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Chlamydia pneumoniae and Hyperlipidemia Are Co-Risk Factors for
Atherosclerosis: Infection Prior to Induction of Hyperlipidemia
Does Not Accelerate Development of Atherosclerotic
Lesions in C57BL/6J Mice
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Chlamydia pneumoniae has been shown to accelerate atherosclerotic lesion development in hyperlipidemic
animals. This study showed that C. pneumoniae did not accelerate lesion development in mice if a high-fat/
high-cholesterol diet was started after infection, indicating that C. pneumoniae is a co-risk factor with hyperlipidemia for cardiovascular disease.
The association of Chlamydia pneumoniae and coronary
heart disease was first demonstrated by seroepidemiological
studies (17) followed by detection of C. pneumoniae in atherosclerotic lesions (8). Experimental studies suggest that C. pneumoniae is a co-risk factor with hyperlipidemia for atherosclerosis. In genetically and diet-induced hyperlipidemic mice, C.
pneumoniae accelerates formation of preexisting lesions (4, 12,
16) and plaque development when C. pneumoniae and a highfat/high-cholesterol diet are simultaneously administered (2, 7,
14). However, this is still controversial as other reports have
not observed this acceleration (1, 5). Methodological differences may explain the discrepancies (16; C. C. Kuo, L. A.
Campbell, and M. E. Rosenfeld, Letter, Circulation 105:e34,
2000). Without hyperlipidemia, C. pneumoniae causes only inflammatory changes in the heart and aorta of mice and rabbits
but does not initiate formation of atherosclerotic lesions (3, 6,
7, 10). It has not yet been determined whether C. pneumoniae
promotes atherogenesis if hyperlipidemia is induced after infection. In the present study, we investigated whether C. pneumoniae infection prior to induction of hyperlipidemia accelerates the development of atherosclerosis in the aortic sinus of
C57BL/6J mice.
Eight-week-old pathogen-free male C57BL/6J mice were
obtained from Jackson Laboratories (Bar Harbor, Maine).
Mice were kept under modified pathogen-free conditions in
filter-top cages. Mice were sedated by intraperitoneal injections of ketamine and xylazine (Fort Dodge Laboratories and
Lloyd Laboratories, Shenandoah, Iowa) and inoculated intranasally with 3 ⫻ 107 inclusion-forming units of purified organisms of C. pneumoniae (strain AR-39) according to our previously described protocol (3). Control mice were sham
inoculated with sterile phosphate-buffered saline. Mice were
initially fed a regular chow diet and then switched to an atherogenic diet consisting of 15% fat, 1.25% cholesterol, and 0.5%

sodium cholate (TD 88051; Harlan Teklad, Madison, Wis.)
starting at either 5 (group 1) or 7 (group 2) weeks after the first
inoculation (Fig. 1). This time frame was chosen according to
a previous study where residual inflammatory changes in
hearts and aorta were observed up to 8 weeks after infection
(3). The study protocol was approved by the Institutional Animal Care and Use Committee of the University of Washington.
Animals were sacrificed after 15 or 17 weeks on the atherogenic diet, at which time fatty streaks had formed in the aortic
sinus (15). The animals were perfusion fixed with 10% buffered
formalin administered through the left ventricle. The lungs,
heart, and thoracic aorta were removed intact. The base of
each heart was frozen in OCT medium (Sakura Finetek, Torrance, Calif.) and cryosectioned as described by Paigen (15).
For quantification of the average area of fatty streaks, the
cross-sectional area of oil red O staining was measured in
15-step sections from the points of emergence to disappearance of the aortic valves by using computer-assisted morphometry (Image-Pro Plus Software; Media Cybernetics, Silver
Spring, Md.). Measurements were done in a blinded fashion.
The unpaired Student t test was used for statistical analysis.
Detection of C. pneumoniae in the aortic tissues was done by
immunohistochemistry and PCR (3). Plasma was separated
from heparinized blood and frozen at ⫺70°C for serology and
lipid measurements. C. pneumoniae-specific antibody titers
were determined by the micro-immunofluorescence test (3).
Total blood cholesterol and triglycerides were measured using
a commercial enzymatic test kit (Sigma, St. Louis, Mo.).
Clinical signs in the infected mice included increased respiratory rate and some nasal and ocular discharge. No mortality
was observed. No significant difference in body weights or
plasma lipids were noted between the infected and control
animals at the time of sacrifice (Table 1). All of the infected
mice developed immunoglobulin G (IgG) antibody and all of
the control mice remained antibody negative.
The average area of atherosclerotic lesions in the aortic
sinus was not significantly greater for infected animals than for
control mice when the animals were placed on the diet at 5
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FIG. 1. Shown is the experimental design regarding the time sequence of inoculation, the start of the high-fat/high-cholesterol diet,
and examination.

FIG. 2. Shown are the sizes of fatty streaks in the aortic sinus when
the high-fat/high-cholesterol diet was started simultaneously with infection (A) in comparison to when the high-fat/high-cholesterol diet
was given after the infection (B). (Panel A is reprinted from reference
2 with permission of the publisher.) Average lesion area of infected
mice (grey bars) was normalized to that of control mice (black bars ⫽
100%). Bar graphs indicate means ⫾ standard error of the mean. (ⴱ, P
⫽ 0.015 versus control; †, P ⫽ 0.15 versus control; ‡, P ⫽ 0.22 versus
control).

fections with C. pneumoniae have a greater effect on atherosclerotic lesion development than a single infection in hyperlipidemic animals (1, 2, 4, 5, 7, 12, 14, 16) and that the effects
were specific to C. pneumoniae, as infection with C. trachomatis
did not show the acceleration of lesion development (7).
From a clinical point of view, the present study may add
valuable information to our understanding of the role of C.
pneumoniae in cardiovascular disease. In humans, C. pneumoniae infections occur early in childhood, when hyperlipidemia and atherosclerotic lesions generally have not yet developed. Seroepidemiologic studies have shown that everyone is
infected between the ages of 5 and 14 years and reinfected
throughout life (9). The antibody prevalence in the adult population is 50%. Interestingly, C. pneumoniae is detected in
atherosclerotic tissues in 50% of adults (8). However, in a
study by Taylor-Robinson et al., C. pneumoniae was not detected in vascular tissues in persons younger than 15 years of
age (18). The data suggest that C. pneumoniae infections have
a more profound effect on atherogenesis in adults, where hyperlipidemia is prevalent and atherosclerosis is ubiquitous.
In conclusion, the present study further supports the hypothesis that C. pneumoniae is not an independent risk factor but
acts in concert with hyperlipidemia to exacerbate atherosclerotic lesion formation.

TABLE 1. Body weights, antibody titers, and lipid profiles of C57BL/6J mice inoculated with C. pneumoniae in comparison to control mice
Group
(no. of weeks after first inoculation)a

a

Infection

Body weight
(g [mean ⫾ SD])

Antibody titer
(range)

Cholesterol
(mg/dl [mean ⫾ SD])

Triglycerides
(mg/dl [mean ⫾ SD])

Group 1 (5 weeks)

Yes (n ⫽ 15)
No (n ⫽ 13)

31.7 ⫾ 2.7
30.6 ⫾ 1.5

1:128–1:1024
Negative

140.9 ⫾ 34.7
157.3 ⫾ 25.3

49.0 ⫾ 12.9
45.6 ⫾ 21.6

Group 2 (7 weeks)

Yes (n ⫽ 14)
No (n ⫽ 15)

30.3 ⫾ 1.3
30.8 ⫾ 1.4

1:64–1:512
Negative

158.4 ⫾ 21.5
165.2 ⫾ 33.7

46.5 ⫾ 15.6
37.5 ⫾ 11.4

For each group, the number of weeks is the time after the first inoculation that the atherogenic diet was begun.
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weeks postinoculation (4,027 ⫾ 1,034 m2 versus 2,337 ⫾ 649
m2; P ⫽ 0.15) or 7 weeks postinoculation (2,630 ⫾ 473 m2
versus 1,865 ⫾ 423 m2; P ⫽ 0.22) (Fig. 2B). In a previous
study, we demonstrated that when the atherogenic diet was
administered simultaneously with the first infection, the lesion
size was 3.3-fold greater (P ⬍ 0.02) in infected versus control
mice (2) (Fig. 2A).
C. pneumoniae was detected in the thoracic aorta by PCR for
only 1 out of 29 infected animals. PCR was negative for noninfected controls. Immunohistochemistry was negative for the
aortic sinuses in 12 infected animals selectively tested.
This study showed that infection with C. pneumoniae prior to
establishment of stable hyperlipidemia did not accelerate the
progression of atherosclerosis, which may be due to the failure
of C. pneumoniae to establish persistent infection in the aorta.
In normolipidemic mice, C. pneumoniae disseminates from the
lungs to the aorta but infection in the aorta is transient (13)
and mice do not develop atherosclerosis (3). In the presence of
stable hyperlipidemia and established atheromatous lesions, C.
pneumoniae establishes persistent infection (13). It has been
postulated that the ability of C. pneumoniae to establish persistent infection in the atherosclerotic lesions is an important
factor for C. pneumoniae to effect atherogenesis.
In this study, an atherogenic diet was started at 1 or 3 weeks
following the third intranasal inoculation. Although not statistically significant, the average area of fatty streak was greater in
infected than in uninfected mice at both time points. The
difference was greater if the atherogenic diet was started at 1
week than 3 weeks after the last inoculation. These findings
suggest that the additive effect of C. pneumoniae and hyperlipidemia on induction and progression of atherosclerosis may
depend on the severity of residual inflammatory changes in the
aorta from C. pneumoniae infection (3) and the level of hyperlipidemia, because the stable plasma lipid level is not established until after 4 weeks of feeding mice an atherogenic diet
(11).
In animal experiments, it has been shown that multiple in-
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