at present, very limited information on AnxA7 expression patterns in
normal and obese fat tissue is available. AnxA7 mRNA was comparable in adipocytes and stromal
vascular cells in subcutaneous and intraabdominal fat (Table 2). Evidently, more studies are needed to
possibly identify yet unknown AnxA7 functions in fat tissue.

2.4.4. Annexin A8 (AnxA8)

AnxA8 was first identified in human placenta [149] and, with the exception of acute promyelocyte
leukemia [150], is only expressed at low levels in lung, skin, liver, and kidney [151]. Earlier reports
described AnxA8 to inhibit blood coagulation [152], but cellular AnxA8 localizations and functions are
still not fully understood. AnxA8 may provide opportunities as a biomarker in several cancers [153–155]
and more recently, has been linked to the transdifferentiation of retinal pigment epithelial cells [156].

Nonetheless, within the context of adipose tissue function, the unique affinity of AnxA8 towards
phosphatidylinositides and F-actin relevant for membrane-cytoskeleton interactions, might be most
important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect
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the functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the
delivery of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and
migration [86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly
to AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control AnxA8
and AnxA6 expression levels and their relative amounts in the late endosomal compartment. Along
these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), it is
tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 downregulation
might compromise adipocyte function leading to the improper performance of molecular events in
caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation [19,72,73,124].

The findings described above suggest that changes in AnxA8 expression levels may cause cellular
dysfunction However, little is so far known if AnxA8 expression levels correlate with metabolic
complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose tissues and
was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 mRNA levels
were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression in adipocytes
was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 to the list of
candidate proteins that are differentially expressed in the various fat depots, and possibly relevant to
further evaluate the deleterious effects of visceral adiposity [88].

2.4.5. Other Annexins

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute
to the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91].
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but AnxA10
and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes and stromal
vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly expressed in the
stromal vascular cells of subcutaneous adipose tissues when compared to the respective adipocytes and
to intraabdominal stromal vascular cells (Table 2). Differential levels of AnxA11 mRNA between the
cell populations did not exist in intraabdominal adipose tissue (Table 2). Further studies are evidently
required to unravel their possible functions in fat tissue.

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues.
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was

done with unpaired Students t-test. A p-value < 0.05 was regarded as significant.
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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AnxA5   ↔  

AnxA7 ↔ ↔ ↔ ↔ 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
tissues and was similar in subcutaneous and visceral fat depots of obese men [88]. In mice, AnxA8 
mRNA levels were higher in adipocytes than stromal vascular cells. Interestingly, AnxA8 expression 
in adipocytes was more abundant in subcutanoues fat depots (Table 2). This observation adds AnxA8 
to the list of candidate proteins that are differentially expressed in the various fat depots, and possibly 
relevant to further evaluate the deleterious effects of visceral adiposity [88]. 

2.4.5. Other Annexins 

Up to date, it is unknown if the remaining annexins AnxA4, A9, A10, A11 and A13 contribute to 
the proper functioning of adipose tissue (Table 1). Out of those annexins, current literature has 
associated AnxA4 with cAMP production, which could be relevant for lipolysis [90]. Also, roles for 
AnxA11 in exocytosis and cytokinesis could influence fatty acid release or adipokine secretion [91]. 
Of note, expression data for AnxA4, AnxA9 and AnxA13 in fat was not publicly available, but 
AnxA10 and A11 are indeed expressed in fat tissue. AnxA10 expression was similar in adipocytes 
and stromal vascular cells in subcutaneous and intraabdominal fat (Table 2). AnxA11 was mostly 
expressed in the stromal vascular cells of subcutaneous adipose tissues when compared to the 
respective adipocytes and to intraabdominal stromal vascular cells (Table 2). Differential levels of 
AnxA11 mRNA between the cell populations did not exist in intraabdominal adipose tissue (Table 
2). Further studies are evidently required to unravel their possible functions in fat tissue. 

Table 2. Expression of annexins AnxA3, A5, A7, A8, A10 and A11 mRNA in murine adipose tissues. 
Analysis of publicly accessible DNA microarray data (Geo Profiles; DataSet Record GDS2818) was 
done with unpaired Students t-test. A p-value < 0.05 was regarded as significant. ,  and ↔ indicate 
higher, lower and unchanged mRNA levels, respectively, in adipocytes relative to stromal vascular 
cells (SVC) or in subcutaneous (sc) fat compared to intraabdominal (intra) fat. The mRNA expression 
data for AnxA4, AnxA9 and AnxA13 in fat tissue were not available. 
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important. In fact, these distinctive membrane- and actin-binding properties of AnxA8 affect the 
functioning of late endosomes [84,85] and in endothelial cells, this contributes to control the delivery 
of CD63 from late endocytic vesicles to the cell surface for leukocyte recruitment and migration 
[86,89]. In addition, AnxA8 is associated with cholesterol-rich late endosomes, and similarly to 
AnxA6 overexpression or NPC1 inhibition [19,31,63,64,72,73], AnxA8 depletion results in cholesterol 
accumulation in this compartment [87]. This may indicate a coordinated mechanism to control 
AnxA8 and AnxA6 expression levels and their relative amounts in the late endosomal compartment. 
Along these lines, and as discussed for AnxA6 overexpression and NPC1 deficiency above (see 2.3.), 
it is tempting to speculate that late endosomal cholesterol accumulation triggered by AnxA8 
downregulation might compromise adipocyte function leading to the improper performance of 
molecular events in caveolae [63,122,123], or related to insulin signaling and GLUT4 translocation 
[19,72,73,124]. 

The findings described above suggest that changes in AnxA8 expression levels may cause 
cellular dysfunction However, little is so far known if AnxA8 expression levels correlate with 
metabolic complications in obese fat tissue (Table 1). AnxA8 mRNA was expressed in human adipose 
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3. Conclusions

Annexins bind negatively charged phospholipids and cholesterol in a Ca2+-dependent and
reversible manner, and together with transient interactions with membrane-associated proteins,
this contributes to dynamic changes in the structural and functional organization of membrane
domains [23,25–31,64,93,94,109,116,118,137,157]. As outlined in this review, this membrane organizing
function of annexins also seems highly relevant for adipose tissue physiology. In particular, AnxA2
has been linked to the insulin-dependent translocation of GLUT4 as well as CD36-mediated fatty
acid uptake [51,57,59], the latter providing a protective function in the postprandial state. Likewise,
AnxA6 affects signaling events relevant for lipid storage and, importantly, regulates adiponectin
release, an essential adipokine in metabolic health [61,62,64,68,70]. Alternatively, the most prominent
disease-preventing functions of AnxA1 in adiposity, glucose and lipid homeostasis are facilitated
through its extracellular activity as a FPR2 ligand [34,37,39,41,42,45,104]. While functions and
mechanistic insights for these three annexins in fat tissue are emerging, up until now all other
annexins have been barely studied in the context of obesity, adipocyte physiology, and adipokine
production. Future experiments, combining biochemical and imaging techniques in overexpression
and knockdown cells and animal models, together with high-throughput and innovative technologies
addressing transcriptomics, proteomics, lipidomics, and metabolomics in adipocyte-specific knock-out
models may identify the impact of individual annexins in the molecular pathways that contribute to
dysregulated adipokine production and fat cell function in obesity.

Author Contributions: Conceptualization, C.B., T.G., writing—review and editing, C.B., T.G., C.E., C.R.

Funding: T.G. is supported by the University of Sydney (U7113, RY253, U3367), Sydney, Australia. C.E. is
supported by grants BFU2015-66785-P, Consolider-Ingenio (CSD2009-00016 and BFU2016-81912-REDC) from the
Ministerio de Economía y Competitividad (Spain). C.R. is supported by the Serra Húnter Programme (Generalitat
de Catalunya). C.B. is supported by the German Research Foundation (BU 1141/13-1).

Acknowledgments: We would like to thank all members of our laboratories, past and present, for their invaluable
contributions and apologize to all those researchers whose work could not be discussed owing to space limitations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Buechler, C.; Schaffler, A. Does global gene expression analysis in type 2 diabetes provide an opportunity
to identify highly promising drug targets? Endocr. Metab. Immune Disord. Drug Targets 2007, 7, 250–258.
[CrossRef] [PubMed]

2. Lee, M.J.; Wu, Y.; Fried, S.K. Adipose tissue heterogeneity: Implication of depot differences in adipose tissue
for obesity complications. Mol. Asp. Med. 2013, 34, 1–11. [CrossRef] [PubMed]

3. Buechler, C.; Krautbauer, S.; Eisinger, K. Adipose tissue fibrosis. World J. Diabetes 2015, 6, 548–553. [CrossRef]
[PubMed]

4. Ghaben, A.L.; Scherer, P.E. Adipogenesis and metabolic health. Nat. Rev. Mol. Cell Biol. 2019, 20, 242–258.
[CrossRef] [PubMed]

5. Giordano, A.; Murano, I.; Mondini, E.; Perugini, J.; Smorlesi, A.; Severi, I.; Barazzoni, R.; Scherer, P.E.; Cinti, S.
Obese adipocytes show ultrastructural features of stressed cells and die of pyroptosis. J. Lipid Res. 2013, 54,
2423–2436. [CrossRef] [PubMed]

6. Ye, L.; Kleiner, S.; Wu, J.; Sah, R.; Gupta, R.K.; Banks, A.S.; Cohen, P.; Khandekar, M.J.; Bostrom, P.; Mepani, R.J.;
et al. Trpv4 is a regulator of adipose oxidative metabolism, inflammation, and energy homeostasis. Cell 2012,
151, 96–110. [CrossRef] [PubMed]

7. Ivanov, S.; Merlin, J.; Lee, M.K.S.; Murphy, A.J.; Guinamard, R.R. Biology and function of adipose tissue
macrophages, dendritic cells and b cells. Atherosclerosis 2018, 271, 102–110. [CrossRef] [PubMed]

8. Saito, M.; Okamatsu-Ogura, Y.; Matsushita, M.; Watanabe, K.; Yoneshiro, T.; Nio-Kobayashi, J.; Iwanaga, T.;
Miyagawa, M.; Kameya, T.; Nakada, K.; et al. High incidence of metabolically active brown adipose tissue
in healthy adult humans: Effects of cold exposure and adiposity. Diabetes 2009, 58, 1526–1531. [CrossRef]
[PubMed]

http://dx.doi.org/10.2174/187153007782794353
http://www.ncbi.nlm.nih.gov/pubmed/18220945
http://dx.doi.org/10.1016/j.mam.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23068073
http://dx.doi.org/10.4239/wjd.v6.i4.548
http://www.ncbi.nlm.nih.gov/pubmed/25987952
http://dx.doi.org/10.1038/s41580-018-0093-z
http://www.ncbi.nlm.nih.gov/pubmed/30610207
http://dx.doi.org/10.1194/jlr.M038638
http://www.ncbi.nlm.nih.gov/pubmed/23836106
http://dx.doi.org/10.1016/j.cell.2012.08.034
http://www.ncbi.nlm.nih.gov/pubmed/23021218
http://dx.doi.org/10.1016/j.atherosclerosis.2018.01.018
http://www.ncbi.nlm.nih.gov/pubmed/29482037
http://dx.doi.org/10.2337/db09-0530
http://www.ncbi.nlm.nih.gov/pubmed/19401428


Int. J. Mol. Sci. 2019, 20, 3449 16 of 23

9. Van Marken Lichtenbelt, W.D.; Vanhommerig, J.W.; Smulders, N.M.; Drossaerts, J.M.; Kemerink, G.J.;
Bouvy, N.D.; Schrauwen, P.; Teule, G.J. Cold-activated brown adipose tissue in healthy men. N. Engl. J. Med.
2009, 360, 1500–1508. [CrossRef]

10. Virtanen, K.A.; Lidell, M.E.; Orava, J.; Heglind, M.; Westergren, R.; Niemi, T.; Taittonen, M.; Laine, J.;
Savisto, N.J.; Enerback, S.; et al. Functional brown adipose tissue in healthy adults. N. Engl. J. Med. 2009,
360, 1518–1525. [CrossRef]

11. Krautbauer, S.; Eisinger, K.; Hader, Y.; Buechler, C. Free fatty acids and il-6 induce adipocyte galectin-3
which is increased in white and brown adipose tissues of obese mice. Cytokine 2014, 69, 263–271. [CrossRef]
[PubMed]

12. Srivastava, S.; Veech, R.L. Brown and brite: The fat soldiers in the anti-obesity fight. Front. Physiol. 2019, 10,
38. [CrossRef] [PubMed]

13. Bartelt, A.; Bruns, O.T.; Reimer, R.; Hohenberg, H.; Ittrich, H.; Peldschus, K.; Kaul, M.G.; Tromsdorf, U.I.;
Weller, H.; Waurisch, C.; et al. Brown adipose tissue activity controls triglyceride clearance. Nat. Med. 2011,
17, 200–205. [CrossRef] [PubMed]

14. Worthmann, A.; John, C.; Ruhlemann, M.C.; Baguhl, M.; Heinsen, F.A.; Schaltenberg, N.; Heine, M.;
Schlein, C.; Evangelakos, I.; Mineo, C.; et al. Cold-induced conversion of cholesterol to bile acids in mice
shapes the gut microbiome and promotes adaptive thermogenesis. Nat. Med. 2017, 23, 839–849. [CrossRef]
[PubMed]

15. Scheja, L.; Heeren, J. Metabolic interplay between white, beige, brown adipocytes and the liver. J. Hepatol.
2016, 64, 1176–1186. [CrossRef] [PubMed]

16. Villarroya, F.; Cereijo, R.; Villarroya, J.; Giralt, M. Brown adipose tissue as a secretory organ. Nat. Rev. Endocrinol.
2017, 13, 26–35. [CrossRef] [PubMed]

17. Villarroya, J.; Cereijo, R.; Villarroya, F. An endocrine role for brown adipose tissue? Am. J. Physiol.
Endocrinol. Metab. 2013, 305, E567–E572. [CrossRef]

18. Lu, J.C.; Chiang, Y.T.; Lin, Y.C.; Chang, Y.T.; Lu, C.Y.; Chen, T.Y.; Yeh, C.S. Disruption of lipid raft function
increases expression and secretion of monocyte chemoattractant protein-1 in 3t3-l1 adipocytes. PLoS ONE
2016, 11, e0169005. [CrossRef]

19. Fletcher, R.; Gribben, C.; Ma, X.; Burchfield, J.G.; Thomas, K.C.; Krycer, J.R.; James, D.E.; Fazakerley, D.J.
The role of the niemann-pick disease, type c1 protein in adipocyte insulin action. PLoS ONE 2014, 9, e95598.
[CrossRef]

20. Xie, L.; O’Reilly, C.P.; Chapes, S.K.; Mora, S. Adiponectin and leptin are secreted through distinct trafficking
pathways in adipocytes. Biochim. Biophys. Acta 2008, 1782, 99–108. [CrossRef]

21. Buechler, C.; Wanninger, J.; Neumeier, M. Adiponectin, a key adipokine in obesity related liver diseases.
World J. Gastroenterol. 2011, 17, 2801–2811. [PubMed]

22. Cohen, P.; Spiegelman, B.M. Cell biology of fat storage. Mol. Biol. Cell 2016, 27, 2523–2527. [CrossRef]
[PubMed]

23. Gerke, V.; Creutz, C.E.; Moss, S.E. Annexins: Linking Ca2+ signalling to membrane dynamics. Nat. Rev. Mol.
Cell Biol. 2005, 6, 449–461. [CrossRef] [PubMed]

24. Moss, S.E.; Morgan, R.O. The annexins. Genome Biol. 2004, 5, 219. [CrossRef] [PubMed]
25. Gerke, V.; Moss, S.E. Annexins: From structure to function. Physiol. Rev. 2002, 82, 331–371. [CrossRef]

[PubMed]
26. Grewal, T.; Enrich, C. Annexins—Modulators of egf receptor signalling and trafficking. Cell. Signal. 2009, 21,

847–858. [CrossRef] [PubMed]
27. Grewal, T.; Wason, S.J.; Enrich, C.; Rentero, C. Annexins—Insights from knockout mice. Biol. Chem. 2016,

397, 1031–1053. [CrossRef]
28. Hayes, M.J.; Rescher, U.; Gerke, V.; Moss, S.E. Annexin-actin interactions. Traffic 2004, 5, 571–576. [CrossRef]

[PubMed]
29. Hoque, M.; Rentero, C.; Cairns, R.; Tebar, F.; Enrich, C.; Grewal, T. Annexins—Scaffolds modulating pkc

localization and signaling. Cell. Signal. 2014, 26, 1213–1225. [CrossRef]
30. Monastyrskaya, K.; Babiychuk, E.B.; Hostettler, A.; Rescher, U.; Draeger, A. Annexins as intracellular calcium

sensors. Cell Calcium 2007, 41, 207–219. [CrossRef]
31. Rentero, C.; Blanco-Munoz, P.; Meneses-Salas, E.; Grewal, T.; Enrich, C. Annexins—Coordinators of cholesterol

homeostasis in endocytic pathways. Int. J. Mol. Sci. 2018, 19, 1444. [CrossRef] [PubMed]

http://dx.doi.org/10.1056/NEJMoa0808718
http://dx.doi.org/10.1056/NEJMoa0808949
http://dx.doi.org/10.1016/j.cyto.2014.06.016
http://www.ncbi.nlm.nih.gov/pubmed/25043674
http://dx.doi.org/10.3389/fphys.2019.00038
http://www.ncbi.nlm.nih.gov/pubmed/30761017
http://dx.doi.org/10.1038/nm.2297
http://www.ncbi.nlm.nih.gov/pubmed/21258337
http://dx.doi.org/10.1038/nm.4357
http://www.ncbi.nlm.nih.gov/pubmed/28604703
http://dx.doi.org/10.1016/j.jhep.2016.01.025
http://www.ncbi.nlm.nih.gov/pubmed/26829204
http://dx.doi.org/10.1038/nrendo.2016.136
http://www.ncbi.nlm.nih.gov/pubmed/27616452
http://dx.doi.org/10.1152/ajpendo.00250.2013
http://dx.doi.org/10.1371/journal.pone.0169005
http://dx.doi.org/10.1371/journal.pone.0095598
http://dx.doi.org/10.1016/j.bbadis.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21734787
http://dx.doi.org/10.1091/mbc.e15-10-0749
http://www.ncbi.nlm.nih.gov/pubmed/27528697
http://dx.doi.org/10.1038/nrm1661
http://www.ncbi.nlm.nih.gov/pubmed/15928709
http://dx.doi.org/10.1186/gb-2004-5-4-219
http://www.ncbi.nlm.nih.gov/pubmed/15059252
http://dx.doi.org/10.1152/physrev.00030.2001
http://www.ncbi.nlm.nih.gov/pubmed/11917092
http://dx.doi.org/10.1016/j.cellsig.2009.01.031
http://www.ncbi.nlm.nih.gov/pubmed/19385045
http://dx.doi.org/10.1515/hsz-2016-0168
http://dx.doi.org/10.1111/j.1600-0854.2004.00210.x
http://www.ncbi.nlm.nih.gov/pubmed/15260827
http://dx.doi.org/10.1016/j.cellsig.2014.02.012
http://dx.doi.org/10.1016/j.ceca.2006.06.008
http://dx.doi.org/10.3390/ijms19051444
http://www.ncbi.nlm.nih.gov/pubmed/29757220


Int. J. Mol. Sci. 2019, 20, 3449 17 of 23

32. Fernandez-Lizarbe, S.; Lecona, E.; Santiago-Gomez, A.; Olmo, N.; Lizarbe, M.A.; Turnay, J. Structural and
lipid-binding characterization of human annexin a13a reveals strong differences with its long a13b isoform.
Biol. Chem. 2017, 398, 359–371. [CrossRef] [PubMed]

33. Ahmed, M.; Neville, M.J.; Edelmann, M.J.; Kessler, B.M.; Karpe, F. Proteomic analysis of human adipose
tissue after rosiglitazone treatment shows coordinated changes to promote glucose uptake. Obesity 2010, 18,
27–34. [CrossRef] [PubMed]

34. Akasheh, R.T.; Pini, M.; Pang, J.; Fantuzzi, G. Increased adiposity in annexin a1-deficient mice. PLoS ONE
2013, 8, e82608. [CrossRef] [PubMed]

35. Alfadda, A.A.; Benabdelkamel, H.; Masood, A.; Moustafa, A.; Sallam, R.; Bassas, A.; Duncan, M. Proteomic
analysis of mature adipocytes from obese patients in relation to aging. Exp. Gerontol. 2013, 48, 1196–1203.
[CrossRef] [PubMed]

36. Chen, X.; Zhuo, S.; Zhu, T.; Yao, P.; Yang, M.; Mei, H.; Li, N.; Ma, F.; Wang, J.M.; Chen, S.; et al. Fpr2
deficiency alleviates diet-induced insulin resistance through reducing body weight gain and inhibiting
inflammation mediated by macrophage chemotaxis and m1 polarization. Diabetes 2019, 68, 1130–1142.
[CrossRef] [PubMed]

37. Fredman, G.; Kamaly, N.; Spolitu, S.; Milton, J.; Ghorpade, D.; Chiasson, R.; Kuriakose, G.; Perretti, M.;
Farokzhad, O.; Tabas, I. Targeted nanoparticles containing the proresolving peptide ac2-26 protect against
advanced atherosclerosis in hypercholesterolemic mice. Sci. Transl. Med. 2015, 7, 275ra220. [CrossRef]
[PubMed]

38. Kosicka, A.; Cunliffe, A.D.; Mackenzie, R.; Zariwala, M.G.; Perretti, M.; Flower, R.J.; Renshaw, D. Attenuation
of plasma annexin a1 in human obesity. FASEB J. 2013, 27, 368–378. [CrossRef] [PubMed]

39. Perretti, M.; D’Acquisto, F. Annexin a1 and glucocorticoids as effectors of the resolution of inflammation.
Nat. Rev. Immunol. 2009, 9, 62–70. [CrossRef]

40. Pietrani, N.T.; Ferreira, C.N.; Rodrigues, K.F.; Perucci, L.O.; Carneiro, F.S.; Bosco, A.A.; Oliveira, M.C.;
Pereira, S.S.; Teixeira, A.L.; Alvarez-Leite, J.I.; et al. Proresolving protein annexin a1: The role in type 2
diabetes mellitus and obesity. Biomed. Pharmacother. Biomed. Pharmacother. 2018, 103, 482–489. [CrossRef]

41. Purvis, G.S.D.; Collino, M.; Loiola, R.A.; Baragetti, A.; Chiazza, F.; Brovelli, M.; Sheikh, M.H.; Collotta, D.;
Cento, A.; Mastrocola, R.; et al. Identification of annexina1 as an endogenous regulator of rhoa, and its role in
the pathophysiology and experimental therapy of type-2 diabetes. Front. Immunol. 2019, 10, 571. [CrossRef]
[PubMed]

42. Soehnlein, O. (Re)solving atherosclerosis. Sci. Transl. Med. 2015, 7, 275fs7. [CrossRef] [PubMed]
43. Warne, J.P.; John, C.D.; Christian, H.C.; Morris, J.F.; Flower, R.J.; Sugden, D.; Solito, E.; Gillies, G.E.;

Buckingham, J.C. Gene deletion reveals roles for annexin a1 in the regulation of lipolysis and il-6 release in
epididymal adipose tissue. Am. J. Physiol. Endocrinol. Metab. 2006, 291, E1264–E1273. [CrossRef] [PubMed]

44. Wong, W.T.; Nick, H.S.; Frost, S.C. Regulation of annexin i in adipogenesis: Camp-independent action of
methylisobutylxanthine. Am. J. Physiol. 1992, 262, C91–C97. [CrossRef] [PubMed]

45. Yoon, J.H.; Kim, D.; Jang, J.H.; Ghim, J.; Park, S.; Song, P.; Kwon, Y.; Kim, J.; Hwang, D.; Bae, Y.S.; et al.
Proteomic analysis of the palmitate-induced myotube secretome reveals involvement of the annexin a1-formyl
peptide receptor 2 (fpr2) pathway in insulin resistance. Mol. Cell. Proteom. MCP 2015, 14, 882–892. [CrossRef]
[PubMed]

46. Biener, Y.; Feinstein, R.; Mayak, M.; Kaburagi, Y.; Kadowaki, T.; Zick, Y. Annexin ii is a novel player in
insulin signal transduction. Possible association between annexin ii phosphorylation and insulin receptor
internalization. J. Biol. Chem. 1996, 271, 29489–29496. [CrossRef] [PubMed]

47. Bluher, M.; Wilson-Fritch, L.; Leszyk, J.; Laustsen, P.G.; Corvera, S.; Kahn, C.R. Role of insulin action and cell
size on protein expression patterns in adipocytes. J. Biol. Chem. 2004, 279, 31902–31909. [CrossRef]

48. Bouwman, F.G.; Claessens, M.; van Baak, M.A.; Noben, J.P.; Wang, P.; Saris, W.H.; Mariman, E.C.
The physiologic effects of caloric restriction are reflected in the in vivo adipocyte-enriched proteome
of overweight/obese subjects. J. Proteome Res. 2009, 8, 5532–5540. [CrossRef]

49. Bouwman, F.G.; Wang, P.; van Baak, M.; Saris, W.H.; Mariman, E.C. Increased beta-oxidation with improved
glucose uptake capacity in adipose tissue from obese after weight loss and maintenance. Obesity 2014, 22,
819–827. [CrossRef]

50. Caron, D.; Boutchueng-Djidjou, M.; Tanguay, R.M.; Faure, R.L. Annexin a2 is sumoylated on its n-terminal
domain: Regulation by insulin. FEBS Lett. 2015, 589, 985–991. [CrossRef]

http://dx.doi.org/10.1515/hsz-2016-0242
http://www.ncbi.nlm.nih.gov/pubmed/27676605
http://dx.doi.org/10.1038/oby.2009.208
http://www.ncbi.nlm.nih.gov/pubmed/19556978
http://dx.doi.org/10.1371/journal.pone.0082608
http://www.ncbi.nlm.nih.gov/pubmed/24312665
http://dx.doi.org/10.1016/j.exger.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23886751
http://dx.doi.org/10.2337/db18-0469
http://www.ncbi.nlm.nih.gov/pubmed/30862681
http://dx.doi.org/10.1126/scitranslmed.aaa1065
http://www.ncbi.nlm.nih.gov/pubmed/25695999
http://dx.doi.org/10.1096/fj.12-213728
http://www.ncbi.nlm.nih.gov/pubmed/23038751
http://dx.doi.org/10.1038/nri2470
http://dx.doi.org/10.1016/j.biopha.2018.04.024
http://dx.doi.org/10.3389/fimmu.2019.00571
http://www.ncbi.nlm.nih.gov/pubmed/30972066
http://dx.doi.org/10.1126/scitranslmed.aaa5355
http://www.ncbi.nlm.nih.gov/pubmed/25695998
http://dx.doi.org/10.1152/ajpendo.00655.2005
http://www.ncbi.nlm.nih.gov/pubmed/16835395
http://dx.doi.org/10.1152/ajpcell.1992.262.1.C91
http://www.ncbi.nlm.nih.gov/pubmed/1370745
http://dx.doi.org/10.1074/mcp.M114.039651
http://www.ncbi.nlm.nih.gov/pubmed/25616869
http://dx.doi.org/10.1074/jbc.271.46.29489
http://www.ncbi.nlm.nih.gov/pubmed/8910617
http://dx.doi.org/10.1074/jbc.M404570200
http://dx.doi.org/10.1021/pr900606m
http://dx.doi.org/10.1002/oby.20359
http://dx.doi.org/10.1016/j.febslet.2015.03.007


Int. J. Mol. Sci. 2019, 20, 3449 18 of 23

51. Huang, J.; Hsia, S.H.; Imamura, T.; Usui, I.; Olefsky, J.M. Annexin ii is a thiazolidinedione-responsive gene
involved in insulin-induced glucose transporter isoform 4 translocation in 3t3-l1 adipocytes. Endocrinology
2004, 145, 1579–1586. [CrossRef] [PubMed]

52. Jimenez-Gomez, Y.; Cruz-Teno, C.; Rangel-Zuniga, O.A.; Peinado, J.R.; Perez-Martinez, P.; Delgado-Lista, J.;
Garcia-Rios, A.; Camargo, A.; Vazquez-Martinez, R.; Ortega-Bellido, M.; et al. Effect of dietary fat modification
on subcutaneous white adipose tissue insulin sensitivity in patients with metabolic syndrome. Mol. Nutr.
Food Res. 2014, 58, 2177–2188. [CrossRef] [PubMed]

53. Leggate, M.; Carter, W.G.; Evans, M.J.; Vennard, R.A.; Sribala-Sundaram, S.; Nimmo, M.A. Determination
of inflammatory and prominent proteomic changes in plasma and adipose tissue after high-intensity
intermittent training in overweight and obese males. J. Appl. Physiol. 2012, 112, 1353–1360. [CrossRef]
[PubMed]

54. Pal, P.; Kanaujiya, J.K.; Lochab, S.; Tripathi, S.B.; Sanyal, S.; Behre, G.; Trivedi, A.K. Proteomic analysis of
rosiglitazone and guggulsterone treated 3t3-l1 preadipocytes. Mol. Cell. Biochem. 2013, 376, 81–93. [CrossRef]
[PubMed]

55. Raynal, P.; Pollard, H.B.; Cushman, S.W.; Guerre-Millo, M. Unique subcellular distribution of five annexins
in resting and insulin-stimulated rat adipose cells. Biochem. Biophys. Res. Commun. 1996, 225, 116–121.
[CrossRef]

56. Rescher, U.; Ludwig, C.; Konietzko, V.; Kharitonenkov, A.; Gerke, V. Tyrosine phosphorylation of annexin a2
regulates rho-mediated actin rearrangement and cell adhesion. J. Cell Sci. 2008, 121, 2177–2185. [CrossRef]

57. Salameh, A.; Daquinag, A.C.; Staquicini, D.I.; An, Z.; Hajjar, K.A.; Pasqualini, R.; Arap, W.; Kolonin, M.G.
Prohibitin/annexin 2 interaction regulates fatty acid transport in adipose tissue. JCI Insight 2016, 1. [CrossRef]

58. Song, Y.B.; An, Y.R.; Kim, S.J.; Park, H.W.; Jung, J.W.; Kyung, J.S.; Hwang, S.Y.; Kim, Y.S. Lipid metabolic effect
of korean red ginseng extract in mice fed on a high-fat diet. J. Sci. Food Agric. 2012, 92, 388–396. [CrossRef]

59. Wang, Y.; Cheng, Y.S.; Yin, X.Q.; Yu, G.; Jia, B.L. Anxa2 gene silencing attenuates obesity-induced insulin
resistance by suppressing the nf-kappab signaling pathway. Am. J. Physiol. Cell Physiol. 2019, 316, C223–C234.
[CrossRef]

60. Zhao, W.Q.; Chen, G.H.; Chen, H.; Pascale, A.; Ravindranath, L.; Quon, M.J.; Alkon, D.L. Secretion of annexin
ii via activation of insulin receptor and insulin-like growth factor receptor. J. Biol. Chem. 2003, 278, 4205–4215.
[CrossRef]

61. Cairns, R.; Alvarez-Guaita, A.; Martinez-Saludes, I.; Wason, S.J.; Hanh, J.; Nagarajan, S.R.;
Hosseini-Beheshti, E.; Monastyrskaya, K.; Hoy, A.J.; Buechler, C.; et al. Role of hepatic annexin a6 in
fatty acid-induced lipid droplet formation. Exp. Cell Res. 2017, 358, 397–410. [CrossRef] [PubMed]

62. Cairns, R.; Fischer, A.W.; Blanco-Munoz, P.; Alvarez-Guaita, A.; Meneses-Salas, E.; Egert, A.; Buechler, C.;
Hoy, A.J.; Heeren, J.; Enrich, C.; et al. Altered hepatic glucose homeostasis in anxa6-ko mice fed a high-fat
diet. PLoS ONE 2018, 13, e0201310. [CrossRef] [PubMed]

63. Cubells, L.; Vila de Muga, S.; Tebar, F.; Wood, P.; Evans, R.; Ingelmo-Torres, M.; Calvo, M.; Gaus, K.; Pol, A.;
Grewal, T.; et al. Annexin a6-induced alterations in cholesterol transport and caveolin export from the golgi
complex. Traffic 2007, 8, 1568–1589. [CrossRef] [PubMed]

64. Enrich, C.; Rentero, C.; de Muga, S.V.; Reverter, M.; Mulay, V.; Wood, P.; Koese, M.; Grewal, T. Annexin
a6-linking Ca2+ signaling with cholesterol transport. Biochim. Biophys. Acta 2011, 1813, 935–947. [CrossRef]
[PubMed]

65. Enrich, C.; Rentero, C.; Grewal, T. Annexin a6 in the liver: From the endocytic compartment to cellular
physiology. Biochim. Biophys. Acta. Mol. Cell Res. 2017, 1864, 933–946. [CrossRef] [PubMed]

66. Grewal, T.; Evans, R.; Rentero, C.; Tebar, F.; Cubells, L.; de Diego, I.; Kirchhoff, M.F.; Hughes, W.E.; Heeren, J.;
Rye, K.A.; et al. Annexin a6 stimulates the membrane recruitment of p120gap to modulate ras and raf-1
activity. Oncogene 2005, 24, 5809–5820. [CrossRef]

67. Jones, P.G.; Fitzpatrick, S.; Waisman, D.M. Chromaffin granules release calcium on contact with annexin vi:
Implications for exocytosis. Biochemistry 1994, 33, 8180–8187. [CrossRef] [PubMed]

68. Krautbauer, S.; Haberl, E.M.; Eisinger, K.; Pohl, R.; Rein-Fischboeck, L.; Rentero, C.; Alvarez-Guaita, A.;
Enrich, C.; Grewal, T.; Buechler, C.; et al. Annexin a6 regulates adipocyte lipid storage and adiponectin
release. Mol. Cell. Endocrinol. 2017, 439, 419–430. [CrossRef]

http://dx.doi.org/10.1210/en.2003-1197
http://www.ncbi.nlm.nih.gov/pubmed/14726447
http://dx.doi.org/10.1002/mnfr.201300901
http://www.ncbi.nlm.nih.gov/pubmed/25044988
http://dx.doi.org/10.1152/japplphysiol.01080.2011
http://www.ncbi.nlm.nih.gov/pubmed/22267387
http://dx.doi.org/10.1007/s11010-012-1551-0
http://www.ncbi.nlm.nih.gov/pubmed/23275126
http://dx.doi.org/10.1006/bbrc.1996.1139
http://dx.doi.org/10.1242/jcs.028415
http://dx.doi.org/10.1172/jci.insight.86351
http://dx.doi.org/10.1002/jsfa.4589
http://dx.doi.org/10.1152/ajpcell.00242.2018
http://dx.doi.org/10.1074/jbc.M210545200
http://dx.doi.org/10.1016/j.yexcr.2017.07.015
http://www.ncbi.nlm.nih.gov/pubmed/28712927
http://dx.doi.org/10.1371/journal.pone.0201310
http://www.ncbi.nlm.nih.gov/pubmed/30110341
http://dx.doi.org/10.1111/j.1600-0854.2007.00640.x
http://www.ncbi.nlm.nih.gov/pubmed/17822395
http://dx.doi.org/10.1016/j.bbamcr.2010.09.015
http://www.ncbi.nlm.nih.gov/pubmed/20888375
http://dx.doi.org/10.1016/j.bbamcr.2016.10.017
http://www.ncbi.nlm.nih.gov/pubmed/27984093
http://dx.doi.org/10.1038/sj.onc.1208743
http://dx.doi.org/10.1021/bi00193a003
http://www.ncbi.nlm.nih.gov/pubmed/8031751
http://dx.doi.org/10.1016/j.mce.2016.09.033


Int. J. Mol. Sci. 2019, 20, 3449 19 of 23

69. Meier, E.M.; Rein-Fischboeck, L.; Pohl, R.; Wanninger, J.; Hoy, A.J.; Grewal, T.; Eisinger, K.; Krautbauer, S.;
Liebisch, G.; Weiss, T.S.; et al. Annexin a6 protein is downregulated in human hepatocellular carcinoma.
Mol. Cell. Biochem. 2016, 418, 81–90. [CrossRef]

70. Monastyrskaya, K.; Babiychuk, E.B.; Hostettler, A.; Wood, P.; Grewal, T.; Draeger, A. Plasma membrane-
associated annexin a6 reduces Ca2+ entry by stabilizing the cortical actin cytoskeleton. J. Biol. Chem. 2009,
284, 17227–17242. [CrossRef]

71. Podszywalow-Bartnicka, P.; Kosiorek, M.; Piwocka, K.; Sikora, E.; Zablocki, K.; Pikula, S. Role of annexin a6
isoforms in catecholamine secretion by pc12 cells: Distinct influence on calcium response. J. Cell. Biochem.
2010, 111, 168–178. [CrossRef] [PubMed]

72. Reverter, M.; Rentero, C.; de Muga, S.V.; Alvarez-Guaita, A.; Mulay, V.; Cairns, R.; Wood, P.; Monastyrskaya, K.;
Pol, A.; Tebar, F.; et al. Cholesterol transport from late endosomes to the golgi regulates t-snare trafficking,
assembly, and function. Mol. Biol. Cell 2011, 22, 4108–4123. [CrossRef] [PubMed]

73. Reverter, M.; Rentero, C.; Garcia-Melero, A.; Hoque, M.; Vila de Muga, S.; Alvarez-Guaita, A.; Conway, J.R.;
Wood, P.; Cairns, R.; Lykopoulou, L.; et al. Cholesterol regulates syntaxin 6 trafficking at trans-golgi network
endosomal boundaries. Cell Rep. 2014, 7, 883–897. [CrossRef] [PubMed]

74. Stogbauer, F.; Weigert, J.; Neumeier, M.; Wanninger, J.; Sporrer, D.; Weber, M.; Schaffler, A.; Enrich, C.;
Wood, P.; Grewal, T.; et al. Annexin a6 is highly abundant in monocytes of obese and type 2 diabetic
individuals and is downregulated by adiponectin in vitro. Exp. Mol. Med. 2009, 41, 501–507. [CrossRef]
[PubMed]

75. Gesta, S.; Bluher, M.; Yamamoto, Y.; Norris, A.W.; Berndt, J.; Kralisch, S.; Boucher, J.; Lewis, C.; Kahn, C.R.
Evidence for a role of developmental genes in the origin of obesity and body fat distribution. Proc. Natl.
Acad. Sci. USA 2006, 103, 6676–6681. [CrossRef] [PubMed]

76. Rosch, K.; Kwiatkowski, M.; Hofmann, S.; Schobel, A.; Gruttner, C.; Wurlitzer, M.; Schluter, H.; Herker, E.
Quantitative lipid droplet proteome analysis identifies annexin a3 as a cofactor for hcv particle production.
Cell Rep. 2016, 16, 3219–3231. [CrossRef] [PubMed]

77. Watanabe, T.; Ito, Y.; Sato, A.; Hosono, T.; Niimi, S.; Ariga, T.; Seki, T. Annexin a3 as a negative regulator of
adipocyte differentiation. J. Biochem. 2012, 152, 355–363. [CrossRef] [PubMed]

78. Seok, H.; Park, H.J.; Lee, B.W.; Kim, J.W.; Jung, M.; Lee, S.R.; Park, K.H.; Park, Y.G.; Baik, H.H.; Chung, J.H.
Association of annexin a5 polymorphisms with obesity. Biomed. Rep. 2013, 1, 654–658. [CrossRef] [PubMed]

79. Herr, C.; Smyth, N.; Ullrich, S.; Yun, F.; Sasse, P.; Hescheler, J.; Fleischmann, B.; Lasek, K.; Brixius, K.;
Schwinger, R.H.; et al. Loss of annexin a7 leads to alterations in frequency-induced shortening of isolated
murine cardiomyocytes. Mol. Cell. Biol. 2001, 21, 4119–4128. [CrossRef] [PubMed]

80. Lang, E.; Lang, P.A.; Shumilina, E.; Qadri, S.M.; Kucherenko, Y.; Kempe, D.S.; Foller, M.; Capasso, A.;
Wieder, T.; Gulbins, E.; et al. Enhanced eryptosis of erythrocytes from gene-targeted mice lacking annexin a7.
Pflug. Arch. Eur. J. Physiol. 2010, 460, 667–676. [CrossRef]

81. Luo, D.; Fajol, A.; Umbach, A.T.; Noegel, A.A.; Laufer, S.; Lang, F.; Foller, M. Influence of annexin a7 on
insulin sensitivity of cellular glucose uptake. Pflug. Arch. Eur. J. Physiol. 2015, 467, 641–649. [CrossRef]
[PubMed]

82. Mears, D.; Zimliki, C.L.; Atwater, I.; Rojas, E.; Glassman, M.; Leighton, X.; Pollard, H.B.; Srivastava, M.
The anx7(+/−) knockout mutation alters electrical and secretory responses to Ca2+-mobilizing agents in
pancreatic beta-cells. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2012, 29, 697–704.
[CrossRef] [PubMed]

83. Srivastava, M.; Atwater, I.; Glasman, M.; Leighton, X.; Goping, G.; Caohuy, H.; Miller, G.; Pichel, J.;
Westphal, H.; Mears, D.; et al. Defects in inositol 1,4,5-trisphosphate receptor expression, Ca2+ signaling,
and insulin secretion in the anx7(+/−) knockout mouse. Proc. Natl. Acad. Sci. USA 1999, 96, 13783–13788.
[CrossRef] [PubMed]

84. Goebeler, V.; Poeter, M.; Zeuschner, D.; Gerke, V.; Rescher, U. Annexin a8 regulates late endosome organization
and function. Mol. Biol. Cell 2008, 19, 5267–5278. [CrossRef] [PubMed]

85. Goebeler, V.; Ruhe, D.; Gerke, V.; Rescher, U. Annexin a8 displays unique phospholipid and f-actin binding
properties. FEBS Lett. 2006, 580, 2430–2434. [CrossRef] [PubMed]

86. Heitzig, N.; Brinkmann, B.F.; Koerdt, S.N.; Rosso, G.; Shahin, V.; Rescher, U. Annexin a8 promotes vegf-a
driven endothelial cell sprouting. Cell Adhes. Migr. 2017, 11, 275–287. [CrossRef]

http://dx.doi.org/10.1007/s11010-016-2735-9
http://dx.doi.org/10.1074/jbc.M109.004457
http://dx.doi.org/10.1002/jcb.22685
http://www.ncbi.nlm.nih.gov/pubmed/20506562
http://dx.doi.org/10.1091/mbc.e11-04-0332r
http://www.ncbi.nlm.nih.gov/pubmed/22039070
http://dx.doi.org/10.1016/j.celrep.2014.03.043
http://www.ncbi.nlm.nih.gov/pubmed/24746815
http://dx.doi.org/10.3858/emm.2009.41.7.055
http://www.ncbi.nlm.nih.gov/pubmed/19322030
http://dx.doi.org/10.1073/pnas.0601752103
http://www.ncbi.nlm.nih.gov/pubmed/16617105
http://dx.doi.org/10.1016/j.celrep.2016.08.052
http://www.ncbi.nlm.nih.gov/pubmed/27653686
http://dx.doi.org/10.1093/jb/mvs084
http://www.ncbi.nlm.nih.gov/pubmed/22888117
http://dx.doi.org/10.3892/br.2013.118
http://www.ncbi.nlm.nih.gov/pubmed/24649004
http://dx.doi.org/10.1128/MCB.21.13.4119-4128.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390641
http://dx.doi.org/10.1007/s00424-010-0829-x
http://dx.doi.org/10.1007/s00424-014-1541-z
http://www.ncbi.nlm.nih.gov/pubmed/24903239
http://dx.doi.org/10.1159/000186926
http://www.ncbi.nlm.nih.gov/pubmed/22613970
http://dx.doi.org/10.1073/pnas.96.24.13783
http://www.ncbi.nlm.nih.gov/pubmed/10570150
http://dx.doi.org/10.1091/mbc.e08-04-0383
http://www.ncbi.nlm.nih.gov/pubmed/18923148
http://dx.doi.org/10.1016/j.febslet.2006.03.076
http://www.ncbi.nlm.nih.gov/pubmed/16638567
http://dx.doi.org/10.1080/19336918.2016.1264559


Int. J. Mol. Sci. 2019, 20, 3449 20 of 23

87. Heitzig, N.; Kuhnl, A.; Grill, D.; Ludewig, K.; Schloer, S.; Galla, H.J.; Grewal, T.; Gerke, V.; Rescher, U.
Cooperative binding promotes demand-driven recruitment of anxa8 to cholesterol-containing membranes.
Biochim. Biophys. Acta. Mol. Cell Biol. Lipids 2018, 1863, 349–358. [CrossRef] [PubMed]

88. Linder, K.; Arner, P.; Flores-Morales, A.; Tollet-Egnell, P.; Norstedt, G. Differentially expressed genes in
visceral or subcutaneous adipose tissue of obese men and women. J. Lipid Res. 2004, 45, 148–154. [CrossRef]

89. Poeter, M.; Brandherm, I.; Rossaint, J.; Rosso, G.; Shahin, V.; Skryabin, B.V.; Zarbock, A.; Gerke, V.; Rescher, U.
Annexin a8 controls leukocyte recruitment to activated endothelial cells via cell surface delivery of cd63.
Nat. Commun. 2014, 5, 3738. [CrossRef]

90. Heinick, A.; Husser, X.; Himmler, K.; Kirchhefer, U.; Nunes, F.; Schulte, J.S.; Seidl, M.D.; Rolfes, C.;
Dedman, J.R.; Kaetzel, M.A.; et al. Annexin a4 is a novel direct regulator of adenylyl cyclase type 5. FASEB J.
2015, 29, 3773–3787. [CrossRef]

91. Wang, J.; Guo, C.; Liu, S.; Qi, H.; Yin, Y.; Liang, R.; Sun, M.Z.; Greenaway, F.T. Annexin a11 in disease.
Clin. Chim. Acta Int. J. Clin. Chem. 2014, 431, 164–168. [CrossRef] [PubMed]

92. D’Acunto, C.W.; Gbelcova, H.; Festa, M.; Ruml, T. The complex understanding of annexin a1 phosphorylation.
Cell. Signal. 2014, 26, 173–178. [CrossRef] [PubMed]

93. Hayes, M.J.; Moss, S.E. Annexins and disease. Biochem. Biophys. Res. Commun. 2004, 322, 1166–1170.
[CrossRef]

94. Rescher, U.; Gerke, V. Annexins—Unique membrane binding proteins with diverse functions. J. Cell Sci.
2004, 117, 2631–2639. [CrossRef] [PubMed]

95. Claria, J.; Dalli, J.; Yacoubian, S.; Gao, F.; Serhan, C.N. Resolvin d1 and resolvin d2 govern local inflammatory
tone in obese fat. J. Immunol. 2012, 189, 2597–2605. [CrossRef] [PubMed]

96. Buechler, C.; Pohl, R.; Aslanidis, C. Pro-resolving molecules-new approaches to treat sepsis? Int. J. Mol. Sci.
2017, 18, 476. [CrossRef] [PubMed]

97. Claria, J.; Nguyen, B.T.; Madenci, A.L.; Ozaki, C.K.; Serhan, C.N. Diversity of lipid mediators in human
adipose tissue depots. Am. J. Physiol. Cell Physiol. 2013, 304, C1141–C1149. [CrossRef] [PubMed]

98. Veugelers, M.; Cat, B.D.; Muyldermans, S.Y.; Reekmans, G.; Delande, N.; Frints, S.; Legius, E.; Fryns, J.P.;
Schrander-Stumpel, C.; Weidle, B.; et al. Mutational analysis of the gpc3/gpc4 glypican gene cluster on xq26
in patients with simpson-golabi-behmel syndrome: Identification of loss-of-function mutations in the gpc3
gene. Hum. Mol. Genet. 2000, 9, 1321–1328. [CrossRef]

99. Debril, M.B.; Renaud, J.P.; Fajas, L.; Auwerx, J. The pleiotropic functions of peroxisome proliferator-activated
receptor gamma. J. Mol. Med. 2001, 79, 30–47. [CrossRef]

100. Chen, L.; Yuan, Y.; Kar, S.; Kanchi, M.M.; Arora, S.; Kim, J.E.; Koh, P.F.; Yousef, E.; Samy, R.P.;
Shanmugam, M.K.; et al. Ppargamma ligand-induced annexin a1 expression determines chemotherapy
response via deubiquitination of death domain kinase rip in triple-negative breast cancers. Mol. Cancer Ther.
2017, 16, 2528–2542. [CrossRef]

101. Sawmynaden, P.; Perretti, M. Glucocorticoid upregulation of the annexin-a1 receptor in leukocytes. Biochem.
Biophys. Res. Commun. 2006, 349, 1351–1355. [CrossRef] [PubMed]

102. Aguilera, C.M.; Gomez-Llorente, C.; Tofe, I.; Gil-Campos, M.; Canete, R.; Gil, A. Genome-wide expression in
visceral adipose tissue from obese prepubertal children. Int. J. Mol. Sci. 2015, 16, 7723–7737. [CrossRef]
[PubMed]

103. Vong, L.; D’Acquisto, F.; Pederzoli-Ribeil, M.; Lavagno, L.; Flower, R.J.; Witko-Sarsat, V.; Perretti, M. Annexin
1 cleavage in activated neutrophils: A pivotal role for proteinase 3. J. Biol. Chem. 2007, 282, 29998–30004.
[CrossRef] [PubMed]

104. Locatelli, I.; Sutti, S.; Jindal, A.; Vacchiano, M.; Bozzola, C.; Reutelingsperger, C.; Kusters, D.; Bena, S.;
Parola, M.; Paternostro, C.; et al. Endogenous annexin a1 is a novel protective determinant in nonalcoholic
steatohepatitis in mice. Hepatology 2014, 60, 531–544. [CrossRef]

105. Hiramoto, H.; Dansako, H.; Takeda, M.; Satoh, S.; Wakita, T.; Ikeda, M.; Kato, N. Annexin a1 negatively
regulates viral rna replication of hepatitis c virus. Acta Med. Okayama 2015, 69, 71–78. [PubMed]

106. Mauvais-Jarvis, F.; Kulkarni, R.N.; Kahn, C.R. Knockout models are useful tools to dissect the pathophysiology
and genetics of insulin resistance. Clin. Endocrinol. 2002, 57, 1–9. [CrossRef]

107. Feng, R.; Luo, C.; Li, C.; Du, S.; Okekunle, A.P.; Li, Y.; Chen, Y.; Zi, T.; Niu, Y. Free fatty acids profile among
lean, overweight and obese non-alcoholic fatty liver disease patients: A case-control study. Lipids Health
Disease 2017, 16, 165. [CrossRef]

http://dx.doi.org/10.1016/j.bbalip.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29306076
http://dx.doi.org/10.1194/jlr.M300256-JLR200
http://dx.doi.org/10.1038/ncomms4738
http://dx.doi.org/10.1096/fj.14-269837
http://dx.doi.org/10.1016/j.cca.2014.01.031
http://www.ncbi.nlm.nih.gov/pubmed/24508622
http://dx.doi.org/10.1016/j.cellsig.2013.09.020
http://www.ncbi.nlm.nih.gov/pubmed/24103589
http://dx.doi.org/10.1016/j.bbrc.2004.07.124
http://dx.doi.org/10.1242/jcs.01245
http://www.ncbi.nlm.nih.gov/pubmed/15169834
http://dx.doi.org/10.4049/jimmunol.1201272
http://www.ncbi.nlm.nih.gov/pubmed/22844113
http://dx.doi.org/10.3390/ijms18030476
http://www.ncbi.nlm.nih.gov/pubmed/28241480
http://dx.doi.org/10.1152/ajpcell.00351.2012
http://www.ncbi.nlm.nih.gov/pubmed/23364264
http://dx.doi.org/10.1093/hmg/9.9.1321
http://dx.doi.org/10.1007/s001090000145
http://dx.doi.org/10.1158/1535-7163.MCT-16-0739
http://dx.doi.org/10.1016/j.bbrc.2006.08.179
http://www.ncbi.nlm.nih.gov/pubmed/16973129
http://dx.doi.org/10.3390/ijms16047723
http://www.ncbi.nlm.nih.gov/pubmed/25856673
http://dx.doi.org/10.1074/jbc.M702876200
http://www.ncbi.nlm.nih.gov/pubmed/17681950
http://dx.doi.org/10.1002/hep.27141
http://www.ncbi.nlm.nih.gov/pubmed/25899628
http://dx.doi.org/10.1046/j.1365-2265.2002.01563.x
http://dx.doi.org/10.1186/s12944-017-0551-1


Int. J. Mol. Sci. 2019, 20, 3449 21 of 23

108. Arzouni, A.A.; Vargas-Seymour, A.; Rackham, C.L.; Dhadda, P.; Huang, G.C.; Choudhary, P.; Nardi, N.;
King, A.J.F.; Jones, P.M. Mesenchymal stromal cells improve human islet function through released products
and extracellular matrix. Clin. Sci. 2017, 131, 2835–2845. [CrossRef]

109. Bharadwaj, A.; Bydoun, M.; Holloway, R.; Waisman, D. Annexin a2 heterotetramer: Structure and function.
Int. J. Mol. Sci. 2013, 14, 6259–6305. [CrossRef]

110. Hedhli, N.; Falcone, D.J.; Huang, B.; Cesarman-Maus, G.; Kraemer, R.; Zhai, H.; Tsirka, S.E.; Santambrogio, L.;
Hajjar, K.A. The annexin a2/s100a10 system in health and disease: Emerging paradigms. J. Biomed. Biotechnol.
2012, 2012, 406273. [CrossRef]

111. Bydoun, M.; Waisman, D.M. On the contribution of s100a10 and annexin a2 to plasminogen activation and
oncogenesis: An enduring ambiguity. Future Oncol. 2014, 10, 2469–2479. [CrossRef] [PubMed]

112. Luo, M.; Hajjar, K.A. Annexin a2 system in human biology: Cell surface and beyond. Semin. Thromb. Hemost.
2013, 39, 338–346. [CrossRef] [PubMed]

113. Wang, J.; Hao, J.W.; Wang, X.; Guo, H.; Sun, H.H.; Lai, X.Y.; Liu, L.Y.; Zhu, M.; Wang, H.Y.; Li, Y.F.; et al.
Dhhc4 and dhhc5 facilitate fatty acid uptake by palmitoylating and targeting cd36 to the plasma membrane.
Cell Rep. 2019, 26, 209–221. [CrossRef] [PubMed]

114. Pons, M.; Ihrke, G.; Koch, S.; Biermer, M.; Pol, A.; Grewal, T.; Jackle, S.; Enrich, C. Late endocytic compartments
are major sites of annexin vi localization in nrk fibroblasts and polarized wif-b hepatoma cells. Exp. Cell Res.
2000, 257, 33–47. [CrossRef] [PubMed]

115. de Diego, I.; Schwartz, F.; Siegfried, H.; Dauterstedt, P.; Heeren, J.; Beisiegel, U.; Enrich, C.; Grewal, T.
Cholesterol modulates the membrane binding and intracellular distribution of annexin 6. J. Biol. Chem. 2002,
277, 32187–32194. [CrossRef] [PubMed]

116. Futter, C.E.; White, I.J. Annexins and endocytosis. Traffic 2007, 8, 951–958. [CrossRef] [PubMed]
117. Grewal, T.; Heeren, J.; Mewawala, D.; Schnitgerhans, T.; Wendt, D.; Salomon, G.; Enrich, C.; Beisiegel, U.;

Jackle, S. Annexin vi stimulates endocytosis and is involved in the trafficking of low density lipoprotein to
the prelysosomal compartment. J. Biol. Chem. 2000, 275, 33806–33813. [CrossRef]

118. Skrahina, T.; Piljic, A.; Schultz, C. Heterogeneity and timing of translocation and membrane-mediated
assembly of different annexins. Exp. Cell Res. 2008, 314, 1039–1047. [CrossRef]

119. Freye-Minks, C.; Kretsinger, R.H.; Creutz, C.E. Structural and dynamic changes in human annexin vi induced
by a phosphorylation-mimicking mutation, t356d. Biochemistry 2003, 42, 620–630. [CrossRef]

120. Chlystun, M.; Campanella, M.; Law, A.L.; Duchen, M.R.; Fatimathas, L.; Levine, T.P.; Gerke, V.; Moss, S.E.
Regulation of mitochondrial morphogenesis by annexin a6. PLoS ONE 2013, 8, e53774. [CrossRef]

121. Turro, S.; Ingelmo-Torres, M.; Estanyol, J.M.; Tebar, F.; Fernandez, M.A.; Albor, C.V.; Gaus, K.; Grewal, T.;
Enrich, C.; Pol, A. Identification and characterization of associated with lipid droplet protein 1: A novel
membrane-associated protein that resides on hepatic lipid droplets. Traffic 2006, 7, 1254–1269. [CrossRef]
[PubMed]

122. Murphy, S.; Martin, S.; Parton, R.G. Lipid droplet-organelle interactions; sharing the fats. Biochim. Biophys. Acta
2009, 1791, 441–447. [CrossRef] [PubMed]

123. Pani, B.; Singh, B.B. Lipid rafts/caveolae as microdomains of calcium signaling. Cell Calcium 2009, 45, 625–633.
[CrossRef] [PubMed]

124. Kioumourtzoglou, D.; Sadler, J.B.; Black, H.L.; Berends, R.; Wellburn, C.; Bryant, N.J.; Gould, G.W. Studies
of the regulated assembly of snare complexes in adipocytes. Biochem. Soc. Trans. 2014, 42, 1396–1400.
[CrossRef] [PubMed]

125. Wu, J.; Cheng, D.; Liu, L.; Lv, Z.; Liu, K. Tbc1d15 affects glucose uptake by regulating glut4 translocation.
Gene 2019, 683, 210–215. [CrossRef] [PubMed]

126. Komai, A.M.; Brannmark, C.; Musovic, S.; Olofsson, C.S. Pka-independent camp stimulation of white
adipocyte exocytosis and adipokine secretion: Modulations by Ca2+ and atp. J. Physiol. 2014, 592, 5169–5186.
[CrossRef] [PubMed]

127. Kandror, K.V.; Pilch, P.F. The sugar is sirved: Sorting glut4 and its fellow travelers. Traffic 2011, 12, 665–671.
[CrossRef] [PubMed]

128. Fernandez, C.; Lindholm, M.; Krogh, M.; Lucas, S.; Larsson, S.; Osmark, P.; Berger, K.; Boren, J.; Fielding, B.;
Frayn, K.; et al. Disturbed cholesterol homeostasis in hormone-sensitive lipase-null mice. Am. J. Physiol.
Endocrinol. Metab. 2008, 295, E820–E831. [CrossRef]

http://dx.doi.org/10.1042/CS20171251
http://dx.doi.org/10.3390/ijms14036259
http://dx.doi.org/10.1155/2012/406273
http://dx.doi.org/10.2217/fon.14.163
http://www.ncbi.nlm.nih.gov/pubmed/25525855
http://dx.doi.org/10.1055/s-0033-1334143
http://www.ncbi.nlm.nih.gov/pubmed/23483454
http://dx.doi.org/10.1016/j.celrep.2018.12.022
http://www.ncbi.nlm.nih.gov/pubmed/30605677
http://dx.doi.org/10.1006/excr.2000.4861
http://www.ncbi.nlm.nih.gov/pubmed/10854052
http://dx.doi.org/10.1074/jbc.M205499200
http://www.ncbi.nlm.nih.gov/pubmed/12070178
http://dx.doi.org/10.1111/j.1600-0854.2007.00590.x
http://www.ncbi.nlm.nih.gov/pubmed/17547702
http://dx.doi.org/10.1074/jbc.M002662200
http://dx.doi.org/10.1016/j.yexcr.2007.11.015
http://dx.doi.org/10.1021/bi026742h
http://dx.doi.org/10.1371/journal.pone.0053774
http://dx.doi.org/10.1111/j.1600-0854.2006.00465.x
http://www.ncbi.nlm.nih.gov/pubmed/17004324
http://dx.doi.org/10.1016/j.bbalip.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18708159
http://dx.doi.org/10.1016/j.ceca.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19324409
http://dx.doi.org/10.1042/BST20140114
http://www.ncbi.nlm.nih.gov/pubmed/25233421
http://dx.doi.org/10.1016/j.gene.2018.10.025
http://www.ncbi.nlm.nih.gov/pubmed/30316925
http://dx.doi.org/10.1113/jphysiol.2014.280388
http://www.ncbi.nlm.nih.gov/pubmed/25194045
http://dx.doi.org/10.1111/j.1600-0854.2011.01175.x
http://www.ncbi.nlm.nih.gov/pubmed/21306486
http://dx.doi.org/10.1152/ajpendo.90206.2008


Int. J. Mol. Sci. 2019, 20, 3449 22 of 23

129. Rentero Alfonso, C.; Alvarez-Guaita, A.; Moss, S.E.; Grewal, T.; Enrich, C. Annexin a6 is necessary for liver
regeneration and glucose homeostasis in 433 mice. Hepatology 2015, 62, 239A.

130. Matsuda, M.; Shimomura, I. Roles of adiponectin and oxidative stress in obesity-associated metabolic and
cardiovascular diseases. Rev. Endocr. Metab. Disord. 2014, 15, 1–10. [CrossRef]

131. Alvarez-Guaita, A.; Vila de Muga, S.; Owen, D.M.; Williamson, D.; Magenau, A.; Garcia-Melero, A.;
Reverter, M.; Hoque, M.; Cairns, R.; Cornely, R.; et al. Evidence for annexin a6-dependent plasma membrane
remodelling of lipid domains. Br. J. Pharmacol. 2015, 172, 1677–1690. [CrossRef] [PubMed]

132. von Eckardstein, A. Cholesterol efflux from macrophages and other cells. Curr. Opin. Lipidol. 1996, 7,
308–319. [CrossRef] [PubMed]

133. Sargolzaei, J.; Chamani, E.; Kazemi, T.; Fallah, S.; Soori, H. The role of adiponectin and adipolin as
anti-inflammatory adipokines in the formation of macrophage foam cells and their association with
cardiovascular diseases. Clin. Biochem. 2018, 54, 1–10. [CrossRef] [PubMed]

134. Schosserer, M.; Grillari, J.; Wolfrum, C.; Scheideler, M. Age-induced changes in white, brite, and brown
adipose depots: A mini-review. Gerontology 2018, 64, 229–236. [CrossRef] [PubMed]

135. Wu, N.; Liu, S.; Guo, C.; Hou, Z.; Sun, M.Z. The role of annexin a3 playing in cancers. Clin. Transl. Oncol.
2013, 15, 106–110. [CrossRef]

136. Lasrich, D.; Bartelt, A.; Grewal, T.; Heeren, J. Apolipoprotein e promotes lipid accumulation and differentiation
in human adipocytes. Exp. Cell Res. 2015, 337, 94–102. [CrossRef]

137. Boersma, H.H.; Kietselaer, B.L.; Stolk, L.M.; Bennaghmouch, A.; Hofstra, L.; Narula, J.; Heidendal, G.A.;
Reutelingsperger, C.P. Past, present, and future of annexin a5: From protein discovery to clinical applications.
J. Nucl. Med. 2005, 46, 2035–2050.

138. Peng, B.; Guo, C.; Guan, H.; Liu, S.; Sun, M.Z. Annexin a5 as a potential marker in tumors. Chim. Acta Int. J.
Clin. Chem. 2014, 427, 42–48. [CrossRef]

139. Dubois, T.; Mira, J.P.; Feliers, D.; Solito, E.; Russo-Marie, F.; Oudinet, J.P. Annexin v inhibits protein kinase c
activity via a mechanism of phospholipid sequestration. Biochem. J. 1998, 330, 1277–1282. [CrossRef]

140. Ghislat, G.; Aguado, C.; Knecht, E. Annexin a5 stimulates autophagy and inhibits endocytosis. J. Cell Sci.
2012, 125, 92–107. [CrossRef]

141. Bouter, A.; Gounou, C.; Berat, R.; Tan, S.; Gallois, B.; Granier, T.; d’Estaintot, B.L.; Poschl, E.; Brachvogel, B.;
Brisson, A.R. Annexin-a5 assembled into two-dimensional arrays promotes cell membrane repair.
Nat. Commun. 2011, 2, 270. [CrossRef] [PubMed]

142. Rand, J.H.; Wu, X.X.; Quinn, A.S.; Taatjes, D.J. The annexin a5-mediated pathogenic mechanism in the
antiphospholipid syndrome: Role in pregnancy losses and thrombosis. Lupus 2010, 19, 460–469. [CrossRef]
[PubMed]

143. Selbert, S.; Fischer, P.; Pongratz, D.; Stewart, M.; Noegel, A.A. Expression and localization of annexin vii
(synexin) in muscle cells. J. Cell Sci. 1995, 108, 85–95. [PubMed]

144. Kuijpers, G.A.; Lee, G.; Pollard, H.B. Immunolocalization of synexin (annexin vii) in adrenal chromaffin
granules and chromaffin cells: Evidence for a dynamic role in the secretory process. Cell Tissue Res. 1992,
269, 323–330. [CrossRef] [PubMed]

145. Gerelsaikhan, T.; Vasa, P.K.; Chander, A. Annexin a7 and snap23 interactions in alveolar type ii cells and
in vitro: A role for Ca2+ and pkc. Biochim. Biophys. Acta 2012, 1823, 1796–1806. [CrossRef] [PubMed]

146. Voelkl, J.; Alesutan, I.; Pakladok, T.; Viereck, R.; Feger, M.; Mia, S.; Schonberger, T.; Noegel, A.A.;
Gawaz, M.; Lang, F. Annexin a7 deficiency potentiates cardiac nfat activity promoting hypertrophic
signaling. Biochem. Biophys. Res. Commun. 2014, 445, 244–249. [CrossRef]

147. Leighton, X.; Eidelman, O.; Jozwik, C.; Pollard, H.B.; Srivastava, M. Anxa7-gtpase as tumor suppressor:
Mechanisms and therapeutic opportunities. Methods Mol. Biol. 2017, 1513, 23–35. [PubMed]

148. Garcia-Alonso, V.; Titos, E.; Alcaraz-Quiles, J.; Rius, B.; Lopategi, A.; Lopez-Vicario, C.; Jakobsson, P.J.;
Delgado, S.; Lozano, J.; Claria, J. Prostaglandin e2 exerts multiple regulatory actions on human obese adipose
tissue remodeling, inflammation, adaptive thermogenesis and lipolysis. PLoS ONE 2016, 11, e0153751.
[CrossRef]

149. Pepinsky, R.B.; Hauptmann, R. Detection of vac-beta (annexin-8) in human placenta. FEBS Lett. 1992, 306,
85–89. [CrossRef]

150. Sarkar, A.; Yang, P.; Fan, Y.H.; Mu, Z.M.; Hauptmann, R.; Adolf, G.R.; Stass, S.A.; Chang, K.S. Regulation of
the expression of annexin viii in acute promyelocytic leukemia. Blood 1994, 84, 279–286.

http://dx.doi.org/10.1007/s11154-013-9271-7
http://dx.doi.org/10.1111/bph.13022
http://www.ncbi.nlm.nih.gov/pubmed/25409976
http://dx.doi.org/10.1097/00041433-199610000-00009
http://www.ncbi.nlm.nih.gov/pubmed/8937522
http://dx.doi.org/10.1016/j.clinbiochem.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29452073
http://dx.doi.org/10.1159/000485183
http://www.ncbi.nlm.nih.gov/pubmed/29212073
http://dx.doi.org/10.1007/s12094-012-0928-6
http://dx.doi.org/10.1016/j.yexcr.2015.07.015
http://dx.doi.org/10.1016/j.cca.2013.09.048
http://dx.doi.org/10.1042/bj3301277
http://dx.doi.org/10.1242/jcs.086728
http://dx.doi.org/10.1038/ncomms1270
http://www.ncbi.nlm.nih.gov/pubmed/21468022
http://dx.doi.org/10.1177/0961203310361485
http://www.ncbi.nlm.nih.gov/pubmed/20353989
http://www.ncbi.nlm.nih.gov/pubmed/7738119
http://dx.doi.org/10.1007/BF00319624
http://www.ncbi.nlm.nih.gov/pubmed/1423500
http://dx.doi.org/10.1016/j.bbamcr.2012.06.010
http://www.ncbi.nlm.nih.gov/pubmed/22713544
http://dx.doi.org/10.1016/j.bbrc.2014.01.186
http://www.ncbi.nlm.nih.gov/pubmed/27807828
http://dx.doi.org/10.1371/journal.pone.0153751
http://dx.doi.org/10.1016/0014-5793(92)80843-6


Int. J. Mol. Sci. 2019, 20, 3449 23 of 23

151. Reutelingsperger, C.P.; van Heerde, W.; Hauptmann, R.; Maassen, C.; van Gool, R.G.; de Leeuw, P.; Tiebosch, A.
Differential tissue expression of annexin viii in human. FEBS Lett. 1994, 349, 120–124. [CrossRef]

152. Hauptmann, R.; Maurer-Fogy, I.; Krystek, E.; Bodo, G.; Andree, H.; Reutelingsperger, C.P. Vascular
anticoagulant beta: A novel human Ca2+/phospholipid binding protein that inhibits coagulation and
phospholipase a2 activity. Its molecular cloning, expression and comparison with vac-alpha. Eur. J. Biochem.
1989, 185, 63–71. [CrossRef] [PubMed]

153. Hata, H.; Tatemichi, M.; Nakadate, T. Involvement of annexin a8 in the properties of pancreatic cancer.
Mol. Carcinog. 2014, 53, 181–191. [CrossRef]

154. Iglesias, J.M.; Cairney, C.J.; Ferrier, R.K.; McDonald, L.; Soady, K.; Kendrick, H.; Pringle, M.A.; Morgan, R.O.;
Martin, F.; Smalley, M.J.; et al. Annexin a8 identifies a subpopulation of transiently quiescent c-kit positive
luminal progenitor cells of the ductal mammary epithelium. PLoS ONE 2015, 10, e0119718. [CrossRef]
[PubMed]

155. Oka, R.; Nakashiro, K.; Goda, H.; Iwamoto, K.; Tokuzen, N.; Hamakawa, H. Annexin a8 is a novel molecular
marker for detecting lymph node metastasis in oral squamous cell carcinoma. Oncotarget 2016, 7, 4882–4889.
[CrossRef]

156. Lueck, K.; Carr, A.F.; Stampoulis, D.; Gerke, V.; Rescher, U.; Greenwood, J.; Moss, S.E. Regulation of retinal
pigment epithelial cell phenotype by annexin a8. Sci. Rep. 2017, 7, 4638. [CrossRef] [PubMed]

157. Monastyrskaya, K.; Babiychuk, E.B.; Draeger, A. The annexins: Spatial and temporal coordination of signaling
events during cellular stress. Cell. Mol. Life Sci. CMLS 2009, 66, 2623–2642. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0014-5793(94)00559-1
http://dx.doi.org/10.1111/j.1432-1033.1989.tb15082.x
http://www.ncbi.nlm.nih.gov/pubmed/2530088
http://dx.doi.org/10.1002/mc.21961
http://dx.doi.org/10.1371/journal.pone.0119718
http://www.ncbi.nlm.nih.gov/pubmed/25803307
http://dx.doi.org/10.18632/oncotarget.6639
http://dx.doi.org/10.1038/s41598-017-03493-3
http://www.ncbi.nlm.nih.gov/pubmed/28680125
http://dx.doi.org/10.1007/s00018-009-0027-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Obesity 
	Annexins 

	Annexin Expression Patterns in Adipose Tissue and Their Potential Functions in Obesity 
	Annexin A1 (AnxA1) 
	Annexin A2 (AnxA2) 
	Annexin A6 (AnxA6) 
	Other Annexins 
	Annexin A3 (AnxA3) 
	Annexin A5 (AnxA5) 
	Annexin A7 (AnxA7) 
	Annexin A8 (AnxA8) 
	Other Annexins 


	Conclusions 
	References

