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INTRODUCTION: 
 
As described in detail in the original grant application, there is an epidemic of obesity in the 
military.  Obesity leads to insulin resistance syndromes, notably metabolic syndrome and 
type 2 diabetes.  The major cause of death in people with insulin resistance syndromes is 
atherothrombotic vascular disease, including acute myocardial infarction, sudden death, and 
stroke.  Therefore, when retired military personnel and their families reach middle age, there 
will be an epidemic of obesity-related vascular disease.  This will result in the loss of senior 
personnel and the expertise they contribute to the military.  Moreover, the economic burden 
of cardiovascular disease in active and retired personnel and their families on the military will 
be enormous.  The impact of this trend is being felt now in the military but will accelerate to a 
very high level over the next 10-20 years if the current trends are left unchecked.  In this 
context, the overall objective of the proposal is to understand at a cellular and molecular level 
how obesity/insulin resistance promotes atherothrombotic vascular disease.  Accomplishing 
this goal will suggest new targets for drug therapy, which would greatly benefit both the 
military and the general population.  The emphasis of the work is on a key event in advanced 
atherosclerosis that leads to acute vascular events, namely, advanced lesional macrophage 
death.  Macrophages are the major cell type in atherosclerotic lesions, and when they die and 
the cell corpses are not rapidly cleared by neighboring phagocytes ("defective efferocytosis"), 
necrosis ensues.  Plaque necrosis, in turn, promotes plaque disruption and exposure of 
thrombogenic material.  The newly exposed thrombogenic material triggers platelet 
aggregation (thrombosis), which can acutely obstruct the arterial lumen and cause tissue 
death (infarction).  In the heart, this series of events leads to myocardial infarction and 
sudden death, and in the brain the consequence is stroke.  Thus, the overall focus of this 
proposal is advanced lesional macrophage death and defective efferocytosis, and we 
have excellent progress in the third year of funding in understanding how 
obesity/insulin resistance can promote these processes. 
 
 
BODY: 
  
I.  Studies related to angiotensin-II (AngII) (Tasks 1-3) 
 Our work during the 4-year grant period related to AngII has taken us into two directions:  
AngII targets that affect advanced lesional macrophage apoptosis; and a key adaptor for the 
AngII receptor, β-arrestin2 (BARR2).  
 A.  Ang II targets that promote advanced lesional macrophage death—Our work has 
focused on three AngII targets:  calcium/calmodulin-dependent protein kinase 2 (CaMKII) 1, 2; 
NADPH oxidase 3, 4; and the ER calcium release channel, IP3 receptors (IP3R) 5 (G. Li and I. 
Tabas, unpublished data).  Work during the grant period has revealed a novel and highly 
important pathway relevant to macrophage apoptosis in advanced atherosclerotic lesions that 
includes all three molecules.  This work has recently been published in J. Clin. Invest. and in 
J. Cell Biol. 6, 7 and can be summarized by the scheme in Figure 1.  ER stress causes a 
release of calcium from stores in the ER into the cytosol.  This activates CaMKII, which in 
turn triggers four pathways that are critical for apoptosis:  Fas signaling; STAT1 pro-apoptotic 
signaling; mitochondrial membrane permeabilization; and NADPH oxidase.  ER stress also 
induces the pro-apoptotic protein CHOP, which we know is important in macrophage 
apoptosis in atherosclerosis from our recent study in Cell Metabolism 8.  The mechanism of 
CHOP is integrated directly into the critical role of cytosolic calcium, because CHOP induces 
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an oxidase called ERO1α, which in turn activates the ER calcium release channel, IP3R, by 
promoting the formation of an activating disulfide bond in IP3R.  Thus, CHOP amplifies what 
we refer to as a "calcium engine of death."   
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 B.  BARR2—The type I AngII receptor can 
signal through the adaptor β-arrestin (BARR) 9.  
Work funded by this grant revealed that 
BARR2 is induced by ER stress in 
macrophages and signals a compensatory cell-
survival response in the setting of ER stress.  
The mechanism of cell-survival is through 
facilitation of a pathway triggered by the 
epidermal growth factor (EGF) receptor.  Thus, 
AngII pro-apoptotic signaling is 
counterbalanced by a BARR2 EGF receptor 
pathway.  The data are summarized in a poster 
recently presented at the Military Health 
Research Forum (MHRF) in Kansas City 
(appendix).  The working hypothesis is 
schematized in Figure 2. 
 C.  Implications—It is likely that the high 
levels of AngII known to exist in obesity contribute to the increased risk of CAD among these 
subjects.  The work funded by this grant will enable an informed and focused examination at 
a cellular and molecular level as to how AngII promotes plaque progression in vivo.  In 
particularly, each of the components of this pathway depicted in Fig. 1 can be examined to 
determine its key mechanisms of action in vivo.  With regard to BARR2, activation of survival 
signaling by BARR2 and EGFR may prevent accumulation of apoptotic macrophages and 

Ca2+ IP3R

++

Ca2+

Enables
APOPTOSIS

Figure 1.  How AngII targets ( re involved in a key pathway leading to macrophage apoptosis 
in advanced atherosclerotic lesions. See text for details.
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Figure 2. Model of how β-arrestin2 (bAR2) participates in 
a comp ensatory ce ll-survival pathway in ER -stressed 
macrophages through activation of the EGF receptor. See 
text and MHRF poster in appendix.
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thus advancement of atherosclerosis. This new discovery may pave the way for a novel 
strategy to prevent advanced lesion progression and thus clinical complications of 
cardiovascular disease in high-risk obese subjects.  
 
II.  PPAR studies (related to Tasks 3-5) 
 
 Our 4 years of work funded by this grant has led to three major discoveries related to 
PPARs.  First, as we published in Circulation 10, we showed that thiazolidinediones (TZDs), 
which have actions that involve both PPARγ–dependent and –independent effects enhanced 
macrophage apoptosis by a number of stimuli, including those thought to be important in 
advanced atherosclerosis. Most importantly, TZD-induced apoptosis was still observed in 
PPARγ-deficient macrophages, indicating a PPARγ–independent mechanism.  To explore the 
net effect on advanced atherosclerosis in vivo, Ldlr-/- mice were fed a nondiabetogenic 
cholesterol-enriched diet to promote midstage lesions. Then, pioglitazone was administered 
with the diet for an additional 10 weeks. Aortic root lesions from the pioglitazone-treated mice 
showed a substantial increase in apoptotic cells and plaque necrosis compared with lesions 
from non–drug-treated mice.  Thus, the potential atheroprotective effects of TZDs conferred 
by insulin sensitization may be partially offset by adverse effects on advanced 
atherosclerosis. Because the mechanisms of the beneficial and proposed adverse effects 
may differ, these findings have potentially important implications for drug optimization. 
 The second discovery is related clearance of apoptotic cells, a process known as 
efferocytosis.  Plaque necrosis in advanced atherosclerotic lesions is caused by the 
combination of macrophage apoptosis and defective efferocytosis of the apoptotic cells 11.  In 
a recent study in our laboratory 12, we showed a direct molecular link between a key 
efferocytosis receptor—Mertk—and both efferocytosis and plaque necrosis in advanced 
atherosclerotic lesions.  It turns out that advanced lesions have several different types of 
macrophages, often referred to as classically activated inflammatory macrophages and 
alternatively activated resolution macrophages.  In general, the inflammatory macrophages 
originate from a subset of blood-borne monocytes that express high levels of a marker called 
Lyc (Lyc-high monocytes), and vice versa for the 
alternatively activated macrophages (Lyc-low monocytes).  
PPARs promote the formation of alternatively activated 
macrophages, while obesity promotes the invasion of 
inflammatory macrophages 13-15.   Work funded by this grant 
has allowed us to explore how PPARs and obesity affect 
monocyte/macrophage subsets and efferocytosis.  Our 
preliminary data show that macrophages derived from Lyc-
low macrophages are better able to dispose of apoptotic 
cells.  Most importantly, obesity leads to a dramatic increase 
in the ratio of Lyc-high:low monocytes (Figure 3)—an effect 
we think is mediated by decreased activation of PPARγ and 
PPARδ in obesity.  In very recent work, we have been able 
to show that different sub-populations of macrophages in 
advanced atherosclerotic lesions have different efficiencies 
of efferocytosis.  In future studies stimulated by this grant, 
we plan to study mouse models of PPAR activation and 
depletion to test our ideas in a causative manner. 
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Figure 3.  Obesity is associated with an elevated percentage
of Lychi:Lyclo monocytes.  Peripheral blood monocytes from thin 
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 Third, in a collaborative study tentatively accepted for publication by Circ. Res. 
(appendix), we explored the role of potential upstream activators of PPARs, namely fatty 
acids, on efferocytosis in obesity.  We showed that peritoneal macrophages from ob/ob and 
ob/ob;ldlr-/- mice showed impaired efferocytosis, reflecting defective PI3K activation during 
uptake of apoptotic cells. Membrane phospholipids of ob/ob and ob/ob;ldlr-/- macrophages 
showed an increased content of saturated fatty acids (FAs), and decreased n-3 FAs 
(Eicosapentaenoic acid (EPA) and Docosahexaenoic acid (DHA)) compared to controls.  A 
similar defect in efferocytosis was induced by treating control macrophages with saturated 
free FA (FFA)/BSA complexes, while the defect in ob/ob macrophages was reversed by 
treatment with EPA/BSA or by feeding ob/ob mice a fish oil diet rich in n-3 FAs. There was 
also defective macrophage efferocytosis in atherosclerotic lesions of ob/ob;Ldlr-/- mice and 
this was reversed by a fish oil-rich diet. The findings suggest that in obesity and Type 2 
diabetes elevated levels of saturated FAs and/or decreased levels of n-3 FAs contribute to 
decreased macrophage efferocytosis. Beneficial effects of fish oil diets in atherosclerotic 
cardiovascular disease could involve improvements in macrophage function related to 
reversal of defective efferocytosis, and could be particularly important in Type 2 diabetes and 
obesity.  
 
 
III.  Adiponectin/adipokine studies (Task 6) 
 
 Work during the 4-year grant period suggested the possibility that adiponectin, which is 
influenced by obesity and may protect against heart disease in humans, may be anti-
atherogenic particularly in setting of bacteremia, because in that setting it complexes with 
lipopolysaccharide (LPS) and triggers a pathway that suppresses CHOP.  CHOP, as 
reviewed above, is a major pro-apoptotic effector in advanced lesional macrophages 8.  Even 
subtle bacteremia may trigger atherogenesis, as suggested by studies linking periodontal 
disease to CAD 16.  Therefore, the grant has funded two major activities.  First, understanding 
how LPS, a toll-like receptor ligand, suppresses CHOP; and second, understanding the effect 
of adiponectin on atherosclerosis in vivo in the absence of sepsis, where we predicted a 
minimal effect.   
 The first study was recently accepted for publication by Nature Cell Biology 17.  We found 
that ER stress-induced CHOP expression was suppressed by prior engagement of toll-like 
receptor (TLR) 3 or 4 through a TRIF-dependent pathway.  TLR engagement did not 
suppress phosphorylation of PERK or eIF-2α, which are upstream of CHOP, but phospho-
eIF-2α failed to promote translation of the CHOP activator ATF4.  In mice subjected to 
systemic ER stress, pre-treatment with low-dose LPS suppressed CHOP expression and 
apoptosis in splenic macrophages, renal tubule cells, and hepatocytes, and prevented renal 
dysfunction and hepatosteatosis.  This protective effect of LPS did not occur in Trif-/- mice 
nor in wild-type mice in which CHOP expression was genetically restored.  Thus, TRIF-
mediated signals from TLRs selectively attenuate translational activation of ATF4 and its 
downstream target gene CHOP. 
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 The second study was a collaboration with Dr. Philipp Scherer, UT-Southwestern.  The 
manuscript is currently under revision for Arterio. Thromb. Vasc. Biol. (appendix), where it 
received a favorable review.  As mentioned, adiponectin has been implicated in the protection 
against a cluster of related metabolic disorders including obesity, insulin resistance, and 
cardiovascular disease. Mice lacking adiponectin display impaired hepatic insulin sensitivity 
and respond only partially to PPARγ agonists.  Adiponectin-mediated metabolic 



 

improvements are associated with alleviation of dyslipidemia and the prevention of ectopic 
lipid deposition.  It has been suggested that adiponectin has anti-atherogenic properties.  
However, the involvement of adiponectin on the atherogenic process have not been studied 
systematically in preclinical models of atherosclerosis.  We crossed either adiponectin KO 
(Adn-/-) or mice with chronically elevated adiponectin levels (AdnTg) into the low-density 
lipoprotein (LDL) receptor (Ldlr-/-) deficient background.  We found that adiponectin levels did 
not correlate with the development of atherosclerosis under a number of different dietary 
conditions. We analyzed plaque volume in the aortic root, cholesterol accumulation in the 
aorta and plaque morphology, none of which were affected by variable circulating adiponectin 
levels.  
 In summary, under non-bacteremic conditions, adiponectin does not affect the 
atherogenic process or plaque progression to necrosis in mouse models of atherosclerosis.  
However, in the setting of bacteremia, as might occur in a number of subtle conditions in 
humans such as periodontal disease, adiponectin will likely complex with LPS and facilitate 
the suppression of CHOP, which would suppress plaque progression based on our recent 
CHOP mouse study 8.  These are completely novel ideas that change the way we look at the 
effect of adiponectin, and thus obesity, on heart disease. 
 As explained last year, we have also studied another adipocytokine—eNampt, which 
unlike adiponectin increases with obesity.  As this year published in J. Biol. Chem. 18, we 
found that eNampt potently blocked macrophage apoptosis induced by a number of ER 
stressors.  The mechanism involved a two-step sequential process:  rapid induction of 
interleukin 6 (IL-6) secretion, followed by IL 6-mediated autocrine/paracrine activation of the 
pro-survival signal transducer STAT3.  The ability of eNampt to trigger this IL 6-/STAT3 cell-
survival pathway did not depend on the presence of the Nampt enzymatic substrate 
nicotinamide in the medium; could not be mimicked by the Nampt enzymatic product 
nicotinamide mononucleotide (NMN); was not blocked by the Nampt enzyme inhibitor FK866; 
and showed no correlation with enzyme activity in a series of site-directed mutant Nampt 
proteins.  Thus, eNampt protects macrophages from ER stress-induced apoptosis by 
activating an IL-6/STAT3 signaling pathway via a non-enzymatic mechanism.  These data 
suggest a novel action and mechanism of eNampt that could affect the balance of 
macrophage survival and death in the setting of obesity, which in turn could play important 
roles in obesity-associated diseases.  In particular, our working hypothesis is that those 
obesity-associated conditions in which macrophages are detrimental, including early 
atherogenesis, white adipose tissue (WAT)-mediated inflammation and insulin resistance, 
and tumors promoted by tumor-associated macrophages (TAMs), could be exacerbated by 
the high levels of eNampt in obesity.  In support of this idea, we have shown very recently 
that there is a close correlation between WAT macrophage apoptosis and a fall in eNampt 
levels when diet-induced obese mice are switched to a low-calorie diet.  Stimulated by these 
findings, we plan to test causation by restoring eNampt and determining whether this will 
block the loss of WAT macrophages during reversal of obesity.  If so, this could have major 
implications, because WAT macrophages are thought to play an important role in 
inflammation-induced insulin resistance in the setting of obesity 19. 
 
IV.  Studies in advanced human atherosclerotic lesions (Task 7) 
 
 Over the past four years, our major efforts in examining human atheromata have been in 
the areas of STAT1 and soluble Mer.  STAT1 is a pro-apoptotic molecule that is activated by 
the aforementioned calcium-CaMKII pathway, and we showed in 2008 that it was present and 
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activated in human atheromata 20.  Over the last year, we have focused on an area related to 
defective efferocytosis, which, as explained above, promotes plaque necrosis 11.  We recently 
showed that the efferocytosis receptor Mertk is important in plaque necrosis in atheromata in 
vivo 12.  We are now interested in the hypothesis that cleavage of Mertk, which is stimulated 
by inflammation in macrophages and which compromises efferocytosis, can explain at least 
partially the defective efferocytosis that is known to occur in advanced and inflamed 
atheromata 21.  As explained last year, we found a remarkably high level of soluble Mer in 
advanced human lesions but not in uninvolved human arteries.  In very recent work, we have 
verified this finding in ~20 new human specimens, that have various levels of plaque necrosis 
(not yet analyzed) and various levels of sol Mer (Figure 4).  We are now attempting to 
correlate sol Mer level in lesions with plaque vulnerability, and we are well on our way of 
creating a new mouse model expressing non-cleavable Mer to test causation in plaque 
progression. 
 

Figure 4.  Soluble Mer i s pres ent i n different l evels i n h uman pl aques.
Carotid a therectomy specimens f rom unidentified subjects (I D3 only ) w ere 
subjected to Western b lot using a n a nti-human Mertk a ntibody ( upper blot).  
Soluble Mer runs as a diffuse band due to variations in protein glycosylation.  In  
the blots la beled "(g lycanase)", t he material w as digested with N-glycanase, 
which cause sol Mer to  migrate at a  much lower MW in the gel, thus confirming 
identity of sol Mer.  In future studies, we will analyze these specimens for degrees 
of plaque necrosis to see if that parameter correlates with level of sol Mer.
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KEY RESEARCH ACCOMPLISHMENTS IN YEARS 1-4: 
 
Task 

# 
Year 1 Year 2 Year 3 Year 4 

1 

2 • Initiation of 
key signaling 
studies that we 
reasoned would 
be critical for 
understanding 
the role of AngII 
in Mφ 
apoptosis. 

• Expanded our understanding of 
how the AngII targets IP3R, 
CaMKII, and NADPH oxidase 

• Mechanism of BARR2 cell-
survival pathway elucidated, i.e., 
through EGF receptor. 

3 

• Elucidation of the 
key signaling 
pathways involved 
in the ER stress-
PRR model of 
apoptosis, with an 
emphasis on those 
pathways known to 
be direct targets of 
AngII, namely, 
calcium-CaMKII-
NADPH oxidase-
ROS.  This work 
resulted in a high-
profile manuscript 
recently accepted 
by Circulation. 

• AngII target #1:  In-
depth mechanistic work in 
on how calcium is 
released to activate 
CaMKII  

• AngII target #2:  New 
insight into how NADPH 
oxidase promotes 
apoptosis 

• New data how the 
AngII receptor adaptor β-
arrestin 2 can influence 
the balance between 
apoptosis and cell 
survival 

4 

5 

• Elucidatio n of 
the role of TZDs 
on advanced 
lesional Mφ 
death. 

• The TZD study 
was refined with 
more in-depth 
mechanism and 
completion of in 
vivo studies, 
resulting in 
submission and 
publication by 
Circulation. 

• Discovery of how 
PPARs and obesity can 
effect 
monocyte/macrophage 
subsets 

• New data on how these 
monocyte/macrophage 
subsets affect the 
efficiency of efferocytosis 

• Major progress was made on 
how macrophage subsets, which 
are affected by PPARs, affect 
efferocytosis in advanced 
atheromata 

• Explore role of fatty acids, 
which can act through PPARs, on 
efferocytosis in the setting of 
obesity (in revision for Circ Res.) 

• In process of setting up study to 
test the role of PPARδ on this 
process in atherosclerosis 

6 

• Mech anistic 
studies on how 
adiponectin 
suppresses the 
UPR. 

• Elucidatio n both 
in vitro and in vivo 
that the key UPR-
suppressive action 
of adiponectin is 
carried out by an 
adiponectin-LPS 
complex (holo-
adiponectin) 
through a unique 
TLR-TRIF/TRAM 
pathway. 

• Ne w comprehensive 
data that the adiponectin-
LPS UPR suppressive 
pathway functions in vivo 

• New study on a 2nd 
adipokine—eNampt—
showing how it promotes 
macrophage survival and 
thus may contribute to 
obesity related 
macrophage-induced 
diseases 

• Study on how LPS affects the 
CHOP pathway published in 
Nature Cell Biology 

• Study on how adiponectin 
affects atherosclerosis in vivo was 
completed and is now under 
revision for ATVB 

• Study on how eNampt affects 
macrophage survival was 
published in JBC 

• New studies underway to test 
the idea that a decrease in 
eNampt might affect WAT 
macrophage apoptosis during 
weight loss 
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7 • Identification 
of key 
downstream 
UPR effectors 
as candidates 
to explore in 
human lesions. 

• First 
demonstration that 
a key pro-apoptotic 
signaling molecule 
downstream of the 
UPR—Ser-P-
STAT1—is 
expressed in 
advanced but not 
early human 
coronary artery 
lesions.  (Myoishi et 
al. reported that 
advanced human 
lesions express 
UPR markers, 
which was 
correlated with 
apoptosis and 
plaque 
vulnerability.) 

• First demonstration that 
soluble Mer, a marker of 
defective efferocytosis, is 
present in advanced 
human plaques 

• Study exploring the presence of 
sol Mer in human atheroma was 
expanded 
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CONCLUSIONS: 
 
Over the last four years, we have gained a wealth of new information related to how 
obesity—an epidemic in military families and in the general public—can promote obesity's 
worse consequence, atherothrombotic vascular disease.  We have gained new insight into 
the complexities of AngII, a hormone that is elevated in obesity and known to promote CAD.  
On the one hand, it affects three major processes known to play a role in advanced lesional 
macrophage apoptosis.  On the other hand, its adaptor BARR2 participates in a cell-survival 
pathway.  How there molecular pathways integrate in advanced atheromata in vivo will be a 
major goal of future studies.  We have also gained new insight into the complexity of the 
PPAR-atherosclerosis connection, which is central to the obesity-CAD epidemic.  For 
example, so-called PPAR activators TZDs have off-target effects that can promote plaque 
progression, but PPARs themselves can improve efferocytosis in lesions, which will retard 
plaque progression.  These studies provide compelling evidence that new and improved 
PPAR activators are needed in this setting.  In another set of projects, we showed that "pure" 
adiponectin, which is decreased in obesity, is not anti-atherogenic, as had been previously 
assumed.  Rather, adiponectin can form a complex with LPS, which in turn suppresses pro-
apoptotic CHOP.  This effect is predicted to suppress lesion progression.  Another cytokine 
that is actually elevated in obesity, eNampt, has macrophage survival effects, which in the 
setting of WAT, may aggravate insulin resistance and thus atherosclerosis.  Finally, studies in 
two key areas—macrophage apoptosis signaling (STAT1) and efferocytosis (sol Mer)—have 
been directly related to human atherosclerosis through the study of carotid atherectomy 
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specimens.  In summary, we have made substantial progress in understanding how obesity 
leads to accelerated heart disease at a molecular-cellular level by the elucidation of novel 
pathways of macrophage apoptosis and defective efferocytosis in advanced atherosclerosis.  
Future work in this area, stimulated by the accomplishments during the 4-year grant period, 
will hopefully suggest new therapeutic approaches to this evolving epidemic in the military 
and in the general society. 
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 ABSTRACT 

The complications of atherosclerosis are a major cause of death and disability in Type 2 diabetes.  

Defective clearance of apoptotic cells by macrophages (efferocytosis) is thought to lead to 

increased necrotic core formation and inflammation in atherosclerotic lesions.  We quantified 

efferocytosis in peritoneal macrophages and in atherosclerotic lesions of obese ob/ob or 

ob/ob;Ldlr-/- mice and littermate controls. Peritoneal macrophages from ob/ob and ob/ob;Ldlr-/- 

mice showed impaired efferocytosis, reflecting defective PI3K activation during uptake of 

apoptotic cells. Membrane phospholipids of ob/ob and ob/ob;Ldlr-/- macrophages showed an 

increased content of saturated fatty acids (FAs), and decreased n-3 FAs (Eicosapentaenoic acid 

(EPA) and Docosahexaenoic acid (DHA)) compared to controls.  A similar defect in 

efferocytosis was induced by treating control macrophages with saturated free FA (FFA)/BSA 

complexes, while the defect in ob/ob macrophages was reversed by treatment with EPA/BSA or 

by feeding ob/ob mice a fish oil diet rich in n-3 FAs. There was also defective macrophage 

efferocytosis in atherosclerotic lesions of ob/ob;Ldlr-/- mice and this was reversed by a fish oil-

rich diet. The findings suggest that in obesity and Type 2 diabetes elevated levels of saturated 

FAs and/or decreased levels of n-3 FAs contribute to decreased macrophage efferocytosis. 

Beneficial effects of fish oil diets in atherosclerotic cardiovascular disease could involve 

improvements in macrophage function related to reversal of defective efferocytosis, and could be 

particularly important in Type 2 diabetes and obesity.  

 

Key Words:  Efferocytosis    Macrophages   Atherosclerosis    Fatty Acids    Mouse 
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INTRODUCTION 

Patients with Type 2 diabetes experience both accelerated atherogenesis and increased 

atherosclerotic complications such as plaque rupture and athero-thrombosis 1-3. While diabetic 

dyslipidemia is a major factor underlying accelerated atherogenesis, mechanisms acting at the 

level of the vessel wall may also be involved in plaque formation and complications. Recent 

studies have suggested that insulin resistance in macrophage foam cells 4 as well as in 

endothelial cells 5, 6 could also contribute to atherosclerotic plaque formation and complications. 

In macrophages insulin resistance promotes macrophage apoptosis during the ER stress response, 

and is associated with increased necrotic core formation in atherosclerotic plaques 4, while in 

endothelial cells insulin resistance and defective AKT activation lead to impaired NO 

bioavailability, increased inflammatory gene expression and markedly accelerated atherogenesis  

5, 7.  

Apoptosis of macrophages and smooth muscle cells in advanced atherosclerotic plaques is 

thought to lead to increased necrotic core formation, inflammation, plaque disruption and athero-

thrombosis 8-10.  Macrophages from ob/ob and Insr-/- mice show increased susceptibility to 

apoptosis during the ER stress response 11 and decreased inflammatory responses 12. Increased 

apoptosis and decreased inflammatory responses of macrophages would not be expected to lead 

to an enhancement of lesion formation. Efficient phagocytosis of apoptotic cells by macrophages 

(a process called efferocytosis) is normally anti-inflammatory 13, 14 and should not produce 

detrimental effects in lesions unless the phagocytic system becomes impaired. In fact, several 

molecular defects that lead to an enhancement of macrophage apoptosis have been associated 

with diminished formation of early atherosclerotic lesions 15-17. In contrast, various induced 

mutations that cause defective efferocytosis (such as in the mer-TK receptor) lead to increased 
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necrotic core formation, increased inflammation and accelerated atherogenesis in mouse models 

18-20. Intriguingly, defective macrophage efferocytosis is characteristic of advanced human 

atherosclerotic lesions 21. However, very little is known concerning factors that might commonly 

lead to defective efferocytosis in atherosclerosis. 

In the present study we have examined the hypothesis that obesity and Type 2 diabetes might 

produce a defect in macrophage efferocytosis. We found that peritoneal macrophages from ob/ob 

mice have impaired efferocytosis, and that atherosclerotic lesions from these mice in the Ldlr-/- 

background have greatly increased amounts of apoptotic material outside of macrophages 

indicating a severe defect in efferocytosis.  The defect in efferocytosis of ob/ob macrophages did 

not reflect macrophage insulin resistance, but was reproduced by an exogenous factor i.e. 

saturated FFA/BSA complexes. Remarkably, a fish oil diet rich in n-3 FAs completely reversed 

the defect in efferocytosis in ob/ob;Ldlr-/- atherosclerotic lesions.  

 

 

MATERIALS AND METHODS 

Animals 

About 6-week old obese ob/ob or db/db mice together with their lean littermate controls on a 

C57BL/6J background, as well as TLR4 deletion mutant on C57B6/10ScNJ background 22 and 

its control mice (C57B6/10ScSnJ) were obtained from the Jackson Laboratory (Bar Harbor, 

Maine, USA). P38 α or ACSL1 deficient macrophages were obtained by crossing the LysM-Cre 

strain with p38flox/flox or ACSL1-flox mice 23,24. For study with the AIN76A semi-synthetic 

diet (0.02% cholesterol), sections of atherosclerotic lesions from diet-fed ob/ob;Ldlr-/- or Ldlr-/- 

mice for more than 20 weeks were analyzed for lesion area and efferocytosis.  The mice used for 
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in vitro peritoneal macrophage efferocytosis or membrane/plasma lipid composition analysis 

were on the diet for 4 weeks.  For olive or fish oil diet study, sections of atherosclerotic lesions 

from diet-fed ob/ob;Ldlr-/- or Ldlr-/- mice for 6 weeks25 were analyzed for lesion area and 

efferocytosis. Ob control and ob/ob mice fed the same diets for 4 weeks were used for in vitro 

macrophage efferocytosis or membrane lipid analysis.  Unless otherwise specified, ob control 

and ob/ob mice were maintained on chow diet for other studies. 

Macrophage isolation and cell culture 

Thioglycollate-elicited peritoneal macrophages were collected from ob/ob or littermate lean 

control, Ldlr-/- or ob/ob;Ldlr-/- mice 3 days after thioglycollate injection. Cells were pooled 

from three mice of each genotype and cultured for 1-2 days in DME medium as described 26 .  

For one day culture, cells were washed 2 hours after plating.  For 2-day culture, media were 

replenished on the second day 26. 

Ex vivo treatments of macrophages with FFA/BSAs 

Fatty acids, such as lauric (LA)-, myristic (MA)-, palmitic (PA)-, palmitoleic (POA)-, oleic 

(OA)- or linoleic acid (LOA) were complexed with BSA (Sigma-Aldrich)  as described 27.  EPA 

was prepared as a stock solution in 100% ethanol and then diluted and mixed with essential fatty 

acid free BSA at a ratio of 5:1 in DMEM/10% FBS before treatment. To study the effects of 

FFA/BSA on efferocytosis, FFA/BSA complexes were incubated with macrophages for 6-7 h at 

0.5mM in DMEM/10% FBS, unless otherwise specified.  

In vitro efferocytosis 

Analysis of in vitro efferocytosis was performed as described 26.   

Assessment of in vivo clearance of apoptotic cells by macrophages in the atherosclerotic 

lesions 
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Frozen lesion sections from the proximal aorta from Ldlr-/- or ob/ob;Ldlr-/- mice were analyzed. 

One separate set of samples was stained with hematoxylin and eosin (Sigma) for quantification 

of the lesion areas 4. The necrotic core region was determined as the acellular area of the lesions.    

For assessment of efferocytosis in the lesions, apoptotic cells in atherosclerotic lesions were 

detected by the TUNEL (TdT-mediated dUTP nick end labeling) technique using the in situ cell 

death detection kit (Roche)4, except that the frozen sections of proximal aorta were 

permeabilized with freshly prepared 0.1% triton and 0.1% sodium citrate on ice for 2 minutes. 

After TUNEL staining, samples were blocked in 10% goat serum, and stained with macrophage 

specific rabbit anti-mouse antibody AIA (Accurate Chemical and Scientific) 18. Genomic DNA 

was stained with Hoechst dye before the slides were mounted with coverslips. Staining was 

analyzed under an Axiovert 200 fluorescence microscope (Zeiss). Fluorescent images were 

captured with a CCD camera and analyzed using image analysis software Photoshop (Adobe). 

Macrophage efferocytosis in the lesion areas was quantified as previously described 18. 

Data analysis 

Results are expressed as mean ± S.E.M. (n is noted in the figure legends or figures), and 

statistical significance of differences was evaluated with Student’s t test. 

 

 

RESULTS 

Macrophages of ob/ob mice have impaired ability to phagocytose apoptotic cells   

Using a fluorescence assay that identifies apoptotic cells within macrophage phago-lysosomes 26, 

we showed that peritoneal macrophages from ob/ob and db/db mice have impaired ability to 

phagocytose apoptotic cells i.e. impaired efferocytosis 14 (Figure 1A). An in vivo defect in 
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efferocytosis was shown by instilling apoptotic cells into the peritoneal cavity of mice during 

macrophage elicitation (Figure 1B, in vivo). In addition, ob/ob macrophages showed a defect in 

Fc receptor-mediated phagocytosis (Figure 1C). These findings suggest a generalized defect in 

the phagocytic activities of ob/ob macrophages.  

 

We next carried out studies to elucidate the mechanism of defective efferocytosis of ob/ob 

macrophages. The decrease in efferocytosis was not associated with diminished binding of 

apoptotic cells to the cell surface of ob/ob macrophages (Fig 1D), indicating a defect in the 

uptake of apoptotic cells. Prolonged cell culture of ob/ob macrophages for more than two days 

was associated with a gradual normalization of efferocytotic efficiency (data not shown). To 

further assess if defective efferocytosis of ob/ob macrophages might be cell autonomous, we 

carried out a bone marrow transplantation experiment. When ob control bone marrow was 

transplanted into lethally irradiated ob/ob mice, the ob control peritoneal macrophages acquired a 

similar defect in efferocytosis as seen in ob/ob mice transplanted with ob/ob bone marrow. In 

contrast, when ob/ob bone marrow was transplanted into ob control mice, efferocytotic 

efficiency of peritoneal macrophages was not significantly different from ob control to ob 

control transplanted mice (Figure 1E). These findings indicate that the defect in efferocytosis of 

ob/ob macrophages is reversible and most likely arises from factors exogenous to the 

macrophage.  

 

Decreased PI-3-kinase/AKT activation during efferocytosis in ob/ob macrophages 

An important early event during phagocytosis is the recruitment of PI3K to the phagocytic 

membrane leading to an increase in generation of PIPs within the phagocytic cup 28, 29. In control 
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macrophages, efferocytosis was associated with a rapid increase in PI3K/AKT phosphorylation 

(Figure 2A) and accumulation of PIP3 in the phagocytic cup (seen as bright localized staining as 

indicated by arrows in Figure 2B). Ob/ob macrophages had markedly defective PI3K/AKT 

signaling during efferocytosis, and impaired accumulation of PIP3 in phagocytic membranes 

(quantification showed ~ 40% decrease in signal in phagocytic cups in ob/ob macrophages 

compared to control). Similarly, the synthetic PI3K inhibitor LY 294002 produced a severe 

defect in efferocytosis associated with decreased accumulation of PIP3 in the phagocytic 

membrane of control macrophages (Figure 2B and C). Since tyrosine phosphorylation of the 

regulatory subunit of PI3K (P85) can relieve its inhibitory activity on PI3K 30, we carried out 

immunoprecipitation with a phosphotyrosine antibody and then SDS-PAGE and western blotting 

with an antibody against the PI3K regulatory subunit P85. There was a rapid increase in the in 

the amount of phosphorylated p85 during efferocytosis in ob control macrophages, but not in 

ob/ob macrophages. This suggests that p85 phosphorylation is impaired in ob/ob macrophages 

during efferocytosis leading to decreased PI3K/AKT activation (Figure 2D). To determine if 

decreased AKT activation might be directly responsible for defective efferocytosis of ob/ob 

macrophages, we transfected macrophages with adenovirus expressing a constitutively active 

form of AKT, myr-AKT 31. However, this did not restore the defect in efferocytosis in ob/ob 

macrophages, suggesting that defective PIP3 generation resulting from decreased PI3K 

activation is responsible for defective efferocytosis, rather than decreased AKT signaling 

(Supplementary Figure S1).  

 

Defective efferocytosis is not reversed by adipocytokines 
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The bone marrow transplantation experiments showed that the defect in efferocytosis of ob/ob 

macrophages arose from interaction of the macrophages with exogenous factors. In an attempt to 

identify the relevant exogenous factors, we first considered whether there might be a direct effect 

of leptin on phagocytic efficiency, as previously reported for microbial phagocytosis 32 . 

However, addition of leptin or various other adipocytokines (visfatin, adiponectin) or 

lipopolysaccharide did not influence phagocytic efficiency of ob/ob macrophages 

(Supplementary Figure S2A). Similarly, increases in glucose in the medium had no effect on 

efferocytosis of ob/ob macrophages (Supplementary Figure S2B). Since ob/ob macrophages 

show defective insulin signaling 27, we also analyzed efferocytosis in macrophages from Insr-/- 

mice. However, macrophages from Insr-/- mice showed no significant defect in efferocytosis 

(Supplementary Figure S2C).   

 

Exogenous fatty acids alter macrophage efferocytotic efficiency and PI3K activation  

In contrast to non-obese Insr-/- mice 4, ob/ob mice show marked elevations in plasma FFA levels, 

and elevated levels of FFAs especially saturated FAs are thought to have an important role in 

inducing insulin resistance and inflammatory responses in these mice 33-35. We confirmed an 

increase in plasma FFA levels in ob/ob mice (Figure 3A) and showed that membrane 

phospholipids of ob/ob macrophages have an increased content of saturated FAs and a decreased 

content of several unsaturated FAs, including the long chain n-3 FAs, DHA and EPA (Figure 

3B). These changes in membrane phospholipids FA composition in ob/ob mice were similar to 

those observed for plasma lipids, where a decrease in DHA and EPA and an increase in C16:0 

and C18:0 fatty acids were also observed (Fig S3A).  
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The changes in plasma and membrane FAs in ob/ob mice led us to examine the effects of adding 

exogenous FFA/BSA complexes on efferocytosis. Strikingly, incubation of wild type 

macrophages with saturated FFA/BSA complexes but not unsaturated FFA/BSA complexes 

induced a marked defect in efferocytosis comparable to that observed in ob/ob macrophages.  A 

time course study showed that pre-incubation of WT macrophages with saturated FAs for more 

than about 5 h induced a defect in efferocytosis (Figure 3C). Since membranes of ob/ob 

macrophages showed a decreased content of n-3 FAs, we determined effects of incubating ob 

control and ob/ob macrophages with EPA/BSA complexes. Whereas incubation of ob/ob 

macrophages with saturated FFA/BSA complexes worsened the defect in efferocytosis (Figure 

3D), incubation with EPA/BSA complexes eliminated the defect in efferocytosis in ob/ob 

macrophages (Figure 3E). Thus, either a decrease in plasma and macrophage membrane n-3 fatty 

acids and/or an increase in plasma and membrane saturated FAs could be responsible for the 

defect in efferocytosis in ob/ob macrophages.  

 

Interestingly, the incubation of wild type macrophages with saturated FFA/BSA complexes led 

to defective PI3K/AKT signaling (Fig 4A) and decreased tyrosine phosphorylation of the 

regulatory subunit of PI3K during efferocytosis (Fig 4B), resembling the changes seen in ob/ob 

macrophages (Fig 2A and D). This indicates a similar underlying defect in PI3K activation in 

ob/ob and saturated FA-treated control macrophages and suggests that changes in plasma and 

macrophage membrane fatty acid composition in ob/ob mice could be responsible for the defect 

in efferocytosis in ob/ob and ob/ob;Ldlr-/- macrophages. 

 

Impaired efferocytosis is not reversed by inhibition of TLR4, NF-κB, JNK, p38 or IKK 
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Saturated FFAs have recently been shown to induce increased macrophage inflammatory gene 

expression as a result of enhanced signaling via TLR4 33. However, LPS treatment did not induce 

a defect in efferocytosis and macrophages with mutant TLR4 or macrophages deficient in 

MyD88 (not shown) or p38α map kinase still showed a major defect in efferocytosis when 

treated with saturated FFA/BSA complexes (Figure 5A and 5B). Impaired signaling via 

PI3K/AKT can arise as result of decreased tyrosine or increased serine phosphorylation of IRS 

proteins due to increased IKK, NF-κB or JNK activities 36-39. By analogy there could be similar 

effects on signaling proteins that become tyrosine phosphorylated during phagocytosis. However, 

IKK, NF-κB and JNK inhibitors did not affect the decrease in efferocytosis induced by saturated 

FAs or the defect in ob/ob macrophages (Figure 5C). To determine if increased signaling via 

protein kinase Cs could be involved, we treated macrophages with myristoylated -PKC-DN 

(dominant negative) or with a potent PKC inhibitor GF 109203X but this did not lead to an 

improvement in the inhibition of efferocytosis by saturated FAs (Figure 5D). In order to 

determine if effects of FFAs were mediated via fatty acyl CoA formation, we incubated saturated 

FFA/BSA complexes with macrophages containing a specific KO of long-chain acyl-CoA 

synthetase (ACSL)-1, the principal ACSL isoform in these cells 40  However, the impairment of 

efferocytosis by saturated FAs was largely preserved in these cells (Figure 5E). Similarly, 

incubation of saturated FFA/BSA complexes with macrophages treated with the general ACSL 

inhibitor triacsin C had no significant effect on efferocytosis (Figure 5E). Together these findings 

suggested that FFA effects on efferocytosis do not depend on incorporation of fatty acyl CoA 

derivatives into macrophage lipids, but might be mediated by direct effects of FAs themselves or 

metabolism of FAs via alternative pathways.  
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Impaired efferocytosis in atherosclerotic lesions of ob/ob;Ldlr-/- mice 

We next sought to determine if there might be defective macrophage efferocytosis in 

atherosclerotic lesions of ob/ob mice. Since the ob/ob mutation is not sufficient to produce 

atherosclerosis, we carried out these studies in ob/ob; Ldlr-/- mice. Mice were fed a high 

cholesterol, semi-synthetic diet to induce atherosclerosis. Peritoneal macrophages from 

ob/ob;Ldlr-/- mice fed this diet showed defective efferocytosis compared to Ldlr-/- controls (Fig 

6A). On this diet ob/ob;Ldlr-/- mice showed an increase in plasma FFA levels compared to Ldlr-

/- controls (Fig 6B).  In Ldlr-/- mice fed the atherogenic semi-synthetic diet, levels of n-3 FAs 

(DHA and EPA) appeared to be reduced ob/ob and ob/control mice fed the chow diet, but the 

same tendency was observed as noted earlier i.e. there were lower levels of DHA and EPA and 

C18:2 FAs and increased C16:0 and C18:0 fatty acids in ob/ob;Ldlr-/- compared to Ldlr-/- mice 

in both plasma lipids and macrophage membrane phospholipids   (Figure S3B and S3C). In the 

ob/ob;Ldlr-/- mice plasma VLDL/LDL and HDL levels were increased compared to Ldlr-/- 

controls, similar to previous studies41, 42. Figure S4A and S4B show data after 4 weeks on diet, 

Table S1 shows data after more than 20 weeks on diet).  We confirmed increased lesion area in 

ob/ob:Ldlr-/- mice fed the semi-synthetic atherogenic diet for more than 20 weeks compared to 

Ldlr-/- controls, similar to previous observations on a different diet 42 and also demonstrated 

increased necrotic core formation in advanced lesions from the former group of mice (Figure 6C). 

To assess efferocytosis we used a triple staining procedure for apoptotic cells, macrophages and 

nuclei 18, 21 . This assay is illustrated in Figure 6D.  TUNEL positive material that co-localizes 

with nuclei (Hoechst positive) signifies apoptotic cells. If apoptotic cells are not within 

macrophages (defined as AIA staining positive material in close proximity to another nucleus), 

they are scored as non-phagocytosed apoptotic cells. Otherwise, they are scored as associated 
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with or phagocytosed by macrophages.  These assays were scored by a blinded observer. There 

was a non-significant trend to increased numbers of apoptotic cells within lesions of ob/ob;Ldlr-

/- mice, and a significant increase in numbers of non-phagocytosed apoptotic cells, indicating 

defective efferocytosis in advanced  ob/ob atherosclerotic lesions (Figure 6D).         

A diet rich in fish oils reverses the defect in efferocytosis in ob/ob mice 

As noted above, EPA/albumin complexes produced an improvement in efferocytosis in ob/ob 

macrophages (Figure 3E). Fish oil-rich diets are beneficial for atherosclerotic cardiovascular 

disease, and are rich in n-3 FAs such as EPA and DHA 43.  To determine if fish oils could 

enhance efferocytosis in vivo, we fed ob control and ob/ob mice either olive oil- or fish oil-

enriched diets (containing 40% fat) for about 4 weeks, and then isolated peritoneal macrophages 

from these mice. Efficiency of efferocytosis was significantly decreased in olive oil treated ob/ob 

mice compared to ob control mice and this defect was reversed in fish oil treated ob/ob mice 

relative to ob control mice, paralleling marked improvements in AKT phosphorylation on the 

fish oil diet (Figure 7A).  Analysis of membrane phospholipids fatty acids in the mice fed the 

fish oil diet showed an increased content of n-3 FAs (DHA and EPA) compared to mice 

receiving the olive oil diet (Figure 7B shows mean results of two separate analyses). However, 

there was no consistent change in membrane saturated FAs in mice fed the fish oil diet.   

 

A fish oil enriched diet reverses defective efferocytosis in ob/ob;Ldlr-/- mice 

We next wished to determine if a fish oil rich diet would also improved efferocytosis in 

atherosclerotic lesions. We carried out an analysis of atherosclerotic lesions from Ldlr-/- and 

ob/ob:Ldlr-/- mice fed olive oil or fish oil diets.  Studies were performed at an early time point in 

fatty streak lesions.  In contrast to later time-points when mice treated with olive oil displayed 
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larger atherosclerotic lesions than those receiving fish oil (12 weeks) 25, there was no overall 

difference in lesion area after only 6 weeks on olive oil or fish oil diets (Figure 8A). The fish oil 

diet has a high content of DHA and EPA, allowing us to determine if there might be an in vivo 

effect on apoptosis and efferocytosis by n-3 FAs 25. Analysis of plasma lipid FA composition 

showed a marked increase in DHA and EPA, with decreases in C18:1 and C20:4 FAs in mice on 

the fish oil diet compared to the olive oil diet (Figure S5A and S5B).  On the olive oil diet the 

ob/ob:Ldlr-/- mice showed a 2-fold increase in numbers of apoptotic cells and a 3.5-fold increase 

in the number of unphagocytosed apoptotic cells outside of macrophages, compared to Ldlr-/- 

controls (Figure 8B). Remarkably, both the increase in apoptosis and the defect in efferocytosis 

were completely reversed in mice fed the fish oil diet (Figure 8B).    

 

 

DISCUSSION 

Our studies show that in addition to the known inability of ob/ob macrophages to phagocytose 

bacteria 32, 44, they show defective efferocytosis and Fc receptor-mediated phagocytosis. 

Together these findings indicate a generalized defect in the phagocytic activities of ob/ob 

macrophages. However, unlike the previous reports 32, 44 , we did not find that leptin treatment 

could reverse defective efferocytosis of ob/ob macrophages.  The underlying defect appeared to 

be related to an altered macrophage membrane phospholipid fatty acid composition with 

decreased levels of n-3 fatty acids (DHA, EPA) and increased levels of saturated fatty acids 

(C16:0, C18:0), leading to defective PI3K activation and failure to generate PIP3 in the 

macrophage phagocytic membrane.  
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Our data strongly suggest that the defect in efferocytosis of ob/ob macrophages was related to 

increased concentrations of saturated FAs and/or decreased concentrations of the n-3 FAs, DHA 

and EPA. Saturated FFA/BSA complexes induced a similar defect in efferocytosis associated 

with defective PI3K activation in ob control macrophages, while EPA/BSA complexes 

ameliorated the defect in ob/ob macrophages. Analysis of membrane phospholipids of ob/ob and 

ob/ob;Ldlr-/- macrophages showed increased saturated FAs and decreased n-3 FAs compared to 

controls, paralleling changes in the composition of plasma lipid FAs. Thus, exposure of 

macrophages in vivo to increased saturated FAs and decreased n-3 FAs leads to parallel changes 

in the composition of membrane phospholipids. Interestingly, feeding a diet high in fish oils 

appeared to increase membrane n-3 FAs without appreciable changes in content of saturated FAs, 

and led to a reversal of the defect in ob/ob efferocytosis in peritoneal and lesional macrophages.  

Saturated FFA/BSA complexes still induced a defect in efferocytosis in the presence of triacsin 

C or ACSL1 deficiency, suggesting that even though membrane phospholipids had altered 

composition in ob/ob macrophages it could be a direct effect of FFAs or alternative metabolism 

not requiring fatty acyl CoA formation that produced the defect in efferocytosis. Alteration in 

membrane fluidity reflecting either increased phospholipid saturated FAs or saturated FFAs, is 

one potential mechanism to explain the defect in efferocytosis in ob/ob macrophages 45.  

However, these studies do not definitely rule out the importance of Acyl-CoA synthesis in 

modulation of efferocytosis.  Enzymes with acyl-CoA synthetase activity (such as fatty acid 

transport proteins Fatp1 and Fatp4) that prefer these n-3 unsaturated FAs are not inhibited by 

triacsin C (or ACSL1-deficiency)46, 47 48. It is possible that increased amounts of saturated fatty 

acids compete with DHA and EPA for incorporation in membrane phospholipids, and that these 

n-3 FAs are important for efferocytosis.  Products of DHA/EPA such as 
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lipoxins/resolvins/maresins are known to increase efferocytotic efficiency in macrophages and to 

promote the resolution of inflammation 49, 50. DHA and EPA are converted into these anti-

inflammatory products by 15-lipoxygenase, probably accounting for the anti-atherogenic activity 

of this enzyme in certain settings51.  Thus, reduced levels of plasma and membrane n-3 FAs are 

likely to be an important factor contributing to defective efferocytosis in ob/ob macrophages, 

whereas increased levels of n-3 FAs and products such as lipoxins/resolvins/maresins are likely 

to explain beneficial effects of fish oil diets on efferocytosis. A recent report showing that n-3 

FAs increase resolvins, protectins in ob/ob mice with beneficial effects on insulin resistance 

supports this hypothesis 52.  

Mouse models of obesity and diabetes, such as ob/ob and db/db mice, show dramatically 

accelerated atherosclerosis in Apoe-/- and Ldlr-/- backgrounds, but also have pro-atherogenic 

lipoprotein changes, such as increased VLDL/LDL cholesterol levels41, 42, 53,. Thus, the potential 

contribution of factors acting at the level of the vessel wall may be obscured by increased 

hyperlipidemia on the ob/ob background. In the current study we have analyzed atherosclerotic 

lesions in ob/ob;Ldlr-/- mice fed two different diets and have found changes suggesting 

increased apoptosis and defective efferocytosis in lesions of ob/ob;Ldlr-/- mice. In the first study 

using a semi-synthetic diet(more than 20 weeks), we found that in advanced lesions of 

ob/ob;Ldlr-/- mice there was increased lesion area, increased necrotic core and defective 

efferocytosis compared to Ldlr-/- controls. In the second study we analyzed lesions from ob/ob; 

Ldlr-/- mice or Ldlr-/- controls that had been fed olive oil or fish oil diets for a short period (6 

weeks). In these early lesions we documented increased apoptosis and defective efferocytosis in 

the ob/ob; Ldlr-/- mice compared to Ldlr-/- controls. It is important to note that even though at 

this stage overall lesion size was similar in the different groups, it was larger in the ob/ob;Ldlr-/- 
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mice fed even the chow diet when they were older (6 months old) or in mice fed with the olive 

oil diet longer (12 weeks) 25,42.  In the latter study, lesion size was decreased by the fish oil diet 25.  

The ability of fish oils or n-3 FA supplementation to reduce lesion size has also been noted in 

several other studies 54, 55 While increased apoptosis in early lesions appears to be associated 

with an overall decrease in lesion size 56, 57, our observations indicate defective efferocytosis in 

both early  and late lesions of ob/ob;Ldlr-/- mice. Defective efferocytosis likely contributes to 

defective resolution of inflammation and leads to increased lesion size and features of instability 

such as necrotic core formation when lesions become advanced9, 58.      

Apart from the effects of induced or rare mutations in these molecules18-20, the causes of 

defective efferocytosis in atherosclerotic lesions are unknown even though this appears to be a 

common defect in advanced human atherosclerotic lesions 21. Interestingly, since similar 

clearance mechanisms are involved, it has been speculated that oxidized phospholipids in 

oxidized LDL or derived from apoptotic cells may compete with new apoptotic cells for 

clearance by macrophages 59.  The present study suggest that in type 2 diabetes/obesity increased 

levels of saturated FAs and/or decreased levels of n-3 FAs may  give rise to a defect in 

efferocytosis. Once defective efferocytosis has been initiated by such a mechanism, 

accumulation of oxidized lipids in lesions may worsen the defect by the proposed competitive 

mechanism 59. 

 

Fish oil diets or n-3 long chain FA supplementation ameliorate atherosclerotic CVD in humans, 

but these effects are not correlated with improvements in traditional risk factors such as plasma 

LDL or HDL levels 60. The studies of Serhan and colleagues showing that products of n-3 FAs in 

macrophages help to resolve inflammation and promote efferocytosis  have suggested novel 
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mechanisms to explain the beneficial effects of diets enriched in fish oils or supplemented with 

n-3 FAs in atherosclerotic CVD, i.e. promotion of efferocytosis and resolution of inflammation49, 

50,51 . Our studies in the ob/ob mouse model extend these important observations by suggesting 

that in obesity and diabetes increases in the levels of saturated FAs and decreases in n-3 FAs 

produce defective efferocytosis, and indicate that these defects can be reversed by dietary 

supplementation with n-3 FAs. Our studies suggest the possibility that fish oil-rich diets 

currently recommended for treatment of atherosclerotic CVD 60, 61 could be particularly 

beneficial for CVD in obesity and Type 2 diabetes.  
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FIGURE LEGENDS 
 

Figure 1.   Defective efferocytosis by macrophages from obese mice.  

A: Efferocytosis by obese (ob/ob and db/db) mice and their corresponding littermate lean control 

mice (ob con and db con). Thioglycollate-elicited mouse peritoneal macrophages were pooled 

from three mice of each genotype and plated in 24-well plates with 10% FBS for 1- 2 days 

before phagocytic assay.  Macrophages were incubated with CELLTracker red stained apoptotic 

Jurkat cells for 25 minutes before they were fixed, permeabilized, and stained with an antibody 

against LAMP1 (Green) for phagocytic index (PI) evaluation.  Left, representative images 

showing the phagocytic assay from ob control and ob/ob peritoneal macrophages. Arrows 

represent macrophages with internalized apoptotic cells (yellow overlay indicates uptake). Right, 

quantification results of macrophage efferocytosis of obese and their littermate control mice.  B: 

Results of in vivo efferocytosis by peritoneal macrophages from ob control and ob/ob mice. C: 

Data of Fc-R mediated phagocytosis by ob control and ob/ob macrophages. D: Binding 

capacities of apoptotic cells between ob control and ob/ob macrophages. Macrophages were 

incubated with apoptotic cells at 4 °C for 1 hour before binding capacities were measured.  E: 

Results of the bone marrow transplantation study with ob control and ob/ob mice.  For all 

experiments, mean and SEM of at least 3 independent experiments, * P<0.05, PI: phagocytic 

index. 

 

 Figure 2.  Defective PI-3-kinase/AKT activation in response to phagocytosis of apoptotic 

cells by ob/ob macrophages.  

A: PI3K/AKT signaling during efferocytosis by ob control and ob/ob macrophages. Apoptotic 

Jurkat T cells were added to the monolayers of macrophages. At the indicated time points after 
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efferocytosis, unphagocytosed apoptotic cells were removed by rigorous shaking and 

macrophages were washed with ice cold PBS for three times before lysis. Immunoblotting was 

performed as indicated above. n=3, *P<0.05. B: PIP3 accumulation in phagocytic membranes in 

response to efferocytosis. Macrophages were incubated with apoptotic cells for 8 minutes before 

fixation. Left, fluorescent images showing the accumulation of PIP3 in phagocytic membranes 

(arrows) in ob control, ob/ob and 10µM LY 294002 treated ob control macrophages. Right, 

Quantification results of the number of areas with PIP3 accumulation in phagocytic membranes 

per 100 macrophages in response to the stimulus of apoptotic cells.  n=3, * P<0.05. C: The 

effects of PI3K inhibitor LY 294002 on efferocytosis of ob control macrophages. Macrophages 

were pretreated with 10µM LY 294002 1h before efferocytosis were conducted. APC: apoptotic 

cells.  n=3, *P<0.05.  D: Tyrosine phosphorylation of PI3K regulative subunit P85 during 

efferocytosis by ob control and ob/ob macrophages. For western blot, representative of 3 

independent experiments.  For quantification results, Mean and SEM of 3 independent 

experiments.   P=0.60 for ob control and ob/ob at time 0’, P=0.52 at time 5’, P=0.14 at time 10’, 

P=0.23 at time 20’. 

 

Figure 3.  Exogenous fatty acids alter macrophage efferocytotic efficiency.  

A: Plasma free fatty acids (FFA) level in 5h fasted ob control and ob/ob mice. n=14, *P<0.05.  

B: Composition of saturated fatty acids and unsaturated fatty acids in membrane lipids from ob 

control and ob/ob macrophages.   PA: Palmitic Acids, POA: palmioleic acid, SA: stearic acid, 

OA: oleic acid, LOA: linoleic acid, AA: arachidonic acid, EPA: eicosapentaenoic acid, DHA: 

docosahexaenoic acid.  n=4, *p<0.05. C: The time course and effects of saturated FFA/BSA on 

efferocytosis.  Except time course study, cells were treated with 0.5mM FFA for 6-7 hours 
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before phagocytosis were conducted. n=3, Mean and SEM of 3 independent experiments, * 

P<0.05.  D: The effects of FFA/BSA on ob/ob macrophages compared with ob control cells. n=3, 

Values are expressed as Mean±SEM. Unless specified, * P<0.05 or Not significant (NS) when 

compared with BSA treated ob/ob macrophages. E: The effects of EPA-BSA on efferocytosis by 

the ob control and ob/ob macrophages. Representative data of 2 independent experiments with 

triplicates. *p<0.05 when compared with BSA treated ob/ob macrophages.   

 

Figure 4.  Saturated fatty acid/BSA complexes impair PI3K/AKT activation, resembling 

the changes seen in ob/ob macrophages.  

A: PI3K/AKT activation during efferocytosis in saturated FFA/BSA treated control macrophages. 

Results are representatives of 3 independent experiments for PI3K/AKT signaling. n=3. B: 

Tyrosine phosphorylation of PI3K regulative subunit P85 during efferocytosis in saturated 

FFA/BSA treated control macrophages. n=2.   

 

Figure 5.  Impaired efferocytosis is not reversed by inhibition of TLR4, P38, JNK, NF-κB, 

IKK or PKC signaling or ACSL.   

A: The effects of saturated FFA/BSA on efferocytosis in macrophages with mutant TLR4. B: 

The effects of saturated FFA/BSA on efferocytosis in p38α knockout macrophages. Not 

significant (NS) when compared to PA/BSA treated WT cells. C: The effects of JNK, IKK or 

NF-κB inhibitors on efferocytosis in saturated FFA/BSA treated control macrophages (left) or in 

ob/ob macrophages (right). Not significant when compared to PA/BSA treated control cells (left).  

Not significant when compared to ob/ob macrophages under control condition (right). D: The 

effects of PKC inhibitors on efferocytosis in saturated FFA/BSA treated ob control macrophages. 
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Not significant when compared to SA/BSA treated control cells with DMSO. E: The effects of 

saturated FFA/BSA on efferocytosis in ACSL1 knockout bone marrow derived macrophages or 

triacsin C treated ob control macrophages. Not significant when compared to FFA/BSA treated 

ACS1 control cells. For all experiments, the inhibitors were added together with saturated 

FFA/BSAs. LA: lauric acid, MA: myristic acid, PA: palmitic acid, SA: stearic acid, OA: oleic 

acid, LOA: linoleic acid.  Except for BMS and PKC-DN where n=2, values are expressed as 

Mean±SEM for at least 3 experiments.   NS: Not significant. 

 

Figure 6.  Defective efferocytosis in late atherosclerotic lesions of ob/ob:Ldlr-/- mice on 

semi-synthetic diet. 

A: In vivo efferocytosis by peritoneal macrophages from Ldlr-/- control and ob/ob;Ldlr-/- mice.   

Mice were on AIN76A semi-synthetic diet for 4 weeks before macrophages were collected. 

Representative data of 2 independent experiments with triplicates. * P<0.05. B: Plasma free fatty 

acids (FFA) level in Ldlr-/- or ob/ob;Ldlr-/- mice with the semi-synthetic diet for 4 weeks. n=6, * 

P<0.05. C: Proximal aortic root lesion and necrotic core areas per section from Ldlr-/- and 

ob/ob;Ldlr-/- mice with semi-synthetic diet for more than 20 weeks. n=6 pairs. D: Lesional 

macrophage efferocytosis of the mice described in Figure 6C. Upper, representative images of in 

vivo lesional macrophage efferocytosis from the Ldlr-/- and ob/ob;Ldlr-/- mice. Red: TUNEL 

positive materials, Blue: Hoechst stained cell nuclei, Green: macrophage specific AIA staining. 

Lower, quantification results of in vivo lesional macrophage efferocytosis (left) and apoptosis 

(right) from the Ldlr-/- and ob/ob;Ldlr-/- mice. n=6 pairs. 
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Figure 7.  Fish oil diet reverses the defect in efferocytosis by ob/ob peritoneal macrophages 

and increases membrane lipid content of n-3 fatty acids. 

A: In vitro peritoneal macrophage efferocytosis from ob control or ob/ob mice with olive oil or 

fish oil diets for 4 weeks, n=3. *P<0.05. The inset blot shows the macrophage PI3K/AKT 

signaling during efferocytosis after treatment with the corresponding diets for 4 weeks. B: 

Composition of saturated fatty acids and unsaturated fatty acids in membrane lipids from control 

and ob/ob mice on olive oil or fish oil for 4 weeks.   PA: Palmitic Acids, POA: palmioleic acid, 

SA: stearic acid, OA: oleic acid, LOA: linoleic acid, AA: arachidonic acid, EPA: 

eicosapentaenoic acid, DHA: docosahexaenoic acid.  n=2, mean value of 2 independent 

experiments. 

 

Figure 8.  Increased apoptosis and defective efferocytosis in early atherosclerotic lesions of 

ob/ob;Ldlr-/- mice: reversal of defects by a fish oil diet.  

A: Proximal aortic root lesion areas per section from Ldlr-/- and ob/ob;Ldlr-/- mice with either 

olive oil or fish oil diet for 6 weeks. B: Representative images (left) and quantification results 

(right) of in vivo macrophage efferocytosis in the atherosclerotic lesions from 6-week olive oil or 

fish oil treated Ldlr-/- and ob/ob;Ldlr-/- mice.  n=9 for olive oil or fish oil treated Ldlr-/- mice. 

n=5 for olive oil or fish oil treated ob/ob;Ldlr-/- mice.  
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Abstract 

Adiponectin is an adipocyte-derived, secreted protein that has been implicated in the 

protection against a cluster of related metabolic disorders including obesity, insulin resistance 

and cardiovascular disease. Mice lacking adiponectin display impaired hepatic insulin sensitivity 

and respond only partially to PPARγ agonists. Adiponectin-mediated metabolic improvements 

are associated with alleviation of dyslipidemia and the prevention of ectopic lipid deposition. It 

has been suggested that adiponectin has anti-atherogenic properties. However, the involvement 

of adiponectin on the atherogenic process have not been studied systematically in preclinical 

models of atherosclerosis. We crossed either adiponectin KO (Adn-/-) or mice with chronically 

elevated adiponectin levels (AdnTg) into the low-density lipoprotein (LDL) receptor (Ldlr-/-) 

deficient background. Surprisingly, we found that adiponectin levels did not correlate with the 

development of atherosclerosis under a number of different dietary conditions. We analyzed 

plaque volume in the aortic root, cholesterol accumulation in the aorta and plaque morphology, 

none of which were affected by variable circulating adiponectin levels. In light of the strong 

clinical correlations reported for adiponectin in cardiovascular disease, the lack of a phenotype in 

these gain- and loss-of-function studies in mice may suggest lack of causation or alternatively, a 

role for adiponectin in suppressing an atherothrombotic process, such as plaque rupture or 

lumenal thrombosis, which is not a component of these murine models. This indicates that the 

actions of adiponectin on the cardiovascular system are complex and multifaceted, with a 

minimal direct impact on atherosclerotic plaque formation in the setting of a murine model.  

245 words 
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Introduction 

 

Increasing prevalence of obesity and its association with the pathogenesis of cardiovascular 

disease has evoked a great interest in understanding the impact of adipokines on vascular 

integrity, systemic inflammation and heart failure (Abel, Litwin et al. 2008). Adipokines are 

factors secreted from adipose tissue that have been identified as key players in systemic energy 

management and are dysregulated in obesity (Scherer 2006). These include lipid factors, 

structural proteins like collagens and hormones implicated in energy homeostasis, lipid 

metabolism and insulin signaling including leptin, resistin, and retinol binding protein-4. Many 

pro-inflammatory cytokines (interleukin 1β (IL-1β), IL-6, tumor necrosis factor-α, monocyte 

chemoattractant protein-1) and pro-thrombotic adipokines (plasminogen activator inhibitor-1) 

tend to be upregulated in the obese state (Berg and Scherer 2005).  

Adiponectin is an adipokine abundantly expressed in differentiated adipocytes and released 

into the circulation (Shetty, Kusminski et al. 2009).  Adiponectin levels are high in the lean state 

and tend to be lower in obese individuals, provided the obesity is associated with a degree of 

local cellular dysfunction in adipose tissue that includes an increase in inflammation (Kim, van 

de Wall et al. 2007). In addition, circulating adiponectin levels correlate inversely with risk 

factors for cardiovascular disease including body mass index, visceral adiposity, hyperlipidemia 

and high density lipoprotein cholesterol (HDL-C) levels (Menzaghi, Trischitta et al. 2007). Due 

to these characteristics, adiponectin has emerged as a useful biomarker for clinical 

manifestations of a number of disease states associated with metabolic dysfunction. Hotta et al. 

demonstrated that adiponectin levels of diabetics with coronary artery disease (CAD) are lower 

than those of diabetics without CAD or of non-diabetics (Hotta, Funahashi et al. 2000). In  
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contrast, high adiponectin levels are associated with a reduced risk for myocardial infarction in 

men independently of their glycemic or inflammatory status (Pischon, Girman et al. 2004). 

Taken together, these epidemiological observations suggest a link between adiponectin and the 

pathologies of cardiovascular disease, albeit no conclusion can be drawn whether this 

relationship is correlative or causal.  

It has been suggested that adiponectin may also play an anti-atherogenic and anti-

inflammatory role (Takemura, Walsh et al. 2007). Increased neointimal proliferation was 

observed in mice lacking adiponectin and upon viral expression of the globular form in a cuff-

injury model in mice (Kubota, Terauchi et al. 2002). Surprisingly, a number of recent studies 

report an increased risk of all cause and cardiac mortality with elevated adiponectin levels in 

later and further progressed stages of cardiovascular disease (Cavusoglu, Ruwende et al. 2006). 

Another recent report concluded that elevated concentrations of adiponectin are independently 

associated with inducible ischemia in patients with stable coronary heart disease (Zhang, Spies et 

al. 2009). While adiponectin is measured frequently as marker for cardiovascular disease in the 

clinical area, to date, no systematic studies have been published that address the direct impact of 

adiponectin in the progression of atherosclerosis in pre-clinical models. We therefore embarked 

on a comprehensive analysis of LDL receptor knockout mice that are deficient of adiponectin 

(adiponectin null mice) or have mildly elevated levels of adiponectin mediated by means of 

overexpression of an adiponectin transgene (Nawrocki, Rajala et al. 2006) (Combs, Pajvani et al. 

2004) and exposed them to various dietary conditions that increase the cholesterol load. Our 

studies were designed to differentiate between non-obesogenic conditions intended to alleviate 

effects on adiposity or insulin sensitivity as well as conditions of diet-induced obesity (“Western 

style diet”). Interestingly, we could not establish a direct role of adiponectin in the 
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atherosclerotic process. Our observations may suggest lack of direct causation for adiponectin in 

protecting against atherosclerosis or a role for adiponectin in suppressing an atherothrombotic 

process, such as plaque rupture or lumenal thrombosis, that is not a component of these murine 

models (Rosenfeld, Carson et al. 2002). 

Our studies also considered the role of peroxisome proliferator-activated receptor γ (PPARγ) 

gene, which plays a crucial role in adipocyte differentiation. Pharmacologic activation of this 

nuclear receptor is the single most potent inducer of adiponectin secretion (Pajvani, Hawkins et 

al. 2004). Thiazolidinediones (TZD), such as rosiglitazone, are selective activators of PPARγ 

with beneficial effects on hepatic and peripheral insulin sensitivity and on a number of 

cardiovascular risk factors. However, prolonged TZD treatment has been associated with adverse 

events such as increased adiposity and edema and more recently substantial concern has been 

raised about the safety of TZDs on cardiovascular outcomes (Patel, Wyne et al. 2005; Stafylas, 

Sarafidis et al. 2009). Both pro and anti-atherogenic roles have been attributed to PPARγ. TZD 

exposure can in fact increase macrophage apoptosis and plaque necrosis in advanced 

atherosclerotic lesions (Thorp, Kuriakose et al. 2007). 

 

In the present study, we analyzed adiponectin-dependent and independent effects of chronic 

PPARγ agonism in mice. We examined lesion size as well as effects on cardiac integrity using 

our genetic models of adiponectin and LDL receptor deficiency. Cardiac remodeling is a well 

known adaptive mechanism related to obesity (Abel, Litwin et al. 2008). Structural changes in 

the heart such as left ventricular (LV) hypertrophy precede functional impairment ultimately 

leading to heart failure. Recently, it has been suggested that adiponectin attenuates cardiac 

remodeling in models of pressure overload and increases survival of cardiac myocytes when 
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injected immediately after cardiac ischemia/reperfusion in mice (Shibata, Sato et al. 2005; 

Ouchi, Shibata et al. 2006). Here we demonstrate that chronic TZD treatment causes LV 

hypertrophy which is attenuated in adiponectin knockout mice.  
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Results 

 

Deletion of adiponectin does not promote atherosclerosis in lean, LDL receptor deficient 

mice  

To assess a potential atherogenic role of adiponectin, we chose the widely used low 

density lipoprotein receptor knockout mouse model (Ldlr-/-) (Zadelaar, Kleemann et al. 2007). 

Mice lacking adiponectin (Adn-/-) (Nawrocki, Rajala et al. 2006) were crossed with Ldlr-/- mice to 

generate double knockout mice (Ldlr/Adn-/-). Mice were fed a low-fat diet containing 10% kcal 

from fat and 0.15% cholesterol (“Clinton/Cybulsky diet”), a regimen that causes substantial 

atherosclerotic lesions within three to four months without associated metabolic complications 

such as obesity and insulin resistance (Teupser, Persky et al. 2003). Total plasma cholesterol was 

elevated by the diet to approximately 800 mg/dL in all groups. As shown in Table 1, plasma 

adiponectin levels were not affected by this type of dietary exposure (Table 1, no drug). After 3 

months on the diet, mice were lean and had normal glucose levels, thus providing a suitable 

setting to determine putative, direct effects of adiponectin on lipid metabolism and 

cardiovascular endpoints without confounding hyperglycemia (Table 1; no drug). The lack of 

adiponectin in Ldlr/Adn-/- double knockout mice had no effect on total cholesterol, triglyceride 

and HDL cholesterol levels and did not alter lipoprotein distribution or particle size as compared 

to Ldlr-/- mice (Table 1, Suppl. Table 1). This observation is in line with previous data from 

Ldlr+/+/Adn-/- single knockout mice (without concomitant disruption of the LDLR locus). 

Lipoprotein particle distribution of Adn-/- mice is comparable to wild type C57Bl/6J mice on 

regular chow (Suppl. Fig. 1).  
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To assess the influence of adiponectin on the vasculature, we determined the progression 

of atherosclerosis at the aortic root as well as in the brachiocephalic branch of the aorta (BCA). 

Lesions were observed underneath most of the valve leaflets and near the aortic branches 

whereas macroscopic lesions were generally absent from the thoracic or abdominal aorta. As 

shown in Figure 1, the lesion area within the aortic root (Fig. 1A) and the BCA (Fig. 1B) was not 

affected by the presence or absence of adiponectin (no drug; Ldlr-/- vs. Ldlr/Adn-/-). This result 

indicated that adiponectin does not inhibit the atherogenic process, at least not under the dietary 

conditions chosen. To exclude the possibility that this may be unique to the Ldlr-/- mice, we also 

used apolipoprotein E knockout (Apoe-/-) mice, but observed a similar results.  Apoe-/- mice 

develop widespread lesions throughout the aorta while on regular chow (Getz and Reardon 

2006). Similar to the results in the Ldlr-/- mice, adiponectin deficiency had no influence on size 

or distribution of atherosclerotic lesions in Apoe-/- mice (data not shown).  

 

Pharmacological induction of adiponectin by PPARγ agonism does not improve 

atherosclerosis in lean mice 

PPARγ agonists have been evaluated in various long term human studies for potential 

cardiovascular benefits with mixed results (Home, Pocock et al. 2007; Nissen and Wolski 2007). 

Pharmacological activation of PPARγ is the single most potent method to induce the secretion 

and to elevate plasma adiponectin levels, particularly the high molecular weight form (Pajvani, 

Hawkins et al. 2003). Selective PPARγ ligands of the thiazolidinedione class (troglitazone and 

rosiglitazone) have been shown to inhibit the development of atherosclerotic lesions in Ldlr-/- 

under diabetic as well as non diabetic conditions (Li, Brown et al. 2000; Collins, Meehan et al. 

2001). To assess whether these effects may be secondary to an up-regulation of adiponectin we 
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administered a PPARγ selective, non-thiazolidinedione agonist (COOH) at 30 mg/kg body 

weight per day in feed. As expected, COOH treatment increased plasma adiponectin levels 

approximately four fold over basal (Table 1, Suppl. Fig. 2). Furthermore, we confirmed that 

COOH treatment elicited a robust signature of hepatic PPARγ-responsive genes when analyzed 

on microarrays (Nawrocki and Scherer, unpublished data).   

Quantification of the lesion area revealed no difference within the aortic root while the 

average area of lesions in the BCA was slightly, but significantly increased upon COOH 

treatment (Fig 1A and 1B, Ldlr-/-; no drug vs. COOH). This effect was not seen in adiponectin 

null mice (Fig. 1 A and 1B, Ldlr/Adn-/-; COOH) suggesting that neither TZD treatment per se 

nor the associated pharmacologically elevated levels of adiponectin inhibit atherogenesis. Under 

these conditions (i.e. non-diabetogenic, low fat diet) COOH treatment had no effect on overall 

plasma glucose levels or body weight. All groups gained similar amounts of body weight 

(average weight gain 9.9 ± 1.3 grams) over the course of the study. COOH treatment did not 

affect total and HDL cholesterol levels while triglycerides were slightly elevated at the end of the 

study (Table 1, COOH).  

 

PPARγ activation causes left ventricular hypertrophy which is attenuated in adiponectin 

deficient mice  

Activation of PPARγ has been shown to increase heart weight in rodents. This may be a 

consequence of plasma volume expansion and consequent pressure overload (Arakawa, Ishihara 

et al. 2004; Nesto, Bell et al. 2004). It also has been proposed that adiponectin plays a protective 

role in ischemia/reperfusion injury in the heart and may affect cardiac remodeling after pressure 

overload (Shibata, Ouchi et al. 2004; Shibata, Sato et al. 2005). To elucidate whether adiponectin 
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is involved in cardiac remodeling, we analyzed the cardiovascular system using non-invasive, 

high resolution MRI in male Ldlr-/- and Ldlr/Adn-/- mice after chronic activation of PPARγ. 

Imaging of the hearts revealed an increase in the left ventricle (LV) volume in response to 

COOH treatment (Fig. 2A). Interestingly, in the absence of adiponectin, the increase in LV 

volume was attenuated (Fig. 2B) suggesting that adiponectin is involved, at least in part, in the 

PPARγ induced cardiac remodeling. The increase in LV volume coincided with an increase in 

heart weight (Fig. 2C). No alterations were found in the right ventricular volume or the thickness 

of the ventricle. We also examined sections of the heart with histopathological methods but 

could not establish a correlation with the degree of fibrosis or the infiltration of inflammatory 

cells with adiponectin.  

 

Adiponectin deficiency does not accelerate the development of atherosclerosis concomitant 

with the metabolic syndrome.  

Based on our initial studies, we concluded that the manifestation of several aspects of the 

metabolic syndrome, i.e. insulin resistance, increased adiposity and dyslipidemia may be 

necessary to unravel a putative role of adiponectin in the atherogenic process. This assumption is 

in line with the fact that genetic ablation of adiponectin causes a very mild phenotype unless 

mice are metabolically challenged with a high fat diet. In addition, circulating adiponectin levels 

have been shown to correlate negatively with adiposity (Arita, Kihara et al. 1999). We 

hypothesized that adiponectin may act indirectly through its overall effects on metabolic and 

inflammatory parameters. To address this question, we challenged Ldlr/Adn-/- mice with a 

Western style diet (WD) containing high levels of fat, sugar and cholesterol (42% kcal from fat, 

42% kcal from carbohydrates and 0.2% cholesterol). In this study we included female mice since 
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plasma adiponectin levels are several fold higher in female compared to male mice. After 4 

months on WD, all mice were obese and hyperglycemic (Table 2). Both genders developed 

severe hypercholesterolemia and hyper-triglyceridemia independent of adiponectin levels and 

lipoprotein profiles were indistinguishable between Ldlr/Adn-/- and Ldlr-/- mice (data not shown). 

Adiponectin levels tended to be lower at the end of the study consistent with an obesity 

associated suppression of adiponectin secretion (Table 2, Ldlr-/-; week 0 vs. week 16, n.s.).  

 

We assessed the extent of atherosclerosis in the aorta and the aortic root by different 

analytical methods. First, accumulation of lipids in the aortic wall was quantified by the 

measurement of the cholesterol content in the aorta excised distal to the aortic root to the right 

renal artery. This lipid extraction method has been validated previously and shown to correlate 

well with the assessment of atherosclerotic lesions by en face lipid staining or the measurement 

of the ratio of intima/media thickness (Sparrow, Burton et al. 2001). The advantage of such 

measurements is that surface area as well as volume and distribution of lesions are taken into 

account by including cholesterol depositions that may be undetectable by optical methods. 

Despite of the additional challenge to the vasculature posed by the increased body weight and 

elevated basal glucose levels, we did not find a difference in total cholesterol, free cholesterol 

and cholesterol ester content in aortas from Ldlr/Adn-/- mice compared to LDLR-/- mice (Fig. 3A 

and B). The relative cholesterol content in the aorta was higher in male than in female mice.  

In a separate cohort, we assessed cross-sectional lesion area in the aortic roots as well as 

necrotic lesion area in both female and male mice (Fig. 3C).  Note that plaque necrosis is 

associated with vulnerable plaques and culprit lesions in humans (Virmani, Burke et al. 2006). 

None of the measurements revealed a correlation between the adiponectin genotype and 
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morphology of atherosclerotic lesions. We concluded that a) adiponectin does not directly affect 

the process of atherogenesis, b) adiponectin suppresses an atherothrombotic process, such as 

plaque rupture or lumenal thrombosis, that is not a component of these murine models 

(Rosenfeld, Carson et al. 2002) or c) a role of adiponectin may be masked by compensatory 

mechanisms that could have evolved as a consequence of a germ line deletion of adiponectin 

(Davis and Scherer 2008; Wong, Krawczyk et al. 2008).   

 

Elevated adiponectin levels do not prevent atherosclerosis.  

We have shown previously, that overexpression leads to a significant improvement of 

lipid metabolism (Kim, van de Wall et al. 2007). The transgenic expression of an adiponectin 

deletion mutant (AdnTg) leads to a moderate increase of steady state adiponectin concentrations in 

the circulation by approximately 2- to 3-fold over baseline, similar to levels achieved by 

activation of PPARγ (Combs, Pajvani et al. 2004; Kim, van de Wall et al. 2007). Adiponectin 

over-expression increases lipid clearance and lipoprotein lipase activity coinciding with an 

improved suppression of endogenous glucose production. In an ob/ob background, adiponectin 

overexpression caused a complete reversal of the diabetic phenotype along with the correction of 

dyslipidemia and liver steatosis. This observation is striking in light of the fact that these mice 

were morbidly obese and displayed significantly higher amounts of adipose tissue than their 

ob/ob littermates (Kim, van de Wall et al. 2007). To study effects of adiponectin overexpression 

on atherogenesis, we crossed AdnTg mice into the Ldlr-/- model (Ldlr/AdnTg) and characterized 

the metabolic profile as well as cardiovascular effects after 4 months on a Western style diet. 

Body weight, total adiponectin and fasting glucose levels are shown in Table 3. Adiponectin 

levels had no effect on body weights in this study (Table 3). On average, males gained 16.5 ± 
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0.9 grams and females 11.4 ± 0.8 grams of body mass within 4 months on the Western diet. 

Adiponectin levels were 3 to 3.5 fold higher in Ldlr/AdnTg compared to Ldlr-/- mice. Total 

circulating adiponectin was slightly higher in females, but not in males, after 4 months of 

Western diet (Table 3). 

Fasting glucose was significantly lower in Ldlr/AdnTg mice as compared to Ldlr-/- mice at 

the beginning and at the end of the dietary intervention (Table 3). The improved basal glucose 

levels correlated with an improved response to an oral glucose challenge (oral glucose tolerance 

test, OGTT) (Fig. 4A females, Fig. 4B males). Area under the curve for the glucose excursion 

showed that Ldlr-/- were mildly glucose intolerant and that this defect was significantly improved 

by overexpression of adiponectin.  

With respect to the lipid profile, we found that adiponectin overexpression caused a 

significant reduction of total cholesterol as well as plasma triglyceride in both females and males 

(Fig. 5A and 5B). At the end of the study, plasma from each group was pooled and analyzed by 

size exclusion chromatography (Fig. 5C and 5D; females, Fig. 5E and 5F; males). The 

lipoprotein profile revealed reduced triglyceride (Fig. 5C and 5E) and cholesterol (Fig. 5D and 

5F) levels in all fractions from both female and male Ldlr/AdnTg mice when compared to Ldlr-/- 

mice. As expected, reductions in cholesterol were accounted for mostly by VLDL and IDL/LDL 

fractions while triglycerides were reduced in VLDL fractions of Ldlr/AdnTg groups. 

 

As above, we evaluated the amount of atherosclerosis by the accumulation of cholesterol 

and cholesterol esters in the aorta distal to the aortic root to the right renal artery. Once again, 

elevation of adiponectin levels did not affect the accumulation of cholesterol in the aortic wall 

(Fig. 6A females, Fig. 6B males). These results were confirmed by assessment of lesion area 

 - 13 -
69



     Nawrocki et al. 

within sections of the aortic root quantified from digital images of hearts (n= 9) per group after 

staining with Oil red O (Fig. 6C). The extent of atherosclerosis within the aortic root was 

independent of the amount of adiponectin present in both female and male mice (Fig. 6, 

Ldlr/AdnTg vs. Ldlr-/-). Our data demonstrate that adiponectin has no effect on the formation of 

lesions despite its beneficial effects on lipid clearance and plasma lipids. In Ldlr-/- mice, neither 

genetic ablation nor chronic elevation of adiponectin correlates with amount or distribution of 

atherosclerotic lesions.   
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Discussion 

 The role of adiponectin in cardiovascular disease has been met with considerable interest 

and examined in a large number of epidemiological studies. Based on these results, a picture has 

emerged suggesting that high adiponectin levels are highly predictive of a lower incidence of 

cardiovascular disease in the general population. However, when examined at later stages of 

cardiovascular disease, high adiponectin levels are indicative of an increased rate of mortality, 

including mortality from cardiovascular disease (Cavusoglu, Ruwende et al. 2006). This may 

reflect a compensatory upregulation of a beneficial factor in light of a generally disadvantageous 

cardiovascular environment. However, the detailed mechanistic connection between late stage 

cardiovascular disease and upregulation of adiponectin are far from being understood. 

Underlying reasons for an increase of adiponectin levels at steady state are an increased 

production rate in adipose tissue, a decreased clearance rate or the combination of the two. We 

have recently demonstrated that all three possibilities can occur under different physiological 

conditions (Halberg and Scherer, Diabetes, in press).  

 

A number of studies in preclinical models suggest that adiponectin is more than an 

innocent bystander and convenient marker for cardiovascular integrity. Earlier studies in rodents 

have suggested an association between low adiponectin and vascular disease particular in acute 

models of vascular injury such as vascular thickening after cuff-injury (Kubota, Terauchi et al. 

2002). Overexpression of a globular form of adiponectin from the liver caused a reduction of 

atherosclerotic lesion formation (Yamauchi, Kamon et al. 2003). This is consistent with 

experiments performed in vitro using the globular form of adiponectin which suggested a potent 

anti-inflammatory role. More recently, Libby et al. demonstrated that globular adiponectin 
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suppressed lipopolysaccharide-induced cytokine release in macrophages and suppressed T-

lymphocyte accumulation in atherogenesis in ApoE-/- mice (Okamoto, Folco et al. 2008). Prior to 

this study, the role adiponectin has not been addressed in the less severe Ldlr-/- model. Similar to 

humans carrying a deficient LDL receptor allele due to spontaneous mutations, mice with LDL 

receptor deficiency have mild hypercholesterolemia and therefore provide an effective small-

animal model for the study of atherosclerosis (Ishibashi, Brown et al. 1993). These mice 

generally manifest an increase in intermediate density lipoproteins (IDL) and LDL without a 

significant change in HDL levels and plasma triglycerides. Atherosclerosis develops when fed a 

high fat diet and the rate and extent of disease progression can be manipulated by varying the 

dietary lipid content. The Ldlr-/- rodent model differs from the ApoE-/- model which is 

characterized by spontaneous and rapid formation of lesions even on a standard chow diet. In our 

studies we used diets that cause substantial hypercholesterolemia but differentially affect the 

degree of insulin resistance. Surprisingly, while we detected the expected differential 

susceptibility to metabolic challenges with respect to insulin sensitivity, we failed to detect 

differences in atherosclerotic read outs in both genetic adiponectin gain- and loss-of-function 

mice. The discrepancies between our observations in Ldlr-/- mice and the data reported from 

ApoE-/- mice are not clear but may be explained by physiological differences between these 

models. 

 

We have demonstrated previously that adiponectin correlates positively with improved 

dyslipidemia in mice (Kim, van de Wall et al. 2007). AdnTg mice have dramatically reduced total 

and VLDL triglycerides and LDL and HDL cholesterol. In contrast, we observed that the 

lipoprotein profile in the absence of adiponectin in Adn-/- mice is unaltered when fed a chow diet. 
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Here, we demonstrate that even in the presence of severe hypercholesterolemia in the Ldlr-/- 

mouse, overexpression of adiponectin in the Ldlr/AdnTg causes a significant improvement of the 

dyslipidemia (Figure 5). However, it is important to note that despite of the beneficial effects of 

adiponectin, plasma lipids levels remain very high and are within a pathophysiological range in 

both Ldlr/AdnTg and Ldlr-/- mice when compared to lean and healthy wild type mice 

(Supplemental Figure 1). We conclude that adiponectin plays an important role in the regulation 

of plasma lipids, however the severity of hypercholesterolemia and hypertriglyceridemia in the 

Ldlr-/- model hampers the exploration of a role of adiponectin in the atherogenic process.  

 

By the same token we found that pharmacological activation of PPARγ in consequence 

chronic elevation of circulating adiponectin levels had no inhibitory effect on atherosclerosis. In 

fact, we found a small but significant increase in lesion area in the brachioscephalic artery upon 

treatment with COOH. It is well established that PPARγ agonism has anti-inflammatory effects. 

Furthermore, deletion of PPARγ specifically in macrophages is sufficient to markedly increase 

lesion area in LDL receptor knockout mice supporting the notion that activation of this receptor 

may reduce atherosclerosis. Studies with structurally distinct classes of PPARγ agonists led to 

somewhat contradicting results, although in most, but not all of these studies, the outcome 

suggested a beneficial effect (Li, Brown et al. 2000; Collins, Meehan et al. 2001; Thorp, 

Kuriakose et al. 2007). In most of these studies, reduced lesion area coincided with an 

improvement of overall metabolic parameters. A meta-analysis of clinical outcome studies in 

humans indicated that rosiglitazone treatment may be associated with an increased risk of 

myocardial infarction (Psaty and Furberg 2007). However, a very recent study concluded that 

while rosiglitazone as a glucose-lowering therapy in people with type 2 diabetes is indeed 
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increasing the risk of heart failure it does not increase the risk of overall cardiovascular 

morbidity or mortality compared with standard glucose-lowering drugs (Home, Pocock et al. 

2009). Many clinical studies clearly established a negative correlation between adiponectin 

levels and the incidence of myocardial infarction. Our goal was to minimize indirect effects due 

improvements of overall metabolic parameters by adiponectin or due to chronic treatment with 

PPARγ agonists. We chose to study lean, insulin sensitive mice in the hope of dissociating direct 

actions adiponectin on the vascular wall. To this end, we chose a non-diabetogenic, low fat diet. 

Notably, we did not observe any signs of inhibition of atherosclerosis, despite a large number of 

samples, upon treatment with the PPARγ agonist COOH. The variability among rodent data once 

again underlines the shortcomings of the LDL receptor mouse model in reproducing associations 

that have been established in humans.  

 

Mice are generally resistant to plaque rupture and myocardial infarction. In our studies, 

the levels of adiponectin did not correlate with necrotic core size or the acellular area within 

lesions in the aortic root in our studies. Separate from atherosclerosis per se, obesity is also 

associated with cardiac remodeling. In rodents, adiponectin has been implicated in 

vasoprotection particularly in models of acute vascular injury, pressure overload and ischemia 

(Ouchi, Shibata et al. 2006). It has been shown that adiponectin attenuates cardiac hypertrophy 

and fibrosis in response to a cardiac stressor in angiotensin II treated mice. Here we demonstrate 

that PPARγ activation causes cardiac hypertrophy, concomitant with an increase in the LV 

volume and heart to body weight ratio. The TZD-induced hypertrophy is attenuated in 

adiponectin deficient mice, highlighting a possible direct involvement of adiponectin in this 
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process as well.  Indeed, the positive result in this component of our study serves to further 

highlight the lack of an effect of adiponectin on atherosclerotic lesion size or progression. 
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Methods 

Animals and Diets 

Animals were maintained in a pathogen free facility and all experimental protocols were 

approved by the Institutes for Animal Studies of the Albert Einstein College of Medicine and the 

University of Texas Southwestern Medical Center. Mice were group housed and on alternating 

12-hour light and dark cycles under controlled environmental conditions (22-25ºC, 40 -50% 

humidity) with free access to food and water. Adiponectin knockout mice were generated as 

described previously (Nawrocki, Rajala et al. 2006) and backcrossed for at least 6 generations 

onto a C57BL/6J background in all studies with exception of the first study for which the mice 

were backcrossed 5 times. Adiponectin transgenic mice (AdnTg) were generated as described by 

Combs et al. (Combs, Pajvani et al. 2004). Both strains were crossbred with C57BL/6J-

Ldlrtm1Her, stock No. 002207 (Jackson Laboratory, Bar Harbor, Me). Subsequently, double het 

(Adn+/-/Ldlr+/-) offspring were intercrossed to obtain Ldlr/Adn-/- double knockout mice. Ldlr-/-

/AdnTg mice were generated by crossing AdnTg males containing a single transgene with Ldlr-/- 

females and subsequently by crossing AdnTg/Ldlr+/- males with Ldlr-/- males. Mice were 

genotyped as described before (Nawrocki, Rajala et al. 2006; Kim, van de Wall et al. 2007). All 

experiments were performed with littermate control groups. Eight week old mice were placed on 

various diets as described in results: (1) Clinton-Cybulsky diet (Lichtman, Clinton et al. 1999) 

(Reseach Diets D00110804), (2) Western style diet (Harlan Teklad 88137). The PPARγ agonist, 

2-(2-(4-phenoxy-2-propylphenoxy)ethyl)indole-5-acetic acid (COOH) was a kind gift from 

Merck Research Laboratories (Rahway, NJ). 

 

Plasma analysis 
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Plasma glucose and triglyceride determinations were performed from heparinized tail blood 

using glucose oxidase assay kits (FastBlue B, Sigma-Aldrich). Basal glucose was measured 

using glucoanalyzer blood glucose strips (MediSense Precision Xtra, Abbott Laboratories, 

Abbott Park, IL). For oral glucose tolerance tests mice were fasted for 4 hours before given an 

oral glucose load of 2.5 g glucose/kilogram body weight using a solution of 10% glucose. Blood 

was drawn at the indicated times and glucose concentrations were measured as above. Access to 

food was denied during the course of the study. Adiponectin was measured using a rat 

adiponectin RIA kit (Millipore). Levels of total cholesterol and triglycerides and HDL 

cholesterol were measured with standard enzymatic assays from tail bleeds (Infinity, Cholesterol 

and Triglyceride kit; Thermo Scientific, HDL-C kit from Wako Chemicals). Lipoprotein 

subclass profiles were measured by Liposcience Inc. using nuclear magnetic resonance 

spectroscopy. For lipoprotein analyses, EDTA plasma aliquots of blood collected by cardiac 

puncture from anesthetized mice were stored at 4°C until separation. Fifty microliters of EDTA 

plasma was pooled from 5 mice per group and 200 microliters were separated via FPLC size 

exclusion chromatography on a Superose 6 HR 10/30 column (Amersham Pharmacia Biotech). 

The column was equilibrated with PBS and run at a flow rate of 0.2 mL/min and 0.25 ml 

fractions were collected. Each fraction was assayed for cholesterol and triglycerides. 

 

Aortic Cholesterol Measurements 

After collection of blood by cardiac puncture, the vasculature was gently perfused through the 

left ventricle with cold PBS and 3 mmol/L EDTA. Any branches and adipose tissue connected to 

the aorta was removed carefully and each aorta was excised distal to the aortic root to the right 

renal artery. The aortas were stored briefly on ice in PBS and then blotted dry, weighed, minced, 
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and extracted with chloroform/methanol (2:1) according to the method of Folch et al. (Lees, 

Folch et al. 1959). The lipid extracts were prepared as described by (Sparrow, Burton et al. 

2001). Extracts were dried down, resuspended quantitatively in chloroform/methanol (2:1), and 

stored at -20°C until the time of assay. Total and free cholesterol levels in the aortic extracts were 

determined with by enzymatic fluorometric assays. Briefly, the solvent was evaporated from 

aliquots containing 1 to 16 nmol of cholesterol, and the lipid residue was resolubilized in 100 µL 

of reagent grade ethanol. Aliquots of cholesterol (Sigma-Aldrich) and cholesteryl oleate (Sigma-

Aldrich) standard solutions prepared in chloroform/methanol (1:1) were treated similarly. To 

determine free cholesterol, samples and standards were incubated for 1 hour at 37°C in a total 

volume of 1.01 mL of 0.1 mol/L potassium phosphate buffer, pH 7.4, containing 0.03% Triton X-

100 and 0.9 mmol/L sodium cholate. Cholesterol oxidase (0.18 U; Boehringer Mannheim), 

peroxidase (2 U; Boehringer Mannheim), and p-hydroxyphenylacetic acid (0.5 mg/mL; Aldrich) 

were added for an additional 1-hour incubation at 37°C. The fluorescent product was measured in 

a Spex FluoroMax (SPEX Industries, Inc) (excitation 325 nm, emission 415 nm) with acrylic 

UVT semimicrocuvettes (Evergreen Scientific). For total cholesterol determinations, cholesterol 

esterase (10 U; Calbiochem) was included in the first incubation step, and cholesteryl oleate was 

used as a standard. The cholesteryl ester in each sample was calculated by subtracting the value 

of free cholesterol from that for total cholesterol. Samples for each aorta were run in duplicate at 

2 different concentrations. All values are expressed as nmol/mg wet tissue weight.  

 

Tissue preparation and morphometric analysis of lesions 

Atherosclerosis was determined at the aortic origin as well as in the brachiocephalic branch of 

the aorta. To quantify lesion area in the aortic root, formalin-fixed hearts were processed as 
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previously described (Teupser, Persky et al. 2003). Briefly, serial 12 micron sections were cut 

from the origin of the aortic valve leaflets, throughout the aortic sinus and stained with oil red O 

and counter-stained with hematoxylin. Mean lesion area was calculated from the analysis of 

digital images obtained from 5 sections/mouse, using the Image Pro Plus software. To quantify 

cross-sectional lesion area in the brachiocephalic artery, the Y-shaped piece of brachiocephalic 

artery was frozen in OCT and sectioned distal to proximal at 10 µm thickness, starting from the 

subclavian and carotid arteries. Digital images were taken from 6 equidistant (100-µm) oil red O 

stained sections located 200 to 700 µm from the branching point of the brachiocephalic into the 

carotid and subclavian arteries. Atherosclerotic lesions lumenal to the internal elastic lamina 

were quantified on one section per slide. Lesion size was calculated as the mean lesion area of 

six sections. Plaque necrosis was quantified by measuring the area of hematoxylin and eosin-

negative acellular areas in the intima, as described previously (Feng, Zhang et al. 2003).  

Boundary lines were drawn around these regions, and the area measurements were obtained 

using Image-Pro-Plus software (version 3.0; Mediacybernetics).    Differences between groups 

were assessed using t-test analyses. 

Magnetic Resonance Imaging 

MRI measurements were performed using a Omega 9.4T vertical bore nuclear magnetic 

resonance spectrometer (GE, Fremont, CA) and a 40 mm inner diameter-60 mm long quadrature 

birdcage imaging coil (RF Sensors, LLC) (de Souza, Tang et al. 2005). 

Mice were anesthetized with isoflurane inhalation anesthesia (2% in medical air) and a set of 

standard electrocardiographic (ECG) leads was attached to the mouse limbs. The ECG signal 

was fed to a Gould ECG amplifier linked to the Omega system and a PC. Mice were positioned 
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head-up in the imaging coil and temperature within the gradient coils was maintained at 25-30oC 

with a NESLAB gradient water cooling system, to prevent hypothermia. Heart rate and ECG 

were monitored continuously and used as the gating signal triggering the MR spectrometer 

acquisition, as previously described (Durand, Tang et al. 2006). A routine cardiac gated multi-

slice (90° sinc pulse) spin echo sequence was employed. An echo time (TE) of 14 ms and 

repetition time (TR) of approx. 100-200 ms (depending on heart rate) were  used for short axis 

images of the heart, with  a 40 mm field of view (FOV) and a 128 x 256 matrix size (interpolated 

to 256 x 256 pixels). As previously reported, we used a spin echo sequence (De Souza, Cohen et 

al. 2005; Durand, Tang et al. 2006), which gives very good contrast between blood and heart 

wall muscle. Mouse cardiac images were analyzed with MATLAB-based software and heart 

dimensions were measured by centerline analysis (Durand, Tang et al. 2006). The diastolic LV 

mass was calculated by using an ellipsoid approximation as described before (Siri, Jelicks et al. 

1997).  

 

Statistical Analyses  

Statistical analysis was performed by using non-parametric t-test (Mann-Whitney test) to 

determine differences between individual group means. MRI data were compared by using the 

single factor ANOVA test. 
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Figure Legends 

Figure 1   

Adiponectin deficiency has no effect on atherosclerosis in male Ldlr-/-mice on a non-

diabetogenic diet with high levels of cholesterol. Atherosclerosis in Ldlr-/- and in Ldlr/Adn-/- mice 

fed a semisynthetic, low fat diet supplemented with 0.15% cholesterol for 3 months. A, 

Quantitative analysis of lesion area of sections from the aortic root at the level of the valves and 

B, lesion area within the brachiocephalic artery (BCA). Mice were left untreated (no drug) or 

were dosed with a selective PPARγ agonist (COOH) in feed. PPARγ agonist (COOH) treatment 

caused a significant increase in the lesion area within the BCA in Ldlr-/- mice compared to 

untreated mice (* P<0.05). No other significant differences were observed between groups. 

Group size n = 12 to 18. 

 

Figure 2  

In vivo cardiac magnetic resonance imaging (MRI) of the heart of anesthetized mice. A, 

abdominal view of the heart. The left ventricle is indicated by yellow quadrant. MRI was 

performed on Ldlr-/- and in Ldlr/Adn-/- with or without treatment with COOH. Data are 

normalized to average LV volume of no drug treatment group for each genotype and expressed 

as mean ± SEM. B, fold increase in LV volume in Ldlr-/- and Ldlr/Adn-/-- male mice upon 

treatment with COOH compared to untreated mice. C, heart weight to body weight ratio. (* 

P<0.05, n = 12 to 18). 
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Figure 3 

Adiponectin deficiency has no impact on atherosclerotic lesion area in male or female Ldlr-/- 

mice on a Western style diet. Quantification of atherosclerosis in Ldlr-/- and in Ldlr/Adn-/- mice 

fed a diet rich in lipids and carbohydrates for 4 months. Quantification of aortic cholesterol 

content in A, female and B, male mice. Total cholesterol, free cholesterol and cholesterol esters 

were measured from lipid extracts from aortas dissected at the right renal artery and proximal to 

the aortic root. C, Quantitative analysis of lesion area and the necrotic core area of sections from 

the aortic root at the level of the valves. Data means are shown. No significant differences were 

found within the groups (n = 11 to 14).  

 

Figure 4 

Overexpression of adiponectin improves glucose tolerance during oral glucose tolerance test. A, 

female and B, male Ldlr/AdnTg and Ldlr-/- mice were fed a Western style diet for 4 months. Oral 

glucose tolerance test was performed after 4 hours of fasting. Circulating glucose was measured 

at times 0, 20, 40, 60, 120 and 180 minutes after an oral glucose challenge. Data are expressed as 

mean ± SEM at each time point and as area under the curve. (* P<0.05, n = 9 to 13) 

 

Figure 5 

Adiponectin reduces Plasma lipids and improves the plasma lipoprotein profile. A, Total 

cholesterol was measured in female and male Ldlr/AdnTg and Ldlr-/- mice upon feeding of a 

Western style diet for 4 months. B, plasma triglycerides levels. (* P<0.05, n = 6). C – F, 

Lipoprotein profiles are significantly improved in Ldlr/AdnTg mice compared to Ldlr-/-mice. 

Plasma from 5 mice per group was pooled and subfractionated by gel filtration chromatography 
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and triglyceride and cholesterol was measured in each fraction. Triglyceride and cholesterol 

content in each fraction is shown from females (C, D) and males (E, F). VLDL, very low density 

lipoprotein, LDL/IDL, Intermediate and low density lipoprotein, HDL, high density lipoprotein.  

 

Figure 6 

Overexpression of adiponectin does not inhibit atherosclerosis.Quantification of aortic 

cholesterol content in A, female and B, male Ldlr/AdnTg and Ldlr-/- mice. Total cholesterol, free 

cholesterol and cholesterol esters were measured from lipid extracts from aortas dissected at the 

right renal artery and proximal to the aortic root. No significant differences were observed 

between the groups (n = 7 to 11). C, Quantitative analysis of total lesion area in aortic root from 

both female and male mice (n = 3).  
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Table 1 

 

 Ldlr-/-

(n = 9) 
Ldlr/Adn-/-

(n = 12) 
Ldlr-/-

(n = 14) 
Ldlr/Adn-/-

(n = 14)  
 No drug COOH 
 
Adiponectin (μg/ml) 
Weight (g) 

 
8.5 ± 0.4 

32.7 ± 1.1 

 
 

31.8 ± 0.8 

 
38.0 ± 5.6* 

33.1 ± 0.7 

 
 

31.8 ± 0.8 
Fasting Glucose (mg/dL) 
 

91.5 ± 7.0 
 

83.5 ± 5.2 89.6 ± 6.7 
 

99.6 ± 5.6 
 
 

Total Cholesterol (mg/dL) 885 ± 54 898 ± 69 802 ± 54 812 ± 52 
Triglyceride (mg/dL) 395 ± 29 404 ± 37 525 ± 31^ 649 ± 57 
HDL-C (mg/dL) 208 ± 26 179 ± 22 212 ± 15 184 ± 14 

∗ Ldlr-/- no drug vs. Ldlr-/- COOH, p < 0.001 
^ Ldlr-/- no drug vs. Ldlr-/- COOH, p < 0.05 
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Table 2 

 

 Ldlr-/-

(n = 11) 
Ldlr/Adn-/-

(n = 13) 
Ldlr-/-

(n = 14) 
Ldlr/Adn-/-

(n = 12)  
 Males Females 
Weight (g) 45.7 ± 2.1 43.4 ± 2.5 32.2 ± 2.0 29.8 ± 1.5 
Fasting Glucose (mg/dL) 
Adiponectin (μg/ml) 
    Week 0 
    Week 16 

200 ± 10 
 

10.7 ± 1.2 
7.9 ± 0.3 

187 ± 8 
 

n.d. 
n.d. 

192 ± 7 
 

16.4 ± 1.5 
13.8 ± 1.0 

 

188 ± 15 
 

n.d. 
n.d. 

Total Cholesterol (mg/dL) 1649 ± 177 1746 ± 156 1193 ± 62 1175 ± 114 
Triglyceride (mg/dL) 564 ± 81 572 ± 81 256 ± 21 284 ± 63 
HDL-C (mg/dL) 292 ± 13 298 ± 19 278 ± 13 274 ± 17 
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Table 3 

*   Ldlr-/- vs. Ldlr-/-/AdnTg, p < 0.001 

 Ldlr-/- Ldlr-/-/AdnTg Ldlr-/- Ldlr-/-/AdnTg

 Beginning of Study End of Study 
Males (n =11-12)     
Weight (g) 23.7 ± 0.7 23.6 ± 0.9 39.3 ± 1.8# 41.0 ± 1.8# 
Fasting Glucose (mg/dL) 
Adiponectin (μg/ml) 

182 ± 6 
12.5 ± 0.8 

156 ± 6** 
44.5 ± 4.6∗ 

200.5 ± 11.9∗ 
13.7 ± 1.3 

139.4 ± 8.1∗ 
46.0 ± 5.7∗ 

     
Total Cholesterol (mg/dL) 252 ± 17 204 ± 6** 1082 ± 110 906 ± 87 
Triglyceride (mg/dL) 182 ± 21 91 ± 9** 415 ± 44 346 ± 34 
     
Females (n =15-17)     
Weight (g) 18.6 ± 0.4 18.4 ± 0.4 29.5 ± 1.2 30.5 ± 1.5 
Fasting Glucose (mg/dL) 
Adiponectin (μg/ml) 

148 ± 5 
17.4± 1.6 

127 ± 7 
52.9 ± 7.4∗ 

173 ± 7∗ 
27.2 ± 2.3# 

150 ± 6∗ 
74.5 ± 8.3∗# 

Total Cholesterol (mg/dL) 249 ± 6 200 ± 29** 1248 ± 39 1324 ± 83 
Triglyceride (mg/dL) 159 ± 9 87 ± 10** 480 ± 15 510 ± 33 
     

** Ldlr-/- vs. Ldlr-/-/AdnTg, p < 0.05 

# Beginning of Study vs. End of Study, p < 0.05  
 

 - 34 -
90



     Nawrocki et al. 

Supplemental Figure 1 

Lipoprotein profile from male Adn-/- and wild type mice on regular chow diet. Plasma was 

pooled from 5 mice and subfractionated by gel filtration chromatography and triglyceride and 

cholesterol was measured in each fraction. VLDL, very low density lipoprotein, LDL/IDL, 

Intermediate and low density lipoprotein, HDL, high density lipoprotein.  

 

Supplemental Figure 2 

Total plasma adiponectin after administration of PPARγ selective, non-thiazolidinedione agonist 

(COOH) at 30 mg/kg body weight per day in feed at baseline and after 4, 8 and 12 weeks of 

treatment. COOH caused as significant raise in total circulating adiponectin levels (*P<0.05 

compared to no drug, n = 12 to 18) 
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Supplemental Table 1 

 

 Ldlr-/- Ldlr/Adn-/- Ldlr-/- Ldlr/Adn-/-

 No drug COOH 
VLDL particles (nmol) 
LDL particles (nmol) 
HDL particles (nmol) 
 
VLDL size (nm) 
HDL size (nm) 
 
TG total (mg/dL) 
VLDL-TG (mg/dL) 
HDL-C (mg/dL) 

797 
1125 
19.5 

 
57 
9.0 

 
1203 
1054 
45 

691 
727 
23.0 

 
50 
9.7 

 
952 
855 
37 

527 
1181 
6.1 

 
53 
9.2 

 
946 
817 
14* 

623 
973 
8.4 

 
54 
9.9 

 
1190 
1067 
12^ 

∗ Ldlr-/- no drug vs. Ldlr-/- COOH, p < 0.05 
^ Ldlr/Adn-/-no drug vs. Ldlr/Adn-/- COOH, p < 0.05 
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Abstract—Atherothrombotic vascular disease is the major cause of death and disability in obese and 
diabetic subjects with insulin resistance.  Although increased systemic risk factors in the setting of insulin 
resistance contribute to this problem, it is likely exacerbated by direct effects of insulin resistance on the 
arterial wall cells that participate in atherosclerosis.  A critical process in the progression of 
atherosclerotic lesions to those that cause clinical disease is necrotic breakdown of plaques.  Plaque 
necrosis, which is particularly prominent in the lesions of diabetics, is caused by the combination of 
macrophage apoptosis and defective clearance, or efferocytosis, of the apoptotic macrophages.  One cause 
of macrophage apoptosis in advanced plaques is activation of a pro-apoptotic branch of the endoplasmic 
reticulum stress pathway known as the Unfolded Protein Response (UPR).  Macrophages have a 
functional insulin receptor signal transduction pathway, and down regulation of this pathway in the 
setting insulin resistance enhances UPR-induced apoptosis.  Moreover, other aspects of the 
obesity/insulin-resistance syndrome may adversely affect efferocytosis.  These processes may therefore 
provide important mechanistic link among insulin resistance, plaque necrosis, and atherothrombotic 
vascular disease and suggest novel therapeutic approaches to this expanding health problem. 
 
Key Words:  atherosclerosis ∎ insulin resistance ∎ diabetes ∎ macrophages ∎ apoptosis ∎ efferocytosis 

∎ plaque necrosis  ∎  ER stress  ∎  Unfolded Protein Response 
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The incidence of insulin resistance, metabolic syndrome, and type 2 diabetes is rising rapidly due to the 
epidemic of obesity in the industrialized world.1  While a number of disease processes are associated with 
insulin resistance and type 2 diabetes, the leading cause of morbidity and mortality is cardiovascular 
disease.2  An important factor in accelerated heart disease in type 2 diabetes is likely to be insulin 
resistance and hyperinsulinemia.  For example, the risk of cardiovascular disease is increased in metabolic 
syndrome, which is characterized by insulin resistance without overt hyperglycemia.3-5  Moreover, rapid 
weight gain during childhood leads to hyperinsulinemia and increased coronary artery disease risk in 
adult life.6  Part of the association between insulin resistance and cardiovascular disease is likely related 
to associated risk factors, including dyslipidemia (increased VLDL, reduced HDL, and possibly altered 
LDL), hypertension, and a pro-thrombotic state.3  However, insulin resistance may have direct pro-
atherogenic effects at the level of the arterial wall, and an emerging concept that will be explored in this 
review is that insulin resistance in lesional macrophages promotes a series of cellular events critical for 
advanced plaque progression.  After a brief review of atherogenesis, we will focus on new findings 
related to plaque progression and the role of macrophage insulin resistance that have appeared in the 
literature since the last review of this topic in this journal in 2007.7 
 

Principles of Atherogenesis 
 
Plaque Initiation and Progression 
Atherogenesis begins with the retention of atherogenic lipoproteins in the subendothelium of susceptible 
areas of the arterial tree.8  In response to these retained lipoproteins, particularly those that undergo 
atherogenic modifications such as oxidation and aggregation, a series of biological and maladaptive 
inflammatory responses ensue: (a) monocytes and other inflammatory cells enter the intima; (b) 
monocytes differentiate into macrophages, which then ingest retained and modified lipoproteins and 
become cholesteryl ester-loaded foam cells; (c) macrophages and other inflammatory cells contribute to a 
state of inflammation that fails to properly resolve; and (d) smooth muscle cells populate the intima, 
leading to collagen synthesis.9-12.  At this stage, the plaques are usually asymptomatic due to outward 
remodeling of the artery to preserve lumenal blood flow and a fibrous cap that protects the lesion from 
disruption.13, 14  However, some of these plaques, unrelated to plaque size per se, may undergo necrotic 
breakdown, thinning of the fibrous cap, a heightened state of inflammation, and an accumulation of 
unesterified cholesterol.13-19.  Many of the hallmarks of impaired inflammation resolution are evident in 
these plaques, including continued entry and poor egress of inflammatory cells, defective clearance of 
apoptotic cells, and a suppressed fibrotic "scarring" response.12, 20  These so-called "vulnerable plaques" 
are at risk for plaque disruption through fibrous cap rupture or endothelial erosion, which in turn can 
trigger acute thrombosis.  If the thrombosis is extensive and not quickly resolved, acute vascular 
occlusion and tissue infarction occurs, leading to acute myocardial infraction, unstable angina, sudden 
cardiac death, or stroke. 

The exact mechanisms of plaque disruption are not known.  Cap thinning per se may be caused by a 
combination of protease-mediated digestion of extracellular matrix molecules, particularly by matrix 
metalloproteinases (MMPs), and decreased collagen synthesis, perhaps exacerbated by death of the 
collagen-synthesizing cells in the intima.13  These processes, as well as coagulation and thrombosis, are 
likely promoted by inflammatory cytokines, many of which are secreted by lesional macrophages.13  
Lesional necrosis of vulnerable plaques, which is caused by the combination of macrophage death and 
defective clearance, or "efferocytosis," of dead macrophages,21-23 can promote plaque disruption by a 
number of mechanisms.15, 22, 24-27.  For example, although matrix proteases are secreted by living 
macrophages in lesions, they may also be released by dead and dying macrophages.28  Moreover, lesional 
necrosis triggers a heightened state of inflammation, which, as mentioned above, promotes MMP 
secretion, coagulation, and thrombosis.29  Finally, the necrotic core is rich in lipids and poor in cells and 
extracellular matrix, and the structural properties resulting from this composition are thought to contribute 
to mechanical stresses in the overlying cap, which may contribute to cap rupture.30  Thus, macrophage 
death and defective clearance of the dead cells, leading to lesional necrosis, is an important process in the 

 4

 Circulation Research Manuscript #CIRCRESAHA/2009/208488 Review

110



 

formation of the vulnerable plaque, and, as described in this review, exacerbations of these processes may 
help explain accelerated atherothrombotic disease in insulin-resistant stated. 

 
Mechanisms and Consequences of Macrophage Death and Defective Efferocytosis in Advanced 
Atheromata 
To understand how insulin resistance may promote advanced plaque progression in general, and plaque 
necrosis in particular, it is necessary to review our latest understanding of the mechanisms and 
consequences of macrophage death in advanced atheromata.  A number of hypotheses have been 
conceived to explain advanced lesional macrophage apoptosis, and undoubtedly more than one 
mechanism is involved.  Examples include growth factor deprivation, toxic cytokines, and oxidized lipids 
or lipoproteins,31 but there is as yet little proof for these ideas in vivo.  Recent mechanistic data in cultured 
cells and correlative and genetic-causation evidence in vivo support a role for endoplasmic reticulum (ER) 
stress in advanced lesional macrophage apoptosis and its major consequence, plaque necrosis.  As had 
been previously demonstrated in other models of ER stress-induced apoptosis, macrophages subjected to 
ER stress undergo apoptosis in a manner that is partially dependent on the CHOP (GADD153) branch of 
the ER stress pathway known as the Unfolded Protein Response (UPR).32, 33  CHOP-mediated apoptosis 
can be modeled in cultured macrophages by either potent inducers of ER stress or by the combination of 
more subtle ER stressors and a "second hit."  Examples of atherosclerosis-relevant inducers of the single-
hit ER stress apoptosis model include 7-ketocholesterol and saturated fatty acids (T. Seimon et al., 
manuscript in preparation).33  Examples of the two-hit model include the combination of subtle ER 
stressors, such as very low amounts of oxysterols or fatty acids, plus a second pro-apoptotic hit that 
involves activation of pattern recognition receptors (PRRs), such as modified lipoproteins or oxidized 
phospholipids (T. Seimon et al., manuscript in preparation).34, 35  Another example of the two-hit model is 
incubation of macrophages with atherogenic lipoproteins under conditions of genetic or pharmacologic 
inhibition of intracellular cholesterol re-esterification.36, 37  In this model, which is often referred to as the 
"FC" (free cholesterol) model and is designed to mimic FC-loaded macrophages in advanced 
atheromata,38, 39 the ER stress hit is provided by excess accumulation of unesterified cholesterol in the ER 
membrane, and the second hit is activation of PRRs by the lipoproteins themselves.  Thus far, two pairs of 
PRRs have been identified that can serve as second pro-apoptotic hits in ER-stressed macrophages:  toll-
like receptor 4 (TLR4) and the type A scavenger receptor (SRA);34, 35 and TLR2 and CD36 (Seimon et al., 
manuscript in preparation).  The contribution of the second hit to apoptosis involves both amplification of 
pro-apoptotic pathways and suppression of cell-survival pathways that are activated in ER-stressed cells, 
such as those involving phospho-Akt and NF-κB.  The tendency of macrophages to undergo apoptosis 
when subjected to ER stress in combination with PRR activation may have evolved as a host defense 
mechanism against intracellular organisms that require living macrophages to survive.   
 While it has been known that activation of the CHOP pathway of the UPR can cause apoptosis, the 
molecular mechanisms linking CHOP to death execution pathways is poorly understood.  Recent work in 
our laboratories has provided evidence for a calcium-dependent mechanism in ER stress-induced 
macrophage apoptosis.  ER stress in macrophages leads to the release of calcium from the ER lumen into 
the cytosol.32  The cytosolic calcium chelator BAPTA-AM can block ER stress-induced apoptosis in 
macrophages, and recent work has shown that a key integrator of cytosolic calcium and death execution 
in these cells is a calcium-responsive kinase called calcium/calmodulin-dependent protein kinase II 
(CaMKII).35, 40, 41  Activation of CaMKII leads to multiple death pathways, including induction of the 
cell-surface death receptor Fas; stimulation of mitochondrial calcium uptake and release of pro-apoptotic 
cytochrome c from the mitochondria; activation of pro-apoptotic STAT-1; and accumulation of reactive 
oxygen species through activation of NADPH oxidase.41  CHOP amplifies this calcium-death pathway by 
leading to activation of IP3 receptors, which are calcium-release channels in the ER membrane.42  The 
mechanism involves oxidative activation of IP3R by the downstream CHOP transcriptional target, ER 
oxidase-1α (ERO1α).  Net calcium release can also be promoted through inhibition of sarco/endoplasmic 
reticulum calcium-dependent ATPase (SERCA), which pumps calcium back into the ER lumen.  SERCA 
is inhibited by alterations in the ER membrane by certain ER stressors, such as unesterified cholesterol or 
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saturated fatty acids,43 and SERCA is down-regulated in the setting of insulin resistance, as will be 
summarized below. 
 Macrophage apoptosis by itself would not be expected to be detrimental, because apoptotic cells are 
normally cleared rapidly by phagocytosis ("efferocytosis") in a manner that prevents post-apoptotic 
cellular necrosis and that promotes anti-inflammatory processes.27  Indeed, manipulations that accelerate 
early lesional macrophage apoptosis decrease lesion cellularity and plaque progression, and vice versa,23, 

44 suggesting that efferocytosis is very efficient in the early stages of atherogenesis.  This principle has 
been applied recently to a mouse model diabetes and early atherosclerosis.45  However, in the later stages 
of atherosclerosis, macrophage apoptosis is associated with plaque necrosis,23 and there is evidence in 
humans that efferocytosis is defective in advanced plaques.46  The mechanisms of defective efferocytosis 
in advanced lesions are not known, but several interesting ideas have been advanced based on in vitro and 
in vivo observations.  For example, oxidized lipids and proteins exist in these plaques, and some of these 
molecules can competitively inhibit efferocytosis by binding to efferocytosis receptors.47  In another 
scenario, the efferocytosis receptor Mertk has been shown to play a role in efferocytosis and plaque 
necrosis in mouse lesions,48, 49 and inflammation-induced cleavage of this receptor by membrane 
sheddases50 may contribute to defective clearance of apoptotic cells in advanced plaques. 
 The concept that ER stress-induced macrophage apoptosis in combination with defective efferocytosis 
in advanced lesions promotes plaque necrosis is supported by a number of genetic-causation studies in 
mice and by correlative studies in humans.  In fat-fed Apoe-/- or Ldlr-/- mice, ER stress markers are 
induced as lesions progress.32, 51-55 Most importantly, genetic targeting of CHOP and STAT-1, the pro-
apoptotic signaling transducer activated by the CHOP calcium-CaMKII pathway (above), as well as 
prevention of cholesterol-induced ER damage, inhibit advanced lesional macrophage apoptosis and 
plaque necrosis.33, 41, 51  Moreover, deletion of two PRRs—SRA and CD36—that have been shown to 
participate as second hits in ER stress-induced apoptosis in vitro decreases macrophage apoptosis and 
plaque necrosis in the lesions of fat-fed Apoe-/- mice,56 and absence of TLR2 decreases apoptosis in 
macrophage-rich areas in lesions of fat-fed Apoe+/- mice.57   In humans, there are close correlations 
among markers of ER stress, apoptosis, and plaque vulnerability in coronary arteries.54  In terms of 
efferocytosis, studies have shown an increase in plaque necrosis that correlates with a worsening of 
lesional efferocytosis in several mouse models in which efferocytosis effectors have been targeted, 
including Mertk, MFG-E8, transglutaminase-2, and complement factor C1q.48, 58  In summary, in vitro 
and in vivo evidence support a model in which macrophage apoptosis in advanced lesions, induced in part 
by a pro-apoptotic ER stress-calcium pathway, plus defective efferocytosis promote plaque necrosis 
(Figure 1).  Because plaque necrosis is strongly associated with disrupted plaques and acute lumenal 
thrombosis,59 and because plaque necrosis is particularly prominent in atherosclerotic lesions from 
diabetic subjects, as described in the following section, these insights should be useful in our 
understanding of and therapeutic approaches to accelerated plaque progression in the setting of insulin 
resistance. 
 

Macrophage Death and Plaque Progression in Insulin Resistance 
 
Plaque Necrosis in Diabetic Lesions 
It is now well-established that diabetes and insulin resistance are major risk factors for atherothrombotic 
vascular disease.3-5  While many theories have arisen to explain this relationship,60, 61 a common endpoint 
of plaque progression associated with atherothrombotic vascular disease, as mentioned in the previous 
section, is plaque necrosis.  In this context, a number of independent studies have found that advanced 
atherosclerotic lesions in diabetic subjects are characterized by particularly large necrotic cores when 
compared to similarly sized lesions from non-diabetic individuals.62-67  For example, Burke et al.62 found 
that necrotic core size in the coronary arteries of subjects who died suddenly was positively correlated 
with the presence of diabetes independently of other factors.  Similar results were found when coronary 
atherectomy specimens of diabetics and non-diabetics were compared.63  Nasu et al.66 used virtual 
histology based on intravascular ultrasound (IVUS) data to assess coronary arterial necrotic cores in non-

 6

 Circulation Research Manuscript #CIRCRESAHA/2009/208488 Review

112



 

diabetic and diabetic patients with stable angina and found an approximate 50% increase in the percent 
area covered by necrotic cores in the diabetic group.  Almost identical findings were reported in similar 
studies conducted by Hong et al.65 in Korea and Pundziute et al.66 in the Netherlands.  A prospective 
study of subjects with coronary artery disease in which radiofrequency data from IVUS was used to 
assess necrotic core size in coronary arteries found that only diabetes and age were associated positively 
with necrotic core size in logistic regression analysis.67  These collective data raise the issue as to whether 
the cellular events described in the previous sections, particularly advanced lesional macrophage 
apoptosis and/or defective efferocytosis, are enhanced in the setting of diabetes, leading to increased 
plaque necrosis and, ultimately, accelerated atherothrombotic vascular disease. 
 
The Effect of Insulin Resistance on Macrophage Death Pathways 
In view of the role of insulin resistance in diabetic heart disease and the larger necrotic cores in the 
coronary arteries of diabetic subjects, we and others have examined how insulin resistance at the level of 
the macrophage affects mechanisms and consequences of macrophage death in vitro and in vivo.  
Macrophages have insulin receptors, and acute exposure of the cells to insulin in vitro results in 
phosphorylation of the insulin receptor, insulin receptor substrate-2 (IRS-2), and Akt, leading, among 
other responses, to nuclear exclusion and inactivation of FoxO transcription factors.7, 68  Moreover, pre-
treatment of macrophages in vitro with high-dose insulin leads to down-regulation of their insulin 
receptors and suppression of insulin receptor signaling, which is also observed in freshly isolated 
macrophages from insulin-resistant mice, such as the hyperinsulinemic leptin-deficient ob/ob mouse.68  
Thus, macrophages show the hallmarks of "insulin resistance" at a cellular level in the setting of high 
insulin concentrations. 
 Macrophages rendered insulin resistant through pre-incubation with insulin, genetic deletion of the 
insulin receptor, or pharmacologic inhibition of insulin signaling, and macrophages freshly isolated from 
hyperinsulinemic mice, show an increase in the levels of two scavenger receptors, the SRA and CD36.7, 68  
Moreover, when insulin signaling in ob/ob mice was restored by administration of a thiazolidinedione, 
CD36 levels returned to normal in association with restoration of macrophage insulin signaling.  As 
mentioned in the previous section, both SRA and CD36 can serve as "second hits" in ER stress-induced 
macrophage apoptosis both in vitro and in advanced lesional macrophage death and plaque necrosis in 
vivo.  In this regard, insulin-resistant macrophages show markedly enhanced apoptosis in vitro when 
exposed to ER stress conditions plus either an SRA-mediated second hit, as is the case with macrophages 
loaded with lipoprotein-derived unesterified cholesterol, or when exposed to oxidized LDL, a CD36 
ligand (T. Seimon et al., manuscript in preparation).55, 69, 70    
 ER stress in macrophages triggers compensatory cell-survival pathways, notably those activated by 
Akt and NF-κB, and apoptosis is temporally correlated with a down-regulation of these pathways and can 
be accelerated by their inhibition.35, 71, 72  Moreover, Akt deficiency in Apoe-/- mice was shown to 
enhance lesional macrophage apoptosis and inflammation and plaque progression.73  In this context, an 
important observation was that phosphorylation of Akt is suppressed in ER-stressed, insulin-resistant 
macrophages.69, 71  Consistent with a decrease in Akt phosphorylation, Senokuchi et al.71 found an 
increase in nuclear FoxO1 in insulin-resistant, ER-stressed macrophages, which normally translocates to 
the cytoplasm in response to Akt-dependent phosphorylation.74  Moreover, macrophages genetically 
lacking FoxO1, 3 and 4, were resistant to ER stress-induced apoptosis.71  However, FoxO-overexpression 
experiments indicated that nuclear localization of these transcription factors was not by itself sufficient 
for macrophage apoptosis but rather led to an enhancement of apoptosis in the setting of ER stress.  The 
apoptosis-enhancing mechanism of FoxO1 is directly related to the role of another compensatory cell-
survival factor in ER-stressed macrophages, namely NF-κB.71, 72, 75, 76  In ER-stressed macrophages, 
FoxO1 induces the expression of the NF-κB inhibitor IκBε and thereby enhances apoptosis.71 
 Importantly, insulin resistance potentiates the ER stress response itself.77  ER stress in macrophages 
leads to activation of the mitogen-activated protein kinase ERK,76 and Liang et al.77 found that this 
response was blunted in insulin-resistant macrophages.  Additional studies revealed that the MEK-ERK 
pathway induces SERCA,77 which, as explained above, can abrogate ER stress by replenishing ER 
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lumenal calcium stores and can protect macrophages from ER stress-induced apoptosis by lowering 
cytosolic calcium levels.  Thus, the blunted MEK-ERK-SERCA pathway in insulin-resistant macrophages 
exacerbates the ER stress response and the calcium-mediated apoptosis pathway described above, and 
restoration of MEK1 in these cells is protective against both ER stress and apoptosis.77 
 In summary, mechanistic studies using various cell culture models of insulin-sensitive and insulin-
resistant macrophages, including primary macrophages freshly harvested from ob/ob mice, have revealed 
an integrated pathway of cell signaling events responsible for the increased apoptotic response to ER 
stress in the setting of insulin resistance.  Key among these events are those related to the compromise of 
compensatory cell survival pathways and the exacerbation of pro-apoptotic calcium signaling pathways 
(Figure 2). 
 
The Effect of Macrophage Insulin Resistance on Murine Atherosclerosis 
To test relevance of enhanced ER stress-induced apoptosis in insulin-resistant macrophages in vivo, 
irradiated Ldlr-/- mice were transplanted with bone marrow from Insr+/+ or Insr-/- mice.69  After 
recovery of the graft, the mice were fed a high-fat diet, and lesions were analyzed for overall area and, 
most importantly, plaque morphology.  Consistent with the in vitro data, the advanced lesions of the Insr-
/- → Ldlr-/- mice fed the diet for 12 weeks had more apoptotic cells and more plaque necrosis than those 
of the Insr+/+ → Ldlr-/- control mice.  Overall lesion area, the less important endpoint for the hypothesis 
being tested, showed no change after 8 weeks of diet and only a modest increase after 12 weeks.  
Baumgartl et al.78 used the cre-lox system to create Apoe-/- with macrophage-targeted deficiency of 
insulin receptors.  After 4 months on a high-fat diet, these mice had a modest decrease in lesion area 
compared with control Apoe-/- mice.  Apoptotic cells and necrotic areas were not quantified.  
Immortalized macrophages derived from these mice had a marked reduction in LPS-induced interleukin-6 
(IL-6) secretion.  The authors also tested the effects of global and bone marrow-derived IRS-2 deficiency 
in fat-fed Apoe-/- mice.   In the holo-knockout model, lesion area was modestly increased, and in the bone 
marrow transplant model, lesion area was modestly decreased.  Plaque morphology was not quantified.  
The authors interpreted these data as showing that myeloid-derived insulin receptors suppress 
atherosclerosis by blunting the inflammatory response.78  Senokuchi et al.71 also observed decreased 
inflammatory responses during ER stress in insulin-resistant macrophages.  In that study, reduced NF-κB 
responses led to both increased apoptosis, as noted in the previous section, and decreased expression of 
some inflammatory genes.  In summary, a careful comparison of Han et al.69 and Baumgartl et al.78 reveal 
a common finding of relatively modest effects of macrophage insulin resistance on overall lesion size, 
with subtle differences between the two studies perhaps arising from differences in genetic background 
(mixed vs. inbred C67Bl/6J), diets used (Western-type diet vs. the pro-inflammatory high-cholesterol/bile 
salt diet), and stage of lesion development.  As noted, those specific features of atherosclerotic lesions 
related to the novel concept that insulin-resistant macrophages are more susceptible to apoptosis, i.e., 
advanced lesional macrophage apoptosis and plaque necrotic area, were assessed in only one of the two 
studies, and the data supported that concept.69   
 Hsueh and colleagues79 developed a model of global insulin resistance and examined its effect on 
atherosclerosis in the setting of aging.  While this model did not focus specifically on macrophage insulin 
resistance, some interesting observations may give further clues to mechanisms linking macrophage 
insulin resistance to advanced plaque progression at the level of the arterial wall.  The investigators 
compared 3 mo/old and 12 mo/old Ldlr-/- mice fed a high-fat diet for 3 months.  The older mice 
developed worse insulin resistance and worse atherosclerosis, and the lesions in these mice appeared to be 
associated with a marked increase in plaque necrosis.  The insulin-resistant older mice had a blunted anti-
oxidant response that might be caused by a defective DJ-1—Nrf2 anti-oxidant pathway,80 and a higher 
lesional expression of the NADPH oxidase subunit, p47.  Atherosclerosis and plaque morphology were 
improved by treating the mice with the NADPH oxidase inhibitor and anti-oxidant, apocynin.  One 
implication of these findings is that aging, a major risk factor for cardiovascular disease in humans,81 may 
interact with insulin resistance to promote plaque necrosis, and in this regard it is interesting to note that 
aging is associated with both enhanced ER stress and defective efferocytosis.82, 83  Second, a critical 
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downstream pro-apoptotic effector of ER stress and ER calcium release is activation of NADPH oxidase, 
and, given the pathways described in Figure 2, this response may be further enhanced in the setting of 
insulin resistance.  Although vitamin E has not been shown to be effective in decreasing cardiovascular 
risk in humans,84 more targeted anti-oxidants, such as NADPH oxidase inhibitors, in the specific setting 
of insulin resistance and possibly aging, may be more mechanistically justified and have more promise. 
 
How Insulin Resistance Might Affect Efferocytosis 
The increase in plaque necrosis in diabetic lesions raises the important issue as to whether efferocytosis is 
defective in these lesions and, if so, how this is mechanistically linked to insulin resistance.  For example, 
defective phosphatidylinositol 3-kinase signaling in the setting of insulin resistance could, in theory, lead 
to a defect in efferocytosis in general and a specific defect in Mertk-mediated efferocytosis in 
particular.85, 86  Using an in situ assay that quantifies the percentage of apoptotic cells that have been 
engulfed by phagocytic macrophages vs. not associated with phagocytes,48 Li et al.87 found that the aortic 
root lesions of Western diet-fed ob/ob;Ldlr-/- mice had evidence of defective efferocytosis compared with 
lesions of Western diet-fed Ldlr-/- mice.  In vitro studies showed that primary macrophages isolated from 
ob/ob mice have a defect in efferocytosis that was associated with defective PI3 kinase activity, but those 
from Insr-/- mice do not.  Further studies revealed that the key defect in ob/ob macrophages was an 
increase in the saturated fatty acid:unsaturated fatty acid ratio in the macrophage membranes, perhaps 
through "stiffening" the plasma membrane to the point where phagocytosis is compromised.88  The 
efferocytosis defect on ob/ob macrophage could be corrected by treating the cells with the omega-3 
polyunsaturated fatty acid eicosapentanoic acid (EPA), and similar results were found when macrophages 
were harvested from EPA-fed ob/ob mice.  Most importantly, lesional efferocytosis was improved in 
ob/ob;Ldlr-/- mice by EPA feeding, which interestingly has also been associated with protection from 
heart disease in humans.89  The precise mechanism of how saturated fatty acid impair efferocytosis and 
how EPA improves it is still under investigation, as are other possible links between insulin resistance and 
clearance of apoptotic cells.  Nonetheless, we can begin to imagine an integrated model in which direct 
effects of insulin resistance on advanced lesional macrophage apoptosis, combined with defective 
efferocytosis caused by systemic fatty acid defects in the setting of insulin resistance, can at least partially 
explain the large neurotic cores and accelerated thrombotic vascular disease in diabetics (Figure 2). 
 
 

Conclusions and Future Directions 
 
This review focused on one key feature of diabetes, insulin resistance; one type of lesional cell, the 
macrophage; and one overall context of atherosclerosis, advanced plaque progression.  Even within this 
focused area of research, more work is needed to further define mechanisms whereby insulin resistance 
affects specific signaling pathways involved in the panoply of atherosclerosis-relevant macrophage 
activities, including, interaction with lipoproteins and intracellular metabolism of lipoprotein-derived 
lipids; inflammation and the resolution thereof; stress responses, including oxidative, heat shock, and ER 
stress; secretion of proteases, pro-coagulant molecules, and other factors involved in plaque progression; 
phagocytosis, efferocytosis, and antigen presentation; apoptosis-cell survival balance; and interaction with 
other cells and extracellular matrix.  Moreover, it is likely that insulin resistance affects these processes 
differently in different subsets of macrophages and in other types of myeloid cells, notably dendritic cells, 
mast cells, and neutrophils.  A limitation of our in vivo studies has been the lack of a mouse model that 
fully recapitulates features of human plaque disruption and athero-thrombosis,90 and so further 
developments to improve mouse models of diabetic atherothrombotic vascular disease is an important 
goal.  Nonetheless, it is becoming clear that key morphologic features of such plaques are worsened by 
ER stress33 and insulin resistance in macrophages.69   
 Beyond the specific areas of plaque macrophages, insulin resistance, and advanced plaque progression, 
other areas of focus may offer additional clues as to why heart disease is enhanced in diabetes.61  For 
example, decreased insulin signaling in endothelial cells, through impaired Akt signaling, is also likely to 
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have important pro-atherogenic consequences through decreased eNOS activity and increased expression 
of inflammatory genes and VCAM-1.73  In the liver, hyperinsulinemia and insulin signaling may 
increased VLDL secretion while having the opposite effects on LDL receptor expression.91  The other 
major feature of type 2 diabetes, hyperglycemia, may promote plaque instability by enhancing the 
inflammatory response in macrophages through effects on plasma triglyceride-rich lipoproteins and free 
fatty acids.92  Hyperglycemia may also cause endothelial cell abnormalities, including oxidative stress and 
RAGE-induced inflammation, that promote the earlier stages of atherogenesis.93, 94  Interestingly, there 
are recent data suggesting that hyperglycemia may exert some its pro-atherogenic effects in endothelial 
cells through FoxO1 and also through the induction of ER stress.95, 96  These hyperglycemia-endothelial 
cell studies, together with the insulin resistance-macrophage studies described in this review, raise the 
interesting possibility that hyperglycemia may affect mostly the earlier stages of atherogenesis, while 
insulin resistance has its greatest effect on promoting advanced plaque progression.  In this context, a 
recent analysis of the Veterans Affairs Diabetes Trial found that intensive glucose lowering reduced 
cardiovascular events in diabetics with a coronary artery calcium store < 100 (multivariable hazard ratio 
[HR] = 0.08, p=0.03), but not in those with a calcium score >100 (HR = 0.74, p=0.21).97  Smooth muscle 
cells, a key cell type in the generation of the "protective" fibrous cap in advanced lesions, and platelets, 
the final effector of acute vascular occlusion, may be affected by insulin resistance, hyperglycemia, or 
fatty acid abnormalities, which provide additional opportunities for investigation.61  Continued progress in 
these areas will provide a more complete understanding of how multiple features of diabetes promotes 
heart disease.  
 The ultimate goal of these studies is to complement our current efforts at identifying and treating 
systemic risk factors that promote cardiovascular disease in diabetics.  Despite the relative success of this 
strategy, risk is still very high,98, and the tremendous scale of this epidemic is such that overall risk will 
still be high even if compliance is improved and the experimental modalities prove useful.  Further 
understanding of the specific mechanisms of increased vascular disease in diabetics, particularly at the 
molecular level in arterial wall cells, may be a promising approach for further eradication in the future—
and one that should be additive or even synergistic with reduction of lipid and other systemic risk factors.  
One approach is to increase insulin sensitivity in diabetic macrophages, such has been demonstrated 
recently using a PPARγ activator in vivo68 and 1,25(OH)2 vitamin D in vitro.99  Another approach is to 
develop agents to prevent ER stress or downstream pro-apoptotic processes in macrophages by 
pharmacologic means, e.g., through the use of chemical chaperones100 or inhibitors of the calcium-
mediated pro-apoptotic pathway.101, 102  Moreover, in view of the importance of defective efferocytosis in 
the generation of plaque necrosis and the ob/ob efferocytosis study described above, experimental 
therapeutic modalities designed to enhance efferocytosis58, 103 may be particularly useful in diabetics.  
Delivery of such drugs to plaques might be facilitated by specific vehicles targeted to plaques,104 while 
clinical assessment in phase 2 and phase 3 studies could be assisted by imaging techniques such as carotid 
MRI, that have the capacity to measure important plaque features such as necrotic core area and cap 
thickness.105  Studies in these areas occurring in parallel with ongoing efforts at systemic risk reduction 
offer the best chance to curb the growing epidemic of diabetes-associated atherothrombotic vascular 
disease. 
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Figure Legends 
 
Figure 1.  A CHOP-calcium pathway of ER stress-induced apoptosis in macrophages.  A 
diverse array of ER stress-provoking events, many of which exist in advanced atheromata, 
trigger the UPR and lead to induction of the downstream effector CHOP.  CHOP induces 
ERO1α, which in turn oxidatively activates IP3R calcium release channels in the ER.  IP3R-
mediated calcium release begins a pro-apoptotic cascade involving activation of CaMKII by 
cytosolic calcium and subsequent downstream apoptotic processes, as listed in the figure and 
as described in the text.  In addition, the resulting low level of calcium in the ER lumen likely 
causes dysfunction of calcium-dependent protein chaperones, which amplifies UPR activation.  
The central concept is that pro-apoptotic CHOP functions, at least in part, by promoting calcium-
induced death as part of a positive feedback cycle (see inset).       
 
Figure 2. Cellular-molecular mechanisms by which macrophage insulin resistance promotes ER 
stress-induced macrophage apoptosis and advanced plaque progression.  At least three pro-
apoptotic processes are enhanced in ER stressed macrophages:  (1) ER stress normally 
activates a compensatory MEK-ERK-SERCA pathway to lower cytoplasmic calcium and 
replenish ER lumenal stores.  This pathway is blocked in the setting of insulin resistance, 
leading to enhanced activation of calcium-mediated apoptotic pathways (increased cytosolic 
calcium) and further UPR-CHOP activation (decreased ER lumenal calcium).  (2) CD36 and 
SRA, two PRRs that, when activated, are synergistic with ER stress in inducing apoptosis, are 
up-regulated in insulin-resistant macrophages.  (3) Increased nuclear FoxO in insulin-resistant 
macrophages induces IκBε, thereby suppressing a compensatory NF-κB cell-survival pathway.  
In addition to these pro-apoptotic processes, increased levels of saturated fatty acids in the 
setting obesity compromise the ability of macrophages to engulf apoptotic cells.  Apoptotic cells 
that are not efficiently cleared become secondarily necrotic and, over time, accumulate into 
necrotic cores in advanced plaques.  These necrotic cores, which are particularly large in 
diabetic atheromata, are thought to contribute to plaque disruption.  See text for details. 
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Beta-Arrestin 2: a critical integrator of survival signaling in macrophage apoptosis  
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Introduction

Impact statement

Conclusions
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Hypothesis

In previous work, we have shown that in the early phases of apoptosis a pro-survival 
pathway is triggered that aims to rescue macrophages from apoptosis. This signal 
transduction pathway is headed by the activation of the signaling protein AKT through its 
phosphorylation.

 

There is an epidemic of obesity worldwide, including among military personnel and their 
families. The most important detrimental consequence of obesity is atherothrombotic 
vascular disease, the cause of unstable angina, myocardial infarction, sudden cardiac 
death, and stroke. These clinical complications of atherosclerosis are mainly caused by 
thrombus formation, which results from rupture of an atherosclerotic plaque. 

Dead macrophages accumulate in advanced atherosclerosis as 
macrophage cell death (apoptosis) is increased, and the clear-
ance of dead macrophages is decreased compared to early       
atherosclerosis. Dead cell accumulation results in increased    
necrotic core size and inflammation, causing plaque rupture.
 

Activation of survival signaling by BARR2 and EGFR may prevent accumulation of apop-
totic macrophages and thus advancement of atherosclerosis. This new discovery may pave 
the way for a novel strategy to prevent advanced lesion progression and thus clinical com-
plications of cardiovascular disease in high-risk obese subjects. 

* BARR2 knockdown (siRNA and genetic) enhanced macrophage apoptosis
* Survival signaling by BARR2 requires SRC kinase and activation of AKT 
* BARR2 signaling depends on the epidermal growth factor receptor
* Expression of BARR2 is increased by ER-stress and with plaque progression

 

Beta-arrestin 2 (BARR2) is a protein that is often essential for AKT phos-
phorylation. BARR2 functions as a scaffold bringing AKT and its activa-
tor SRC kinase together, and is thus essential for induction of survival sig-
naling. Deficiency of BARR2 and concomittant reduction of pro-survival 
signaling has been shown to enhance apoptosis in several cell types, but its 
function in plaque macrophages is unknown.
 

BARR2 deficiency in advanced plaque macrophages leads to reduced survival signaling and 
thus to increased macrophage apoptosis.
 

Complete and partial knock-down of BARR2 increased macrophage apoptosis in vitro
A. Peritoneal macrophages of methyl-BSA immunized C57Bl/6 and BARR2 KO mice were treated with apoptotic stimuli for 
18hrs. These stimuli mimic endoplasmatic reticulum (ER-)stress, which is observed in advanced atherosclerosis: 
7ketocholesterol (7KC, 35uM),  tunicamycin (5ug/ml), free cholesterol loading (FC; acLDL(50ug/ml)+ACAT inhibitor 
(58035, 10ug/ml) and thapsigargin (TG, 2.5uM). The percentage of TUNEL+ cells were quantified. B. Apoptosis induced by 
7KC is also enhanced when BARR2 expression is silenced using siRNA treatment. Apoptosis is not enhanced in BARR2 macro-
phages after staurosporin treatment (100nM),  which does not induce ER-stress. * P<0.05
  

BARR2-dependent survival involves AKT activation
A. WT and BARR2KO macrophages were incubated with 7KC for the indicated times and P-AKT was detected using western 
blot. P-AKT signaling was induced by 7KC in WT macrophages, while BARR2KO showed less sustained activity. Actin was 
used as loading control. B. Chemical inhibition of AKT activity by LY294002 (LY, 10uM) enhanced WT apoptosis, induced by 
7KC for 18hr, to the same level as BARR2KO. In contrast, the EKR inhibitor PD98059 (PD, 10uM) further enhanced 7KC-
induced apoptosis in both WT and KO macrophages. This indicates that AKT activity is essential for BARR2 dependent sur-
vival signaling, whereas ERK is not. C. WT and BARR2KO macrophages were transfected with control and constitutively 
active AKT (myrAKT) adenoviral DNA (MOI 1000-2000) and after 48hrs expression was confirmed using western blot. D. 
Myr-AKT, but not control adenovirus (MOI 1000) rescued the enhanced apoptosis in  BARR2KO macrophages, also confirm-
ing that AKT activity is essential for bARR2-dependent survival in macrophages. * P<0.05
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BARR2 and AKT-dependent survival requires SRC and EGFR activation
A. WT and BARR2KO macrophages were pre-treated with SRC kinase inhibitor PP2 (10uM), incubated with 7KC for 9hrs 
and P-AKT was detected using western blot. P-AKT signaling was reduced in WT and BARR2KO macrophages. Actin was 
used as loading control. B. WT and BARR2KO macrophages were pre-treated with PP2 followed by 7KC for 18hrs to induce 
apoptosis. SRC inhibition enhanced WT apoptosis to the same level as BARR2KO, suggesting that SRC initiates AKT activity, 
which is essential for BARR2-dependent survival in macrophages. C. Macrophages were pre-treated with inhibitors of the epidermal 
growth factor receptor, EGFR (PP3, 10uM, Ag1478 5uM), and 7KC for 9hrs and P-AKT was detected using western blot. D. WT 
and BARR2KO macrophages were pre-treated with EGFR inhbitors followed by 7KC for 18hrs to induce apoptosis. EGFR in-
hibition enhanced WT apoptosis to the same level as BARR2KO, suggesting that the EGFR is also essential for AKT and 
BARR2-dependent survival in macrophages. * P<0.05  
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BARR2 expression is enhanced in ER-stress conditions and in advanced atherosclerotic plaques
A. Macrophages were  incubated with 7KC or FC (B) for the indicated timepoints and bARR2 protein was detected using west-
ern blot. ER-stress stimuli induced BARR2 protein. Actin was used as loading control. C. BARR2 mRNA, assessed by real-time 
RT-PCR, was unchanged in macrophages incubated with 7KC. D. Atherogenic low density lipoprotein receptor (LDLR) KO 
mice were fed a western diet for 6 or 13 wks to induce atherosclerosis. Plaque tissue was isolated from frozen aortic root sections 
using laser-capture microdissection and BARR2 mRNA was assessed by real-time RT-PCR. * P<0.05  
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Hypothesis

Future experiments
* Study effect of macrophage-specific BARR2 knockdown on plaque size+apoptosis
* Silence EGFR using siRNA and assess survival in WT vs. BARR2KO macrophages
* Study mechanism of the BARR2 translational increase in ER-stress
* Investigate mechanisms of EGFR activation and its effect on atherosclerosis
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