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Increasing evidence points to the fact that defects in the

resolution of inflammatory pathways predisposes indi-

viduals to the development of chronic inflammatory dis-

eases, including diabetic complications such as accelerated

atherosclerosis. The resolution of inflammation is dynam-

ically regulated by the production of endogenous modu-

lators of inflammation, including lipoxin A4 (LXA4). Here,

we explored the therapeutic potential of LXA4 and a syn-

thetic LX analog (Benzo-LXA4) to modulate diabetic com-

plications in the streptozotocin-induced diabetic ApoE2/2

mouse and in human carotid plaque tissue ex vivo. The

development of diabetes-induced aortic plaques and in-

flammatory responses of aortic tissue, including the ex-

pressionof vcam-1,mcp-1, il-6, and il-1b, was significantly

attenuated by both LXA4 and Benzo-LXA4 in diabetic

ApoE2/2 mice. Importantly, in mice with established ath-

erosclerosis, treatment with LXs for a 6-week period,

initiated 10 weeks after diabetes onset, led to a significant

reduction in aortic arch plaque development (19.22 6

2.01% [diabetic]; 12.67 6 1.68% [diabetic + LXA4];

13.19 6 1.97% [diabetic + Benzo-LXA4]). Secretome pro-

filing of human carotid plaque explants treated with LXs

indicated changes to proinflammatory cytokine release,

including tumor necrosis factor-a and interleukin-1b. LXs

also inhibited platelet-derived growth factor–stimulated

vascular smooth muscle cell proliferation and transmi-

gration and endothelial cell inflammation. These data

suggest that LXs may have therapeutic potential in the

context of diabetes-associated vascular complications.

The major macrovascular complication of diabetes in-

volves progressive cardiovascular disease (CVD) leading to

diabetes-accelerated atherosclerosis (DAA), myocardial

infarction, and stroke (1).

In diabetes, the mortality from CVD is twice that ob-

served in the general population, leading to an increased

incidence of atherosclerosis (2–4). Within the atheroscle-

rotic lesion, the cellular processes driving plaque develop-

ment and progression include the activation of vascular

smooth muscle cells (SMCs) and endothelial cells (ECs),

and monocytes. Key molecular drivers of lesion develop-

ment include proinflammatory cytokines such as tumor

necrosis factor-a (TNF-a), interleukin (IL)-1b, and IL-6,

and also growth factors such as platelet-derived growth

factor (PDGF-BB/DD) (5).

Under physiological conditions, inflammation is a finite

process mediated in part by cytokines, chemokines, and

lipid mediators, including prostaglandins and leukotrienes,
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which induce the migration of polymorphonuclear leuko-
cytes (neutrophils and eosinophils) to the site of tissue

damage. This initial proinflammatory phase is followed

by a proresolution phase, which is characterized by the

prevention of polymorphonuclear leukocyte infiltration,

macrophage-mediated efferocytosis, and, ultimately, the

return to tissue homeostasis. Although it is clear that in-

flammation plays an important role in the pathophysiology

of many common diseases, including diabetes and CVD, it

is now apparent that the resolution of inflammation is

dynamically regulated by the production of endogenous

modulators of inflammation (6–12). These specialized pro-

resolving mediators include the v3-derived protectins,

resolvins, and maresins as well as the v6-derived lipoxins

(LXs) LXA4 and LXB4 (13). Indeed, we and others (14–17)

have proposed that it is the failed resolution of inflamma-

tion that contributes to the pathogenesis of CVD, diabetes,

and associated complications. As a result, endogenous pro-

resolution molecules and synthetic analogs are suggested

as a therapeutic strategy to promote the resolution of

chronic inflammation and disease (18–20).

LXA4 is an eicosanoid generated during acute inflam-

matory responses that promotes the resolution of in-

flammation, acting via the G-protein–coupled receptor

ALX/FPR2 (21). Here we have explored the potential of

LXA4 and a synthetic analog, Benzo-LXA4, to modulate

vascular complications of diabetes in a murine model

(streptozotocin [STZ]-treated ApoE2/2 mice) (22). This

model is widely used to study the effects of therapeutic

agents on diabetic complications, mimicking the complex

vascular lesions associated with diabetes (23,24). We then

expand and confirm our findings in human carotid plaque

tissue ex vivo and in in vitro models.

We report that LXs attenuate the development of

atherosclerotic lesions in diabetic mice. Most noteworthy

are our data that show that LXs attenuate the progression

of established atherosclerotic lesions. We have also inves-

tigated the underlying mechanism of LX action in vascular

tissues and found that LXs attenuate PDGF-stimulated vas-

cular SMC proliferation and migration and EC activation.

The therapeutic potential of LXs was highlighted by the

inhibition of proinflammatory cytokine release from human

carotid plaque explants ex vivo. These results provide

insights into the pathophysiology of vascular damage as

observed in atherosclerosis, particularly in the diabetes

setting, and identify LXs as a novel therapeutic target for

diabetic complications.

RESEARCH DESIGN AND METHODS

In Vivo Preclinical Studies

Animals were housed at the Baker Heart and Diabetes

Institute and studied according to National Health and

Medical Research Council (NHMRC) guidelines in line with

international standards. Animals had unrestricted access

to water and feed, and were maintained on a 12-h light/

dark cycle on standard mouse chow (Barastoc; Ridley

Agriproducts, St. Arnaud, Victoria, Australia). Six-week-old
ApoE2/2 male mice (C57BL/6 background) were rendered

diabetic by five daily intraperitoneal injections of STZ

(Sigma-Aldrich, St. Louis, MO) at a dose of 55 mg/kg.

ApoE2/2 mice were administered either ethanol (0.1%),

LXA4 (5 mg/kg; Merck, Calbiochem), or Benzo-LXA4

(1.7mg/kg; synthesized at University College Dublin [25])

twice weekly by i.p. injection. For the prevention study

design, mice were followed for 10 weeks (moderate disease)
or 20 weeks (severe disease), and were administered etha-

nol, LXA4, or Benzo-LXA4 between weeks 1 and 10 and

weeks 1–20, respectively. For the intervention study design,

mice were followed for 16 weeks, and were administered

ethanol, LXA4, or Benzo-LXA4 between weeks 10 and 16.

Blood glucose levels were monitored weekly after STZ injec-

tions for the duration of the studies to confirm the diabetic

status of these mice. Only animals with a blood glucose
level .15 mmol/L 1 week after the induction of diabetes

were included in the study. Ten weeks after the induction of

diabetes, systolic blood pressure was assessed by noninvasive

tail cuff system in conscious mice. Urine samples were

collected in a metabolic cage for 24 h before the end of

the experiment. Glycated hemoglobin (HbA1c) was measured

using the Cobas Tina-quant Hemoglobin A1c Gen.3 Assay

(Roche Australia, Melbourne, Victoria, Australia). Total glu-
cose, cholesterol, and triglyceride concentrations were mea-

sured in plasma with a standard commercial enzymatic assay

(Beckman Coulter Diagnostics, Gladsville, New South Wales,

Australia). At the study end point, animals were anesthetized

by sodium pentobarbitone (100 mg/kg i.p. body weight;

Euthatal; Sigma-Aldrich, Castle Hill, New South Wales,

Australia) and organs were rapidly dissected.

In Vitro Studies

Mouse primary vascular SMCs were cultured at 37°C in

a humidified atmosphere of 95% air/5% CO2, and main-

tained in DMEM (Life Technologies) supplemented with

25 mmol/L glucose with 10% (v/v) FBS. For treatments,

media contained only 1% FBS. Mouse primary aortic ECs

were maintained and passaged in 1:1 DMEM (Thermo

Fisher Scientific) and Ham’s F12 (Thermo Fisher Scientific)

and supplemented with 10% (v/v) heat-inactivated FBS,
EC growth supplement (Sigma), heparin, and 5 mmol/L

D-glucose. After serum restriction for 24 h, cells were

stimulated with vehicle (0.1% ethanol), LXA4 (0.1 nmol/L;

Merck, Calbiochem), or Benzo-LXA4 (1 nmol/L) for 30 min,

and media were removed and replaced with media with or

without PDGF (10 ng/mL; R&D Systems), TNF-a (1 ng/mL;

R&D Systems), or TGF-b1 (10 ng/mL; PromoCell GmbH).

Cell experiments were performed four to six times, and the
values presented are the mean 6 SEM from independent

experiments.

Nuclear Factor-kB Activation Analyses

Nuclear factor-kB (NF-kB) activity was assessed by trans-

fecting SMCs with an NF-kB reporter plasmid (pNF-kB-

SEAP Vector; Takara/Clontech) for 24 h, and subsequently

stimulating SMCs with TNF-a for 24 h in the presence or
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absence of vehicle (0.1% ethanol), LXA4 (0.1 nmol/L;
Merck, Calbiochem), or Benzo-LXA4 (1 nmol/L). NF-kB

activity was determined by measuring secreted alkaline

phosphatase in culture supernatant using the SEAP Re-

porter Gene Assay System (Roche Australia).

Gene Expression Analyses by Reverse Transcriptase

Quantitative PCR

RNA was extracted from whole mouse aorta tissue, SMCs

and ECs using TRIzol (Ambion). DNase treatment and

cDNA synthesis were performed as previously described

(26). Gene expression was determined using TaqMan re-

agents (Life Technologies) with fluorescence signals being

normalized to 18S rRNA or Gapdh using the ddCT method.
Probes and primers were designed using a Primer Express

program and were purchased from Applied Biosystems

(Foster City, CA). Where no probes were used, the Fast

SYBR GreenMastermix was used with gene-specific primers.

Primer and probe sequences are detailed in Supplementary

Table 3.

Transwell Migration Assay

SMCs were cultured as described above for 24 h, after

which cells were maintained in serum restricted (1% FBS)

for 24 h. After serum restriction, SMCs were either un-
treated or stimulated with LXA4 (0.1–10 nmol/L; 30 min).

SMCs were gently trypsinized (0.05% trypsin) and applied

to gelatin-coated Transwell cell culture inserts (10mmpore

size; Corning), and PDGF (10 ng/mL) was added to rele-

vant wells for 6 h. After this, unmigrated SMCs were gently

removed from the top side of the membrane insert, and

migrated SMCs on the underside of the membrane insert

were fixed in ice-cold methanol and stained with 1% crystal
violet. The number of migrated cells was calculated under

microscope (203), with 12 representative images taken

per transwell insert.

Endothelial-Monocyte Adhesion Assay

ECs were cultured as described above for 24 h, after which

cells were maintained in serum-restricted media (1% FBS)

for 24 h. After serum restriction, SMCs were either un-

treated or stimulated with LXA4 (0.1 nmol/L; 30 min). The
human acute monocytic leukemia cell line THP-1 was

obtained from the European Collection of Cell Cultures.

The cells were kept in a humidified atmosphere at 37°C in

the presence of 5% CO2 and maintained in RPMI 1640 me-

dium (Thermo Fisher Scientific) containing 11 mmol/L

glucose and supplemented with 10% FBS and 2 mmol/L

glutamine. Cells were stained using a CellVue Burgundy

Fluorescent Cell Labeling Kit (Li-Cor). After staining,
labeled THP-1 cells were cocultured with SMCs for 20

min at 37°C, nonadherent cells were gently washed, and

adherent cells were counted using the Odyssey Imaging

System (Li-Cor) to determine the area of fluorescent in-

tensity. Cell experiments were performed three to six

times, and the presented values are mean 6 SEM values

from independent experiments. Raw data are available in

Supplementary Fig. 9.

Human Carotid Endarterectomy

The recruitment of individuals without diabetes and with

diabetes for carotid endarterectomies was carried out at

the Alfred Hospital (Melbourne, Victoria, Australia). Ethics

approval was obtained from the Alfred Human Research

Ethics Committee (authorization #24/07). The recruit-

ment of donor carotid endarterectomy specimens for

ex vivo assays was performed at St. Vincent’s University

Hospital. This study was approved by the Ethics Commit-

tee of St. Vincent’s University Hospital, in accordance with

International guidelines. Informed consent was obtained

from all participants. Diseased carotid artery tissue was

removed during the carotid endarterectomy procedure

from patients with significant arterial stenosis and imme-

diately stored in saline. Plaque processing and dissection

were performed as previously described (27–29). Briefly,

gross analysis was performed to assess the lesion mor-

phology macroscopically (calcified, lipid rich, ruptured,

thrombus, fibrosis). Plaque tissue was dissected into ho-

mologous small pieces (3 3 33 3 mm) and maintained in

RPMI medium (Thermo Fisher Scientific) supplemented

with 10% (v/v) FBS, 100 units/mL penicillin G, and

100 g/mL streptomycin in 24-well cell culture plates.

Plaque tissue was either untreated or treated with lipo-

polysaccharide (LPS) (1 mg/mL; 24 h) and/or LXA4 pre-

treatments (1 nmol/L, 100 nmol/L, 1 mmol/L; 30 min),

and incubated at 37°C in a humidified atmosphere of 95%

air/5% CO2. Cytokines released from plaques into the

culture media were quantified by ELISA using the Human

ProInflammatory 7-Plex Tissue ELISA Culture Kit (MSD).

The Proteome Profiler Human XL Cytokine Array Kit (R&D

Systems) was used to detect the secreted levels of 105 pro-

teins, as listed in Supplementary Figs. 6 and 7. A pooling

strategy using equal volumes of supernatant (300 mL) from

four carotid plaques was used to determine cytokine levels in

plaques untreated or treated with LPS (1 mg/mL; 24 h)

and/or LXA4 pretreatment (100 nmol/L; 30 min). Images

were quantified using ImageJ (National Institutes of Health,

Bethesda, MD) and corrected for background signals of the

negative controls. The mean pixel density of reference spots

was set to 100, to which all other values given are relative.

Heatmaps of secreted cytokine levels were generated using

Morpheus (Broad Institute, Cambridge, MA).

Histological and Immunohistochemical Staining

Assessment of the aortic plaque area was undertaken using

en face analysis as previously described, after staining with

Sudan IV-Herxheimer solution (BDH, Poole, U.K.) (30).

Digital photographs of opened aortas were obtained using

a dissecting microscope (model SZX9; Olympus Optical,

Tokyo, Japan) and a digital camera (Axiocam Color Cam-

era; Carl Zeiss, North Ryde, New South Wales, Australia).

The plaque area was calculated as the proportion of aortic

intimal surface area occupied by red-stained plaque (Photoshop

version 6.0.1; Adobe Systems, Chatswood, New South

Wales, Australia). Paraffin sections (4 mm) of aorta were

used to stain for Masson Trichrome, as described previously

diabetes.diabetesjournals.org Brennan and Associates 2659
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(31,32). Sections for F4/80 were incubated with protein-
blocking agent (CSA Kit; Dako) before incubation with the

primary antibody anti-F4/80 (1:50, rat monoclonal anti-

F4/80; Abcam) overnight at 4°C, and staining was also

amplified further using the Dako Catalyzed Signal Ampli-

fication Kit, according to the manufacturer instructions.

The quantification of all staining was determined using

ImageJ software (http://imagej.net/Welcome).

Statistics

All statistical analyses were performed using GraphPad

Prism software. Experiments with only one treatment

were assessed by Student t test. Experiments with multi-

ple treatment groups were analyzed by one-way ANOVA

with post hoc comparisons of group means performed by

the Fisher least significant difference method. A P value

of #0.05 was considered to be statistically significant. Sig-

nificance between groups is indicated for each figure. Unless
otherwise specified, data are shown as the mean 6 SEM.

RESULTS

LXs Prevent the Development of Diabetes-Associated

Atherosclerosis

We induced diabetes using low-dose STZ in ApoE2/2mice,

which were followed for 10–20 weeks to allow the de-
velopment of diabetes-associated atherosclerosis. We in-

vestigated potential protection by LXs by treating mice

twice weekly via intraperitoneal injection for weeks 1–20

(Fig. 1A). Ten-week and 20-week time points were selected

to capture moderate and severe disease phenotypes. As

expected, at the end of the study all diabetic animals had

lower body weights (Supplementary Table 1), elevated

blood glucose levels, and elevated HbA1c levels compared
with their nondiabetic controls. Diabetic animals also had

elevated serum levels of cholesterol, triglycerides, HDL,

and LDL. The metabolic parameters were unaffected by

LXs, indicating that the protective effects of LXs observed

in this model are not mediated by glycemic control (Sup-

plementary Table 1).

The aortic atherosclerotic plaque area was measured in

the aortic arch as well as in the thoracic and abdominal
sections of the aorta of 20-week-old nondiabetic and di-

abetic mice. All 20-week-old diabetic animals showed

a significant increase in total atherosclerotic plaque areas,

which was most prominent in the aortic arch (Fig. 1B and

C). Treatment of diabetic ApoE2/2 mice with LXA4 or

Benzo-LXA4 attenuated the development of atheroscle-

rotic plaques within the total aorta, aortic arch, and

thoracic aorta segment compared with vehicle-treated di-
abetic ApoE2/2 mice. Masson Trichrome staining of aorta

sections was used to quantify the density of collagen

staining within the aortic wall (Supplementary Fig. 1).

Here, all 20-week-old diabetic animals that were admin-

istered vehicle showed a significant increase in collagen

staining in the aortic arch, and this was significantly

attenuated in diabetic ApoE2/2 mice that were adminis-

tered Benzo-LXA4 (Supplementary Fig. 1).

Inflammation and adhesion of monocytes to the vas-
cular wall are critical steps in the initiation and develop-

ment of atherosclerosis. The expression of vascular mcp-1,

vascular cell adhesion molecule 1 (vcam-1), intercellular

adhesion molecule 1 (icam-1), IL-6 (il-6), and IL-1b (il-1b)

was determined by quantitative PCR. As anticipated, the

increase in mcp-1, vcam-1, icam-1, il-6, and il-1b expression

was observed in the aorta 10 weeks after the induction of

diabetes (Fig. 1D). These responses were attenuated by the
treatment of the animals with LXA4 and Benzo-LXA4 (Fig.

1D). The expression of the LXA4 receptor alx/fpr2 was also

increased in aortic tissue from diabetic versus nondiabetic

ApoE2/2 mice (Supplementary Fig. 2). This marked up-

regulation of alx/fpr2 expression may reflect enhanced

leukocyte recruitment to the site of vascular lesions in

diabetic tissue, ultimately increasing receptor availability

for exerting LX actions. This is in keeping with the obser-
vation that there is increased expression of the macro-

phage markers f4/80 and cd11b in diabetic mice (Fig. 2D).

We observed a similar trend toward increased alx/fpr2

gene expression in carotid plaque tissue from patients

with diabetes versus patients without diabetes (Supple-

mentary Fig. 2), although this did not reach statistical

significance.

LXs Attenuate Established Diabetes-Associated

Atherosclerosis

Given the observations that LXs could attenuate the

development of atherosclerosis, we then investigated

whether LXs could impact established disease. Diabetes

was induced by STZ treatment of ApoE2/2 mice, and

treatment with LXs was introduced at 10 weeks for an

additional 6 weeks (16-week intervention study) (Fig. 2A
and Supplementary Table 1). At 16 weeks, diabetic ani-

mals showed a significant increase in total atherosclerotic

plaque area, which was most prominent in the aortic arch

(3.91 6 0.69% [nondiabetic ApoE2/2] vs. 19.22 6 2.01%

[diabetic ApoE2/2]), compared with nondiabetic controls.

Importantly, the treatment of diabetic ApoE2/2 mice with

LXs from weeks 10 to 16 significantly attenuated the

progression of established atherosclerotic lesions within
the aortic arch compared with vehicle-treated diabetic

ApoE2/2 mice [19.22 6 2.01% (diabetic + vehicle);

12.67 6 1.68% (diabetic + LXA4); 13.19 6 1.97% (diabetic

+ Benzo-LXA4)] (Fig. 2B and C). This protective effect

equates to an ;30% reduction in aortic arch plaque bur-

den in this diabetic model. The expression of markers

of vascular inflammation (icam-1, vcam-1, mcp-1) demon-

strated gene expression of these molecules in aortic tissue
from diabetic mice, with significant attenuation of vcam-1

expression in diabetic mice administered Benzo-LXA4 (Fig.

2D). The expression of the pan-macrophage markers cd11b

and f4/80 was increased in diabetic mice. However, in

diabetic mice administered either LXA4 or Benzo-LXA4,

there was no significant increase in the expression of these

markers (Fig. 2D). In keeping with this, F4/80 immunos-

taining indicated increased expression of F4/80 in diabetic
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mice, and this was significantly attenuated in diabetic mice

administered either LXA4 or Benzo-LX A4 (Supplementary

Fig. 3). This would suggest that the overall macrophage

content is reduced in aortic tissue of diabetic mice admin-
istered LXs. The expression of several M1 type macrophage

markers (il-6, il-1b) was increased in diabetic mice, and il-6

expression levels were not significantly upregulated in

diabetic mice administered LXs. M2-type macrophage

markers (cd204, arg1, and il-10) were also measured.

Here, we observed an increase in the gene expression of

these three markers in the diabetic setting (Fig. 2D). In

diabetic aortas, the administration of Benzo-LXA4 atten-
uated the upregulation of cd204 and arg1, with no effect

seen on il-10 expression.

LXs and Human Atherosclerosis

To investigate the direct effects of LXs on human athero-

sclerotic lesions, we exposed human carotid plaque explants

to LXA4 using a previously optimized assay (29). Prelim-

inary data established maximal cytokine release after 24 h

in ex vivo culture (0–48 h) (Supplementary Fig. 4). Human

plaque tissue was pretreated with LXA4 (dose range: 1

nmol/L to 1 mmol/L) or vehicle and stimulated with LPS

(1 mg/mL; 24 h). LXA4 significantly reduced IFN-g, IL-1b,
and TNF-a release, with maximal effect observed at

a 100 nmol/L LXA4 concentration, and the effect was

attenuated at the higher LXA4 concentration (1 mmol/L)

(Fig. 3A–C and Supplementary Fig. 5). We elaborated on

these data by investigating the secretion of 105 cytokines

from carotid plaques (n = 4) in response to LPS and LXA4

(100 nmol/L). Densitometric assessment of the secreted

cytokines identified several cytokines regulated by LPS/
LXA4 treatments (Fig. 3D and E, Supplementary Figs. 6 and 7,

and Supplementary Table 2). In particular, the levels of

colony-stimulating factor 3, Regulated on Activation, Nor-

mal T Cell Expressed and Secreted (RANTES/chemokine

[C-C motif] ligand [CCL] 5), and macrophage inflamma-

tory protein 3a (CCL20) were secreted at higher levels in

response to LPS priming, and this effect was mitigated

by LXA4.

Figure 1—LXs prevent the development of diabetes-associated atherosclerosis. A: Averaged weekly plasma blood glucose levels in

nondiabetic and diabetic ApoE2/2mice administered vehicle (2% ethanol), LXA4, or Benzo-LXA4 fromweeks 1 to 16 (n = 8–10,6SEM).B and

C: Sudan IV stain of aortas isolated from 20-week-old diabetic and nondiabetic ApoE2/2 mice administered vehicle, LXA4, or Benzo-LXA4,

and respective quantification. N = 8–10, 6SEM; *P # 0.05 vs. ApoE2/2 + vehicle; wP # 0.05 vs. diabetic ApoE2/2 + vehicle. D: Gene

expression analysis of markers of vascular inflammation in aortic tissue isolated from 10-week-old diabetic and nondiabetic ApoE2/2 mice

administered vehicle, LXA4, or Benzo-LXA4. Expression was normalized to 18S for gene expression analysis (n = 8–10,6SEM; *P# 0.05 vs.

ApoE2/2 + vehicle; wP # 0.05 vs. diabetic ApoE2/2 + vehicle.)
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LXs Modulate Vascular Smooth Muscle Activation

PDGF plays a critical role in the regulation of SMC pro-

liferation in atherosclerosis (23). PDGF treatment

(10 ng/mL; 24 h) of SMCs induced an upregulation of

several genes relevant to atherosclerotic processes, includ-

ing the proliferation marker pcna, the cell cycle regulators

p21 and p53, and the growth factor receptors pdgfr and

tgfb-r1 (Fig. 4A). Dose-response experiments were per-

formed to identify the optimal LXA4 dose required within

the 0.1–10 nmol/L range, with 1 nmol/L LXA4 identified as

the optimal concentration (Supplementary Fig. 8). LXA4

pretreatment (1 nmol/L; 30 min) prior to PDGF treatment,

after which the RNA expression of these markers was

determined. The initial LXA4 dose response attenuated

Figure 2—LXs attenuate established diabetes-associated atherosclerosis. A: Averaged weekly plasma blood glucose levels in nondiabetic

and diabetic ApoE2/2mice administered vehicle (2% ethanol), LXA4, or Benzo-LXA4 from weeks 10 to 16 (n = 8–10,6SEM). B andC: Sudan

IV stain of aortas isolated from 16-week-old diabetic and nondiabetic ApoE2/2 mice administered vehicle, LXA4, or Benzo-LXA4, and

respective quantification (n = 8–10,6SEM; *P# 0.05 vs. ApoE2/2 + vehicle ; wP# 0.05 vs. diabetic ApoE2/2 + vehicle). D: Gene expression

analysis of markers of vascular inflammation in aortic tissue isolated from 16-week-old diabetic and nondiabetic ApoE2/2mice administered

vehicle, LXA4, or Benzo-LXA4 from weeks 10 to 16. Expression was normalized to 18S for gene expression analysis (n = 8–10,6SEM; *P #

0.05 vs. ApoE2/2 + vehicle; wP # 0.05 vs. diabetic ApoE2/2 + vehicle.)
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pcna, p21, p53, pdgfr, and the receptor for advanced

glycation end products (rage), a well-validated target

for diabetic complications (Fig. 4A). PDGF-mediated

SMC migration (Fig. 4B and C) and proliferation (Fig. 4D)

were also significantly modulated by LXA4. SMCs upreg-

ulate an array of cellular adhesion molecules (icam-1,

vcam-1) and proinflammatory cytokines in response to in-

flammatory stimuli such as TNF-a. We report that the

Figure 3—LXA4 suppresses inflammatory cytokine release from human carotid plaques. A–C: ELISA quantification of proinflammatory

cytokines released by human carotid plaques in response to LPS priming (1 mg/mL; 24 h) and or LXA4 (1 nmol/L, 100 nmol/L, 1 mmol/L; 30 min)

(n = 4;6SEM; *P# 0.05 vs. LPS; **P, 0.01 vs. LPS; ***P, 0.001 vs. LPS; #P, 0.05 vs. untreated). Data are presented as the percentage of

cytokine levels, relative to LPS-treated tissues (100%). D: Cytokine array analysis of secretory protein abundance of human carotid plaques (n =

4) in response toLPSpriming (1mg/mL; 24 h) and or LXA4 (100 nmol/L; 30min). The heatmapwascreated by setting themaximal pixel intensity of

the reference spots on the array arbitrarily to 100 (red color), to which the abundance of all other analytes is relative. Minimal abundance (0) is

encoded by white, maximal abundance (100) by red. E: Quantification ofD, indicating fold changes (FC) of cytokines relative to untreated plaque

tissue. Cytokines displaying $1.5-fold induction in response to LPS priming are shown. ANG, angiotensin; BDNF, brain-derived neurotrophic

factor; DPP4, dipeptidyl peptidase 4; FGF, fibroblast growth factor; GRO, growth-regulated oncogene; HGF-SF, hepatocyte growth factor-

scatter factor; IFN, interferon; IGF-BP, insulin-like growth factor binding protein; LIF, leukemia inhibitory factor; MIG, monokine induced by

interferon-g; RAGE, receptor for advanced glycation end products; TARC, thymus and activation regulated chemokine; TGF, transforming

growth factor; TSP, thrombospondin; uPAR, urokinase plasminogen activator receptor; VDBP, vitamin D binding protein.
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upregulation of vcam-1, il-6, and TNF-a receptor (tnfr-a)

genes was significantly attenuated by LXA4 (Fig. 4E). TNF-

a is a potent inducers of NF-kB activation (11,33). Using

a luciferase NF-kB promoter reporter construct, we ob-
served a fivefold increase in NF-kB activity in SMCs in

response to TNF-a (Fig. 4F), which was reduced by Benzo-

LXA4.

LXs Modulate Aortic EC Activation

The vascular endothelium expresses a number of adhesion

molecules, including VCAM-1 and ICAM-1, which play key

roles in the recruitment of leukocytes to sites of inflam-
mation (11). Mouse primary aortic ECs were exposed to

TNF-a (1 ng/mL; 24 h) in the presence/absence of LXA4.

LXA4 inhibited TNF-a–stimulated induction of vcam-1,

il-6, and mcp-1 gene expression (Fig. 5A). The interaction

between ECs and monocytes has an important role in the

promotion of monocyte retention, foam-cell formation,

and plaque formation. TNF-a significantly increases

monocyte adhesion to ECs, and this interaction can be
prevented by LXA4 (Fig. 5B and C). These data further

indicate that LXA4 can suppress key inflammatory pro-

cesses that contribute to endothelial dysfunction.

DISCUSSION

Targeting the resolution of inflammation represents a

novel therapeutic strategy that could significantly reduce

the global health burden associated with DAA. This ap-

proach is based on the postulate that strategies that pro-

mote the resolution of inflammation, such as with drugs

including the LXs ,will lead to reduced end-organ damage

in conditions such as diabetic complications. Interestingly,

it has recently been demonstrated that circulating levels of

aspirin-triggered LXA4 (15-epi-LXA4) are lower in patients

with diabetic kidney disease versus nondiabetic kidney

disease, hinting at a resolution deficit in patients with

diabetic complications (34). We have shown for the first

time the protective effects of LXs on vascular compli-

cations in the STZ-induced diabetic ApoE2/2 mouse, a

murine model with features of human type 1 diabetes

(hyperglycemia and insulin deficiency), ultimately lead-

ing to DAA. In addition to endogenous LXA4, we evaluated

the therapeutic potential of a synthetic (1R)-stereoisomer

analog (Benzo-LXA4), generated through modification of

the LXA4 triene unit. In the current study, the Benzo-LXA4

analog exerted similar actions to LXA4, resulting in atten-

uated atherosclerotic plaque development.

To date, no studies have directly addressed the poten-
tial role of LXs as a novel therapeutic agent to reduce CVD

independent of the effects on lipids, glycemic control,

and/or thrombosis. Typically, vascular lesions first develop

in this murine model in the aortic root and carotid arteries

at 8–10 weeks of age, with more advanced lesions evident

Figure 4—LXA4 regulates vascular smooth muscle activation. A: Gene expression of markers of SMC activation after PDGF treatment

(10 ng/mL; 24 h) and/or LXA4 pretreatment (0.1 nmol/L; 30 min). B and C: Representative images and quantification of crystal violet–stained

SMC migratory cells after PDGF treatment (10 ng/mL; 6 h) and/or LXA4 pretreatment (0.1 nmol/L; 30 min). D: Cell proliferation as measured

by cell number count in SMCs after PDGF treatment (10 ng/mL; 0–72 h) and/or LXA4 pretreatment (0.1 nmol/L; 30 min). E: Expression of

VCAM, IL-6, ICAM, and TNFR-A (TNF receptor-a) in SMCs after TNF-Α treatment (1 ng/mL; 24 h) and/or LXA4 pretreatment (0.1 nmol/L;

30 min). F: Luciferase/Renilla ratio results for SMCs transfected with an NF-kB activity reporter plasmid, and subsequently stimulated with

TNF-a (1 ng/mL; 24 h) and/or pretreatment with LXA4 (0.1 nmol/L; 30 min) or Benzo-LXA4 (1 nmol/L; 30 min). Experiments were performed

three to six times, and are presented as the mean6 SEM. *P # 0.05 vs. vehicle; wP # 0.05 vs. PDGF/TNF-a treatment. PCNA, proliferating

cell nuclear antigen; RAGE, receptor for advanced glycation end products.
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at 15 weeks (35,36). This murine model recapitulates im-

portant features of human type 1 diabetes (i.e., hypergly-

cemia and insulin deficiency). Here we report that blood
glucose and lipid levels are unchanged by LXs in non-

diabetic and diabetic mice, indicating that the protective

effects of LXs are not exerted via direct control of glycemia

or circulating lipid levels. In the current study, LXs atten-

uated the progression of DAA, inflammation, and vascular

dysfunction. Crucially, the atheroprotective effect of LXs

was also observed in diabetic ApoE2/2 mice that were

administered these drugs 10 weeks after the disease was
established, emphasizing the utility of this therapeutic

approach in subjects with established CVD, arguably the

most common clinical scenario in human subjects with

diabetes. It is noteworthy that the protective effect of LXs

was only observed in the setting of diabetes, with no

obvious effect seen in nondiabetic mice. These data would

indicate that LX action is only potentiated in the setting of

chronic inflammation, as observed in our diabetic mice.
This is in keeping with the concept that endogenous

proresolving lipid mediators, such as LXs, are typically

released at the sites of inflammation, after the inflamma-

tory response has initiated. Furthermore, It is likely that

in our study, after the delivery of LXs to these mice,

the inflammatory milieu seen in diabetic mice provides

increased ALX/FPR2 receptor availability as a result of

infiltrating leukocytes, providing the necessary machinery

for LX action. In keeping with this, we show that Alx/fpr2
expression is markedly increased in aortic tissue from di-

abetic mice versus nondiabetic controls, along with sugges-

tive evidence of increased Alx/fpr2 expression in carotid

plaque tissue from patients with diabetes versus those

without diabetes that further supports this hypothesis.

Our data suggest that the underlying mechanism for

LX-mediated atheroprotection occurs via regulation of

PDGF and TNF-a signaling in vascular cells. Excessive
proliferation of vascular SMCs, macrophage infiltration,

and EC dysfunction are recognized as key components of

the development and progression of atherosclerosis (37).

At the cellular level, our data indicate an important role for

LXs in regulating PDGF-mediated SMC migration and

proliferation, TNF-a–mediated NF-kB activation, and

EC-monocyte interactions. We and others (38,39) have

previously demonstrated that LXs exert effects on macro-
phages, promoting a macrophage M1-M2 switch and

inhibiting macrophage apoptosis. In this model of diabetes-

mediated atherosclerosis, we noted a significant increase

in the expression of pan-macrophage markers cd11b and

f4/80 in diabetic aortic tissue, with no increase in diabetic

mice administered LXs. However, we find no compelling

evidence to suggest that there is a shift from M1 to M2

phenotype in response to LX treatment in this specific
model; rather, the data indicate an LX-mediated effect on

overall macrophage content.

In order to determine whether these molecular and

cellular actions were also relevant to the human context,

we further evaluated the role of endogenous LXA4 ex vivo

on human plaque lesions. LXA4 exerted maximal effect

within the 10–100 nmol/L range, with an attenuation

of effect observed at the higher LXA4 concentration
(1 mmol/L). This dose-response effect is in keeping

with previous studies (40–42) indicating that there is

a therapeutic window for LXA4. Among the cytokines

strongly modulated by LXA4, secretion of the glycoprotein

granulocyte-macrophage colony-stimulating factor (GM-

CSF) was increased in response to LPS and reduced by

LXA4. Several cytokines were released at high levels from

ex vivo–treated human plaque tissue and remained un-
perturbed by LPS and LXA4, including IL-6, IL-8, and CRP.

This is not unexpected, given that the nature of the

diseased tissue. It is possible that longer duration stim-

ulations (2–5 days) or higher concentrations of LXs may be

required to assess the therapeutic effect of these drugs on

these specific highly abundant cytokines. Similarly, the

sensitivity of this proteome profiler approach for detecting

subtle changes in low-abundance cytokines released from
plaque tissue may not be sufficient, and more accurate

measurements using ELISA may be more reliable. Never-

theless, this screening strategy has identified several cyto-

kines robustly responding to LXA4. Interestingly, GM-CSF

antagonism is currently being evaluated in several in-

flammatory disorders (43). Secreted levels of several addi-

tional cytokines, including CCL3/MIP1a, CCL5/RANTES,

and MCP-1, all produced by various leukocyte subsets in

Figure 5—LXA4 regulates aortic EC activation. A: Gene expression

analysis of markers of vascular inflammation in aortic ECs in response

to TNF-a treatment (1 ng/mL; 24 h) and/or LXA4 pretreatment

(0.1 nmol/L; 30 min). B and C: Representative images and quantifica-

tion of labeled THP1monocytes adhered toECs stimulatedwith TNF-a

(1 ng/mL; 24 h) and/or LXA4 pretreatment (0.1 nmol/L; 30 min).

Expression was normalized to 18S for gene expression analysis (n =

3–4, 6SEM). *P # 0.05 vs. vehicle; wP # 0.05 vs. TNF-a treatment.
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response to inflammatory stimuli, were also reduced by
LXA4 treatment. Thus, we demonstrate LXA4 as an indepen-

dent and effective proresolving modulator in the human

plaque microenvironment building on our findings in pre-

clinical models of atherosclerosis.

In conclusion, this study emphasizes LXs as being pro-

tective against diabetes-associated complications, such as

DAA. To further clarify the role of LXs in DAA, future

studies will be required to investigate the effects of LXs in
models of type 2 diabetes in the presence of hyperlipidemia.

Our findings warrant further experimental and clinical

studies of this proresolving lipid mediator.
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