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Abstract

To elucidate the link between the intake of animal fat and
asthma, a murine model was developed to examine the
effect of dietary cholesterol on pulmonary allergic in-
flammation. Male C57BL6 mice were fed either a control
diet or a diet supplemented with 2% cholesterol. Follow-
ing sensitization and inhalation exposure to ovalbumin,
the bronchoalveolar lavage fluid of mice in the cholester-
ol group contained higher numbers of eosinophils and
elevated levels of IL-5, PGE,, and MCP-1. In addition,
dietary cholesterol also resulted in elevated production
of IL-4 and IFN-y by lymphocytes isolated from the lungs.
These inflammatory indicators were all significantly cor-
related with serum cholesterol levels. In contrast to the
effect of dietary cholesterol, adding pravastatin to the
drinking water significantly reduced eosinophil infiltra-
tion and the levels of IL-5, PGE, and MCP-1 in lavage
fluid. Although dietary cholesterol did not alter baseline
IL-12 in the lungs, in mice challenged with ovalbumin the

IL-12 levels were reduced in the cholesterol group and
elevated significantly in the pravastatin group. The re-
sults suggest that dietary cholesterol might enhance pul-
monary allergic inflammation, possibly involving both
nonspecific inflammatory processes and lymphocyte ac-
tivities.

Copyright © 2004 National Science Council, ROC and S. Karger AG, Basel

Introduction

Epidemiological studies have suggested a link between
the intake of animal fat and asthma symptoms in adoles-
cents [6, 7]. To provide the association with biological rel-
evance, we developed a murine asthma model to examine
the effect of dietary cholesterol on allergic inflammation.
Results showed that dietary cholesterol supplementation
resulted in significant increase in the number of eosino-
phils and the level of interleukin-5 (IL-5) in bronchoal-
veolar lavage fluid (BALF) [23]. Because allergic inflam-
mation is regulated by T-helper 2 cells (Th2), we needed
to examine whether the cytokine mediator milieu in the
lungs was altered by dietary cholesterol and affected lym-
phocyte activities. Some mediators play key roles in the
regulation of T-cell development, for example, prosta-
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glandin E; (PGE,) dose-dependently inhibited the ability
of myeloid dendritic cells to produce interleukin-12 (IL-
12), resulting in a type-2 polarized effector subset, and an
environment with higher PGE; and/or lower IL-12 levels
at the carly stages of T-cell activation which may favor
Th2 over T-helper 1 cells (Th1) [9]. The characteristics of
antigen-presenting cells [19], such as the cytokine and
chemokine receptor profile, may also determine the de-
viation in T-cell development [15, 21]. For instance, in
addition to being a chemoattractant for memory T lym-
phocytes, monocyte chemoattractant protein-1 (MCP-1)
also plays a role in immune deviation. Interleukin-4 (IL-4)
production was enhanced when T cells were stimulated in
the presence of MCP-1 [10], and MCP-1-deficient mice
were unable to mount a Th2 response [4]. The expression
of these mediators needs to be characterized in an animal
model to elucidate the mechanism of dietary cholesterol-
induced enhancement in allergic inflammation.

Anti-inflammatory agents are the mainstay of asthma
treatment. Statins are inhibitors of 3-hydroxy-3-methyl-
glutaryl coenzyme A (HMG CoA) reductase. In addition
to the well-established uses for statins as serum lipid-low-
ering agents, their effect as immunomodulators was re-
cently reported. Statins inhibit the expression of class-II
major histocompatibility complex (MHC-II) induced by
interferon-y (IFN-y) and suppress MHC-II-mediated T-
cell activation [13]. Statin may also inhibit integrin-
mediated T-cell adhesion and costimulation through its
specific binding site on B,-integrins [22]. Therefore, sta-
tins seem to be able to alleviate immunological patholo-
gies. On this front, simvastatin was shown to suppress
autoimmune arthritis in a murine model [14], but the
effect of statins on allergic inflammation has not been
investigated.

With the observed enhancing effect of dietary choles-
terol on pulmonary eosinophilic inflammation, we sought
to delineate the mechanism by assessing a range of impor-
tant inflammatory mediators and lymphocyte functions.
In addition, we tested the potential inhibitory effect of
statins on allergic inflammation.

Materials and Methods

Animal Feeding, Sensitization, and Challenge

Weanling male C57BL/6 mice were obtained from in-house
breeding at Taiwan National Laboratory Animal Center at 4 weeks of
age and kept at the animal facility of Yang-Ming University. The
animals were maintained at 22-24°C with a 12-hour dark/light
cycle. The mice were fed either control diet containing 200 ppm cho-
lesterol (Rodent Diet 5001; Lab Diet, Mo., USA) or diet supple-
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mented with 2% (weight/weight) cholesterol (Sigma, St. Louis, Mo.,
USA). The mice were sensitized at the 9th week by intraperitoneal
(i.p.) injection of 50 ug ovalbumin (OVA; Grade V; Sigma) with 2 mg
alum. Fourteen days after sensitization, the mice were exposed to
aerosols of saline or 2% OVA in saline, for 20 min/day for 3 consecu-
tive days. The acrosols were generated by a DeVilbiss nebulizer driv-
en by air compressor (PulmoAide, DeVilbiss, Somerset, Pa., USA).
Bronchoalveolar lavage (BAL) was performed 24 h after the last acro-
sol inhalation. In the statin group, the mice were fed a control diet,
and statin was supplied in drinking water from the 7th week; statin
(Mevalotin, Sankyo, Japan) was dissolved in water at a concentration
of 0.08 mg/ml, which gave a daily dose of 0.4 mg when water con-
sumption was assumed to be 5 ml.

Bronchoalveolar Lavage

Twenty-four hours after the last aerosol inhalation, the animals
were euthanized with sodium pentobarbital. BAL was performed by
5 washes of 0.6 ml prewarmed (37 °C) phosphate-buffered saline
(PBS). The first lavage fluid was centrifuged at 300 g for 10 min, and
the supernatant was stored at —=70°C. Cells in the first wash were
combined with the remaining washes and counted. Cytospin slides
were fixed and stained with the Hemacolor Stain Set (Merck, Germa-
ny), and at least 400 cells were counted for leukocyte differential
counts.

Lymphocyte Isolation and Stimulation in vitro

Afterlavage, the chest was opened, and blood was drawn from the
right ventricle, and the sera were kept at —20° C until analysis. The
lungs were perfused with 5 ml PBS to remove blood cells, and then
they were carefully removed from the chest. The left lobe of the lung
was finely minced and homogenized in 0.5 ml PBS, centrifuged at
500 g for 10 min, and the supernatant was kept at —70°C. With the
cannula in place, the right lobe was infused with 0.6 ml 0.2% (weight/
volume) pronase (Sigma) in PBS, immersed in 3 ml PBS, and kept at
37°C in a water bath for 30 min. Loose cells were squeezed out of the
lung with forceps and washed with RPMI (Irvine Scientific, Santa
Ana, Calif., USA) supplemented with 10% fetal bovine serum (FBS).
The cells were washed twice more with PBS and incubated with
RPMI supplemented with 2% FBS for 2 h at 37°C and 5% CO,.
Afterwards, cells were carefully layered on Histopaque 1.083 (Sigma)
and centrifuged at 300 g for 30 min. The viability of cells was >90%
by trypan blue exclusion, and cytospin showed that the cells were
composed of 60-70% lymphocytes, ~20% eosinophils, and ~ 10%
macrophages. Mononuclear cells were washed twice with PBS and
cultured in 24-well plates (flat-bottom; Costar, New York, N.Y,,
USA) with a density of 2.5 x 10° cells/ml in RPMI with 5% autolo-
gous sera. The cells were cultured in medium alone or stimulated
with 10 ng/ml PMA plus 1 pg/ml ionomycin (both from Sigma) for
24 h. After incubation, the medium was aspirated, centrifuged at
300 g for 10 min, and kept at -70°C.

Serum Cholesterol

Total serum cholesterol concentration was measured by photo-
metric determination method (cholesterol test kit; Merck). Briefly,
cholesterol and its esters are released from lipoproteins by detergents
and treated with cholesterol esterase. In the subsequent enzymatic
oxidation by cholesterol oxidase, H,O, is formed, which is converted
into a quinonimine in a reaction with 4-aminoantipyrine and salicyl-
ic alcohol catalyzed by peroxidase and measured by optic density at
500 nm.
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Table 1. Leukocyte numbers per mouse (X 10% cells, mean £ SD) and differential count (mean percentages in
parentheses) in bronchoalveolar lavage fluid of mice in 3 groups: control diet (control), diet with 2% cholesterol
(cholesterol), and control diet with pravastatin in drinking water (pravastatin)

Diet Inhalation Total cells Eosinophil Neutrophil Lymphocyte Macrophage
Control Saline 68+31 0.05+0.1 0.03 = 0.08 1.8+1.7 6730
(n=12) (0.04) (0.03) (2.25) (97.6)
OVA 39111972 265+ 1742 25+16 52+224 49+ 18
(n =20) 62.2) (7.0 (15.5) (15.5)
Cholesterol Saline 8031 1.0£2.6 0.1+0.2 49+8.8 74429
(n=28) (0.97) 0.1) (5.1) (93.7)
OVA 605+282ab 442 +228ab 40+22a0b 67+328 55+35
(n=20) (71.4) (7.1) (11.3) (10.2)
Pravastatin OVA 241+ 155¢ 133+£132¢ 2719 45+25 42+10
(n=12) (46.5) (8.3) (22.3) (22.9)

a  Significantly higher than saline-exposed mice in the same diet groups (p < 0.001).
b Significantly higher than OV A-exposed mice of the control diet group (p<0.05).
¢ Significantly lower than OV A-exposed mice of the control diet group (p < 0.05).

In vitro Culture

Several cell lines were tested in vitro to examine the effect of lipo-
protein, including mouse macrophage (RAW 264.7), human mono-
cyte (THP-1), and human airway epithelial cell (A549). The culture
media were DMEM with 2% FBS (RAW 264.7), RPMI 1640 with
5% FBS (THP-1), and F12 with 2% FBS (A549). Native human plas-
ma low-density lipoprotein (LDL; Sigma) or oxidized LDL (ox-LDL)
was added to culture media. LDL was oxidized by short-wave-length
ultraviolet irradiation [17]. The efficiency of oxidation was deter-
mined by LPO-586 (Bioxytech; OXIS Health Products, Portland,
Oreg., USA); native LDL contained 0.093 nmol MDA/mg protein,
and oxidized LDL contained 3.11 nmol MDA/mg protein.

Cytokine and Chemokine Measurement

All cytokines were quantified by ELISA kits from the following
suppliers: IL-5 and MCP-1 by OptEIA ELISA kit (BD PharMingen,
San Diego, Calif., USA); IL-12 (p70) by sandwich ELISA kit (Endo-
gen, Woburn, Mass., USA); IFN-y and IL-4 by Immunoassay Kit
(BioSource International Inc, Camarillo, Calif., USA). PGE; was
measured by competitive EIA (Prostaglandin E; EIA kit-Monoclon-
al; Cayman Chemical, Ann Arbor, Mich., USA). All materials were
used according to the instructions of the manufacturers.

Statistical Analysis

Data for analysis were combined from several runs of experi-
ments. Data distribution was tested for normality. If data of a vari-
able fit normal distribution, analysis of variance was applied to com-
pare difference between groups (e.g., body weight, serum cholesterol,
and MCP-1 in lung tissue). For data that are not normally distribut-
ed, the Wilcoxon rank sum test was used. A difference with a p value
of <0.05 was considered statistically significant. All statistical analy-
ses were made using the Statistical Analysis System package (SAS
8.1, SAS Institute, Cary, N.C., USA).

Cholesterol and Pulmonary Inflammation

Results

Effect of Cholesterol and Pravastatin on Serum

Cholesterol Level and Body Weight

The serum cholesterol level was significantly different
among the 3 diet treatment groups: 111.6 = 17.0 mg/dlin
control diet group (n = 32), 145.7 * 24.3 mg/dl in choles-
terol group (n = 28), and 81.8 + 12.7 mg/dl in the prava-
statin group (n = 12; p<0.001). Compared with mice with
saline inhalation, OVA challenge did not affect serum
cholesterol. There was no significant difference in body
weight among treatment groups.

Cholesterol and Statin Effects on Pulmonary

Inflammation

All mice were sensitized intraperitoneally with OVA,
and after 2 weeks were exposed to either saline or OVA
aerosol. OVA inhalation caused a significant increase in
eosinophils, neutrophils, and lymphocytes in the BALF,
demonstrating the expected effect of antigen challenge.
Mice fed the cholesterol diet had exaggerated responses to
OVA inhalation, as shown by the higher numbers of
eosinophils which were on average 2.68 times those of the
control diet group (table 1). In contrast, eosinophil infil-
tration in mice of the pravastatin group was significantly
diminished.
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Table 2. PGE,;, IL-5, and MCP-1

concentrations (pg/ml) in BALF and IL-12 Inhalation = BALF BALF BALF Homogenate
(pg/ml) in lung tissue of mice in 3 groups PGE; IL-5 MCP-1 IL-12
(mean = SD, number of mice in -
parentheses): control diet (control), diet Control Saline 348£86 ND ND 1,476+ 396
with 2% cholesterol (cholesterol), and (n=11) (n=35) (n=15) (n=11)
control diet with pravastatin in drinking OVA 962+ 4072 20.5+13.52 40.6+34.82  1419+476
water (pravastatin) (n=18) (n=10) (n=15) (n=14)
Cholesterol  Saline 324+69 ND ND 1,419£224
(n=28) (n=135) (n=15) n=7)
OVA 2276+1,2808  61.5+48.55b  70.1+48.12  1,155+278&
(n=11) n=9) (n=14) n=19%5)
Pravastatin  QVA 523+£138¢ 6.2£6.04 16.4+£19.3d  2236+756¢
(n=28) (n=28) (n=12) n=9)

ND = Not detectable.
Significantly higher than saline-exposed mice in the same diet groups (p < 0.05).

Significantly lower than saline-exposed mice in cholesterol diet group (p < 0.05).

a
b Significantly higher than OV A-exposed mice of the control diet group (p < 0.05).
<
d

Significantly lower than OV A-exposed mice of the control diet and cholesterol diet groups

(p<0.05).

¢ Significantly higher than OVA-exposed mice of the control diet and cholesterol diet

groups {p < 0.03).
Table 3. The correlation matrix of total
cells, eosinophils, PGE,, IL-5, and MCP-1 BALF BA.LF . BALF BALF BALF Homogenate
concentrations in BALF, and I1-12 total cells eosinophils PGE, IL-5 MCP-1 IL-12
concentration in lung tissue homogenate!

BALF 0.991

eosinophils <0.0001

BALF 0.597 0.578

PGE, <0.0001 0.0002

BALF 0.710 0.686 0.601

IL-5 <0.0001  <0.0001 0.008

BALF 0.674 0.639 0.681 0.347

MCP-1 <0.0001  <0.0001 <0.0001 0.077

Homogenate -0.513 -0.501 -0.456 -0.522 -0.526

IL-12 0.001 0.001 0.022 0.011 0.003

Serum 0.534 0.539 0.460 0.502 0.464  -0.633

cholesterol <0.0001  <0.0001 0.004 0.008 0.002  <0.0001

1

Pearson’s correlation coefficient and p values.

PGE; IL-5, and MCP-1 in BALF Increased by Dietary

Cholesterol and Decreased by Pravastatin

We measured in the BALF several mediators related to
allergic inflammation, including PGE,, IL-5, and MCP-1.
In sensitized mice with saline inhalation, the PGE, levels
in BALF were similar in control diet and cholesterol
groups, whereas IL-5 and MCP-1 were not detectable (ta-
ble 2). Corresponding to the magnitude of pulmonary
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inflammation, there was significant increase in PGE,,
IL-5, and MCP-1 in BALF following OVA challenge, and
the increase was much more pronounced in the cholester-
ol group (p <0.05 for PGE; and I1L-5, p = 0.07 for MCP-1)
(table 2). Also in accord with its inhibitory effect on the
number of recruited inflammatory cells, pravastatin sig-
nificantly reduced the levels of PGE,, IL-5, and MCP-1 in
BALF. As expected, there were high levels of correlation
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between the number of inflammatory cells and concentra-
tions of these mediators in BALF (table 3). Interestingly,
each of the indicators of inflammation was also signifi-
cantly correlated with serum cholesterol level (table 3).

IL-12 Levels in Lung Parenchyma

Besides PGE, and MCP-1, IL-12 also plays a crucial
role in regulating naive T-cell development. In mice fed
the control diet, IL-12 concentrations were not different
with saline- or OVA-challenge - that is, antigen challenge
did not alter IL-12 expression. Unexpectedly, in mice in
the cholesterol group, IL-12 levels were lower when chal-
lenged with OVA (p = 0.16), and this reduction was
reversed by pravastatin (p = 0.015) (table 2).

IL-4 and IFN-y Production by Lung Lymphocytes

The mediators (PGE,, IL-5, MCP-1, and 1L-12) could
be produced by multiple cellular sources including eosino-
phils and parenchymal cells. To assess the activity of lym-
phocytes, we measured IL-4 and [FN-y secretion ex vivo.
Following BAL, lymphocytes were isolated from the lungs
by enzyme digestion, and the cells were cultured with
autologous sera. IL-4 expression was undetectable in cells
cultured with medium alone, while in cells stimulated
with PMA and ionomycin, IL-4 production was signifi-
cantly higher in lymphocytes from the cholesterol group
than from mice of the control diet group (493 = 310 vs.
118 = 119 pg/ml, p = 0.04) (fig. 1). Similarly, baseline
IFN-y production (258 £ 169 vs. 63 £ 91 pg/ml, p =
0.03) and PMA-stimulated TFN-y production (1,895 *
2,007 vs. 736 £ 1,070 pg/ml, p = 0.07) were both higher
in lymphocytes isolated from the cholesterol group. Pra-
vastatin did not significantly reduce the production of ei-
ther of these two lymphokines. Again, lymphocyte pro-
duction of IL-4 (r = 0.64, p = 0.002) and IFN-y (r = 0.60,
p = 0.01) were each correlated with serum cholesterol lev-
els. In addition to lymphokine production, splenic lym-
phocyte proliferation (stimulated with phytohemagglutin-
in, PHA) was also 4.76 times as high in mice of the choles-
terol group as in the control diet group (not shown in the
figure).

LDL Supplement Increased PGE; and MCP-1

The data suggest that dietary cholesterol may lead to a
pulmonary milieu that is more favorable for the develop-
ment of Th2 cells, consisting of increased PGE; and
MCP-1, with a concomitant reduction in IL-12. However,
in this animal model it was not possible to discern if the
altered PGE, and IL-12 expression was a direct result of
cholesterol. We therefore tested the effect of cholesterol

Cholesterol and Pulmonary Inflammation
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Fig. 1. Effect of dietary cholesterol on cytokine production by lung
lymphocytes ex vivo. Lymphocytes (1.25 x 10 cells/well) from
OVA-primed and challenged mice were isolated from enzyme-
digested lung tissue by gradient isolation, and stimulated with 10 ng/
ml PMA plus 1 pg/ml ionomycin for 24 h. IL-4 and IFN-y production
(mean + SEM) was significantly higher in the cholesterol group (n =
8) than the control group (n = 8) by Wilcoxon rank sum test. There
was no significant difference between cells from control diet group
and the pravastatin group (n = 5).

(in the form of LDL) on the production of PGE; in vitro.
RAW264.7 and A549 cells were incubated with 10, 25,
50, or 100 ug/m1 LDL for 24 h, and spontaneous release of
PGE; was measured. LDL dose-dependently increased
PGE; production in both cell lines (fig. 2). Similarly,
MCP-1 production by THP-1 cells increased with 50 pg/
ml LDL in the medium, and the effect was more promi-
nent when LDL was oxidized (fig. 2). We were unable to
detect IL-12 (p70) in culture medium of mouse-macro-
phage cell lines RAW 264.7 and J774.

Discussion

In this study, we attempted to elucidate the mecha-
nism of enhanced pulmonary allergic inflammation in-
duced by dietary cholesterol. The results suggested that
there might be more than one pathway. First, dietary
cholesterol seemed to result in enhanced expression of
inflammatory mediators, including IL-5, PGE,, and
MCP-1. Second, cholesterol altered the activities of lym-
phocytes, as reflected by I1L-4 and IFN-y production.
Third, the production of IL-12 in the lungs was reduced.
The combined effect of these changes was a microenvi-
ronment favorable for allergic inflammation.

J Biomed Sci 2004;11:599-606 603
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Fig. 2. Effect of LDL or oxidized LDL incubation on PGE; produc-
tion by macrophages and epithelial cells and MCP-1 production by
monocyte. A549 cells (a), RAW 264.7 (b), and THP-1 cells (¢) 2.5 x
105 cells/well in 24-well culture plate were treated with medium
alone, or with different concentrations of native or oxidized LDL
(mean = SEM). Significance according to Student’s t test compared
with the control medium: * p < 0.05; ** p < 0.01.
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Dietary cholesterol caused a variety of changes in the
inflammatory processes, but it is difficult in this animal
model to determine which was the primary alteration
leading to other downstream responses. In mice that were
not challenged with OVA, cholesterol did not cause any
significant alteration in the level of pulmonary inflamma-
tory mediators. We did observe that, in these mice, splen-
ic lymphocytes showed higher proliferation in response to
PHA stimulation in vitro, indicating that lymphocyte
functional change occurred prior to OVA inhalation. At
this stage, however, IL-4 and IFN-y release could not be
demonstrated. After OVA inhalation, we observed in-
creased IL-4 and IFN-y production of lung lymphocytes
ex vivo, suggesting that lymphocytes were functionally
activated, both in Thl and Th2 capacities. Here, the
IFN-y data seem to conflict with the reduced IL-12 levels
detected in lung homogenate, because IL-12 is a potent
inducer of IFN-y. A possible explanation is that there is a
priming effect of cholesterol on lymphocytes, but how the
T cells respond remains to be determined by other factors,
in this case a Th2 response predetermined by the condi-
tions of antigen sensitization and challenge. The discrep-
ancy could also result from the fact that lymphocytes
stimulated in vitro may not adequately represent the com-
plicated cytokine interactions in vivo. For instance, the
effect of LDL on IL-12 and IFN-y production by mononu-
clear cells could be affected by the presence of IL-10 [2].

We speculate that cholesterol might alter lymphocyte
function through its effect on lipid rafts. Dietary choles-
terol could increase the cholesterol contents of the plasma
membrane [5], which plays an important role in main-
taining lipid rafts. Some acylated proteins and glycosyl-
phosphatidylinositol-linked proteins that participate in
receptor-signaling pathways are either partitioned into
rafts or become raft-associated when activated [1]. It
remains to be determined, however, whether dietary cho-
lesterol may actually affect the assembly and function of
raft-associated proteins.

Although dietary cholesterol seemed to enhance in-
flammatory mediators (e.g., PGE>, MCP-1, and IL-5), IL-
12 was a significant exception. We were unable to discern
whether cholesterol had a direct inhibitory effect on IL-12
production by in vitro experiments. Another possibility
for how cholesterol might affect IL-12 is through PGE,.
PGE; secreted by epithelial cells and macrophages dose-
dependently inhibited the ability of myeloid dendritic
cells to produce IL-12 [8]. We found higher PGE, in the
BALF of mice in the cholesterol group, and the direct
effect of LDL to enhance PGE, production in both macro-
phage and epithelial cell lines; these findings were consis-
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tent with a previous finding that cholesterol increased
PGE, production in a human monocyte cell line [16].
Although it is not possible to know if altered PGE; pro-
duction occurred prior to or following lymphocyte func-
tional changes, our data suggested that PGE, could be a
primary response to dietary cholesterol. Including a group
of animals treated with cyclooxygenase inhibitors in fu-
ture experiments will help to resolve the interaction
among cholesterol, PGE;, and IL-12.

We showed that MCP-1 was higher in the BALF of
mice in the cholesterol group, and MCP-1 production by
THP-1 monocytes in vitro were enhanced by treatment of
LDL and oxidized LDL. Increased MCP-1 may contrib-
ute to the severity of pulmonary inflammation, because
neutralization of MCP-1 before antigen challenge dimin-
ished airway hyperresponsiveness and inflammation in a
murine model of asthma [3]. MCP-1 has also been impli-
cated in T-cell deviation during antigen activation, lead-
ing to Th2 cytokine production [4, 10] and reduced pro-
duction of IL-12 in response to CD40 ligand [18]. LDL
treatment in vitro also induced a rapid increase in MCP-1
and CCR2 expression in human monocytes [5, 12, 17].
These changes may be relevant to the relationship be-
tween serum cholesterol and allergic responses in hu-
mans. Expression of MCP-1 and its receptor CCR2 by
monocytes was dramatically increased in hypercholester-
olemic patients compared with normocholesterolemic
controls [5].

We showed in this mouse model that an HMG-CoA
reductase inhibitor, pravastatin, could suppress allergic
inflammation. It is not clear whether this suppression was
due to its effect on lowering serum cholesterol or to its
anti-inflammatory effect (such as inhibiting lymphocyte
proliferation, reducing MHC expression, or inhibiting
integrin-mediated cell adhesion [13, 20, 22]). Although
the inhibitory effect of pravastatin is most likely due to a
combination of these two mechanisms, the data showed
clearly that all indicators of inflammation were correlated
with serum cholesterol levels, suggesting the importance
of the cholesterol-lowering effect. In a murine model of
collagen-induced arthritis, which is Thl-driven, simva-
statin suppressed the inflammatory process and inhibited
the development and clinical manifestation of arthritis
[14]. To our knowledge, our study is the first to explore
the effect of a statin on a Th2-driven disease model.

It is to be noted that not all rodent species and strains
become hyperlipidemic in response to dietary cholesterol
supplement. With our protocol, 2% dietary cholesterol
raised serum cholesterol levels by 36%, but the mice were
not overtly hyperlipidemic. On the other hand, prava-

Cholesterol and Pulmonary Inflammation

statin decreased serum cholesterol levels by approximate-
ly 25%. Our studies in mice were conducted at a dose (16—
20 mg/kg) higher than that used in humans (1-2 mg/kg);
however, the serum concentration may be similar to ther-
apeutic range in humans, due to higher pravastatin me-
tabolism rate and a rapid up-regulation of HMG-CoA
reductase in rodents {11].

In summary, dietary cholesterol enhanced pulmonary
allergic inflammation, with elevated expression of PGE,,
MCP-1, and IL-5 that participate in the recruitment and
activation of monocytes and eosinophils. Dietary choles-
terol may contribute to the enhancement of lymphocyte
activity or a microenvironment favoring Th2 inflamma-
tion. However, this latter effect must be viewed in the
context of antigen sensitization and challenge, in that cho-
lesterol may enhance preexisting inflammatory processes,
whether it is Th1- or Th2-driven. In addition, pravastatin
was shown to effectively inhibit pulmonary allergic in-
flammation, either by its effect on lowering serum choles-
terol or by its direct immunomodulating effect. These
results suggest the significance of dietary modulation and
the potential therapeutic effect of statins on asthmatic
patients.
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