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Abstract
Objective—Atherosclerosis encompasses a conspicuously maladaptive inflammatory response
that might involve innate immunity. Here we compared the role of Toll-like receptor 4 (TLR4) vs.
that of TLR2 in intimal foam cell accumulation and inflammation in apolipoprotein E (ApoE)
knockout mice in vivo, and determined potential mechanisms of upstream activation and
downstream action.

Methods and Results—We measured lipid accumulation and gene expression in the lesion-
prone lesser curvature of the aortic arch (LCAA). TLR4 deficiency reduced intimal lipid by ~75%
in ApoE KO mice, despite unaltered total serum cholesterol and triglyceride levels, while TLR2
deficiency reduced it by ~45%. TLR4 deficiency prevented the increased interleukin-1α (IL-1α)
and monocyte chemoattractant protein-1 (MCP-1) mRNA levels seen within lesional tissue, and
also lowered serum (IL-1α) levels. Smooth muscle cells (SMC) were present within the intima of
the LCAA at this early lesion stage, and they enveloped and permeated nascent lesions, which
consisted of focal clusters of foam cells. Cholesterol-enrichment of SMC in vitro stimulated acyl-
CoA:cholesterol acyltransferase-1 mRNA expression, cytoplasmic cholesterol ester accumulation,
and MCP-1 mRNA and protein expression in a TLR4-dependent manner.

Conclusions—TLR4 contributes to early-stage intimal foam cell accumulation at lesion-prone
aortic sites in ApoE KO mice, as does TLR2 to a lesser extent. Intimal SMC surround and
penetrate early lesions, where TLR4 signaling within them may influence lesion progression.

INTRODUCTION
Atherogenesis involves a strikingly maladaptive inflammatory response, initially to retained
and modified lipoproteins 1, and later to apoptotic or necrotic cell debris that accumulates
within the arterial wall 2. Toll-like receptors (TLRs) elicit innate immune responses and
inflammation when activated by either exogenous microbial products or endogenous
molecules with similar structural features, and are candidate mediators of atherogenic
inflammation. TLR2 and TLR4 are expressed in arterial lesions of mice and humans 3, 4,
and exogenous microbial TLR2 and TLR4 agonist ligands promote atherosclerosis in
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hypercholesterolemic mice 5, 6, implicating these receptors as candidate atherogenic
mediators. In gene knockout mouse models, TLR2 deficiency reduced early atherogenic
events and later aortic lesion development 7, 8. In contrast, deficiency of TLR4, the bacterial
lipopolysaccharide (LPS) receptor, produced modest 9 or no effects 10 on aortic lesion
burden, in studies limited to advanced disease stages. However, prolonged and severe
hypercholesterolemia may generate distinct modified lipids or proteins that promote
inflammation and atherogenesis via distinct, TLR-independent pathways. Therefore, here we
tested the hypothesis that TLR4 promotes atherogenesis during early-stage disease, using a
mouse model of shorter-term and less severe hypercholesterolemia, and compared its
influence to that of TLR2.

TLR signaling strongly activates pro-inflammatory genes in multiple cell types found within
early atherosclerotic lesions, but little is known about how this promotes atherogenesis.
Such atherogenic TLR signaling may not be restricted to hematopoietic cells, because a
proatherogenic influence of TLR2 in hypercholesterolemic mice was found to be conferred
by non-hematopoietic cells 5, and TLR2-expressing endothelial cells were found at lesion-
prone sites 7. Other candidate non-hematopoietic cell types include intimal SMC, which may
express both TLR2 and TLR4 11, 12. In humans, several findings point to an important role
of intimal SMC in early lesion formation. Intimal accumulation of SMC precedes human
lesion development, and the earliest histologically-identifiable lesions contain extracellular
lipids, thought to accumulate due to binding to proteoglycans released by SMC 13. Foam
cells of myeloid and/or SMC origin then accumulate in the intima 14, and some evidence
suggests that apoptotic death of SMC leads to the appearance of lipid pools 15. Thus, TLR2
and TLR4 within SMC could potentially contribute to early atherogenesis by multiple
mechanisms, including early proteoglycan synthesis, foam cell accumulation, or release of
macrophage-recruiting chemokines and pro-inflammatory cytokines 11, 12. A role of SMC in
early atherogenesis has not previously been described in mouse models, but mouse aortic
SMC are similar to human aortic SMC in their propensity to accumulate intracellular
cholesteryl esters in vitro 16, 17. Therefore, in the present study we evaluated the potential
roles of SMC in early intimal lipid accumulation, using a hypercholesterolemic mouse
model of atherogenesis in concert with 3-D confocal analysis of SMC involvement in
lesions in vivo. We also studied potential mechanisms of TLR action in SMC in vitro.

Our results reveal that early aortic lipid accumulation and expression of pro-inflammatory
mediators are markedly dependent on TLR4, and to a lesser extent TLR2, at lesion-prone
sites in apolipoprotein E-deficient mice. Also, intimal SMC showed integral involvement in
the microarchitecture of some nascent lesions, enveloping and permeating early foam cell
clusters, supporting their potential to modulate lipid accumulation. Furthermore, we found
that SMC incubated in cholesterol-enriched media in vitro express MCP-1 and the
cholesterol-esterifying enzyme acyl-CoA:cholesterol acyltransferase (ACAT1), and also
accumulate intracellular cholesteryl ester in a TLR4-dependent fashion 18, raising the
possibility that TLR4 expressed by SMC contributes to proinflammatory events and foam
cell formation in early atherogenesis.

METHODS
A detailed description of the methods can be found online at http://atvb.ahajournals.org.

Mice and serum analysis
ApoE KO, TLR2 KO, and TLR4 KO mice were cross-bred to obtain double-knockout mice.
Serum total cholesterol and triglyceride levels were assayed using enzymatic methods.
Serum IL-1α, MCP-1, and soluble VCAM-1 levels were determined by ELISA, and serum
endotoxin levels were determined after heat-inactivating serum proteins.
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En face analysis of lesion microarchitecture
Neutral lipid was stained with Oil Red O or BODIPY. SMC were localized with antibody
specific for smooth muscle α-actin (SMA), and nuclei stained with Topro3.

SMC foam cell formation in vitro
Mouse aortic SMC (passage 3) were incubated 68 h in serum-free media with or without
cholesterol:methyl β cyclodextrin for 68 h, lipids extracted with ethanol, and analyzed for
cholesterol ester by enzymatic methods. The cyclodextrin-cholesterol preparation was not a
significant source of endotoxin.

RESULTS
Deficiency of TLR4 or TLR2 reduces early aortic lipid accumulation in the LCAA

To test whether TLR4 and TLR2 promote lipid accumulation in the aortic intima, we studied
ApoE KO mice fed chow diet. Accumulation of lipid within the intima was minimal in the
descending aorta of 36 week-old ApoE KO mice (Fig. 1). In contrast, substantial lipid
accumulation occurred within the intima of the lesser curvature of the aortic arch (LCAA),
which is lesion-prone due to non-laminar blood flow 19. Intimal lipid areas in the LCAA
were significantly reduced (48%) by TLR4 deficiency, but not by TLR2 deficiency. Lipid
accumulation also occurred in the LCAA of younger (20 week-old) ApoE KO mice (Fig. 2),
and TLR4 deficiency reduced lipid area markedly, by 71% (P<0.01), while TLR2 deficiency
produced an apparent reduction of 41%, which did not achieve statistical significance
(P=0.06). Furthermore, in 18 week-old mice fed Western diet for 3 weeks, TLR4 deficiency
also markedly reduced lipid accumulation in the LCAA (by 84%), as did TLR2 to lesser
extent (55%) (Fig. 2). Western diet-fed ApoE KO mice thus showed the most dramatic
effect of TLR4 deficiency, despite a tripling of their serum cholesterol levels (Online Table
I) and doubling of LCAA lesion area (Fig. 2) vs. those seen in their chow-fed controls. In
contrast with the marked reduction seen in intimal lipid accumulation, total serum
cholesterol or triglyceride levels were unaffected by TLR4 or TLR2 deficiency at any age or
diet condition (Online Tables I and II).

To determine whether the prototypical TLR4 agonist LPS might contribute to TLR4-
dependent intimal lipid accumulation in ApoE-deficient mice, we measured serum LPS
levels in 12 week-old female chow-fed mice. LPS was consistently detectable in serum of
ApoE KO mice at low levels (~100 pg/ml), similar to those seen in wild-type and TLR4
DKO mice, while LPS levels in TLR2 DKO mice were somewhat reduced (~50 pg/ml,
Online Table III). Together, the results indicate an important role of TLR4 in early-stage
arterial lipid accumulation in ApoE KO mice, exceeding that of TLR2 under the conditions
studied, independent of any changes in serum lipid levels, and associated with low but
detectable levels of serum LPS.

TLR4 deficiency reduces lesional IL-1α gene expression and serum IL-1α
To elucidate the mechanisms whereby TLR4 and TLR2 promote lipid accumulation in the
LCAA, we used real-time RT-PCR to analyze local expression of mRNAs encoding
mediators relevant to early atherogenesis. IL-1 receptor signaling has been implicated in
lesion development in ApoE KO mice 20. Therefore, we tested whether TLR4 contributes to
local IL-1α gene expression in the lesion-prone LCAA. IL-1α mRNA levels at this site were
increased 9-fold in ApoE KO vs. those in wild-type mice, and this effect was markedly
reduced in both TLR4 DKO and TLR2 DKO mice (Fig. 3). TLR4-deficiency also reduced
serum IL-1α levels in ApoE KO mice (Table 1), further supporting an important role of
IL-1α in the proatherogenic effects of TLR4. IL-1 receptor antagonist (IL-1RA) mRNA was
also increased in ApoE KO mice relative to wild-type mice (4.5-fold), and this increase was
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similarly reduced in both TLR4 DKO and TLR2 DKO mice (Fig. 3). Because IL-1RA is
strongly inducible by IL-1, and thus may be indicative of ongoing IL-1 signaling 21, 22, the
results suggest that both TLR4 and TLR2 may promote IL-1 signaling within aortic lesions.

TLR4 deficiency reduces lesional VCAM-1, MCP-1, and TLR2 gene expression
Vascular cell adhesion molecule-1 (VCAM-1) is a key mediator of monocyte adhesion to
endothelium during early atherogenesis 23–25, while monocyte chemoattractant protein-1
(MCP-1) released into the subendothelial space promotes monocyte diapedesis and
migration into the intima 26, 27. VCAM-1 mRNA levels were not affected at age 12 wk (data
not shown) but were doubled in aortic arch of 18 week-old ApoE KO mice vs. those in wild-
type controls (Fig. 3), and this increase was abolished in TLR4-deficient mice. MCP-1
mRNA expression increased 2.5-fold in the LCAA of ApoE KO mice vs. those seen in wild-
type mice, and this increase was also abolished in TLR4 DKO mice (Fig. 3). VCAM-1 and
MCP-1 mRNA levels appeared lower in TLR2 DKO mice, but the differences were not
statistically significant. Serum levels of soluble VCAM-1 (Online Table IV) and MCP-1
(data not shown) were unchanged by TLR2 or TLR4 deficiency.

Because TLR2 and TLR4 expression are increased in human atherosclerotic lesions 3, 4, we
also tested whether altered TLR2 or TLR4 mRNA expression occurred during early lipid
accumulation. TLR2 mRNA levels increased more than 3-fold in LCAA of ApoE KO mice
vs. those in wild-type mice (Fig. 3), but were unaltered in TLR4 DKO mice, indicating that
TLR2 upregulation was likewise TLR4-dependent. mRNA levels of myeloid-related
protein-8 (Mrp8), a putative endogenous activator of TLR4 28, were also increased in ApoE
KO mice, but not significantly so. In contrast, TLR4 mRNA levels were unchanged in early
lesions of ApoE KO or TLR2 DKO mice vs. those seen in wild-type LCAA segments. These
results raise the possibility that TLR4-inducible TLR2 signaling may contribute to lesion
formation during early atherogenesis.

Early atherogenesis involves the accumulation of extracellular proteoglycans, which bind
lipoproteins and trap them in the subendothelial space where they become modified 1. Two
distinct proteoglycans accumulate in early lesions of ApoE KO mice 29, biglycan and
perlecan, but it is unknown whether expression of their corresponding mRNAs are increased
locally. The levels of both biglycan and perlecan mRNA were similar in the aortic arch of 12
week-old chow-fed WT, ApoE KO and TLR4 DKO mice, and biglycan mRNA was
significantly increased rather than reduced in TLR2 DKO mice (Fig. 3). These results thus
do not support a role of reduced proteoglycan mRNA expression in the anti-atherogenic
effect of TLR deficiency.

Intimal SMC are present in the LCAA at the early lesion stage, and integral to the
microarchitecture of nascent lesions

To test whether SMC could contribute to early lesion development in ApoE KO mice in
vivo, we determined whether intimal SMC are present in the lesion-prone LCAA of 16
week-old mice. Using en face confocal immunostaining analysis, we found smooth muscle
α–actin (SMA)+ cells within the lesion-prone lesser curvature, but these were sparse or
absent within the lesion-resistant greater curvature (Fig. 4A, B). In LCAA of older (25
week) ApoE KO mice, most intimal lipid was intracellular, seen as clusters of lipid-laden
foam cells (Fig. 4C–F). Notably, SMC were associated with a subset (~50%) of nascent
foam cell aggregates (Fig. 4C,F), but absent from others (Fig. 4E). In some cases, spindle-
shaped SMC surrounded and permeated spheroidal aggregates of lipid-laden foam cells that
comprised a developing lesion (Fig. 4C,D,F; Online Fig. II and III). The spindle-shaped
SMC were devoid of lipid, but additional spindle-shaped cells that contained abundant
neutral lipid were found directly adjacent to them, raising the possibility that the spindle-
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shaped foam cells might potentially be derived from SMC. The lesions in TLR4 DKO mice
were smaller, as expected, and characterized by small clusters of fewer foam cells that were
enveloped by only a few SMC (Fig. 4G), or by sparse foam cells with no associated SMC
(not shown). In comparison, a nearly-complete layer of contiguous SMC, reminiscent of a
fibrous SMC cap, enveloped large foam cell aggregates within the LCAA of older ApoE KO
mice (44 wk; Fig. 4H). The results show that SMC are integral to the microarchitecture of
some developing lesions, and are situated to influence foam cell accumulation.

TLR4 dependence of SMC cholesteryl ester accumulation and ACAT1 gene expression
To determine whether TLR4-dependent accumulation of intracellular cholesterol ester in
SMC might contribute to intimal lipid accumulation in ApoE KO mice, we compared the
cholesterol ester content of wild-type and TLR-deficient mouse aortic SMC incubated in
cholesterol-enriched media, an established model of SMC conversion to foam cells 16, 17.
Mouse aortic SMC uniformly accumulated abundant cytoplasmic neutral lipid droplets
following 68 h incubation with cyclodextrin-cholesterol (Fig. 5A), as previously described.
TLR4 deficiency reduced cholesteryl ester accumulation by ~30% vs. that seen in TLR4-
expessing SMC (Fig. 5B). ACAT1 is the key cholesterol-esterifying enzyme in most cell
types, and its mRNA expression is upregulated during conversion of human SMC to foam
cells17, and by NF-κB 30, a key mediator of TLR4-induced gene transcription. Therefore, we
tested whether ACAT1 gene expression is increased in a TLR4-dependent manner in SMC
incubated with free cholesterol. ACAT1 mRNA levels increased markedly (5-fold) in
cholesterol-enriched SMC, and this increase was abolished in TLR4–deficient SMC (Fig.
5C). Similar results were obtained with SMC from ApoE KO mice (data not shown).
Exposure to LPS without free cholesterol also induced TLR4-dependent ACAT1 gene
expression (Fig. 5C), but not foam cell formation (data not shown), suggesting that both
cholesterol-enrichment and TLR4 signaling are required to induce accumulation of
cytoplasmic cholesteryl esters in SMC. The results suggest that cholesterol-enriched aortic
SMC accumulate cholesteryl esters via a mechanism involving TLR4-dependent ACAT1
gene expression.

Cholesterol enrichment stimulates MCP-1, CD68, and Mrp8 mRNA expression: Role of
TLR4

SMC incubated in cholesterol-enriched media lose expression of SMC-specific proteins and
gain expression of macrophage-specific proteins 16, 17. In agreement, we found reduced
SMA expression in cholesterol-enriched SMC, while a subset of the cells expressed
cytoplasmic CD68 (Fig. 6A). Cholesterol enrichment increased CD68 mRNA levels 7.6–
fold in ApoE KO SMC, and only 4.3–fold in ApoE/TLR4 DKO SMC. Because TLR4
signaling is a potent inducer of MCP-1 expression in mouse SMC 11, we tested whether
cholesterol enrichment increased MCP-1 expression in a TLR4-dependent manner.
Cholesterol enrichment increased MCP-1 mRNA levels 4–fold, and MCP-1 release 5-fold in
ApoE KO SMC, and both responses were markedly reduced in ApoE/TLR4 DKO SMC
(Fig. 6B). Mrp8 mRNA was increased ~2-fold, but its regulation was TLR4-independent.
MCP-1, CD68, and Mrp8 mRNA upregulation were similar in ApoE KO and ApoE/TLR2
DKO SMC (data not shown). These results suggest that cholesterol enrichment promotes
SMC expression of proteins thought to be macrophage-specific, by mechanisms that are at
least in part TLR4-dependent, consistent with our hypothesis that TLR4 signaling might
play a role in SMC conversion to a macrophage-like phenotype.

DISCUSSION
Our findings demonstrate an important role of TLR4, and to a lesser extent TLR2, in early
intimal foam cell accumulation in hypercholesterolemic ApoE KO mice. We found that
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TLR4 deficiency markedly reduced aortic lipid accumulation, by ~70–80%, within the
LCAA of ApoE KO mice fed chow or short term high cholesterol diet, indicating that such
lipid deposition is strongly TLR4-dependent. Our results point to an early, stronger
atherogenic influence of TLR4 than suggested by previous studies, which focused on
advanced disease in older ApoE KO mice that were fed high-cholesterol diet for many
months, and found only a modest or no role of TLR4 9, 10. Such prolonged feeding of ApoE
KO mice with high-cholesterol diet produces severe hypercholesterolemia, which may have
limited relevance to human atherogenesis, and may have failed to detect the presently-
observed critical role of TLR4 in early lesions due to later activation of additional receptors.
The TLR4- and TLR2-induced effects reported here occurred in the absence of altered
serum cholesterol or triglyceride levels, indicating that signaling via these receptors
increases the susceptibility of the artery wall to inflammation and lipid deposition.

Both TLR4 and TLR2 contributed strongly to the upregulation of the IL-1α and IL-1RA
genes seen in lesional tissue of ApoE-deficient mice, and TLR4 deficiency lowered serum
IL-1α, providing further evidence for a role of IL-1 α in the proatherogenic effects of TLR4.
IL-1 receptor signaling plays a pro-atherogenic role in ApoE KO mice 20 and IL-1α
promotes multiple cellular responses relevant to early atherogenesis, including MCP-1
expression and SMC proliferation 31, 32. IL-1 signaling also disrupts LDL receptor
regulation and induces foam cell formation in human coronary artery SMC 33, suggesting a
potential mechanism for increased cellular lipid accumulation. Together, these results raise
the possibility that TLR-dependent IL-1α gene expression may contribute to intimal lipid
accumulation.

TLR2 gene expression was also upregulated within lesional aortic tissue of ApoE KO mice,
but not that of TLR4-deficient mice. Local upregulation of TLR2 might contribute to intimal
lipid accumulation in ApoE KO mice, as TLR2 deficiency reduced it, albeit somewhat less
so than TLR4. TLR4 signaling upregulates TLR2 gene expression in endothelial cells, SMC,
and macrophages in vitro 12, 34, 35, suggesting that multiple cell types might account for the
observed TLR4-dependent, local TLR2 gene expression in ApoE-deficient mice. In LDL
receptor-deficient mice, TLR2 expression was regionally upregulated in the LCAA,
specifically within endothelial cells 7. Thus, endothelial cell-specific expression might
similarly account for TLR2 upregulation seen here in the LCAA of ApoE KO mice.

Our main findings point to a proatherogenic role of TLR4, raising the important question of
how TLR4 becomes activated in ApoE KO mice. One possibility is that circulating LPS
provides a tonic stimulus to TLR4 signaling, as LPS can be found in the serum of apparently
healthy men and laboratory mice, particularly those consuming a high fat diet 36, 37.
Although the observed levels of serum LPS in ApoE KO mice were seemingly low (~100
pg/ml), and similar to those in wild-type mice, ApoE-deficient mice are reportedly more
sensitive to LPS than wild-type mice, exhibiting markedly enhanced cytokine production
and mortality after systemic LPS administration in vivo 38–40. Thus, low levels of LPS may
be sufficient to prime the inflammatory response in athero-prone regions of the vasculature.
LPS-driven TLR4 signaling has also been postulated to promote human arterial disease 41.
For example, epidemiological evidence indicates that low-grade endotoxemia (>50 pg/ml) is
a strong risk factor for progression of early carotid artery atherosclerosis in humans 42. Also,
human macrophages, endothelial cells and SMC are exquisitely sensitive to LPS, as
concentrations as low as 30–100 pg/ml stimulate VCAM-1 expression and MCP-1 release
43–45, suggesting that circulating LPS levels in healthy people may be capable of stimulating
atherogenic inflammation.

An alternative hypothesis for how atherogenic TLR4 activation occurs in ApoE-deficient
mice is that non-microbial, endogenous TLR4 agonist ligands contribute to a “sterile
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inflammatory response”. This idea is supported by findings that advanced lesions in older,
Western diet-fed ApoE KO mice are similar whether the mice are gnotobiotic and raised in a
“sterile” environment free of bacteria and known pathogens, or raised in the presence of
ambient pathogens 10. One class of candidate hypercholesterolemia-associated TLR4 ligands
includes molecules associated with minimally or moderately oxidized forms of LDL, which
stimulate TLR4-dependent fluid phase LDL uptake, a potential mechanism of foam cell
formation 46, and expression of multiple chemokines 47. Additional putative endogenous
TLR4 ligands include intracellular proteins released by stressed or dying cells, such as Mrp8
28. We found that Mrp8 mRNA was expressed in the LCAA of ApoE KO mice, suggesting
that Mrp8 may contribute to TLR4 activation in LCAA lesions. Mrp8 mRNA levels were
also increased in SMC incubated in cholesterol-enriched media, suggesting the possibility
that TLR4-dependent expression of pro-atherogenic genes in cholesterol-enriched SMC,
and/or macrophages 48 may potentially involve enhanced expression of Mrp8, which
promotes TLR4 signaling.

Our in vivo immunoconfocal findings revealed an intimate relationship between SMC and
developing lesions, supporting a possible role of SMC in modulating foam cell
accumulation. First, we found that SMC are prevalent in the intima of the lesion-susceptible
lesser curvature, but not the lesion-resistant greater curvature of the aortic arch at the early
lesion stage. MCP-1 released by such intimal SMC may promote monocyte recruitment, a
possibility supported by our findings that cholesterol-enriched SMC express MCP-1, and
that the lesion-prone LCAA expresses MCP-1 mRNA in a TLR4-dependent manner.
Second, we discovered that bands of SMC surround and permeate developing clusters of
lipid-laden foam cells, suggesting that paracrine actions of SMC-derived cytokines or
chemokines may also influence foam cell accumulation in nascent lesions. Furthermore, the
spindle-shaped SMC that invested developing lesions were intimately associated with SMA-
negative spindle-shaped cells that contained abundant neutral lipid, although they
themselves appeared to contain none. The origin of these novel spindle-shaped lipid-laden
cells remains to be determined, but their close anatomic association with SMC suggests that
they might be SMC-derived. This hypothesis is supported by the findings that ACAT1 gene
expression and intracellular cholesterol ester accumulation were increased in a TLR4-
dependent manner in SMC incubated in cholesterol-enriched media, while SMA expression
is simultaneously diminished. Also supporting this idea, some of the lipid-laden cells present
in atherosclerotic lesions of human and primates appear to be of SMC origin 49–51.

These findings suggest that TLR4 promotes early foam cell accumulation and expression of
IL-1α and other pro-inflammatory mediators at lesion-prone aortic sites in ApoE KO mice.
We found that intimal SMC are situated within nascent lesions in a manner suggesting that
they could influence foam cell accumulation. SMC that are intimately associated with
nascent lesions may release pro-inflammatory chemokines in a cholesterol-enriched
environment, accumulate intracellular cholesterol ester, or convert to a macrophage-like
phenotype via mechanisms involving TLR4 signaling.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TLR4 deficiency reduced intimal lipid accumulation in the lesser curvature of the aortic arch
(LCAA) of 36 week-old chow-fed male mice. Representative photographs depict en face
analysis of oil Red O-stained ascending and descending aorta, from its origin to the iliac
bifurcation. Mean and individual LCAA lesion areas in mm2 are shown in the chart. Bars
indicate means; symbols indicate individual values. Minimal lipid accumulation was seen in
the descending aorta. Number of mice per group: ApoE (12), TLR2 DKO (6), and TLR4
DKO (6). *P < 0.05 vs. ApoE KO.
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Figure 2.
TLR4 and TLR2 deficiency reduce early intimal lipid accumulation in the LCAA of younger
ApoE KO mice fed either chow (20 week-old female), or Western diet for 3 weeks before
lesion analysis (18 week-old male). Representative Oil Red O-stained aortic arch segments
from mice of the indicated genotypes and diet are shown in A. Charts in B show % of LCAA
surface area staining positively for neutral lipid. Number of mice per group (chow and
Western diet): ApoE (10 and 8), TLR2 DKO (12 and 12), and TLR4 DKO (6 and 8). **P <
0.01 vs. ApoE KO.
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Figure 3.
IL-1α, IL-1RA, MCP-1, VCAM-1, and TLR2 mRNAs are increased in a TLR4-dependent
manner within the LCAA of ApoE KO mice. Transcript levels were analyzed by real-time
RT-PCR of RNA prepared from aortic arch tissue of chow-fed male18 week-old (A–G) or
12 week-old (H,I) mice, normalized to β-actin mRNA levels, and then expressed relative to
the values observed in LCAA tissue from wild-type C57BL6/J (BL6) mice. (18wk: n=7/
group, except BL6, n=6. 12 wk: n=5/group, except ApoE KO, n=4.). * P < 0.01 vs. BL6; +
P < 0.01 vs. ApoE KO.
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Figure 4.
SMC are positioned to influence lesion development within the LCAA of ApoE KO mice.
Shown are en face confocal images of aortic arch tissue from ApoE KO mice of different
ages stained with FITC-labeled anti-smooth muscle α-actin (SMA). A, B: SMC (green) are
found within the lesion-prone LCAA (LC) of 16 week-old ApoE KO mice but not in the
lesion-resistant greater curvature (GC). Cell nuclei are stained with Topro3 (red); arrowhead
indicates SMA staining at cut edge of tissue (SMA antibody penetrates into the media at the
cut edges only). B is higher magnification of LC in image A. C–G: Lesions of 25 week-old
ApoE KO mice were composed of clusters of lipid-laden foam cells. Neutral lipid was
visualized with Oil Red O (red) except in F, in which neutral lipid was visualized with
BODIPY (green) and mouse anti-SMA was detected with Cy5-conjugated anti-mouse IgG
(red). SMC were found intimately associated with some (C,D,F,G), but not all foam cell
aggregates (E). C, D, F: Spindle-shaped SMA+ cells surround (arrowhead) and infiltrate
(arrows) a large aggregate of foam cells within ApoE KO LC. F: Spindle-shaped cells
adjacent to SMA+ cells contain neutral lipid. G: A few SMC envelop a small cluster of few
foam cells within TLR4 DKO LC. H: A contiguous SMC layer covers a later lesion in an
older ApoE KO mouse (44 wk). C and F are also presented as online supplemental data,
consisting of sequential z-plane images, proceeding from the luminal to medial aspect of the
lesion.
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Figure 5.
TLR4 deficiency reduces cholesteryl ester accumulation in mouse aortic SMC. A:
Intracellular neutral lipid (Oil Red O fluorescence) is abundant in SMC incubated with
cyclodextrin-cholesterol (CD-Chol) for 68 h (Blue: Hoescht 33342 nuclear stain). B: TLR4
KO SMC incubated with CD-Chol (10 or 20 µg/ml) show reduced cholesteryl ester content,
expressed per µg cellular protein. C: Cholesterol- and LPS-induced ACAT1 gene expression
are abolished in TLR4 KO SMC. * P≤ .0002 vs. CON (wild-type SMC without CD-
cholesterol or LPS treatment); + P< .0001 vs. SMC treated with CD-cholesterol or LPS.
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Figure 6.
Cholesterol enrichment stimulates expression of MCP-1, CD68 and Mrp 8 in ApoE KO
SMC: role of TLR4. A: SMC from ApoE KO and TLR DKO mice were incubated without
(control; CON) or with cyclodextrin-cholesterol (CD-Chol) for 24 h, and SMA and CD68
expression were determined by immunofluorescence staining. SMC incubated in media
alone express abundant SMA (green; top panel), but no CD68 (green; bottom panel). SMA
is diminished in SMC incubated with CD-Chol, while some SMC express intracellular
CD68 (Blue: Hoescht 33342 nuclear stain). B: MCP-1, CD68, and Mrp8 mRNA levels were
determined by real-time RT-PCR analysis, normalized to β-actin mRNA, and expressed
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relative to CON levels. MCP-1 release by SMC was determined by ELISA. *P≤ . 05 vs.
ApoE KO SMC.
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Table 1

TLR4 deficiency reduces serum IL-1α (pg/ml)

Age 18 weeks 36 weeks

BL6 13 (9,16) (6)

ApoE KO 16 (10,41) (7) 3 (1,11) (7)

TLR2 DKO   9 (0,22) (5)

TLR4 DKO   1 (0,4) (4)* 0 (0, 4) (6)*

Values are median (25th percentile, 75th percentile) (n), for male mice fed a standard chow diet.

*
P<0.05 vs. ApoE KO
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