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Abstract

 

In an effort to identify genetic factors contributing to

atherogenesis, we have studied inbred strains of mice that

are susceptible (C57BL/6J) and resistant (C3H/HeJ) to diet-

induced aortic fatty streak lesions. When maintained on a

low-fat diet, HDL isolated from both strain C57BL/6J (B6)

and C3H/HeJ (C3H) mice protect against LDL oxidation in

a coculture model of the artery wall. However, when main-

tained on an atherogenic diet high in fat and cholesterol, the

HDL isolated from B6 mice lose the capacity to protect,

whereas HDL from C3H mice protect equally well. Associ-

ated with the loss in the ability of HDL to protect is a de-

crease in the activity of serum paraoxonase, a serum es-

terase carried on HDL that has previously been shown to

protect against LDL oxidation in vitro. The levels of paraox-

onase mRNA decreased in B6 mice upon challenge with the

atherogenic diet but increased in C3H, indicating that

paraoxonase production is under genetic control. In a set of

recombinant inbred strains derived from the B6 and C3H

parental strains, low paraoxonase mRNA levels segregated

with aortic lesion development, supporting a role for

paraoxonase in atherogenesis. (
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Introduction

 

Inbred strains of mice differ in susceptibility to atherogenesis,
providing a model system for studies of the genetic factors con-
tributing to the disease (1). Genetic crosses between inbred
strains C57BL/6J (B6) and C3H/HeJ (C3H) suggested that a
major gene determines aortic fatty streak development in re-
sponse to a high-fat, high-cholesterol “atherogenic” diet (2).
The large nongenetic variability of lesion development, how-
ever, has made precise mapping of this gene, designated Ath-1,
difficult, and the identity of the gene is unknown. Because the
oxidative modification of lipoproteins which accumulate in tis-
sues in response to an atherogenic diet is thought to contribute

to atherogenesis (3, 4), we have examined these inbred strains
for possible difference(s) relating to lipid oxidation. The “sus-
ceptible” strain B6 was found to exhibit dramatic induction of
a variety of inflammatory genes in liver and other tissues in re-
sponse to the diet whereas the “resistant” strain C3H exhibited
little or no induction (5). These genes included macrophage-
colony stimulating factor, monocyte chemoattractant protein-1,
members of the serum amyloid A (SAA) family, heme oxygen-
ase, and glutathion transferase mu. Moreover, the activity of
an nuclear factor(NF)

 

1

 

-

 

k

 

B-like transcription factor was dra-
matically increased in B6 mice but not C3H mice in response
to the diet. Precisely this set of genes was induced in mice
when injected with mildly oxidized low density lipoproteins
(LDL) (6), and some of these genes have been shown to be
dramatically elevated in atherosclerotic lesions (7, 8). Also, the
levels of conjugated diene, a marker for lipid oxidation, were
significantly elevated in livers of B6 mice as compared to C3H
mice even though the total lipid content was not significantly
different between the two strains (5). These results suggest
that the difference in atherogenesis susceptibility between the
strains involves processes contributing to lipid oxidation or in-
flammatory gene activation in response to lipid oxidation.

Recent studies have suggested that high density lipopro-
teins (HDL) protect against atherogenesis in part by inhibiting
the oxidative modification of LDL (9). The precise mecha-
nisms are unclear, but HDL contain enzymes capable of de-
stroying biologically active phospholipids in oxidatively modi-
fied LDL. These enzymes include platelet-activating factor
acetylhydrolase (10, 11) and serum paraoxonase (12). We now
show that HDL isolated from both B6 and C3H mice on a
chow diet dramatically inhibit inflammatory gene expression
and monocyte transmigration resulting from LDL oxidation in
a coculture model of the artery wall. However, when chal-
lenged with the atherogenic diet, the HDL from susceptible B6
mice lose this protective ability whereas HDL from C3H mice
retain it. Associated with this loss of protection in HDL from
B6 mice was a decrease in paraoxonase activity; HDL from
C3H mice, on the other hand, showed no decrease in paraoxo-
nase activity. We further show that paraoxonase expression is
regulated at the level of mRNA and that paraoxonase expres-
sion segregates with aortic lesion susceptibility in a set of re-
combinant inbred strains derived from parental strains B6 and
C3H. Thus, our data indicate that the antiinflammatory prop-
erties of HDL underlie, in part, the genetic susceptibility to
atherogenesis in the mouse model. They also suggest that
paraoxonase expression may contribute importantly to the
ability of HDL to protect against the disease.
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Methods

 

Mice and diets.

 

Mice were purchased from the Jackson Laboratory
(Bar Harbor, ME). All animals were female, 4–6 mo of age, at the
time of the experiments. The control (chow) diet was Purina Chow
(Ralston-Purina Co., St. Louis, MO) containing 4% fat. The athero-
genic diet was obtained from Teklad, Madison, WI (TD 90221) and
contained 15.75% fat, 1.25% cholesterol, and 0.5% sodium cholate.
Blood samples were collected from mice after 12 and 15 wk on the di-
ets using heparin (2.5 U/ml blood) as the anticoagulant. Lipoproteins
were isolated by ultracentrifugation according to established proce-
dures (13). HDL were isolated in the absence of EDTA to avoid inac-
tivation of paraoxonase (14). Plasma HDL cholesterol levels were de-
termined as described previously (15). In the experiments described,
lipoprotein concentrations are expressed according to their protein
content. The characterization of isolated HDL fractions from mouse
plasma has previously been reported (16, 17).

 

Monocyte transmigration assay.

 

Cocultures of human aortic en-
dothelial cells and smooth muscle cells were treated with freshly iso-
lated human LDL at 350 

 

m

 

g/ml in the absence or presence of various
test compounds for 18–24 h. The culture supernatants, containing ox-
idatively modified LDL, were subsequently transferred to untreated
cocultures and were incubated for an additional 18–24 h (9, 18).
Monocytes were labeled with the fluorescent probe DiI (1,1

 

9

 

-diocta-
decyl-3,3,3

 

9

 

,3

 

9

 

-tetramethyl-indo-carbocyanine perchlorate) at 4

 

8

 

C for
10 min and washed. The cell pellet was resuspended in medium 199 at
the desired monocyte density. At the end of the second 18–24 h treat-
ment of cocultures, labeled monocytes were added to cocultures at
2.5 

 

3 

 

10

 

5

 

 cells/cm

 

2

 

 and incubated for 60 min at 37

 

8

 

C. The medium
containing nonadherent cells was then removed, and the cell layers
were washed at 37

 

8

 

C to remove the loosely adherent cells on top of
the endothelial monolayer. The cocultures were fixed and mounted,
and subendothelial monocytes were enumerated under a magnifica-
tion of 625.

 

Arylesterase/paraoxonase activity assays.

 

HDL samples were as-
sayed for arylesterase activity using 1.0 mM phenylacetate as sub-
strate (14). The cuvette contained 1.0 mM phenylacetate in 20 mM
Tris/HCl, pH 8.0. The reaction was initiated by the addition of the li-
poprotein sample, and the increase in the absorbance at 270 nm was
recorded over a 90-s period. Blanks were included to correct for the
spontaneous hydrolysis of phenylacetate. Enzymatic activity was cal-
culated from the molar extinction coefficient 1,310 M

 

2

 

1

 

 cm

 

2

 

1

 

. A unit
of arylesterase activity is defined as 1 

 

m

 

mol phenylacetate hydrolyzed
per min under the above assay conditions (14). Identical results were
obtained using paraoxon as substrate and determining the absor-
bance at 405 nm (14).

 

Cloning of mouse serum paraoxonase cDNA.

 

A 44-nucleotide long
oligonucleotide (designated PON384) complementary to a region of
the human serum paraoxonase cDNA sequence from nucleotides 341
to 384 of the published sequence (19) was designed to screen a mouse
cDNA library. This region is 100% conserved between the cDNAs of
human and rabbit serum paraoxonase (19). The sequence of PON384
is: 5

 

9

 

-ATTATCTTCATCTGTGAATGTGCTAATCCCATGAGG-
GTTAAATG-3

 

9

 

. A mouse liver cDNA library in the Lambda ZAP
vector (Stratagene, San Diego, CA) was screened using a 5

 

9

 

-end la-
beled PON384 probe. Hybridization was carried out in 6

 

3

 

 SSC (0.9
M sodium chloride, 0.09 M sodium citrate, pH 7.0), 5

 

3

 

 Denhardt’s
solution, 0.5% SDS, and 100 

 

m

 

g/ml denatured and sheared salmon
sperm DNA, at 42

 

8

 

C overnight. After washing in 6

 

3

 

 SSC, 0.1% SDS
at 50

 

8

 

C, positive clones were visualized by autoradiography. Second-
ary and tertiary screenings were subsequently performed to isolate
individual cDNA clones, and an in vivo excision protocol was used to
excise the pBluescript vector containing the cDNA insert from the
original Lambda phage vector according to the manufacturer’s in-
structions.

Two of the cDNA clones containing the longest inserts were then
sequenced. The sequencing reactions were performed using the
DyeDeoxy Terminator Cycle Sequencing Kit in an Applied Biosys-

tems 800 Molecular Biology Labstation (Perkin-Elmer, Applied Bio-
systems Division, Foster City, CA). The sequencing gels were run and
analyzed using an Applied Biosystems 373 DNA sequencer (Perkin-
Elmer, Applied Biosystems Division). The accuracy of the cDNA se-
quence was ensured by either obtaining both sense and antisense se-
quences of the same cDNA clone or sequencing the same regions of
the two independent cDNA clones.

 

Analyses of RNA.

 

Total RNA was isolated from various organs
(20). For Northern blot analyses of RNA, 5 

 

m

 

g of total RNA were
electrophoresed through formaldehyde/1.5% agarose gels and trans-
ferred to nylon membranes. The blots were hybridized with 

 

32

 

P-labeled
probes at 65

 

8

 

C overnight in a solution containing 0.5 M sodium phos-
phate, 1 mM EDTA, 1% BSA, 7% SDS, pH 7.0. The blots were then
washed in 0.1

 

3

 

 SSC, 0.1% SDS at 65

 

8

 

C for 30 min. Blots were dried
and autoradiography was performed. The RNA dot blot analyses
were performed as previously described (21). The autoradiographs
were quantitated by densitometric scanning.

 

Mapping of the serum paraoxonase gene to mouse chromosome 6.

 

The mouse serum paraoxonase gene was mapped by linkage analysis
in an interspecific backcross between 

 

Mus spretus

 

 and C57BL/6J with
C57BL/6J as the recurrent parent (22). Linkage maps were con-
structed for all mouse chromosomes, with the exception of the Y
chromosome, using previously mapped gene markers, polymor-
phisms identified by anonymous mouse liver cDNA clones, or micro-
satellite (simple sequence repeat) polymorphisms. The probe for
mouse serum paraoxonase was a 1,200-bp mouse serum paraoxonase
cDNA and the washing conditions were 1

 

3

 

 SSC, 0.1% SDS at 55

 

8

 

C
for 30 min. Microsatellite polymorphisms were typed using PCR am-
plification followed by separation of the radiolabeled products on
acrylamide gels as described (22). Primer pairs for typing microsatel-
lite markers were purchased from Research Genetics, Birmingham, AL.

 

Other procedures.

 

Gel chromatography was performed as re-
ported previously (16). Pooled plasma samples (450 

 

m

 

l) obtained
from five B6 mice on the chow and five animals on the atherogenic
diet were subjected to FPLC, and 0.5-ml fractions were collected and
were used for determination of paraoxonase activity. SDS polyacryla-
mide gel electrophoresis of HDL was carried out using the standard
procedures as referred to previously (16). HDL was isolated ultracen-
trifugally from pooled plasma obtained from five B6 mice on the
chow or five animals on the atherogenic diet. 10 

 

m

 

g HDL protein was
applied to each lane of a 4–20% gradient acrylamide gel that was sub-
jected to electrophoresis followed by staining with Coomassie bril-
liant blue.

 

Results

 

Genetic control of the capacity of HDL to inhibit LDL oxida-

tion.

 

We have previously reported that human HDL protect
against LDL oxidation in an assay in which LDL is incubated
for 24 h in a coculture of smooth muscle cells and an overlay-
ing monolayer of endothelial cells (9). The oxidation of LDL
in the assay can be assessed by monocyte migration through
endothelial cell monolayer due to the induction of monocyte
adhesion and chemotactic factors by the oxidized LDL prod-
ucts (9, 18). As described above, mouse strains B6 and C3H
have been developed as models for susceptibility and resis-
tance, respectively, to diet-induced atherosclerosis. Recent
studies have shown that susceptible B6 mice, but not resistant
C3H mice, exhibit induction of inflammatory and oxidative
stress genes as well as accumulation of oxidized lipids in re-
sponse to the atherogenic diet (5, 21). To test whether func-
tional differences in HDL may underlie these responses, we
isolated HDL from both strains, fed either a low-fat chow diet
or an atherogenic diet, and examined their ability to protect
against LDL oxidation in the coculture assay. As shown in Fig.
1 

 

A

 

, coincubation of LDL with HDL isolated from chow-fed
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B6 or C3H mice, at a concentration of 500 

 

m

 

g protein/ml, re-
duced monocyte transmigration activity to 57 and 60%, re-
spectively, of the activity observed in LDL alone (

 

P

 

 

 

5 

 

0.04 and
0.005, respectively). These data indicate that mouse HDL iso-
lated from both strains are able to inhibit the oxidation of
LDL as judged by reduced monocyte transmigration activity.
In fact, mouse HDL are about as potent in the ability to pro-
tect against LDL oxidation as human HDL (data not shown).
HDL isolated from mice fed the atherogenic diet for 12 wk, on
the other hand, exhibited striking differences. Thus, at a con-
centration of 500 

 

m

 

g protein/ml, strain B6 HDL failed to pro-
tect entirely whereas strain C3H HDL protected as well as that
isolated from mice fed the chow diet. Similar results were ob-
tained when we tested HDL isolated from mice fed the athero-
genic diet for 15 wk (Fig. 1 

 

B

 

). As shown in Fig. 1 

 

A

 

 and 

 

B

 

, the
number of monocytes per high power field varied between ex-
periments, but the relative values between groups remained
approximately the same. A total of three separate prepara-
tions of HDL from B6 and C3H mice were independently
tested in the coculture assay, and in each experiment HDL
from strain B6 mice showed a marked decrease in the ability to
protect in animals fed the atherogenic diet, whereas HDL
from C3H mice were about equally protective whether iso-
lated from animals fed either chow or the atherogenic diet
(data not shown).

 

Genetic differences in plasma serum paraoxonase activities.

 

Serum paraoxonase has been shown to inhibit LDL oxidation
both in vitro (23, 24) and in a coculture system (12). Further-
more, serum paraoxonase is associated entirely with HDL
(25). To test whether the above genetic differences in the abil-
ity of HDL to inhibit LDL oxidation may be due in part to se-
rum paraoxonase, the activity of the enzyme as assayed by its
arylesterase and paraoxonase activities was examined in HDL
of B6 and C3H mice fed the chow and the atherogenic diets.
Paraoxonase/arylesterase activity in strain C3H mice was
increased slightly in animals fed the atherogenic diet (Fig. 2

 

A

 

), whereas there was a significant decrease in paraoxonase/
arylesterase activity in strain B6 mice fed the atherogenic diet
(Fig. 2 

 

A

 

).
One consideration in these studies is the possible loss of

paraoxonase from HDL upon ultracentrifugation. To mini-
mize such loss, we adapted the method of Gan et al. (14),
which includes 1 mM calcium ion during paraoxonase purifica-
tion. Under these conditions we observed 

 

z 

 

30% loss of
paraoxonase activity, but this loss was strictly proportional
among the two strains and on the different diets. This was ob-
served in the two strains and using the two diets in a total of
seven separate experiments. Moreover, the levels of paraoxo-
nase recovered in isolated HDL were proportional to those in
total plasma. Also, upon gel filtration chromatography of
plasma, paraoxonase activity eluted entirely with the HDL
fractions (Fig. 2 

 

B

 

). It is noteworthy that upon challenge with
the atherogenic diet, the distribution of paraoxonase activity in
B6 mice shifted slightly to smaller HDL fractions (Fig. 2 

 

B

 

).
Such a shift was less discernible in C3H mice (Van Lenten,
B.J., personal communication).

Another enzyme associated with HDL which has the abil-
ity to protect against LDL oxidation in the coculture system is
platelet-activating factor acetyl transferase (10, 11). Levels of
this enzyme were quantitated in HDL from all groups of mice
and were found to be similar (data not shown).

The protein and lipid compositions of HDL from the two

strains have previously been examined (16, 17), and some
quantitative differences in proteins have been observed. In
particular, the apolipoprotein AII content of B6 HDL, on both
the chow and atherogenic diets, is less than that of C3H HDL

Figure 1. Protective effect of HDL from B6 and C3H mice. Cocul-
tures of human aortic endothelial cells and smooth muscle cells were 
treated with medium alone (NO ADDITION), or freshly isolated 
LDL at 350 mg/ml (LDL). To some wells, the LDL was added after 
the addition of murine HDL (500 mg/ml) that were obtained from 
C57BL/6J mice on chow [LDL 1 B6 HDL(C)] or on atherogenic diet 
[LDL 1 B6 HDL(A)], or HDL obtained from C3H/HeJ mice on 
chow [LDL 1 C3H HDL(C)] or on atherogenic diet [LDL 1 C3H 

HDL(A)]. After 18–24 h of incubation, conditioned medium was 
transferred to target cocultures. The medium was removed from the 
target cocultures after 18–24 h of incubation, and a suspension of DiI-
labeled monocytes was added at 2.5 3 105 cells/cm2 to the endothelial 
side of the cocultures. The cultures were returned to the incubator 
and maintained for 60 min. The medium was then removed, and cul-
tures were then washed and mounted, and subendothelial monocytes 
were enumerated under 625 total magnification. Values shown are 
mean6SD of the number of monocytes in 36 fields in 12 cocultures 
for each treatment. (A) The HDL tested were obtained from mice fed 
the chow or atherogenic diets for 12 wk. (B) The HDL tested were 
obtained from mice fed the chow or atherogenic diets for 15 wk. The 
labels shown at the bottom of the figure are for both A and B.
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due to a structural polymorphism of the apo AII gene which
affects its translational efficiency (16, 17). One-dimensional
SDS-PAGE of isolated HDL from the two strains and two di-
ets revealed the major proteins, apo AI and AII being by far
the most abundant (Fig. 2 

 

C

 

). Certain quantitative differences
in protein bands of unknown identity were observed (Fig. 2 

 

C

 

),
and HDL contains dozens of minor protein constituents that
would not be observed by such a separation.

We attempted to examine the mass of paraoxonase in
mouse plasma using available antibodies to the human en-
zyme, but the antibodies failed to exhibit sufficient cross reac-
tivity (data not shown).

These changes in paraoxonase activity in B6 but not C3H
mice in response to an atherogenic diet are concordant with
the changes in the ability of HDL to protect against LDL oxi-
dation in the coculture. To examine in detail the regulation of
serum paraoxonase expression, we cloned the mouse cDNA
and used it to quantitate mRNA levels, as described below.

 

Cloning and expression of the mouse serum paraoxonase

mRNA.

 

An oligonucleotide (PON384) corresponding to a re-
gion of high sequence conservation between human and rabbit
serum paraoxonase cDNAs was synthesized as described in
Methods. Northern blot analysis of mouse liver poly A

 

1

 

 RNA
showed that PON384 hybridized to a single mRNA species of

 

z 

 

1,400 nucleotides in length (data not shown), in good agree-
ment with the sizes of human and rabbit serum paraoxonase
mRNA. The oligonucleotide was used to screen a mouse liver
cDNA library, and 

 

z 

 

200 positive plaques were identified after
the screening of one million plaques. Five of these were se-

lected at random and plaque purified. Two clones with the
longest insert sizes (

 

z 

 

1.4 kb) were sequenced and were in
agreement with each other. The transcript contains a single,
long open reading frame that would encode a polypeptide of
355 amino acids. It shows 79.1 and 81.7% identity with the hu-
man serum paraoxonase nucleotide and amino acid sequences,
respectively. Fig. 3 presents the deduced amino acid sequence
of mouse paraoxonase and indicates differences from the hu-
man and rabbit sequences. The mouse serum paraoxonase
cDNA hybridized to a 1,400-nucleotide mRNA species that
was expressed in liver (Fig. 4). A survey of tissues, including
liver, heart, kidney, lung, spleen, tongue (Fig. 4), adipose tis-
sue, brain, and testis (data not shown) indicated that serum
paraoxonase expression was restricted to liver.

 

Regulation of serum paraoxonase mRNA levels in response

to an atherogenic diet.

 

To test whether serum paraoxonase ac-
tivity was controlled at the level of mRNA, we examined he-
patic paraoxonase mRNA levels using Northern blot analysis
and dot blot analysis. The paraoxonase mRNA levels were ex-
pressed as the optical density ratio of serum paraoxonase
mRNA:18 s rRNA to correct for loading differences between
samples. As shown in Fig. 5, the paraoxonase mRNA levels of
B6 mice fed on atherogenic diet for 5 and 8 wk were signifi-
cantly lower than the levels observed in chow-fed mice (5-wk
atherogenic vs. chow, 

 

P 

 

5 

 

0.04, 8-wk atherogenic vs. chow,

 

P 

 

5 

 

0.002). After 5 and 8 wk of atherogenic diet feeding, the
mean paraoxonase mRNA level decreased to 54 and 41% of
the mean level observed in chow-fed animals, respectively. In
contrast, for C3H mice there was a small increase of paraoxo-

Figure 2. (A) Paraoxonase/arylesterase activity of HDL. HDL samples from mice fed the 
chow or atherogenic diet for 12 wk were assayed for arylesterase activity using 1.0 mM 
phenylacetate as substrate according to the procedure described in Methods. The values 
are mean6SD of duplicate measurements on samples from 5 to 12 mice in each group. 
The following symbols indicate the significance (P) values between the means of various 
groups as calculated by t test: *P , 0.05, ‡P , 0.01. Similar results were obtained when 
HDL samples from mice fed on the diets for 15 wk were assayed. (B) Paraoxonase activ-
ity in FPLC fractions of pooled plasma obtained from five B6 mice on the chow and five 
animals on the atherogenic diet. 450 ml of plasma was subjected to FPLC and 0.5-ml frac-
tions were collected. Paraoxonase activity was determined as described in Methods. (C) 
SDS-PAGE of HDL isolated ultracentrifugally from pooled plasma (five animals per 
group) obtained from B6 mice or C3H mice maintained on either the chow or the athero-
genic diet. 10 mg HDL protein was applied to each lane of a 4–20% acrylamide gel that 
was subjected to electrophoresis by standard procedures and was stained by Coomassie 
brilliant blue.
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nase mRNA levels after 5 and 8 wk of atherogenic diet feeding
compared to chow, although the difference did not reach sta-
tistical significance (5-wk atherogenic vs. chow, 

 

P 

 

5

 

 

 

0.11, 8-wk
atherogenic vs. chow, 

 

P 

 

5 

 

0.09). Whereas on chow diet, the B6
mice had higher levels of paraoxonase mRNA than did the
C3H/HeJ mice (

 

P

 

 

 

5

 

 0.01), after 8 wk of atherogenic diet feed-
ing, the paraoxonase mRNA levels of B6 mice were 

 

z 

 

60%
the levels observed in C3H mice (

 

P

 

 

 

5 

 

0.03). These results are
consistent with the levels of paraoxonase activity in HDL, indi-
cating that the atherogenic diet significantly represses paraox-
onase mRNA expression in B6 mice but has little or no effect
in C3H mice.

 

Paraoxonase mRNA levels cosegregate with aortic lesion

area.

 

The finding that the susceptible strain B6 mice exhibit
diminished paraoxonase expression on an atherogenic diet
whereas the resistant strain C3H mice maintain paraoxonase
expression on the diet suggests a possible causal relationship
between paraoxonase expression, inhibition of LDL oxidation
by HDL, and aortic fatty streak lesion development. We used
a set of recombinant inbred (RI) strains derived from the B6
and C3H parental strains to address this question. RI strains
are produced by crossing two parental strains and establishing
a series of new homozygous inbred strains from their progeny.
Each new RI strain carries a unique mixture of genes in a ho-
mozygous state derived from the two parental strains. The use
of RI strains helps to determine: (

 

a

 

) whether a single pheno-
type difference is determined by one or multiple gene loci; (

 

b

 

)
whether different phenotypes are determined by the same or
closely linked gene loci; (

 

c

 

) and the map location of the
gene(s) that determine(s) a phenotype. Previous studies of RI

strains derived from the B6 and C3H parental strains have sug-
gested that the difference in fatty streak development is due to
one or a small number of major genes as well as minor, poly-
genic influences (2). Furthermore, among RI strains, aortic
fatty streak lesion development segregated with high expres-
sion of inflammatory and oxidative stress genes and with accu-
mulation of oxidized lipids (21). To test whether paraoxonase
expression contributes to such responses, we examined hepatic
paraoxonase mRNA levels in the set of RI strains derived
from B6 and C3H (BXH RI strains) that were maintained for
15 wk on an atherogenic diet.

As shown in Fig. 6, the mean hepatic paraoxonase mRNA
levels had a significant negative correlation with aortic fatty
streak formation among these 10 BXH RI strains. When
paraoxonase mRNA levels and aortic lesion scores of individ-
ual mice were analyzed, we obtained similar results (

 

r 

 

5

2

 

0.39, 

 

P

 

 

 

5

 

 0.004). The paraoxonase mRNA levels also had a
significant negative correlation with hepatic heme oxygenase
mRNA levels (Fig. 6). We observed the same trend when val-
ues from individual animals were used in the analysis (log of
paraoxonase vs. log of heme oxygenase, 

 

r 5 20.45, P 5

0.0003). The paraoxonase mRNA levels also had a significant
negative correlation with hepatic NF-kB-like activities (Fig. 6).
In addition, there were negative correlations of paraoxonase
mRNA levels with hepatic serum amyloid A mRNA levels,
and hepatic conjugated diene levels, although they did not
reach statistical significance (Fig. 6). To verify the specificity of
these correlations, the paraoxonase mRNA levels and hepatic
apo A-IV mRNA levels of these RI strains were analyzed by
linear regression analysis. Apo A-IV was chosen because, al-

Figure 3. Deduced amino acid sequences of mouse, human, and rab-
bit serum paraoxonase. The complete amino acid sequence of mouse 
serum paraoxonase is shown. The amino acid sequences of the human 
and rabbit serum paraoxonase (19) are indicated at positions where 
they are different from the mouse sequence. The accession number 
for the sequence of mouse serum paraoxonase cDNA at GenBank is 
U32684.

Figure 4. Tissue distribution of mouse serum paraoxonase mRNA. 
5 mg of RNA samples isolated from heart (Ht), kidney (Kd), liver 
(Lv), lung (Lg), spleen (Sp), and tongue (Tg) of a female B6 mouse 
were examined for expression of serum paraoxonase (PON) mRNA 
by Northern blot analysis. The positions of 28 S rRNA, 18 S rRNA, 
and PON mRNA are indicated on the right side of the figure.
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though it is responsive to a high-fat diet, apo A-IV expression
is not responsive to oxidized LDL (5). As expected, there was
no correlation between these two phenotypes (Fig. 6). Our re-
sults demonstrated that, upon challenge of atherogenic diet,
mice that had lower paraoxonase mRNA levels tended to have
more aortic fatty streak formation, more oxidative stress, and
more inflammatory gene induction. On the other hand, mice
that had higher paraoxonase mRNA levels tended to have less
aortic fatty streak formation, less oxidative stress, and less in-
flammatory gene induction.

Previous studies of healthy individuals in human popula-
tions have shown a positive correlation between plasma serum
paraoxonase activity/protein level and HDL level (25–27). To
determine whether serum paraoxonase gene is regulated coor-
dinately with HDL levels among the 10 BXH RI strains of
mice fed on atherogenic diet, we examined the paraoxonase
mRNA levels and HDL levels of individual mice and per-
formed regression analysis. As shown in Fig. 7, there was a
very significant positive correlation between hepatic serum
paraoxonase mRNA levels and plasma HDL levels in these
animals (r 5 0.53, P = 0.0001), suggesting that the synthesis of
serum paraoxonase is coordinately regulated with plasma
HDL levels or that paraoxonase expression influences HDL
levels.

Genetic control of serum paraoxonase expression is not me-

diated by genetic variation at the serum paraoxonase gene lo-

cus. The striking difference between B6 mice and C3H mice in
paraoxonase expression could be due either to genetic varia-
tions in the serum paraoxonase gene which influence dietary
responsiveness or to genetic variations in pathways acting to
control paraoxonase mRNA levels in trans. To distinguish

these possibilities, we mapped the paraoxonase gene and
tested whether it cosegregates with paraoxonase mRNA levels
in the BXH set of RI strains.

The mouse serum paraoxonase gene was mapped by link-
age analysis in an interspecific backcross between Mus spretus

and C57BL/6J, with C57BL/6J as the recurrent parent (22).
Restriction fragment length variants (RFLVs) between the pa-
rental strains were identified by Southern hybridization analy-
sis. A survey of several restriction enzymes revealed a HindIII
RFLV for the serum paraoxonase gene. B6 mice exhibited hy-
bridizing fragments of 14.5, 7.0, and 3.7 kb, whereas Mus spre-

tus mice exhibited hybridizing fragments of 14.5, 9.2, and 5.0
kb. The segregation patterns of the serum paraoxonase gene
locus were compared with the segregation patterns of over
350 typed genetic markers that span most of the mouse ge-
nome among the backcross animals (22). Linkage was ob-
served with several chromosome 6 markers, including D6Mit1
and D6Mit48. The data for the linkage between the serum
paraoxonase gene (designated Pon) and the nearest markers
are presented in Table I. The results indicate the following or-
der on chromosome 6: centromere—Pon—1.761.0 cM—
D6Mit1—3.361.3 cM—D6Mit48. This region of mouse chro-
mosome 6 is syntenic with a region of human chromosome 7 to
which the human paraoxonase gene has been mapped (28).

In the BXH set of RI strains, the serum paraoxonase gene
locus on chromosome 6 exhibited no evidence of linkage with
paraoxonase mRNA levels (ANOVA analysis, P 5 0.32, cal-
culated using the linked marker D6Mit1) or the other traits ex-
amined (data not shown). Previous studies using HDL-choles-
terol levels as a marker for atherogenesis had suggested distal
chromosome 1 as the likely location for the Ath-1 gene (2), but
markers on mouse chromosome 1 exhibited only weak evi-
dence of linkage with paraoxonase mRNA levels or the other
traits studied (data not shown). Although paraoxonase mRNA
levels tended to segregate with HDL-cholesterol levels among
the set of RI strains, other genetic factors, including the apo
AII gene on distal chromosome 1, also clearly contribute to
HDL cholesterol levels in these strains (15, 29). We tested for
possible linkage of PON mRNA levels with genetic markers
previously typed among the RI strains. Some apparent link-
ages were observed, but because of the large number of com-
parisons made, the level of significance was not sufficient to es-
tablish linkage (data not shown).

Discussion

Our results provide support for the concept that HDL parti-
cles are functionally heterogeneous with respect to their ability
to protect against atherosclerosis, and they indicate that this
functional heterogeneity is influenced by genetic-dietary inter-
actions. Thus, when susceptible B6 mice are challenged with
an atherogenic diet, their HDL lose the ability to protect
against the inflammatory effects of LDL oxidation in a cocul-
ture model of the artery wall, but when resistant C3H are chal-
lenged with the diet, their HDL retain the ability to protect. At
least one factor contributing to the protective ability of HDL
appears to be serum paraoxonase (30, 31), an esterase carried
exclusively on a subset of HDL particles (25). When chal-
lenged with the atherogenic diet, the HDL of B6 mice exhib-
ited a significantly decreased level of paraoxonase activity
whereas the HDL of C3H mice showed a small increase. This
change in paraoxonase activity was reflected almost exactly in

Figure 5. The effect of an atherogenic diet on serum paraoxonase 
mRNA levels in B6 and C3H mice. Mice (four to seven in each 
group) were fed either the chow diet or the atherogenic diet for 5 and 
8 wk and were studied for the hepatic serum paraoxonase mRNA lev-
els by Northern blot and dot blot analyses. The results of densitome-
try scans of a dot blot analysis are shown in the figure as the ratio of 
densitometry units of the serum paraoxonase mRNA to that of 18S 
rRNA (mean6SD). Similar results were obtained from Northern blot 
analyses.
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the levels of hepatic paraoxonase mRNA, indicating that
paraoxonase gene expression is determined by both dietary
and genetic factors. Significantly, paraoxonase mRNA levels
were strongly correlated with aortic lesion development
among RI strains derived from B6 and C3H, suggesting a
causal relationship between the antiinflammatory state of
HDL and atherogenesis.

An important question in our studies concerns the con-
founding effects of HDL levels in attempting to relate paraox-
onase expression to atherosclerosis. Thus, when challenged
with the atherogenic diet, B6 mice exhibit a decrease in HDL-
cholesterol levels whereas C3H mice do not. Several lines of
evidence are consistent with the conclusion that paraoxonase
is at least one contributing factor to the difference in suscepti-
bility to atherosclerosis between strains B6 and C3H. First, iso-
lated paraoxonase inhibits LDL oxidation in the coculture
model (12). Second, paraoxonase expression was significantly
better correlated with atherosclerosis lesions than HDL-cho-
lesterol concentration. Among the set of BXH RI strains, he-
patic paraoxonase mRNA levels were highly correlated with
aortic lesions (r 5 0.39, P 5 0.004), whereas the correlation
with HDL-cholesterol levels was weaker (r 5 0.28, P 5 0.034).
Third, among the parental strains, the levels of paraoxonase
mRNA closely paralleled the levels of plasma activity, suggest-
ing that the expression of paraoxonase is determined at the
level of enzyme synthesis rather than being secondary to
changes in HDL metabolism in response to the atherogenic

diet. It is noteworthy that the atherogenic diet does not affect
the levels of apo AI mRNA or apo AI synthesis in the B6 strain,
suggesting that the decrease in HDL levels in the B6 strain is
due to accelerated catabolism of HDL (17). It is unlikely that
such an increase in HDL turnover would influence hepatic
mRNA levels or synthesis. A fourth line of evidence comes
from studies with apo AII transgenic mice which have in-

Figure 6. Negative correlation of hepatic serum 
paraoxonase mRNA levels with aortic lesion scores, he-
patic heme oxygenase (HO) mRNA levels, and hepatic 
activated NF-kB-like factors. After 15 wk on athero-
genic diet, BXH recombinant inbred strains (three to 
nine animals in each group) were assessed for hepatic 
serum paraoxonase (PON) mRNA levels by dot blot 
analysis followed by densitometry scan, and the results 
were expressed as the ratio of densitometry units of 
PON mRNA to that of 18 S rRNA. The values shown 
are averaged values for each recombinant inbred strain. 
The averaged values for aortic lesion scores, hepatic 
heme oxygenase, serum amyloid A, and apo-AIV 
mRNA levels, hepatic conjugated diene levels, and he-
patic activated NF-kB-like factors of each RI strain 
were previously reported (19). Correlation of paraoxo-
nase mRNA levels with the above traits was analyzed 
using linear regression. The correlation coefficient (r) 
and significance (P) value of each analysis are shown on 
top of each panel.

Figure 7. Correlation 
of hepatic serum 
paraoxonase (PON) 
mRNA levels with 
plasma HDL choles-
terol levels in BXH RI 
strains. After 15 wk on 
atherogenic diet, BXH 
recombinant inbred 
strains (three to nine an-
imals from each strain) 
were bled and killed af-
ter overnight fasting. 

The plasma HDL cholesterol levels were determined as described in 
Methods. RNA samples were prepared from the livers of these mice 
and assessed for serum paraoxonase mRNA levels by dot blot analy-
sis as described in Fig. 6. The PON mRNA optical density units and 
HDL cholesterol values of individual animals were analyzed using 
linear regression. The correlation coefficient (r) and significance (P) 
value are shown on top of the panel.
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creased susceptibility to atherogenesis despite having substan-
tially increased levels of HDL cholesterol. HDL isolated from
these mice was shown to have reduced ability to protect
against LDL oxidation in a coculture assay and also to have re-
duced paraoxonase activity (Castellani, L.W., personal com-
munication), very much like the findings reported here. Simi-
larly, acute-phase HDL containing high levels of serum
amyloid A have reduced levels of paraoxonase activity and fail
to protect against inflammatory effects of LDL oxidation in a
coculture model of the artery wall (Navab, M., unpublished
observation). An important future experiment will be to use
transgenic animals to further test the role played by paraoxonase.

Numerous population studies have revealed a strong in-
verse relationship between HDL levels and the incidence of
coronary artery disease (32). It has been widely assumed that
this is due to the ability of HDL to function in reverse choles-
terol transport, the process by which excess cholesterol is car-
ried from peripheral tissues to liver, where it can be excreted
in the bile. But there is also accumulating evidence that HDL
has antiinflammatory functions which may significantly impact
on atherogenesis (33–37). In particular, HDL has the capacity
to inhibit LDL oxidation in vitro and to protect against the ef-
fects of LDL oxidation in tissue culture (9, 38). Our results im-
plicate serum paraoxonase, a constituent of HDL, in the anti-
atherogenic functions of HDL. This is consistent with previous
results indicating that purified paraoxonase can protect against
LDL oxidation in vitro (23, 24) and in the artery wall coculture
assay (12). Recently, it has been shown that oxidized phospho-
lipids formed during mild oxidative modification of LDL can
be hydrolyzed by paraoxonase (12). In vivo, paraoxonase
could act directly on oxidized lipids in LDL, or perhaps more
likely, the oxidized lipids may first be preferentially trans-
ferred to HDL. Consistent with the latter possibility is the ob-
servation that the majority of oxidized lipids present in the cir-
culation occur on HDL (39).

Although paraoxonase expression cosegregates with aortic
lesion development in our studies of RI strains derived from
B6 and C3H, other genetic factors may also contribute to the
differences in atherogenesis. In particular, on the atherogenic
diet, HDL-cholesterol levels in B6 mice decrease about two-
fold whereas they are not significantly altered in C3H mice;
therefore, since the difference in specific activity of serum

paraoxonase between B6 and C3H mice per milligram HDL is
z 2.5-fold, the final difference in paraoxonase activity in the
two strains on the atherogenic diet is about fivefold. The fact
that paraoxonase mRNA levels were correlated with HDL-
cholesterol levels among the BXH RI strains suggests that
paraoxonase expression may influence HDL-cholesterol lev-
els, although it is also quite possible that HDL levels and
paraoxonase mRNA levels are coordinately regulated by
other, unknown, mechanisms. Also, it is unlikely that paraoxo-
nase is the only molecule on HDL responsible for its antioxi-
dant properties. For example inhibition of paraoxonase activ-
ity by treatment of HDL with EDTA results in only a partial,
not a complete, loss of HDL’s ability to protect against LDL
oxidation in the coculture assay (11).

The mechanisms responsible for the genetic and dietary
regulation of paraoxonase expression are unknown, but, at
least in mice, they act in part at the level of paraoxonase
mRNA. Given the observed correlations between paraoxo-
nase mRNA and expression of various inflammatory genes
and genes responsive to oxidative stress, it seems likely that
paraoxonase is part of a general inflammatory or oxidative
stress response. Our results revealed that the serum paraoxo-
nase gene does not segregate with the serum paraoxonase
mRNA levels, indicating that the expression of the gene is reg-
ulated in trans. In our studies, paraoxonase expression corre-
lated with HDL-cholesterol levels, but in certain other studies
paraoxonase levels and HDL levels exhibited independent
regulation. For example, in streptozotocin-treated diabetic
rats, HDL levels were normal or increased whereas serum
paraoxonase was reduced (40). These results are consistent
with the concept that HDL particles are functionally heteroge-
neous with respect to atherosclerosis. This heterogeneity may
underline the apparent paradox that vegetarians on low-fat di-
ets have less coronary artery disease despite having reduced
HDL and little or no change in LDL to HDL ratios. Thus, cer-
tain types of dietary modification could lower HDL levels but,
at the same time, favorably affect the functional states of HDL.

Human epidemiologic and genetic studies are consistent
with a role for paraoxonase in modulating both lipoprotein
levels and atherosclerosis. There is a common polymorphism
of serum paraoxonase in human populations, due to a single
amino acid substitution, resulting in significant differences in
paraoxonase activity in serum (28, 41, 42). In one retrospective
study, patients with myocardial infarction exhibited signifi-
cantly lower serum paraoxonase activity than a control group
(43). In case control studies, serum paraoxonase activities in
individuals with hyperlipidemia or insulin-dependent diabetes
mellitus exhibited decreased paraoxonase activities as com-
pared to control groups (44, 45). Several population-associa-
tion studies of Caucasian and Chinese populations have
revealed significant positive associations between serum
paraoxonase activity/protein levels and HDL cholesterol lev-
els, and certain studies have also revealed correlations with
triglyceride levels, apo AI levels, and LDL cholesterol levels
(26, 27). Recently, a common serum paraoxonase gene poly-
morphism was found to be associated with levels of total cho-
lesterol, total triglyceride, HDL cholesterol, LDL cholesterol,
and apo B in a genetic isolate in Canada. It was calculated that
the contribution of the genetic variation at the paraoxonase
gene locus to the phenotypic variation of the above traits was
significant and comparable to that of the apo E locus (46).
Given these results and our present findings, additional human

Table I. Linkage of Serum Paraoxonase (Pon) Gene on 
Mouse Chromosome 6 in [(C57BL/6J 3 M. spretus) F1 3 
C57BL/6J] Backcross

Genotype*

Number of
progenyPon D6Mit1 D6Mit48

B B B 84

S S S 88

B B S 3

B S S 2

S S B 3

S B B 1

Total: 181

*Alleles inherited from the hybrid parent [(C57BL/6J 3 M. spretus) F1]

are designated as B or S to indicate their origin in either C57BL/6J or

M. spretus, respectively.
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studies of the role of serum paraoxonase in atherogenesis and
lipoprotein metabolism are clearly warranted.
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