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Abstract

BACKGROUND: Obesity increases the risk for human abdominal aortic aneurysms (AAA)
and enhances angiotensin 1l (Angll)-induced AAA formation in C57BL/6J mice. Obesity is also
associated with increases in perivascular fat that expresses pro-inflammatory markers including
serum amyloid A (SAA). We previously reported that deficiency of SAA significantly reduces
Angll-induced inflammation and AAA in hyperlipidemic apoE-deficient mice. In this study we
investigated whether adipose tissue-derived SAA plays a role in Angll-induced AAA in obese
C57BL/6J mice.

METHODS: The development of AAA was compared between male C57BL/6J mice (WT),
C57BL/6J mice lacking SAAL.1, SAA2.1, and SAA3 (TKO); and TKO mice harboring a
doxycycline-inducible, adipocyte-specific SAA1.1 transgene (TKO-Tgfat: SAA expressed onlyin
fat). All mice were fed an obesogenic diet and doxycycline to induce SAA transgene expression,
and infused with Angll to induce AAA.

RESULTS: In response to Angll infusion, SAA expression was significantly increased in
perivascular fat of obese C57BL/6J mice. Maximal luminal diameters of the abdominal aorta were
determined by ultrasound before and after Angll infusion, which indicated a significant increase
in aortic luminal diameters in WT and TKO-TGfet mice but not in TKO mice. Adipocyte-specific
SAA expression was associated with matrix metalloproteinase (MMP) activity and macrophage
infiltration in abdominal aortas of Angll-infused obese mice.

CONCLUSIONS: We demonstrate for the first time that SAA deficiency protects obese
C57BL/6J mice from Angll-induced AAA. SAA expression only in adipocytes is sufficient to
cause AAA in obese mice infused with AnglI.

Graphical Abstract
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PVAT expansion with HFD
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INTRODUCTION

Abdominal aortic aneurysms (AAA) are a vascular disease that affects 4-9% of the adult
male population and accounts for at least 15,000 deaths per year in the United States alone.!
The disease is typically asymptomatic, and its first presentation may be catastrophic rupture
with high mortality. Unfortunately, despite decades of research, there are no treatments

for this disease other than surgical procedures to replace or reinforce the dilated aortic
segment.2 Therefore, it is crucial to elucidate the mechanisms involved in the development
and progression of the disease.

AAA has been classified as a vascular matrix degenerative disease that involves the dilation
and thinning of the artery wall in the abdominal segment of the aorta.3 4 Macrophage
infiltration, inflammatory cytokine release and matrix metalloproteinase (MMP) activation
are thought to be important factors resulting in the medial injury and adventitial
inflammation ultimately leading to the aneurysmal dilation of the aorta in AAA.> 6
Population based studies indicate an association between AAA formation and increased
body weight.”- & Obesity increases the risk of cardiovascular related mortality and is a risk
factor for the development of AAA in humans® as well as in mice.19 Although the link
between obesity and AAA is known, the molecular and cellular mechanisms for this link
are poorly understood. There is a significant amount of perivascular adipose tissue (PVAT)
accumulation surrounding the aorta, and the incidence of AAA correlates to the quantity
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of PVAT.11 PVAT is believed to regulate vascular biology in paracrine ways due to its
anatomical proximity to the vascular wall.12 PVAT expands in obesity and can interact with
inflammatory cells and vascular cells to promote vascular diseases.13

Many laboratories have shown that infusion of angiotensin 11 (Angll) to
hypercholesterolemic mice results in AAA formation.1# 15 Male sex and obesity are risk
factors for human AAA, as well as for Angll-induced AAA in mice.19.16.17 Mice with
either diet-induced or genetic obesity exhibited markedly increased inflammation in PVAT
surrounding abdominal aortas and enhanced AAA formation in an Angll-induced AAA 10
Obesity-driven AAA in this model was independent of serum cholesterol concentrations,
lipoprotein distributions, changes in insulin sensitivity, and blood pressure responses to
Angl1.20 In contrast, regional differences in peri-aortic adipocytes and their differential
ability to promote chemokine release, macrophage infiltration and pro-inflammatory
cytokine expression was related to enhanced AAA risk in obesity.10

Acute phase serum amyloid A (SAA) is a family of secreted proteins whose concentration
in the plasma increases 1000-fold or more during a systemic inflammatory response. SAA
is also persistently elevated in chronic inflammatory conditions such as diabetes,8: 19
obesity,18: 20 rheumatoid arthritis,?! and others. The acute phase SAAs include SAA1 and
SAA2 (SAAL.1 and SAA2.1 in mice), and in mice but not humans, SAA3 is an acute phase
SAAZ22 (in humans the SAA3 gene encodes a premature stop codon and is not expressed). A
wealth of epidemiological data links SAA with cardiovascular disease and increased SAA is
associated with cardiovascular disease mortality.3 23-25 While the liver is the major source
of SAA during an acute phase response, SAA may also be produced in adipose tissues and
its expression increases with obesity and decreases with weight loss.2% Indeed, adipocytes
are thought to be a predominant source of local and even systemic SAA in the setting of
obesity.29: 26 The increased expression of SAA by adipocytes in obesity potentially acts as
a direct link between obesity and its comorbidities, including diabetes and cardiovascular
diseases.2 The goal of the current study was to determine if the expression of SAA in
adipose tissue contributes to the increased AAA observed in obesity.

MATERIALS AND METHODS

Animals

The data that support the findings of this study are available from the corresponding author
upon reasonable request. Details on animals and antibodies are provided in the Major
Resource Table.

All mice used in this study are in the C57BL/6J background. Mice deficient in SAA1.1,
SAA2.1 and SAA3 (TKO) were generously provided by Drs. June-Yong Lee and Dan
Littman, New York University.27- 28 SAA transgenic mice encoding an SAA transgene
regulated by a tetracycline-responsive promoter were generously provided by Dr. Paul
Simon (University College London),2? and crossed with TKO mice. The transgenic mice in
the TKO background were then crossed with mice expressing reverse tetracycline-controlled
transactivator (rtTA) under control of the adipocyte-specific adiponectin promoter3 (AP-
rtTA; gift from Dr. Philip Scherer, University of Texas Southwestern Medical Center),
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which were also previously bred to the TKO background. Thus, the resulting strain
(designated TKO-Tg"™%) exhibit highly inducible SAA expression only in adipose tissues
upon administration of doxycycline. Littermate AP-rtTA mice lacking the SAA transgene
are designated “TKO” for simplicity throughout the text. All procedures involving animals
were approved by the Institutional Animal Care and Use Committees at the University of
Kentucky and/or the Lexington Veterans Affairs Medical Center.

Animal Treatments

12-15 week-old male C57BL/6J mice (WT), TKO and TKO-TGt mice were fed an
obesogenic diet (60% kcal from fat; D12492, Research diets) for 12 or 14 weeks, as
indicated. For the 14-week AAA study, mice (n=12-15/genotype) were provided water
containing 0.4 mg/ml doxycycline (Sigma D 9891) and 5% sucrose ad /ibitum for the last 6
weeks to induce SAA transgene expression. All experiments were performed on male mice
as they develop aneurysms at a significantly higher incidence than female mice, similar to
the clinical observation that AAAs predominantly affect men.31 The mice were infused with
Angll (1000 ng/kg/min; 4006473, BACHEM) via Alzet osmotic minipumps (model 2004;
Durect Corporation) for the last 4 weeks to induce AAA. Body weight was measured weekly
and body composition was measured by NMR spectroscopy (Echo MRI). All mice that died
during the course of Angll infusion underwent necropsy to confirm that cause of death was
due to aortic rupture.

Quantification of AAA

Ultrasound measurements were performed in mice before and after 28 days of Angll
infusion. Abdominal aortas were visualized in mice anesthetized with 2% v/v Isofluorane
with medical grade oxygen (Butler Schein) using high frequency ultrasound (US) (Vevo
660; VisualSonics) as described previously.32 Briefly, anesthetized mice were restrained

in a supine position for ultrasonography, and short axis scans of abdominal aortas from

the level of the left renal arterial branch moving vertically to the suprarenal region were
obtained. Cine loops of 100 frames were acquired throughout the renal region of abdominal
aortas. Maximal luminal diameter and area measurements were determined by two different
observers blinded to groups. AAA incidence in treatment groups was defined as the sum of
the number of mice that died from aortic rupture plus the number of mice that showed 50%
or greater increase in maximal luminal diameter of the abdominal aorta after 28-day Angll
infusion compared to baseline.

Human Magnetic Resonance Imaging (MRI)

MRI of the visceral cavity of lean and obese individuals (anonymized images; IRB exempt)
were visualized by T1 weighed spoiled 3D gradient echo Dixon fat image with VIBE
DIXON in an axial cut through the abdominal aorta.

Plasma SAA measurements

Plasma SAA concentrations were determined using a mouse SAA ELISA kit (cat no TP
802M, Tridelta Development Ltd).
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Plasma cholesterol measurements

Plasma cholesterol concentrations were measured using enzymatic kits (Wako Chemicals).

Immunohistochemistry (IHC)

Immunohistochemistry was performed as described previously.33 Briefly, sequential
paraffin-embedded sections of aortae (5 um thick) were collected and mounted on
microscope slides. Paraffin sections were deparaffinized and rehydrated through standard
procedures. After antigen retrieval using Target Retrieval solution citrate buffer, pH6.0
(52369, Dako) and quenching of endogenous peroxidase activity using 3% H,0,, sections
were blocked in normal blocking serum which was prepared from the species in which

the secondary antibody was made. After blocking endogenous biotin using Avidin/Biotin
blocking kit (SP-Z001,Vector Laboratories), sections were incubated with rabbit anti-
mouse SAA33 (1:500 dilution) overnight at 4°C, followed by biotinylated secondary
antibody for 1 h at room temperature. Using ABC system (PK-6101,\Vector Laboratories),
and DAB detection system (K3468, Dako North America Inc), signals were detected.

For immunofluorescence staining, aortae were frozen in Optimal Cutting Temperature
compound (4583,0CT; Tissue-Tek) and 8 um thick sections down the length of the aorta
were mounted on glass slides. All tissue sections were subjected to identical processing at
the same time to allow for direct comparison. Sections were fixed in 4% paraformaldehyde
for 30 min and treated with 0.1% Triton X-100 in PBS for 15 min. After blocking in

1% BSA/PBS at room temperature for 2 hr, slides were incubated overnight at 4°C with

a combination of rabbit anti-mouse SAA (1:200; ab199030, Abcam) and rat anti-mouse
CD68 (1:200; ab53444, Abcam). After washes with PBS, SAA was detected using Alexa
Fluor 568-labeled goat anti-rabbit IgG (1:200; A11011, Thermo Fischer Scientific) and
CD68 was detected using Alexa Fluor 488-labeled goat anti-rat 19G (1:200; A11006,
Thermo Fischer Scientific). Slides were mounted using fluorescence-protecting medium
containing DAPI (Vectashield; Vector Laboratories). Images were captured by fluorescence
microscopy (Nikon Eclipse 80i microscope, Nikon Instruments) and quantified using Nikon
NIS-elements software.

For elastin staining, OCT-embedded sections were fixed in 10% formalin and treated
according to manufacturer’s instructions (Elastic Stain Kit, HT25A1KT, Thermo Fisher
Scientific). Images were captured on a Nikon ECLIPSE 80i microscope with the aid of
NIS-Elements BR 4.00.08 software.

In situ zymography

In situ zymography was performed as described earlier.33 Briefly, OCT-embedded
abdominal aorta sections, adjacent to those used for IHC (see above), were incubated

with 20 pg/ml DQ gelatin fluorescein conjugate for 2 h at 37°C according to kit

instructions (EnzChek Gelatinase/Collagenase Assay Kit, E-12055, Molecular Probes, Inc).
The fluorescence generated by hydrolysis of the added substrate was recorded by an
Olympus 1X70 microscope equipped with Olympus DP70 digital camera. The general MMP
inhibitor 1,10-phenanthroline, 20 mmol/L, was used to define non-specific fluorescence
(33510, Sigma-Aldrich).
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Adipocyte area measurement

Epididymal fat was collected and fixed in 10% formalin, paraffin embedded, cut into 5
um sections, and stained with hematoxylin (Vector Laboratories, Burlingame, CA, USA).
Average adipocyte area was determined from 4 randomly chosen frames from 4 adipose
tissue sections of 4 mice of each group using Nikon NIS-elements software.

RNA isolation and quantitative RT-PCR

Total RNA was isolated from mouse adipose tissues according to the manufacturer’s
instructions (RNeasy® Mini Kit, 74106, Qiagen). RNA samples were incubated with DNase
I (79254, Qiagen) for 15 min at RT prior to reverse transcription. Adipose tissue RNA (0.5
ug) was reverse transcribed into cDNA using the Reverse Transcription System (4368814,
Applied Biosystems). After 4-fold dilution, 5 pl was used as a template for real-time
RT-PCR. Amplification was done for 40 cycles using Power SYBR Green PCR master

Mix Kit (4367659, Applied Biosystems). Quantification of mMRNA was performed using the
AACT method and normalized to GAPDH. Primer sequences will be provided on request.

Western blotting

Liver and adipose tissue homogenates were prepared by homogenizing tissues (50-100

mg) in RIPA buffer (R0278,Sigma) containing protease inhibitor cocktail (88665, Thermo
Fisher). Aliquots corresponding to 25 pg of protein were separated on a 4-20%
polyacrylamide gradient gel (5671095, Bio-Rad) and immunoblotted with anti-SAA primary
antibody (1 ng/ml, ab199030, Abcam). The secondary antibody (anti-rabbit antibody;
1:10,000 dilution; ab205718) was from Abcam. For loading controls, liver and adipose
tissue lysates/membranes were immunoblotted with anti-g actin primary antibody (1 : 2000;
Sigma, A5441) and anti-mouse secondary antibody (1:10,000 dilution; Sigma, A-4416).

Statistical analyses

Statistical analyses were performed using either SigmaPlot software (Version 14.0) or
GraphPad Prism 8. Normality and homogeneous variation were tested in all continuous
variables by Shapiro-Wilk and Brown-Forsythe tests, respectively. Since the non-repeated
continuous data did not pass either test, all data were analyzed using non-parametric
methods. For two-group comparisons, Mann-Whitney U test was performed. To compare
multiple groups, Kruskal-Wallis one-way ANOVA on Ranks followed by Dunn’s method
was used. For multiple groups with repeated measures, two-way repeated measures ANOVA
followed by Bonferroni post hoc analysis. For multiple groups with two factors, two-
way ANOVA with Sidak multiple comparisons test was used. P < 0.05 was considered
statistically significant. Fisher’s exact test was applied to the comparisons of AAA
incidence.

RESULTS

Perivascular adipose tissue is increased in obesity and expresses SAA

MRI of the abdomen of humans shows negligible adipose tissue mass surrounding the
aorta of a lean individual, however there is considerable accumulation of adipose tissues
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surrounding the aorta of an obese individual (Figure 1A). Notably, PVAT mass of C57BL/6J
mice fed an obesogenic diet for 12 weeks was significantly heavier than that of mice fed

a standard diet for the same period of time (Figure S1), consistent with previous reports
addressing the impact of an obesogenic diet on PVAT mass in mice.13 PVAT from obese
C57BL/6J mice infused either with saline or Angll for 28 days was analyzed for SAA
expression by IHC and qRT-PCR. SAA immunostaining was more pronounced in the PVAT
surrounding the abdominal aortas of Angll-infused mice compared to saline-infused controls
(Figure 1B), and there was a significant 4.5-fold increase in SAA1.1/2.1 mRNA abundance
in the PVAT of obese mice infused with Angll compared to saline (Figure 1C). There was

a ~ 3-fold increase in SAA3 mRNA abundance in the PVAT of obese mice infused with
Angll compared to saline (Figure 1C). Thus, one consequence of Angll infusion in obese
mice is an increase in SAA expression in PVAT surrounding the abdominal aorta, a region
susceptible to dilation and AAA formation.

TKO-Tgf@t mice exhibit adipose tissue-specific SAA expression

To investigate whether adipose-derived SAA contributes to the formation of AAA,
transgenic mice expressing SAA only in adipose tissue when given doxycycline in the
drinking water were generated as described in Materials and Methods (TKO-Tg™t mice).
Littermate mice lacking the SAA transgene and also administered doxycycline were used as
control in our studies (TKO mice). Male C57BL/6J (WT), TKO, and TKO-Tgfa mice were
fed an obesogenic diet for 14 weeks to induce obesity. All mice were given doxycycline (0.4
mg/ml) in drinking water during the last 6 weeks of obesogenic diet and infused with Angll
(1000 ng/kg/min) during the last 4 weeks (starting 2 weeks after the doxycycline treatment;
Fig. 2A). At the end of the study, SAAL.1 expression was significantly higher in PVAT of
TKO-Tgfa mice compared to WT (Figure 2B). Consistent with lack of endogenous SAAs in
TKO mice, SAA3 mRNA was only detected in PVAT from WT mice (Figure 2B). SAA1.1
expression was also significantly increased in other adipose tissue depots of TKO-Tgat
mice compared to WT mice (expression in gonadal adipose tissues shown in Figure S2).
Immunoblot analysis of adipose and liver extracts confirmed SAA protein expression in
adipose tissues, but not liver, of TKO-Tg™ mice (Figure 2C). In WT mice, relatively
modest SAA expression was detected in both adipose tissue and liver as expected (Figure
2C). Plasma SAA levels were significantly higher in the WT mice compared to TKO-Tgfat
mice (113 + 22 pg/ml vs 27.6 + 6 pg/ml; Figure 2D), despite higher adipose tissue SAA
expression in TKO-Tgf mice (compare Figure 2B and 2C with 2D). As expected, SAA was
not detected in the adipose tissues, liver or plasma of TKO mice (Figure 2C and D). Taken
together, our results suggest that relative to WT mice which express moderate amounts of
SAA in both hepatic and adipose tissues, TKO-Tg™! mice express SAA only in adipose
tissue, which despite very high levels does not significantly contribute to the systemic pool.

Adipocyte-specific SAA overexpression in obese mice does not affect body weight,
body composition, plasma cholesterol levels, or inflammatory markers compared to SAA-
deficient mice

There was no significant difference in body weights between TKO and TKO-Tgfet mice
during the 14-week study. However, the WT mice gained less weight compared to TKO
and TKO-Tg"™! mice in response to obesogenic diet feeding (Figure 3A). Thus, in the
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TKO background, in the absence of endogenous SAA, the presence or absence of SAA in
adipose tissues did not impact diet-induced weight gain. All groups lost weight following
pump implantation as previously observed in the Angll infusion model,27 but weight loss
did not differ amongst groups. Transgenic overexpression of SAA in adipose tissues did
not significantly change percentage body fat mass (40.3 + 1.0%) or lean mass (56.9 £
0.9%) compared to TKO mice (39.2 + 2.5 % fat and 58.0 + 2.4 % lean) as determined

by EchoMRI after 10 weeks of diet, although there was a modest but significant increase

in percentage body fat content in both TKO mice and TKO-Tgf mice compared to the
WT mice (32.3 £ 1.3; Figure 3B). Average adipocyte size measured in gonadal adipose
tissue was not significantly different among the three groups of mice, although there was

a trend for decreased average adipocyte size in WT mice compared to TKO mice and
TKO-Tg™ mice (Figure 3C). There were no apparent differences in the expression of UCP1
or perilipinl protein, markers of brown/beige and white adipocytes respectively, in the
adipose tissues of the three groups of mice (Figure S3A-C). Consistently, UCP-1 mRNA
levels did not significantly differ among the adipose tissues of the three groups of mice
(Figure S3D). Adipose tissue adiponectin and leptin mMRNA expression levels were not
significantly different amongst groups (Figure S3E and F). However, plasma adiponectin
levels were significantly lower in TKO-Tg™! mice compared to WT and TKO mice (Figure
S3G). Plasma leptin levels were not significantly different among the three groups of mice
(Figure S3H). The expression of matrix metalloproteinases, MMP2, MMP9 and MMP12
(Figure S4A-C) as well as pro-inflammatory markers TNFa., IL1B, F4/80, MCP-1 and IL-6
and anti-inflammatory markers arginase and IL-10 mRNAs in PVAT were not significantly
different among the three groups of mice (Figure S5A-G). Plasma IL-6 levels were also not
significantly different for the three strains (Figure S5H). IL-1p and TNFa were undetectable
in plasma of all groups. Plasma total cholesterol levels were not significantly different
among the three strains of mice at the end of the study (Figure 3D).

Adipocyte-derived SAA restores obesity-accelerated AAA in TKO mice

AAA incidence and severity was assessed in obese WT, TKO, and TKO-Tgfa! mice infused
with Angll for 28 days. Mice that died during the Angll infusion were necropsied to
determine cause of death. The incidence of death due to aortic rupture was similar for all
groups (2/14, 3/14 and 3/13 in WT, TKO and TKO-Tg mice respectively; Figure 4A),

and all deaths were due to aortic rupture. AAA development was assessed in surviving

mice by measuring the maximal luminal diameter of abdominal aortas before and after 28
days of Angll infusion using in vivo ultrasound. Before Angll infusion, luminal diameters
were not significantly different in WT (1.18 £ 0.03 mm; n=14), TKO (1.14 £ 0.032 mm;
n=14) and TKO-Tgfat (1.14 + 0.04 mm; n=13) mice. Angl! infusion led to a significant
increase in diameter of the abdominal aorta in WT (1.51 + 0.13; p<0.05) and TKO-Tgfat
mice (1.52 £ 0.13; p<0.05) but not TKO mice (1.29 + 0.07) (Figure 4B), indicating that
deficiency of SAA protected against AAA development and that the expression of SAA only
in adipose tissue was sufficient to restore Angll-induced AAA. The maximal external aortic
diameter measured ex vivo had a similar trend and averaged 1.53 = 0.15 mm, 1.30 £ 0.15
mm and 1.52 + 0.21 mm for WT, TKO and TKO-Tg"™ mice respectively. The overall AAA
incidence, calculated as the sum of the number of mice that died from aortic rupture plus
the number of mice showing more than 50% dilation in luminal diameter after 28-day Anglli
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infusion, was lower in TKO mice (14.3%) compared to WT mice (28.6%) and TKO-Tg"
mice (53.8%; Fig. 4A) but did not reach statistical significance. The overall AAA incidence
was 25% higher in TKO-Tg mice compared to the WT mice, however the difference was
not statistically significant (Figure 4A). A representative image from each group is shown in
Figure 4C (the maximal aortic luminal diameter of the representative mouse imaged in each
group is indicated by the red circle in Figure 4B).

Adipocyte-specific SAA co-localizes with matrix metalloproteinase (MMP) activity and
macrophage infiltration in abdominal aortas of Angll-infused obese mice

AAA tissue sections (the maximal aortic diameter of the mouse imaged in each group is
indicated by the green circle in Figure 4B) were examined for elastin breaks, macrophage
infiltration and MMP activity, well-documented features of AAA.34 Consistent with the
presence or absence of AAA, Angll infusion resulted in elastin breaks in WT (Figure 5A,
asterisk) and TKO-Tgfat (Figure 5C, asterisk) mice, but not in TKO mice (Figure 5B). In
WT mice, regions containing elastin breaks were distinguished by intense MMP activity
visualized by /n situ zymography (green fluorescence) and prominent macrophage (green
fluorescence) and SAA (red fluorescence) immunoreactivity. In addition to the medial
region, SAA immunostaining was also detected to a lesser extent in periaortic fat of WT
mice. In TKO-Tgf mice, regions of elastin breaks similarly contained pronounced MMP
activity and macrophage immunoreactivity (Figure 5C), but SAA immunoreactivity was
detected mainly in the surrounding adipose tissue and not in the aortic wall (Figure 5C).
MMP activity and macrophage immunostaining was less pronounced in TKO mice as
expected, as there was not an AAA. Immunostaining with the anti-SAA antibody produced
only faint and diffuse background reactivity in TKO mice, demonstrating the specificity of
SAA immunostaining (Figure 5B).

DISCUSSION

Identifying the mechanisms underlying AAA formation and progression is critical for the
development of therapeutics that inhibit their expansion. Currently there is no effective drug
therapy available for preventing aneurysm progression or rupture. Recent studies suggested
that targeting dysfunctional adipose tissue surrounding the vascular wall might be a useful
strategy to prevent AAA rupture.1” Excessive accumulation of inflamed, dysfunctional
PVAT has been proposed to be a major risk factor for endothelial dysfunction and vascular
diseases such as atherosclerosis and AAA.35

The current study expands results from our previous report that SAA is essential for the
development of Angll-induced AAA formation in hyperlipidemic apoE ™~ mice.33 The
major findings of the present study are that obesity-accelerated AAA in normolipidemic
mice is significantly reduced in the absence of total body SAA expression, and SAA
expression only in adipose tissues is sufficient to trigger the development of AAA in the
setting of obesity. Obesity generates a state of low-grade inflammation characterized by an
increase in the infiltration of macrophages and inflammatory factors in adipose tissues.36-38
PVAT exhibits inflammation similar to other white adipose depots with obesity.10: 39.40 Qyr
study is consistent with other studies3® 40 in demonstrating that obesity increases the size of
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PVAT. Although SAA is thought to be primarily produced by the liver during an acute phase
response, adipocytes become the predominant source of SAA with obesity,20 26 and here
we show that Angll infusion further increases SAA expression in periaortic adipose tissue
of obese mice. In obese TKO-Tgf@ mice that express SAA only in adipose tissues, plasma
SAA levels were modest and did not reach the levels observed in obese WT mice after Angll
infusion (Figure 2D). On the other hand, the expression of SAA in adipose tissues was
dramatically higher in the TKO-Tgfet mice compared to the WT mice (Figure 2C). Thus, it
appears that SAA expression in adipose tissue is sufficient to exacerbate the development

of obesity-driven AAA. “However, while there was an ~80x increase in SAAL.1 levels in
the PVAT of TKO-Tg"™ mice compared to the WT mice, this increase did not produce an
additional increase in aortic diameter (Figure 4B). The lack of further AAA expansion in
TKO-Tg™ mice compared to WT may reflect either a threshold effect, or contributions of
systemic SAA in WT mice on AAA progression in addition to adipose tissue-derived SAA.”
Although a role for other adipose tissue depots cannot be ruled out, PVAT surrounding the
abdominal aorta seems to be the most likely source of SAA that enhanced AAA in our
studies, given the low levels of circulating SAA in obese TKO-Tgfat mice.

Whether liver-derived systemic SAA can act on the vasculature to exacerbate AAA requires
further study. We have determined, for example, that one consequence of Angll infusion

in hyperlipidemic mice is upregulation of SAA in the liver and increased plasma SAA.
Ongoing studies in our laboratory are investigating whether liver-derived SAA is sufficient
for Angll-induced AAA in hyperlipidemic mice.

Our data provides some insights into mechanisms by which SAA contributes to AnglI-
induced AAA in obese mice. There were no significant differences in plasma cholesterol

in WT, TKO, and TKO-Tg"™ mice, indicating that adipose-derived SAA’s effect on AAA
was not driven by inducing hyperlipidemia. There were modest but significant differences in
body weight gain and percentage fat between WT and TKO and between WT and TKO-Tgfat
mice (Figure 3A and B); however TKO and TKO-Tgfa mice did not show any difference

in body weight gain or fat content, despite the differences in AAA formation between

these groups. SAA is known to promote inflammation by acting as a chemokine and

by upregulating inflammatory mediators, including MMPs,#1-44 that have been implicated
in AAA.34 MMP activities, macrophages and elastin breaks appeared to be absent in
abdominal aortas of Angll-infused TKO mice lacking SAA, whereas those were readily
detectable in WT and transgenic mice with adipocyte-specific SAA expression (Figure 5).
These data are in line with our previous study in hyperlipidemic mice.33 It is notable

that the low rupture rate (~14-23%) was similar for the three strains of mice with AnglI
infusion, despite significantly increased dilation of the abdominal aorta of surviving WT
and TKO-Tg mice compared to TKO mice at the end of the 28-day infusion (Figure

4A). Ex vivo observation of thoracic regions of the aortas in these mice did not indicate
any overt differences in appearance among the three strains of mice. Further studies are
needed to investigate the interesting possibility that SAA plays little/no role in the initiating
events leading to AAA rupture, but contributes to pathological remodeling during AAA
progression.
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In TKO-Tg™ mice, SAA staining appeared to be visible primarily in PVAT surrounding
AAA tissue, with little/no evidence of SAA in the media. Thus, the enhanced AAA
formation in TKO-Tgf@ mice does not appear to be the result of the direct action of SAA on
vascular cells, but possibly by indirect signaling events triggered by adipocyte-derived SAA.
In contrast, sections from WT mice revealed co-localization of SAA with macrophages in
AAA tissue (Figure 5, panel A). Whether this SAA is deposited from the circulation or
expressed by infiltrating macrophages is not currently known. The exact mechanism of how
SAA in adipocytes signals to enhance macrophage infiltration and MMP activities in the
adjacent aorta remains to be established. The increased MMP activity in obese TKO-Tgfat
mice could be mediated at least in part by the increased macrophage content. In our earlier
study?” in hyperlipidemic apoE-deficient mice, we showed that whole-body deficiency of
SAA was associated with significantly blunted MMP-2 expression and activity in abdominal
aortas of Angll-infused mice, and concluded that SAA mediates Angll-induced AAA in part
by promoting elastin degradation.33 There was a significant reduction in plasma adiponectin
levels in TKO-Tg™ compared to both WT and TKO mice consistent with the previous
reports that there is an inverse relationship between SAA and adiponectin expression.42: 46
Adiponectin suppresses AAA formation in apoE-deficient hyperlipidemic mice.?’ Whether
adiponectin plays any role in SAA-mediated AAA formation in the current study needs to be
investigated. There were no significant changes in adipocyte size and leptin levels amongst
the groups of mice. It is unclear at this point whether the mechanisms by which SAA
regulates hyperlipidemia-induced AAA are different or the same as that of obesity-induced
AAA.

In summary, we demonstrated that TKO mice are strikingly protected against the
development of Angll-induced AAA in obese mice, indicating that SAA is required for
AAA formation in the setting of obesity. SAA expression only in adipose tissue, despite
very low systemic circulating levels, is sufficient to induce AAA to a similar extent as
seen in obese WT mice. This implies that SAA is exerting paracrine effects, and that the
accumulation of perivascular fat in obesity may be a direct cause of AAA. Studies to
evaluate whether the suppression of SAA either systemically, or in perivascular adipose
tissues, can attenuate AAA progression are urgently needed.
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Nonstandard Abbreviations and Acronyms

AAA abdominal aortic aneurysm

Angll angiotensin 11

SAA serum amyloid A

PVAT perivascular adipose tissue

MMP matrix metalloproteinase

IHC immunohistochemistry
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HIGHLIGHTS

. Serum amyloid A (SAA) expression in adipose tissues increases in mice
infused with angiotensin 11 (Angll).

. Deficiency of all the inducible SAA isoforms protects obese mice from the
development of Angll-induced abdominal aortic aneurysms (AAA).

. Expression of SAA only in adipose tissues drives the development of AAA in
obese C57BL/6J mice.

. Adipose tissue-derived SAA augments the development of AAA, possibly by
recruiting macrophages and increasing matrix metalloproteinase activity in
the abdominal aorta.
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Figurel.

Perivascular fat is increased in obesity and expresses SAA. (A) Cross-section MRI images
of the visceral cavity reveals profound increase in adipose tissue mass surrounding the aorta
(*aorta) in obese compared to lean individual. Peri-aortic fat is indicated by the arrows. The
panel on the left is from a 51 year old male weighing 65.6 kg and the right panel from a

51 year old male weighing 135 kg. (B) SAA immunostaining in perivascular tissue in obese
C57BL/6J male mice infused with saline or Angll, shown at 4x (upper panel), scale bar
=200 pm and 20x (lower panel), scale bar = 50 um. The imageses are representative of
three sections from two mice treated with either saline or Angll (C) SAA 1.1/2.1 and SAA3
mRNA abundance in perivascular adipose tissue from saline and Angll-infused obese mice
(n=3-6 mice/group). Data are mean +SEM; Statistical tests used: Mann-Whitney test.
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Figure 2.
TKO-Tg"t mice exhibit adipose tissue-specific SAA expression. (A) Study design: three

groups of 12-15 weeks old male mice (WT, TKO and TKO-TgFat) were fed obesogenic
diet (HFD) for a total of 14 weeks. For the last 6 weeks all mice were given doxycycline-
supplemented water (0.4 mg/ml in 5% sucrose water) to induce transgenic fat-specific
overexpression of SAAL.1 in TKO-TgFa mice. All mice were infused with Angll (1000
ng/kg bodyweight/min) for the last 4 weeks and mice were killed at the end of 14 weeks.
(B) SAAL.1 and SAA3 mRNA abundance in peri-aortic adipose tissues from Angll-infused
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obese WT, TKO and TKO-Tgfat mice. (C) Adipose tissue and liver lysates (50 pg protein/
lane) obtained from obese WT, TKO, and TKO-Tg"! mice at the end of the study were
immunoblotted for SAA (top panel) and B-actin as loading control (bottom panel). +C

is a positive control of 44 ng lipid-free SAA. (D) SAA levels in plasma collected from
Angll-infused obese WT, TKO, and TKO-Tgfa mice were determined by ELISA. Data are
mean +SEM. Statistical tests used: Mann-Whitney test for (B); Kruskal-Wallis test (D).
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Figure 3.

Adipocyte-specific SAA overexpression in obese mice does not affect body weight, body
composition, adipocyte morphology or plasma cholesterol levels when compared to SAA-
deficient mice. (A) Body weights during the course of obesogenic diet feeding. The arrow
indicates the start of Angll infusion. Data are mean £SEM; n=13-15; *= P < 0.05 difference
between WT and TKO-Tg™t; #= P < 0.05 difference between WT and TKO; (B) Percentage
of lean (filled) and fat (open) mass of the experimental mice after 8 weeks of obesogenic
diet feeding as determined by EchoMRI. Data are mean £SEM n=13-15. (C) HE stained
sections from gonadal adipose tissue of WT, TKO and TKO-Tgfet shown at 20x, scale bar
=50 um. Average adipocyte area was determined from 4 randomly chosen frames from

4 adipose tissue sections of 4 mice of each group. (D) Plasma total cholesterol levels in
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individual mice after 10 weeks of obesogenic diet feeding and 2 weeks of doxycycline
administration. Two-way repeated measures ANOVA followed by Bonferroni post hoc
analysis was used for statistics in A; Kruskal-Wallis one-way ANOVA on Ranks followed by
Dunn’s method and Sidak’s multiple comparison test were used in B and C respectively.
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Figure 4.
Expression of SAA only in adipose tissues restores Angll-induced AAA in obese TKO

mice. (A) Mice that died during the study due to aortic rupture are represented by the solid
black sections of the bars; surviving mice that developed AAA, defined as a >50% increase
in luminal diameter of the abdominal aorta, are indicated by the slashed region of the

bars. (B) Abdominal aortas were assessed by /in vivo ultrasound before (open symbols) and
after Angll infusion (filled symbols) to determine maximal luminal diameters in individual
mice. Data are mean £SEM. (C) Representative ex vivo images of aortas from WT, TKO
and TKO-Tgfat mice are shown. The maximal luminal diameter for the corresponding ex
vivo images are shown by pink circles in (B). The maximal luminal diameter for the
corresponding immunofluorescence images in Fig.5 are shown by green circles in (B).
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Fischer’s exact test was applied to the comparisons of AAA incidence in A; Statistical
significance was evaluated using two-way ANOVA with Sidak multiple comparison test in
B.
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Figure 5.
Expression of SAA only in adipocytes increases matrix metalloproteinase (MMP) activity

and macrophages in the medial region of abdominal aortas in Angll-infused obese mice.
Sections showing the AAA and surrounding perivascular fat from WT (A), TKO (B)

and TKO-Tgfet (C) mice were processed as described in Methods to detect elastin fibers
(black staining, elastin breaks are indicated by *), MMP activity (green fluorescence),
macrophages (green fluorescence), and SAA (red fluorescence), as indicated. For /n situ
zymography and immunostaining, nuclei were identified using DAPI (blue fluorescence).
Images photographed under 4x and 20x objective magnification are shown; scale bar in 4x
image is 200 um, scale bar in 20x image is 50 um. For WT and TKO-Tg mice, eighteen
sections from individual mouse (maximal luminal diameter of the corresponding mouse in
each group is indicated by green circles in Fig. 4B) were processed to identify regions of
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elastin breaks; the corresponding region of the abdominal aorta from a representative TKO
mouse is shown for comparison.
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