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Abstract
There is much speculation whether extravascular inflammation accelerates atherosclerosis. We tested
this hypothesis in apoE−/− mice using three well characterized models of non-autoimmune chronic
inflammation: croton oil-induced skin inflammation, Aspergillus fumigatus antigen-induced allergic
lung disease, and A. fumigatus antigen-induced peritonitis. The croton oil model produced recurrent
inflammatory skin ulceration, and marked increases in plasma levels of IL-6 and serum amyloid A
(SAA). The allergic lung disease model showed strong local inflammation with eosinophilic
infiltration and serum IgE induction. The recurrent peritonitis model was accompanied by mild
elevation in plasma SAA levels. Aortic atherosclerosis was quantified by computer-assisted
morphometry of en face arteries in apoE−/− mice at 33 weeks for the croton-oil model, 26 and 42
weeks for the allergic lung disease model, and 26 weeks for the peritonitis model. We found that all
three forms of chronic extravascular inflammation had no effect on the rate of atherosclerosis
development.
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Introduction
Atherosclerosis is the commonest underlying pathology of most cardiovascular diseases
(CVD), the major cause of mortality and morbidity in developed countries [1]. Dyslipidemia
is a dominant risk factor in atherosclerosis development [2]. There is increasing evidence,
however, that inflammation mediates many of the ill effects of dyslipidemia [3]. Furthermore,
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atherosclerotic lesions are themselves loci of inflammation and a source of proinflammatory
cytokines [4].

We speculated that extravascular inflammatory processes, by diverse mechanisms, including
leukocyte activation, immunomodulation, and increased circulating inflammatory mediators,
could modulate the inflammatory response in lesions and contribute directly to atherosclerosis
development. In support of this notion, several epidemiological studies have found associations
between inflammatory processes resulting from chronic infectious diseases, i.e. of the
respiratory system [5;6] or gums (periodontitis) [5;7], or from non-infectious autoimmune
disorders, such as rheumatoid arthritis (RA) [8;9] and systemic lupus erythematosus (SLE)
[10-12], and atherosclerosis and/or CVD. Furthermore, circulating levels of markers of
inflammation, such as interleukin-6 (IL-6) and C-reactive protein (CRP), have been found to
be predictors of atherosclerosis and cardiovascular events [13;14]. However, the contention
that extravascular inflammation is itself a causative factor for accelerated atherosclerosis
remains unproven. For example, chronic infections and autoimmune diseases are often
associated with increased cardiovascular risk profiles [11;15;16]. Furthermore, some
pathogens that are thought to promote atherosclerosis, such as Chlamydia pneumoniae,
cytomegalovirus and other herpesviridae, can actually infect vascular cells [17], and
autoimmune diseases are associated with vasculitis, arterial stiffness and vascular dysfunction
[18;19]. It is important to determine if chronic inflammatory conditions in extravascular sites
can actually cause or predispose to atherosclerotic cardiovascular disease especially in the
presence of a proatherogenic dyslipidemia.

Mouse models constitute a powerful tool to study the pathogenesis of atherosclerosis, and can
help to study the link between chronic inflammation and atherosclerosis [20]. In fact, recent
reports have shown that different mouse strains with mutations that result in a lupus-susceptible
immune system, a systemic disorder, can present with accelerated atherosclerosis [21-24]. If
indeed extravascular inflammation is the underlying mechanism leading to accelerated
atherosclerosis, patients with other forms of extravascular inflammation could also benefit
from strict management of their cardiovascular risk factors. In this study, we assessed the effect
of non-autoimmune chronic inflammation on atherosclerosis development in apoE−/− mice, a
widely used genetic animal model of atherosclerosis[25], by applying three well characterized
models of experimental inflammation: (1) croton oil-induced chronic skin lesions [26;27]: (2)
A. fumigatus antigen-induced allergic lung disease [28]: and (3) A. fumigatus antigen-induced
peritonitis.

Materials and Methods
Animals

Female apoE−/− mice (3-5 weeks age) were obtained from The Jackson Laboratory, housed in
Baylor's Transgenic Mouse Facility, and given access to water and standard mouse chow ad
libitum. Mice were separated into matched control and treatment groups based on serum
cholesterol levels measured just before the beginning of treatments. Protocols for handling and
treatment of animals were approved by the Institutional Animal Care and Use Committee at
Baylor College of Medicine.

Croton Oil-Induced Skin Inflammation Model
The lower backs of the mice were shaved using a scalpel under intraperitoneal (i.p.) anesthesia
with avertin (2 mg/ml tribromoethanol [Aldrich] dissolved in tert-amyl alcohol, resuspended
in 0.9% NaCl, 1:39, vol:vol), and a solution of 10% croton oil (Sigma) in acetone:olive oil
(4:1, vol:vol) was applied to the exposed skin, resulting in focal ulcers and inflammation [26;
27]. The skin ulcers healed completely with full return of hair within a month, after which time
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the treatment was repeated. Accordingly, croton oil treatments were performed beginning at 8
weeks of age and repeated every 4 weeks, i.e., week 12, 16, 20, 24, 28, and 32, until the mice
were sacrificed by isoflurane inhalation for aortic lesion quantitation and skin histopathology
at 34 weeks of age. After euthanasia the dorsal pelt was removed and fixed in 10% neutral
buffered formaldehyde. The skin was trimmed to 2-4 mm wide strips cut parallel to the direction
of hair growth. The trimmed skin specimens were paraffin embedded, sectioned at 4 μm and
stained with hematoxylin and eosin (H/E).

A. Fumigatus Antigen-Induced Allergic Lung Disease Model
The A. fumigatus preparation was made and administered intranasally (i.n.) to the treatment
group as previously described [28], while the control group was left untreated. The time course
of administration of A. fumigatus antigen was as follows: treatments at 10, 11, 12, and 14 weeks
of age, followed by treatments every 4 weeks, i.e., at weeks 18, 22, 26, 30, 34, 38, 42. Following
completion of the treatment schedule, mice were sacrificed by overdose of pentobarbital.
Bronchoalveolar lavage (BAL) fluid was collected from lungs by rinsing twice with 1 ml of
PBS, then the lungs were removed and preserved in phosphate-buffered saline (PBS)/10%
formalin. The heart and aorta were isolated for atherosclerosis measurements. Two hundred
microliters of BAL fluid were placed in a cytospin apparatus and the cells were sedimented
onto microscope slides, followed by Wright-Giemsa staining and differential cell counting
[28]. Serum IgE levels were measured by ELISA as previously described [28]. Histological
evaluation of formalin-fixed lung tissues was performed after H/E and Periodic Acid Schiff
(PAS) staining of paraffin embedded tissue.

A. Fumigatus Antigen-Induced Peritonitis Model
Another set of mice was divided into plasma cholesterol matched controls and treatment groups
in which the latter received A. fumigatus antigen by i.p. injection as described [29;30]. The i.p.
treatments were performed at 10, 11, 12, and 14 weeks of age, followed by treatments every
4 weeks, i.e., at weeks 18, 22, 26. After the last treatment, the mice were sacrificed and aortas
were harvested for lesion quantitation.

Plasma Inflammation Markers and Cholesterol Levels
Periodically, EDTA-blood was obtained by retro-orbital bleeding under avertin anesthetic to
obtain leukocyte counts. Plasma levels of cytokines IL-6, tumor necrosis factor-α (TNF-α),
and interleukin-1β (IL-1β) and acute phase protein serum amyloid A (SAA) were measured
by ELISA kits (Biosource). Plasma cholesterol levels were measured by enzymatic kit (Sigma).

Aortic Lesion Quantitation (Atherosclerosis Measurements)
Mice were sacrificed by overdose with anesthetic isoflurane or pentobarbital, as specified. The
heart and abdominal aorta were removed and cleaned under a dissecting microscope. The aortas
were opened longitudinally and pinned to cardboard, fixed overnight in PBS/10% formalin,
and then stained with Oil Red O. En face lesion area quantitation using computer-assisted
morphometry was performed as previously described [31].

Statistical Analysis
Experimental groups were compared to controls or each other using Student's t-test or Mann-
Whitney Rank Sum test. Values are reported as mean ± standard deviation and a P value of
equal or less than 0.05 was considered significant.
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Results
Croton Oil-Induced Chronic Skin Inflammation

Croton oil treatment of the shaved backs of the mice led to erythema and then ulceration of the
area of application (approximately 2 cm2 and not exceeding 2 cm in diameter) in the first few
days after treatment. This was followed by a period of wound repair where the skin ulcer was
red and scabbed or crusted. After about 1 week, the superficial crust and necrotic tissue peeled
off, revealing intact skin by 10 to 14 days, and by 3 weeks, most of the fur had regrown.
Histology revealed necrosis of epidermis and dermis, followed by ulceration with moderate to
intense suppurative inflammation (Fig. 1A), then inflammation diminished as re-
epithelialization (healing) progressed. In re-epithelialized or healed specimens there was
epidermal and dermal thickening due to epidermal hyperplasia and dermal fibrosis, and there
were scattered inflammatory cells in the dermis and subcutis. In older, multiply treated animals,
there was xanthomatous change in the subcutis, sometimes with associated fat necrosis and
foci of pyogranulomatous inflammation.

We measured various blood and plasma markers in order to further characterize the
inflammatory process during croton oil treatment. One day after croton oil treatment, white
blood cell (WBC) counts dropped, while by 4 days post-treatment and thereafter, the counts
were slightly elevated (Fig. 1B, top). Levels of the proinflammatory cytokine IL-6 increased
markedly, from undetectable to1,352 pg/ml, one day after croton oil treatment, but returned to
near baseline within 4 days (Fig. 1B, middle). Coinciding with the changes in IL-6 level was
a marked increase in the acute phase protein SAA, from a baseline level of 9.2 μg/ml to 1,287
μg/ml one day post-treatment, decreasing to about 5-10 times above baseline from 4 to 11 days
post-treatment (Fig. 1B, bottom). Neither TNF-α or IL-1β levels were affected by croton oil
treatment (data not shown). Shown measurements were taken at the last treatment interval
before sacrifice of the animal for atherosclerotic lesion measurements. Measurements taken at
an intermediate treatment timepoint yielded similar results.

The mice were sacrificed at 34 weeks of age, two weeks after the final croton oil treatment.
As shown in Table 1, there were no differences in plasma cholesterol and body weights between
control and croton oil-treated mice. Lesions in apoE−/− mice at this age consist mainly of
intermediate lesions that present with macrophage infiltration, fibrosis and some necrotic cores
[32]. Importantly, computer-assisted en face lesion quantitation revealed no difference in total
lesional area between control and inflammation groups (control mean 10.19 mm2 vs. treated
mean 10.21 mm2, P = 0.942). Thus, repeated croton oil treatments (7 cycles) induced the
formation of a chronic inflammatory skin lesion interspersed with transient healing, as well as
a strong acute phase response, with pro-inflammatory cytokines detectable in the plasma and
stimulation of hepatic production of acute phase proteins. However, this chronic dermatitis
model did not influence the extent of atherosclerosis development in the aorta in apoE−/− mice.

Aspergillus Fumigatus Allergic lung disease Study
Next, we assessed the rate of atherosclerosis development in a model of asthma-like disease
termed allergic lung disease. We induced airway hyperreactivity by repeated i.n. delivery of
A. fumigatus antigen (7 and 11 times over the course of 16 and 32 weeks, respectively). This
is a well characterized model in terms of local cytokine production both in BAL fluids and in
vitro by lung cells, and inflammatory cellular infiltration into the lungs. Intranasal treatment
of the mice with A. fumigatus antigen did not produce detectable alterations in plasma IL-6
levels or TNF-α levels one day (data not shown), and SAA levels were mildly increased from
a baseline of 0.9 ± 0.8 μg/ml to 65 ± 28 μg/ml. However, as previously described [28], plasma
IgE, was markedly higher in animals receiving A. fumigatus by i.n. route (44.2 ± 7.7 μg/ml)
versus untreated animals (2.9 ± 3.3 μg/ml). Histological analysis revealed marked lung
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inflammation characterized by increased eosinophil infiltration (detected by H/E staining) and
the presence of enlarged mucous cells (seen by PAS staining) in A. fumigatus antigen treated
animals (Fig. 3A). Finally, cytospin analysis of BAL fluids showed a drastic increase in the
proportion of eosinophils, as well as some increase in neutrophils, in fluid from A. fumigatus
antigen treated animals (Fig. 3B). Thus, this allergic lung disease model resulted in a strong
inflammatory response in the lung, with only mild changes in the level of circulating pro-
inflammatory cytokines or acute phase reactants.

The mice were sacrificed at 26 and 42 weeks of age and aortas were harvested for
atherosclerosis measurements. Plasma cholesterol levels did not differ between control and
treated groups at either time-point. Body weight was decreased in the treatment group by 8%
for the 26 week time-point, while no changes were observed at 42 weeks (Table 1). Again,
similar to the chronic dermatitis model, despite the inflammatory changes observed in the
lungs, at neither time point was there any difference in total lesional area between controls and
mice with A. fumigatus antigen-induced allergic lung disease (Fig. 4A).

Aspergillus Fumigatus Peritonitis Study
At the same time that we investigated the allergic lung disease animals, we subjected another
set of mice to repeated i.p. delivery of the same antigen in order to induce an inflammatory
peritonitis. This treatment consisted of 7 administrations of antigen over the course of 16 weeks,
i.e. out to 26 weeks of age (see Materials and Methods).

This method of antigen delivery is sufficient to induce marked increases in serum antigen-
specific antibodies [29]. Intraperitoneal treatment of the mice with A. fumigatus antigen did
not alter IL-6 or TNF-α levels in the plasma after one day (data not shown), but SAA levels
were significantly increased above the baseline of 0.9 ± 0.8 μg/ml to 111 ± 93 μg/ml in the
peritonitis model. Similar to the croton oil model, WBC counts dropped one day after antigen
treatment, with gradual increase toward pretreatment levels (data not shown). There was no
significant difference in serum IgE level in animals that received the i.p. antigen (3.5 ± 4.7
μg/ml) versus that in untreated animals (2.9 ± 3.3 μg/ml). Plasma cholesterol was similar in
control and treated mice, while body weight decreased 4% in the chronic inflammation group
(Table 1). Once more, quantitative morphometry revealed no difference in atherosclerotic
lesion area between apoE−/− mice afflicted by the induced peritonitis compared with that in
untreated animals (Fig. 4B).

Discussion
In this study, we tested three different models of experimental recurrent or chronic
inflammation on atherosclerosis development in apoE−/− mice. The three models presented
with local inflammation at different sites (skin, lungs and intraperitoneal), and different patterns
of plasma markers of inflammation, with a robust increase in plasma IL-6 and SAA in croton
oil-induced chronic skin inflammation, and more modest but significant increases in plasma
SAA in both the Aspergillus fumigatus-induced allergic lung disease and peritonitis. However,
none of the three models of inflammation were able to influence the rate of atherosclerosis
development in apoE−/− mice.

Epidemiological studies have shown a strong association between some inflammatory diseases,
particularly autoimmune rheumatic diseases, and atherosclerosis [11;16]. Although a
confounding factor in the epidemiological studies is that autoimmune rheumatic diseases are
commonly associated with increases in “traditional” cardiovascular risk factors [11;16], the
rates of cardiovascular events remain higher in patients with these diseases even after
adjustment for baseline risk profiles [33;34]. Furthermore, several independent studies
performed in different lupus mouse models, in which many of the “traditional” atherosclerotic
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risk factors can be controlled, support a connection between SLE and atherosclerosis [21-24].
We note that, like the current investigation, these studies were performed in dyslipidemic mice
(LDL receptor deficiency for the first study, and apoE deficiency for the other two studies).
We employed apoE−/− mice as our model, but failed to detect any effect of three different non-
autoimmune chronic inflammatory processes on atherosclerosis development. A possible
explanation for this difference is that SLE and other systemic autoimmune inflammatory
diseases affect multiple organs and tissues and are primarily associated with chronic vasculitis
[16], which could be a major proatherogenic factor [35;36]. Furthermore, there is substantial
overlap in the histopathology of vasculitis and atherosclerosis, itself a form of chronic vascular
inflammation. Another factor noted in both SLE patients and mouse models is an increase in
circulating anti-oxLDL and anti-cardiolipin antibodies that, together with the secretion of
lupus-specific autoantibodies, could also contribute to modulate atherogenesis by mechanisms
that could involve lipoprotein uptake by foam cells and/or immunomodulation at the lesion
site [23;37]. Therefore, although autoimmune processes could share some common
mechanisms of action with non-autoimmune chronic extravascular inflammation, such as the
release of soluble mediators or the activation of leukocytes transiting through vessels perfusing
the inflamed tissues, these may not be the main mechanisms responsible for the proatherogenic
effects associated with the autoimmune disorders. We cannot rule out the possibility that other
forms of chronic extravascular non-autoimmune inflammation may predispose to
atherosclerosis in apoE−/− mice. However, the fact that none of 3 different models of chronic
or recurrent inflammation is associated with accelerated atherosclerosis indicates that
extravascular inflammation is unlikely to be a common risk factor for accelerated
atherosclerotic cardiovascular diseases.
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Figure 1.
A. Histopathology of skin sections from control (left) and day 7 croton oil-treated (right) mice
(40×) showing ulceration, inflammation, and necrosis in treated mice. B. Leukocyte counts
(top), IL-6 levels (middle), and SAA (bottom) levels from plasma of untreated control (solid
symbol) and croton oil-treated (open symbols) mice at the indicated times after treatment.
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Figure 2.
Effect of inflammation by chronic skin lesion on atherosclerosis in apoE−/− mice. Total aortic
en face lesion area was determined in control and croton-oil treated groups at 34 weeks of age.
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Figure 3.
A. Histological evaluation of lung inflammation following intranasal challenge with A.
fumigatus allergen. Comparison of H/E stained lung sections from control (top left) and A.
fumigatus antigen-challenged (top right) animals (20×), showing increased eosinophil
infiltration in animals one day after the final allergen challenge. Comparison of PAS stained
control (bottom left) and treated (bottom right) sections (20×) shows enlarged mucous cells in
challenged animals. B. Percentage of leukocytes in BAL fluid from control and A. fumigatus
antigen-challenged groups. Proportions of eosinophils (EOS), monocytes (MON), neutrophils
(NEU), and lymphocytes (LYM) were determined one day after the final challenge.
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Figure 4.
A. Effect of inflammatory allergic lung disease on atherosclerosis in apoE−/−.Lesion area was
determined in control and A. fumigatus antigen-challenged groups at 26 (left) or 42 (right)
weeks of age. B. Effect of inflammatory peritonitis on atherosclerosis in apoE−/− mice. Total
aortic en face lesion area was determined in control and A. fumigatus antigen-i.p. challenge
groups at 26 weeks of age.
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Table 1
Body weight and plasma cholesterol levels

Control Group Inflammation Group

1. Chronic Skin Lesion Study

(6 weeks)

Weight (g) 17.8 ± 0.8 18.1 ± 1.2

Cholesterol (mg/dL) 439 ± 84 439 ± 66

(33 weeks)

Weight (g) 23.0 ± 0.7 22.5 ± 0.6

Cholesterol (mg/dL) 494 ± 69 523 ± 76

2. Allergic lung disease Study

(8 weeks)

Weight (g) 17.9 ± 0.9 16.7 ± 0.8a

Cholesterol (mg/dL) 432 ± 129 475 ± 147

(26 weeks)

Weight (g) 22.4 ± 0.9 20.7 ± 1.3a

Cholesterol (mg/dL) 452 ± 81 526 ± 86

(42 weeks)

Weight (g) N.D. N.D.

Cholesterol (mg/dL) 454 ± 55 447 ± 77

3. Peritonitis Study

(8 weeks)

Weight (g) 17.9 ± 0.9 17.4 ± 1.1

Cholesterol (mg/dl) 432 ± 129 454 ± 103

(26 weeks)

Weight (g) 22.4 ± 0.9 21.5 ± 0.6b

Cholesterol (mg/dL) 452 ± 81 442 ± 52

N.D. not determined

a
P < 0.01

b
P < 0.05
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