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Increased Adiposity in Annexin A1-Deficient Mice
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Abstract

Production of Annexin A1 (ANXAT1), a protein that mediates the anti-inflammatory action of glucocorticoids, is altered in
obesity, but its role in modulation of adiposity has not yet been investigated. The objective of this study was to investigate
modulation of ANXA1 in adipose tissue in murine models of obesity and to study the involvement of ANXAT1 in diet-induced
obesity in mice. Significant induction of ANXAT mRNA was observed in adipose tissue of both C57BL6 and Balb/c mice with
high fat diet (HFD)-induced obesity versus mice on chow diet. Upregulation of ANXAT mRNA was independent of leptin or
IL-6, as demonstrated by use of leptin-deficient ob/ob mice and IL-6 KO mice. Compared to WT mice, female Balb/c ANXA1
KO mice on HFD had increased adiposity, as indicated by significantly elevated body weight, fat mass, leptin levels, and
adipocyte size. Whereas Balb/c WT mice upregulated expression of enzymes involved in the lipolytic pathway in response to
HFD, this response was absent in ANXA1 KO mice. A significant increase in fasting glucose and insulin levels as well as
development of insulin resistance was observed in ANXA1 KO mice on HFD compared to WT mice. Elevated plasma
corticosterone levels and blunted downregulation of 11-beta hydroxysteroid dehydrogenase type 1 in adipose tissue was
observed in ANXA1 KO mice compared to diet-matched WT mice. However, no differences between WT and KO mice on
either chow or HFD were observed in expression of markers of adipose tissue inflammation. These data indicate that
ANXAT1 is an important modulator of adiposity in mice, with female ANXAT KO mice on Balb/c background being more
susceptible to weight gain and diet-induced insulin resistance compared to WT mice, without significant changes in

inflammation.
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Introduction

Obesity is a worldwide epidemic and a major risk factor for
several morbidities, partly through induction of chronic inflam-
mation [1]. Accumulation of fat in the visceral (VAT) rather than
the subcutaneous (SAT) adipose tissue is associated with higher
inflammation and increased risk of obesity-related diseases [2].

Annexin Al (ANXAI) is the first identified member of the
annexin family of proteins that regulate various cellular functions
and bind to phospholipids in a calcium-dependent manner [3-6].
Glucocorticoids (GC) regulate production of ANXAI, which in
turn mediates at least part of GC’s anti-inflammatory actions [7].
Administration of ANXAL or its agonists is an effective anti-
inflammatory therapy [8,9], whereas ANXAI deficiency or
antagonists lead to more severe inflammation in various experi-
mental models and blunt the anti-inflammatory effects of GC
(8,10,11].

Limited and partly controversial evidence indicates a potential
role for ANXAL in obesity and diabetes. Transcriptome analysis of
human adipose tissue reveals increased ANXAI expression in
response to obesity [12]. In contrast, plasma ANXAI levels are
inversely correlated with markers of adiposity and inflammation in
obese subjects [13]. In humans, the peroxisome proliferator-
activated receptor-gamma (PPARY) agonist rosiglitazone upregu-
lates ANXATI in adipose tissue, a response that is in line with the
anti-inflammatory, insulin-sensitizing actions of this compound
[14]. However, ANXALI is also upregulated in leukocytes after a
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glucose load or exposure to TNFo, which induces insulin
resistance [15]. Therefore, the role and regulation of ANXAI in
the context of obesity and diabetes remain to be elucidated.

In the present study we investigated the modulation of ANXALI
in adipose tissue in models of diet-induced (DIO) and genetic
obesity, and also studied whether ANXAI participates in
modulation of adiposity, glucose metabolism and obesity-associat-
ed inflammation using a model of DIO. Due to the pro-lipolytic
and anti-inflammatory effects of ANXA1 [16], we hypothesized
that ANXAl KO mice would develop increased adiposity
accompanied by heightened inflammation in response to DIO.
To test this hypothesis, we studied female Balb/c mice, that are
resistant to DIO [17], to investigate whether ANXAI deficiency
alters their phenotype towards increased adiposity, inflammation
and insulin resistance.

Methods

Ethics statement
Mouse studies were approved by the Animal Care and Use
Committee at the University of Illinois at Chicago under protocol

A10-008.

Animals

Breeding pairs of ANXA]l KO mice in a Balb/c background
were a kind gift of Dr. Asma Nusrat (Emory University, Atlanta,
GA), generated as described [10]. Balb/c WT as well as C57BL6
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WT, IL-6 KO and 0b/0b mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). For induction of DIO, mice
received HFD (60% of calories from fat, Research Diets, New
Brunswick, NJ) for 5-14 weeks. Control groups received chow
diet. Water and food were available ad libitum. Mice were weighed
weekly.

Evaluation of adiposity

Dual-energy X-ray Absorptiometry (DXA) was used to quantify
body composition. The whole body was included in the analysis
region, except for the head and tail.

Adipocyte size

Adipocyte size was measured using Image] software. Two
hundred adjacent cells were analyzed from a total of three
different hematoxylin-eosin-stained sections from each mouse.
Data are expressed as median adipocyte area in pm?>,

Glucose tolerance test (GTT)

Five-hour fasting blood glucose was measured at time 0, then
mice received an ip injection of 1 gram of glucose per Kg of body
weight. Blood glucose was measured from a tail nick at time 15,
30, 60, and 90 minutes.

Insulin tolerance test (ITT)

Blood glucose of fed mice was measured at time 0, then mice
received an ip injection of 1 unit of insulin per Kg of body weight.
Blood glucose was measured from a tail nick at time 15, 30, 60,
and 90 minutes.

Flow cytometry

Evaluation of ANXALI expression in the stromovascular fraction
(SVF) obtained from VAT by collagenase digestion was evaluated
by flow cytometry as previously described [18] using an antibody
(AF-3770) from R&D Systems (Minneapolis, MN).

Measurement of circulating mediators

Plasma levels of leptin, adiponectin, insulin and corticosterone
were measured using ELISA kits from R&D Systems, Alpco
(Salem, NH) and Cayman Chemicals (Ann Arbor, Mi), respec-
tively.

Gene expression analysis

To quantify gene expression, qPCR was performed using
probes for the TagMan system to measure acetyl-CoA carboxylase
(ACC), adiponectin, ANXAI, chemokine (C-C motif) ligand 2
(CCL2), cluster of differentiation-68 (CD68), fatty acid synthase
(FAS), formyl peptide receptor -2 (FPR2), glucose 6-phosphatase
(G6Pase), galectin-12, interleukin-1p (IL-1f), IL-6, IL-10, leptin,
PPAR-vy, phophoenolpyruvate carboxykinase (PEPCK), and sterol
regulatory element-binding transcription factor 1 (SREBFI).
Quantification of adipose triglyceride lipase (ATGL), 11-beta-
hydroxysteroid dehydrogenase (11BHSD1), and hormone sensitive
lipase (HSL) was performed using the SYBR Green system. Target
gene expression values were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as a reference gene, and
analyzed using the AAST method.

Western blotting

Samples of VAT were homogenized, lysed in RIPA buffer,
centrifuged and normalized by protein concentration. After gel
electrophoresis and transfer, membranes were blocked in 1% BSA
and incubated overnight at 4°C with anti-HSL and anti-pHSL

PLOS ONE | www.plosone.org

Annexin A1 in Obesity

antibodies (Cell Signaling Technology, Danvers, MA). Mem-
branes were incubated at room temperature for 1 hour with an
HRP-conjugated secondary antibody, washed and detected by
enhanced chemiluminescence (Thermo Scientific, Pittsburgh PA).

Statistical analysis

Statistical significance was defined as p value of less than 0.05.
Analysis of Variance (ANOVA) and Student t-test were used to
test for significance where appropriate using MedCalc software
(Mariakerke, Belgium).

Results

Expression of ANXA1 in adipose tissue

To investigate whether obesity induced by HFD alters
expression of ANXALI in adipose tissue, we used male C57BL6
mice, a strain that is highly susceptible to DIO [18]. Expression of
ANXAI mRNA was significantly elevated in VAT and SAT of
male C57BL6 mice after 9 and 13 weeks of HFD compared to
chow groups (Figure 1A). During this time course, male C57BL6
mice on HFD became progressively obese and developed VAT
inflammation, as expected [18]. Feeding a HFD lead to increased
ANXATI expression in both the SVF and the adipocyte fraction in
VAT of HFD compared to chow groups, indicating upregulation
in both the adipocyte and non-adipocyte components of adipose
tissue (Figure 1B). Further characterization of ANXAI™ cells in the
VAT SVF indicated production by both F4/80" (macrophages)
and F4/80" cells, with comparable numbers of ANXA1" cells per
mg of tissue in chow and HFD mice, but significantly elevated
mean fluorescence intensity in F4/80" macrophages from HFD
mice (Figure 1C-D).

To investigate whether leptin and/or IL-6 mediate induction of
ANXAI in obese adipose tissue, we used leptin-deficient 0b/0b
mice and IL-6 KO mice on a C57BL6 background. Because 0b/0b
mice develop obesity even when fed chow diet, use of these
animals also allowed us to investigate whether upregulation of
ANXATI requires feeding a HFD. Results shown in Fig. 1E and 1F
indicate comparable upregulation of ANXA1 mRNA in VAT and
SAT of both 0b/0b mice on chow diet and IL-6 KO mice on HFD
compared to their strain- and diet-matched WT controls. Thus,
these data indicate that induction of ANXAI in obesity is not
dependent on HFD feeding and is not mediated by leptin or IL-6.
Finally, we investigated whether upregulation of ANXAI is
observed in DIO-resistant female Balb/c mice, the strain we used
for the functional studies described below. A significant two-fold
increase in expression of ANXAT mRNA was observed in VAT of
female Balb/c mice fed HFD for 14 weeks compared to chow-fed
controls. However, feeding a HFD did not lead to significant
changes in expression of the ANXAI receptor FPR2 in VAT of
either G57BL6 or Balb/c mice (data not shown).

In summary, obesity in mice is associated with upregulated
expression of ANXAT in adipose tissue and this occurs in a leptin-
and IL-6-independent fashion.

Deficiency of ANXA1 modulates adiposity in mice

To test the hypothesis that ANXAI deficiency will lead to
increased adiposity due to the previously reported pro-lipolytic
effects of ANXAL [16], the obesity-resistant female Balb/c strain
was used. Female Balb/c WT and ANXA1 KO mice were fed
chow or HFD for 14 weeks. Body weight was measured weekly. As
expected [19], feeding a HFD lead to only a modest increase in
body weight in Balb/c W'T mice, that became significant at 11
weceks of age (7 weeks of HFD), while weight became significantly
increased in KO mice on HFD compared to those on chow at an
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Figure 1. Modulation of ANXA1 expression in adipose tissue. Panel A: Time course of ANXA1 mRNA expression in VAT and SAT of male
C57BL6 mice fed chow or HFD for 5, 9 or 13 weeks. Data are expressed as fold difference vs. the respective tissue in chow mice at 5 weeks.
***p<<0.001 vs. respective tissue in chow mice. Panel B: Expression of ANXA1T mRNA in VAT SVF and adipocytes of male C57BL6 mice fed chow or HFD
for 13 weeks (n=9). *p<<0.05, ***p<<0.001 vs. respective fraction in chow mice. Panels C and D: Number (Panel C) and Mean Fluorescence Intensity
(Panel D) of ANXA1* cells per mg of tissue in the F4/80" and F4/80" populations from VAT of male C57BL6 mice fed chow or HFD for 13 weeks
evaluated by flow cytometry (n=5). ***p<0.001 vs. respective cell population in chow mice. Panel E: Expression of ANXAT mRNA at eight weeks of
age in VAT of male WT and ob/ob mice fed chow diet (n=3). Panel F: Expression of ANXAT mRNA in VAT of male WT and IL-6 KO mice fed chow or

HFD for 13 weeks (n=3 - 5). **p<<.005 vs. WT-HFD, Jp<.05 vs. WT-Chow. Data are mean = SEM.

doi:10.1371/journal.pone.0082608.g001

earlier time point (9 weeks of age, 5 weeks of HFD) (Fig. 2A). By 16
weeks of age (12 weeks of diet) KO-HFD mice were significantly
heavier than WT-HFD mice, whereas no differences were
observed between chow-fed groups (Fig. 2A). No significant
differences in food intake were observed between any of the groups
(data not shown). Evaluation of body composition by DXA
indicated a significant increase in fat mass in KO-HFD compared
to WT-HFD mice, both in absolute terms and as a percentage of
body weight (Fig. 2B-C), whereas no significant differences were
observed between chow groups. The increased fat mass of KO-
HFD mice was paralleled by elevated serum levels and VAT
mRNA expression of leptin (Fig. 2D-E), confirming the presence
of an expanded adipose tissue mass, with no differences among
groups for serum or VAT mRNA expression of adiponectin
(Fig. 2F), and a significant increase in mRNA expression of
PPARYy (Fig. 2H). Additionally, body composition analysis by
DXA revealed no differences in lean mass in grams between any of
the groups (Fig. 2I), indicating that the increased body weight was
selectively due to adipose tissue expansion rather than unspecific
expansion of both lean and fat mass. Adipocyte size in VAT and
SAT of KO-HFD mice was significantly higher compared to WT-
HFD mice and to KO-chow mice, while no significant differences
were found among the other groups (Fig. 2J), indicating
development of adipocyte hyperplasia in ANXA1 KO mice fed
HFD.

Overall, these data demonstrate that ANXAI deficiency leads to
increased adiposity in response to HFD in an obesity-resistant
background.
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Effect of ANXA1 deficiency on lipolytic and lipogenic
pathways

To evaluate mechanisms leading to increased adiposity in
ANXAI KO mice, we measured expression of genes associated
with adipose tissue lipolysis, since this pathway was previously
shown to be altered in the absence of ANXAI [16]. A significant
elevation in mRNA expression of the most important enzymes
involved in adipose tissue lipolysis, i.e., ATGL, HSL, and Gal-12,
was observed in VAT of fasted WT-HFD mice versus the respective
chow groups (Fig. 3A). However, HFD did not lead to increased
expression of these genes in KO mice, suggesting lack of
compensatory upregulation of lipolytic pathways in the absence
of ANXALI (Fig. 3A). The difference between WT and KO mice
was also evident at the protein level. In fact, the ratio of pHSL to
total HSL protein was markedly reduced in fasted KO-HFD mice
compared to each other group, indicating suppressed activation of
this enzyme in KO mice in response to HFD (Fig. 3B).

We also wanted to investigate whether ANXA1 KO mice have
altered lipogenic pathways. To this aim, we measured gene
expression of two enzymes that control lipogenesis, FAS and ACC,
and SREBF1, a transcription factor involved in lipid production.
Feeding a HFD led to a significant downregulation of FAS and
upregulation of ACC in VAT in both WT and ANXA1 KO mice
(Fig. 3A), with no differences between strains. Moreover, no
differences were observed for expression of SREBF1 among any of
the groups. Thus, the lipogenic pathways we tested do not appear
to be modified by ANXAI deficiency.

These findings demonstrate that the increased adiposity of
ANXAl KO mice on HFD is associated with suppressed
expression of genes involved in adipose tissue lipolysis, while
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Figure 2. Deficiency of ANXA1 modulates adiposity in female Balb/c mice. Panel A: Body weight in grams, (n =14 - 20). Panel B: Fat mass in
grams measured by DXA. Panel C: Percentage of fat mass to BW (n=14 - 19). Panel D: Plasma leptin levels (n=13 - 17). Panel E: Leptin mRNA
expression in VAT (n=4 - 5). Panel F: Plasma adiponectin levels (n=13 - 17). Panel G: Adiponectin mRNA expression in VAT (n=5). Panel H: PPARy
mMRNA expression in VAT (n=4 - 5). Panel I: Lean mass in grams measured by DXA. Panel J: Median adipocyte size in VAT and SAT (n=4 - 5), H&E-
stained slides for VAT and SAT magnified to 10X. *p<..05 vs. respective diet-matched WT group, Jp<.05 vs. WT-Chow, #p<<.05 vs. KO-Chow. Data are
mean * SEM.

doi:10.1371/journal.pone.0082608.9g002

ANXAT deficiency does not appear to significantly affect lipogenic KO-chow, WT-HFD and KO-HFD, respectively; p<0.01 in KO-

pathways in response to HFD. HFD versus each other group; mean = SEM; n=4-6).
Evaluation of glucose tolerance by GTT, demonstrated a
Altered glucose metabolism in ANXAT KO mice significant  diet*strain effect by two-way ANOVA (p<<0.05,
Because obesity is often associated with altered glucose Fig. 4C), with KO-HFD mice having the highest response, which
metabolism, we next investigated whether ANXAI deficiency indicates development of significant glucose intolerance in KO-
affects glycemic control. Significantly higher fasting blood glucose HFD mice compared to the other groups. Moreover, KO-HFD
and plasma insulin levels were observed in KO-HFD mice mice were also significantly more insulin resistant compared to
compared to each other group (Fig. 4A-B). Calculation of HOMA- each other group as evaluated by ITT (Fig. 4D). However, no
IR, a measure of insulin resistance, indicated a significantly higher significant differences in hepatic expression of G6Pase and
index in KO-HFD mice compared to the other groups PEPCK, critical enzymes in the gluconeogenic response, were

(2.44%+0.33, 2.71+0.35, 3.46+0.76 and 7.65*1.76 in WT-chow,  observed between WT-HFD and KO-HFD mice, although

PLOS ONE | www.plosone.org 4 December 2013 | Volume 8 | Issue 12 | 82608



Annexin A1 in Obesity

BWT-Chow OKO-Chow BWT-HFD BKO-HFD
1A

%%%mﬁ%-ﬁ

ATGL Galectin 12 SREBF1

w
1

N
1

Relative expression
N
.

o

KO WT KO

3

*

05 - ' S
# REm - pHSL

pHSL/HSL

HSL Activation
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doi:10.1371/journal.pone.0082608.9003

upregulation of these pathways was present in KO-Chow mice Evaluation of GC metabolism in ANXA1 KO mice

(Fig. 4E). Chronic exposure to GC can lead to development of obesity

Overall, these data indicate the presence of deregulated glucose  [20]. Because ANXAI is able to mediate the feedback inhibition of
metabolism and insulin resistance in ANXA] KO mice on HFD. GC on release of adrenocorticotropic hormone [21-24], elevated
However, because expression of gluconcogenic enzymes was not levels of corticosterone as a result of lack of feedback inhibition of
significandy altered in HFD ANXAT KO mice compared to diet- adrenocorticotropic hormone by GC may represent a potential

matched WT mice, data suggest that the hyperglycemia of mechanism leading to increased adiposity in ANXAI KO mice.
ANXAT1 KO mice on HFD is unlikely to be the result of increased Indeed, ANXAl KO mice on both chow and HFD had
gluconeogenesis.
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Figure 4. Dysregulated glucose metabolism in ANXA1 KO mice. Panel A: Fasting blood glucose (n=14 - 20 per group). Panel B: Fasting
plasma insulin (n=9 - 15 per group). Panel C: Glucose tolerance test (GTT): change in blood glucose and area under the curve (AUC) (n=3 - 5). Panel
D: Insulin tolerance test (ITT): change in blood glucose as percentage to baseline and AUC (n=3 - 5). Panel E: PEPCK and G6Pase mRNA expression in
liver (n=5). *p<<.05 vs. respective diet-matched WT group, #p<.05 vs. KO-Chow. Data are mean = SEM.

doi:10.1371/journal.pone.0082608.g004
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significantly elevated serum corticosterone levels compared to W'T
mice (Fig. 5A).

An additional GC-regulating pathway potentially involved in
obesity is the enzyme 11BHSDI, which regulates intracellular
levels of corticosterone [25]. In fact, increased expression of this
enzyme in adipose tissue promotes adiposity [26], while obesity is
associated with downregulation of its expression, probably as an
attempt to control excess adiposity [27]. Feeding a HFD led to a
significant reduction of 1 1BHSD1 expression in VAT of both WT
and KO mice compared to strain-matched mice on chow (Fig. 5B).
However, downregulation of this enzyme was blunted in VAT of
KO-HFD, resulting in significantly higher levels of 11BHSD]1 in
KO-HFD compared to WI-HFD mice (Fig. 5B).

Thus, the presence of elevated corticosterone and blunted
downregulation of 11BHSDI1 represent additional potential
mechanisms to explain the increased adiposity in ANXAl KO
mice.

Evaluation of VAT inflammation in ANXAT KO mice
Because ANXALI exerts several anti-inflammatory effects [28],
we hypothesized that ANXA1 KO mice would have increased
inflammation in VAT as compared to WT mice. As expected,
feeding a HFD lead to significant elevation in gene expression of
CD68, a marker of macrophage infiltration, and CCL2, a
monocyte-attracting chemokine, in VAT compared to mice on
chow (Fig. 6). However, no significant differences were observed
when comparing KO mice to WT mice on either diet for
expression of either CD68 or CCL2 and no significant diet*strain
interactions were present. Expression of the pro-inflammatory
cytokines IL-6 and IL-1B and the anti-inflammatory cytokine IL-
10 in VAT was comparable among the four groups. Thus, no
significant differences in VAT inflammation were observed

between ANXAI KO and WT mice.

Discussion

In the present study we investigated regulation of ANXALI
expression in VAT of obese mice as well as the role of ANXAI in
modulating adiposity, pathways of glucose and fat metabolism and
inflammation in response to HFD.

Data confirmed the main hypothesis of our study, revealing a
significant increase in adiposity in HFD-fed ANXA1 KO mice
compared to WT mice. The strength of these findings lies in the
use of multiple measures of adiposity, including body composition
by DXA, serum leptin levels and adipocyte size. However, it is
important to note that WT and ANXAI KO mice in the present
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study were not littermates, which could involve differences at
epigenetic and microbiome levels. Our data are in conflict with
results reported by Warne and colleagues [16], who demonstrated
decreased epididymal fat pad mass in male C57BL6 ANXA1 KO
mice on chow diet compared to WT mice. Thus, it will be
important to perform future studies aiming at directly determining
possible strain- and/or sex-differences in the role of ANXAI in
modulating adiposity.

In an attempt to elucidate the mechanisms by which ANXAI
modulates adiposity, we investigated multiple pathways, including
enzymes involved in lipolysis and lipogenesis as well as hormonal
regulation.

We observed upregulation of lipolytic pathways, including
ATGL, HSL and Gal-12, in WT mice on HFD, in agreement with
the published literature using the Balb/c strain [19], suggesting
that Balb/c mice are able to compensate for increased energy
intake by significantly upregulating lipolysis. This mechanism is
lacking in the obesity-prone C57BL6 strain, in which HFD instead
leads to suppressed levels of these proteins [19,29]. Interestingly,
our data indicate the presence of an intermediate phenotype in
Balb/c ANXAl KO mice, in which HFD failed to modulate
ATGL, HSL or Gal-12 in either direction, thus supporting a role
for ANXALI in regulating lipolysis-associated pathways in VAT.

In contrast, ANXAI did not appear to be involved in
modulation of lipogenic pathways in response to HFD, as
demonstrated by lack of differences between WT and KO mice
for expression of FAS, ACC and SREBF1. However, a more
detailed functional analysis of both lipolytic and lipogenic
pathways will be necessary to conclusively demonstrate the
involvement on ANXATI in lipid metabolism and the mechanism
mediating the observed effects.

We also found significantly elevated plasma corticosterone levels
in ANXAI KO mice compared to WT mice on both chow and
HFD. Because chronic exposure to or upregulation of GC leads to
increased adiposity [30], these results suggest that ANXAI
deficiency may promote adiposity through its known role in
modulating the hypothalamus-pituitary-adrenal axis. Moreover,
we demonstrated blunted downregulation of 11BHSDI in
response to HFD in ANXAI KO mice compared to WT mice,
suggesting a role for ANXAI in modulating levels of this enzyme.
Since over-expression of 11BHSD1 leads to increased adiposity,
elevated leptin levels, insulin resistance and hyperlipidemia [26],
while a selective 11BHSD]1 inhibitor prevents adipogenesis [31],
alteration of this pathway by ANXAI represents an additional
potential mechanism to explain the increased adiposity of KO-
HFD mice.

At variance with WT mice, ANXAl KO mice on HFD
developed significant, although mild, fasting hyperglycemia and
hyperinsulinemia — coupled with insulin resistance and glucose
intolerance. Since insulin resistance only occurred in ANXA1 KO
mice on HFD but not on chow, it is likely this phenotype was
secondary to increased adiposity rather than being independently
caused by ANXAI deficiency. Assessing adiposity and insulin
resistance throughout the life-time in future studies will help in
confirming the time sequence in which these metabolic events take
place. Although hyperinsulinemia was previously reported in male
C57BL6 ANXAI KO mice on chow diet [16], in our study chow-
fed female Balb/c ANXAl KO mice only showed a non-
significant trend towards elevated plasma insulin, a discrepancy
likely attributable to strain- and sex-specific differences.

Because ANXAL is an anti-inflammatory protein, one would
expect that deficiency of this gene would lead to development of
increased adipose tissue inflammation in response to HFD.
Surprisingly, no differences in markers of VAT inflammation
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Figure 6. Markers of VAT inflammation in WT and ANXA1 KO mice. Expression of CD68, IL-6, IL-1, CCL2, and IL-10 mRNA in VAT (n=8 - 10).

;p<.05 vs. WT-Chow, #p<.05 vs. KO-Chow. Data are mean * SEM.
doi:10.1371/journal.pone.0082608.g006

were observed when comparing ANXAI KO mice to WT mice.
This is even more remarkable when considering that ANXA1 KO
mice developed increased adiposity and insulin resistance in
response to HFD, which should have been associated with
heightened inflammation. However, it should be noted that mice
of the Balb/c strain develop only minor VAT inflammation in
response to HFD. Therefore, evaluating the effect of ANXAI
deficiency in VAT inflammation in an obesity-prone strain may
generate more conclusive results of the functional association
between ANXAI and metabolic inflammation. In agreement, we
show that HFD-induced upregulation of ANXAT1 expression was
much more pronounced in adipose tissue of obesity-prone
C57BL6 mice compared to Balb/c mice. Elevated expression of
ANXALI in adipose tissue of obese mice parallels the increased
ANXAT expression observed in adipose tissue of obese humans
[12], but contrasts with the attenuated plasma levels of ANXAI
reported in human obesity [13]. It is possible that ANXAL is
sequestered inside the expanding adipose tissue in obesity,
preventing its release into the circulation. In support of this
notion, we observed significantly increased cell-associated AN-
XAlprotein in VAT macrophages of HFD mice, indicating that
increased mRINA expression is paralleled by elevated protein
production. In future studies it will be useful to evaluate adipose

References

1. Haslam D (2007) Obesity: a medical history. Obes Rev 8 Suppl 1: 31-36.

2. de Heredia FP, Gomez-Martinez S, Marcos A (2012) Obesity, inflammation and
the immune system. Proc Nutr Soc 71: 332-338.

3. Blackwell GJ, Carnuccio R, Di Rosa M, Flower RJ, Parente L, et al. (1980)
Macrocortin: a polypeptide causing the anti-phospholipase effect of glucocor-
ticoids. Nature 287: 147-149.

4. Crumpton MJ, Dedman JR (1990) Protein terminology tangle. Nature 345: 212.

5. Geisow MJ (1986) Common domain structure of Ca2+ and lipid-binding
proteins. FEBS Lett 203: 99-103.

6. Geisow MJ, Walker JH, Boustead C, Taylor W (1987) Annexins—new family of
Ca2+-regulated-phospholipid binding protein. Biosci Rep 7: 289-298.

7. Lim LH, Pervaiz S (2007) Annexin 1: the new face of an old molecule. FASEB J
21: 968-975.

8. Patel HB, Kornerup KN, Sampaio AL, D’Acquisto F, Seed MP, et al. (2012)
The impact of endogenous annexin Al on glucocorticoid control of
inflammatory arthritis. Ann Rheum Dis 71: 1872-1880.

9. Vago JP, Nogueira CR, Tavares LP, Soriani FM, Lopes F, et al. (2012) Annexin
Al modulates natural and glucocorticoid-induced resolution of inflammation by
enhancing neutrophil apoptosis. J Leukoc Biol 92: 249-258.

10. Hannon R, Croxtall JD, Getting SJ, Roviezzo F, Yona S, et al. (2003) Aberrant
inflammation and resistance to glucocorticoids in annexin 1-/- mouse. FASEB J
17: 253-255.

11. Ng FS, Wong KY, Guan SP, Mustafa FB, Kajiji TS, et al. (2011) Annexin-1-
deficient mice exhibit spontaneous airway hyperresponsiveness and exacerbated
allergen-specific antibody responses in a mouse model of asthma. Clin Exp
Allergy 41: 1793-1803.

PLOS ONE | www.plosone.org

tissue expression, macrophage-associated protein as well as
circulating levels of ANXATI in parallel.

Conclusion

While female Balb/c mice are resistant to DIO and the
associated insulin resistance, we demonstrate that deficiency of a
single protein, ANXAI, significantly alters the metabolic profile of
this strain towards augmented susceptibility to weight gain. Thus,
we present compelling evidence that ANXAI is an important
regulator of adiposity in mice, possibly through regulation of
lipolysis and/or GC levels.

Acknowledgments

We thank Mauro Perretti for critical insight in reviewing the manuscript.
We also thank Karla J. Castellanos, Ashley Rodriguez and Sofia Sanchez
for technical assistance.

Author Contributions

Conceived and designed the experiments: RTA MP GF. Performed the
experiments: RTA MP JP GF. Analyzed the data: RTA MP GF. Wrote the
paper: RTA GF.

12. Henegar C, Tordjman J, Achard V, Lacasa D, Cremer I, et al. (2008) Adipose
tissue transcriptomic signature highlights the pathological relevance of
extracellular matrix in human obesity. Genome Biol 9: R14.

13. Kosicka A, Cunliffe AD, Mackenzie R, Zariwala MG, Perretti M, et al. (2013)
Attenuation of plasma annexin Al in human obesity. FASEB J 27: 368-378.

14. Ahmed M, Neville MJ, Edelmann M]J, Kessler BM, Karpe F (2010) Proteomic
analysis of human adipose tissue after rosiglitazone treatment shows coordinated
changes to promote glucose uptake. Obesity (Silver Spring) 18: 27-34.

15. Fujimoto S, Mochizuki K, Shimada M, Hori T, Murayama Y, ct al. (2010)
Insulin resistance induced by a high-fat diet is associated with the induction of
genes related to leukocyte activation in rat peripheral leukocytes. Life Sci 87:
679-685.

16. Warne JP, John CD, Christian HC, Morris JF, Flower R]J, et al. (2006) Gene
deletion reveals roles for annexin Al in the regulation of lipolysis and IL-6
release in epididymal adipose tissue. Am J Physiol Endocrinol Metab 291:
E1264-1273.

17. Nishikawa S, Yasoshima A, Doi K, Nakayama H, Uetsuka K (2007)
Involvement of sex, strain and age factors in high fat diet-induced obesity in
C57BL/6] and BALB/cA mice. Exp Anim 56: 263-272.

18. Rhodes DH, Pini M, Castellanos KJ, Montero-Melendez T, Cooper D, et al.
(2013) Adipose tissue-specific modulation of galectin expression in lean and
obese mice: evidence for regulatory function. Obesity (Silver Spring) 21: 310~
319.

19. Marcelin G, Liu SM, Li X, Schwartz GJ, Chua S (2012) Genetic control of
ATGL-mediated lipolysis modulates adipose triglyceride stores in leptin-deficient
mice. J Lipid Res 53: 964-972.

December 2013 | Volume 8 | Issue 12 | 82608



20.

21.

22.

23.

24.

. Rhen T, Cidlowski JA (2005) Antiinflammatory action of glucocorticoids

Schacke H, Docke WD, Asadullah K (2002) Mechanisms involved in the side
effects of glucocorticoids. Pharmacol Ther 96: 23-43.

Loxley HD, Cowell AM, Flower R]J, Buckingham JC (1993) Effects of lipocortin
1 and dexamethasone on the secretion of corticotrophin-releasing factors in the
rat: in vitro and in vivo studies. J Neuroendocrinol 5: 51-61.

Philip JG, John CD, Cover PO, Morris JF, Christian HC, et al. (2001) Opposing
influences of glucocorticoids and interleukin-1beta on the secretion of growth
hormone and ACTH in the rat in vivo: role of hypothalamic annexin 1.
Br J Pharmacol 134: 887-895.

Taylor AD, Christian HC, Morris JF, Flower R]J, Buckingham JC (1997) An
antisense oligodeoxynucleotide to lipocortin 1 reverses the inhibitory actions of
dexamethasone on the release of adrenocorticotropin from rat pituitary tissue in
vitro. Endocrinology 138: 2909-2918.

Taylor AD, Cowell AM, Flower J, Buckingham JC (1993) Lipocortin 1 mediates
an early inhibitory action of glucocorticoids on the secretion of ACTH by the rat
anterior pituitary gland in vitro. Neuroendocrinology 58: 430-439.

new

mechanisms for old drugs. N Engl ] Med 353: 1711-1723.

PLOS ONE | www.plosone.org

Annexin A1 in Obesity

5. Masuzaki H, Paterson J, Shinyama H, Morton NM, Mullins JJ, et al. (2001) A

transgenic model of visceral obesity and the metabolic syndrome. Science 294:

2166-2170.

. Morton NM, Ramage L, Seckl JR (2004) Down-regulation of adipose 11beta-

hydroxysteroid dehydrogenase type 1 by high-fat feeding in mice: a potential
adaptive mechanism counteracting metabolic disease. Endocrinology 145:

2707-2712.

. Perretti M, D’Acquisto F (2009) Annexin Al and glucocorticoids as effectors of

the resolution of inflammation. Nat Rev Immunol 9: 62-70.

. Pang J, Rhodes DH, Pini M, Akasheh RT, Castellanos KJ, et al. (2013)

Increased adiposity, dysregulated glucose metabolism and systemic inflammation
in Galectin-3 KO mice. PLoS One 8: ¢57915.

. Peckett AJ, Wright DC, Riddell MC (2011) The effects of glucocorticoids on

adipose tissue lipid metabolism. Metabolism 60: 1500-1510.

. Bujalska IJ, Gathercole LL, Tomlinson JW, Darimont C, Ermoliefl J, et al.

(2008) A novel selective 11beta-hydroxysteroid dehydrogenase type 1 inhibitor
prevents human adipogenesis. J Endocrinol 197: 297-307.

December 2013 | Volume 8 | Issue 12 | 82608



