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Abstract

Inflammation is thought to play a central role in the etiology and outcome of atherosclerosis. Animal studies as well as in vitro
and in vivo human studies suggest that host factors modulate the magnitude and extent of inflammatory responses. We
investigated familial aggregation of three systemic markers of inflammation (C-reactive protein (CRP), white blood cell count
(WBC), and albumin) in a large, cross-sectional study conducted in four US communities. We found evidence of substantial
heritability (35-40%) for CRP levels as well as for WBC and albumin levels. Negligible spouse correlations suggested little
influence of shared household environment on these traits. The combination of sociodemographic factors (age, center, education),
behavioral and lifestyle factors (cigarette smoking, alcohol intake, hormone replacement therapy), obesity and fat patterning, and
prevalent diabetes explained 13-30% the interindividual variability of these traits. There was no evidence that these inflammation
phenotypes were linked to a microsatellite marker in the interleukin-1 gene cluster on chromosome 2q, a region that includes
several candidate genes for chronic inflammatory diseases. Our findings suggest that CRP levels, albumin levels, and WBC are
determined at least partially by genetic factors. Further efforts to identify gene loci affecting these traits are warranted. © 2001
Elsevier Science Ireland Ltd. All rights reserved.
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meta-analysis [13], the associations between inflamma-
tion markers such as C-reactive protein (CRP), albu-
min, white blood cell count (WBC), or fibrinogen and

1. Introduction

Inflammation is thought to play an important role in

the initiation, progression, and clinical outcome of
atherosclerosis [1]. A number of prospective epidemio-
logical studies have reported associations between
acute-phase proteins and other systemic markers of
inflammation and cardiovascular (CVD) events, includ-
ing coronary heart disease (CHD), stroke, and periph-
eral arterial disease [2—12]. As reviewed in a recent
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CVD outcomes are remarkably consistent in magnitude
despite varying study designs, target populations, ages
of participants, lengths of follow-up, and case ascer-
tainment methods. Findings from these observational
epidemiological studies, coupled with those emerging
from basic science [14,15] and clinical interventions [16],
have sparked renewed interest in inflammation as a
contributing factor to atherosclerosis and its clinical
manifestations.

In general, prospective studies have indicated that
individuals with mild elevations in inflammation factors
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within the normal range are at increased risk of CVD
events. However, the population determinants of nor-
mal variation in acute-phase proteins and other sys-
temic markers of inflammation are not well established.
Observational studies or clinical trials have reported
that a mild acute-phase response is associated with
older age [9,17,18], female sex [18,19], lower socioeco-
nomic status [9,17-19], cigarette smoking [8,9,12,17-
19], obesity [8,17,19-21], use of female hormones
[22,23], greater alcohol consumption [9], and chronic
diseases such as periodontitis [18], chronic bronchitis
[18], arthritis [18], diabetes mellitus [8,9,12], and
atherosclerotic cardiovascular diseases [8,12,17,20]. Ge-
netic factors likely modify the magnitude and extent of
the systemic inflammatory response to these and other
stimuli. Genes encoding critical pro-inflammatory cy-
tokines, such as the interleukin-1 gene cluster on chro-
mosome 2q, the interleukin-6 gene on chromosome 7p,
and the tumor necrosis factor-o gene on chromosome
6q are now recognized as potential candidate loci for
diseases with an inflammatory basis [24,25], including
atherosclerotic cardiovascular diseases [20].

Previously, we reported substantial familial and ge-
netic influences on the plasma concentrations of two
hemostatic factors, plasminogen activator inhibitor-1, a
mild acute-phase protein associated strongly with body
fat and insulin levels, and fibrinogen, a major acute-
phase protein [27]. In the present analysis, we report on
the familial aggregation of three additional systemic
markers of inflammation (CRP, WBC, and albumin)
and results of variance-component genetic linkage
analyses of these factors with a microsatellite marker
on chromosome 2q, a region that includes several can-
didate genes for chronic inflammatory diseases.

2. Methods

2.1. Study population

The NHLBI Family Heart Study (FHS) is an investi-
gation of genetic and nongenetic determinants of coro-
nary heart disease, preclinical atherosclerosis, and
cardiovascular risk factors. The design and methods of
the NHLBI FHS have been described in detail else-
where [28]. Briefly, unrelated individuals (probands)
were selected from population-based cohort studies in
four US communities. In two of the communities
(Forsyth County, NC and suburban Minneapolis, MN,
USA), probands were participants in the Atherosclero-
sis Risk in Communities Study. In Salt Lake City, UT,
USA probands were participants in the Utah Health
Family Tree Study, and in Framingham, MA, USA
probands were offspring of members of the original
Framingham Cohort Study.

Probands and their relatives were mailed a self-ad-
ministered medical history questionnaire in phase I of
the study. The participation rate for probands was 67%;
response rates varied from 63 to 82% across centers.
Approximately 86% of eligible relatives completed the
questionnaire; response rates varied from 78 to 94%
across centers. In phase II of the study, selected
probands ages 45 years and older and their immediate
family members (i.e. parents, siblings, children, and
spouse) ages 25 years and older were invited for a
comprehensive physical examination at a local clinic. A
total of 5975 individuals from 1151 families completed
either a full or abbreviated examination. A total of 541
of these families were ascertained randomly and 610
families were ascertained as high-risk pedigrees because
of greater than expected familial burden of CHD. The
study was approved by an institutional review commit-
tee at each site and the subjects gave informed consent.

For the present analysis, we excluded non-Whites
(n=159) because there were insufficient numbers of
individuals with IL1A marker data to conduct genetic
linkage analyses in other ethnic groups. White blood
cell count (WBC) was determined on a total of 5043
individuals and albumin levels were determined on a
total of 5627 individuals. Serum CRP levels were deter-
mined on a total of 2163 individuals, including, (1), a
subsample of unrelated probands from randomly ascer-
tained families (n =454 individuals) and several other
(non-mutually exclusive) subsamples selected for ge-
netic linkage studies; (2), a subsample of sibships with
at least two siblings with elevated carotid IMT (i.e.
above the gender-specific 90th percentile of carotid
IMT in two or more arterial segments) (n = 246 individ-
uals from 82 sibships); (3), a subsample of sibships in
which at least two of the siblings had CHD, defined as
self-reported history of myocardial infarction, coronary
artery bypass surgery, or coronary angioplasty (n = 341
individuals from 82 sibships); (4), a subsample of sib-
ships with at least one sibling above the age-gender
specific 80th percentile of the Individual Risk Score
(IRS), a score derived for each individual using values
from gender-specific proportional hazards models pre-
dicting the age-of-onset of CHD from carotid IMT
thickness, lipids, body-mass index, blood pressure, hy-
pertension, diabetes, and a CHD family risk score
(n=1224 individuals from 353 sibships); and (5), a
subsample of the largest pedigrees (n = 1032 individuals
from 101 pedigrees). IL1A genotypes were determined
on a total of 1208 individuals from subsamples 1, 2,
and 3 described above and two additional sub-samples,
(6), a subsample of sibships in which at least two
siblings had familial combined hyperlipidemia (n =170
individuals from 71 sibships); and (7), a subsample of
sibships in which at least two siblings had hypertension
(i.e. blood pressure >140/90 or current use of an
antihypertensive medication) (n = 697 individuals from
278 sibships).
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2.2. Laboratory methods

Participants were asked to fast at least 12 h before
arrival at the clinic. Blood was drawn from an antecu-
bital vein of seated participants with free blood flow
and minimal trauma. Samples were placed in a — 70°C
freezer no more than 90 min after venipuncture. Frozen
samples were packaged in dry ice, shipped to the FHS
Central Laboratory at the Department of Laboratory
Medicine and Pathology, University of Minnesota, and
stored at — 70°C. Serum glucose was measured on the
Kodak EKTACHEM Clinical Chemistry Slide (East-
man Kodak, Rochester, NY). White blood cell count
(WBC) was determined by standard impedance count-
ing techniques using a Coulter STKS hematology ana-
lyzer (Coulter Electronics Inc., Hialeah, FL). Serum
albumin was measured by a thin film adaptation of a
bromcresol green colorimetric procedure (Corcoran,
1977) using the Vitros analyzer (Johnson & Johnson
Clinical Diagnostics, Inc., Rochester, NY). The coeffi-
cient of variation (CV) was 2 and 4% at 2.1 and 4.2
g/dl, respectively. Serum CRP was measured at the
Laboratory for Clinical Biochemistry Research, Uni-
versity of Vermont, using a high sensitivity ELISA
calibrated with WHO reference material [29]. The intra-
and inter-assay CVs were 3 and 6%, respectively.

2.3. Other measurements

Interviewers ascertained current and former cigarette
smoking habits, alcohol consumption, and use of fe-
male hormones by questionnaire. Technicians measured
standing height, rounded down to the nearest centime-
ter, using a wall-mounted vertical metal ruler. Techni-
cians measured bodyweight, recorded to the nearest
pound, using a balance scale. Technicians measured
waist and hip circumferences, rounded to the nearest
centimeter, at the level of the umbilicus and at the
maximum protrusion of the gluteal muscles, respec-
tively. We computed body-mass index (BMI, kg/m?)
and waist-to-hip ratio (WHR). Interviewers obtained
information by questionnaire on history of myocardial
infarction and coronary revascularization procedures,
history of diabetes, and current use of insulin or hypo-
glycemic medications. An electrocardiogram (ECGQG)
was obtained to assess known and silent myocardial
infarction. Carotid B-mode ultrasound examinations
were performed with a Biosound 2000IIsa and a com-
mon scanning protocol at each of field centers; readings
were done by trained and certified readers at a central
reading center. Measurements of intimal media thick-
ness (IMT) were derived in the far wall of the right and
left extracranial carotid arteries. For this analysis, we
used the mean wall thickness in the 1-cm segment of
the right and left common carotid artery proximal to
the dilatation of the carotid bulb. A DINAMAP 1846

SX automated oscillometric device was used to measure
resting blood pressures in both the ankle and the arm.
The ankle-brachial index (ABI) was calculated as rest-
ing ankle systolic pressure divided by resting brachial
systolic pressure.

We classified educational attainment into one of five
categories, less than high school, high school graduate/
vocational training, some college, college graduate, or
graduate/professional school. We defined diabetes as
self-reported history of diabetes, nonfasting glucose
> 200 mg/dl, fasting glucose > 126 mg/dl, or current
pharmacological treatment for diabetes. We defined
prevalent CHD as self-reported personal history of
myocardial infarction, coronary angioplasty, coronary
artery bypass surgery, or ECG evidence of a major
Q-wave or minor Q-wave and ischemic ST-T changes
as determined by Minnesota coding. We defined sub-
clinical atherosclerotic disease as a mean common
carotid IMT > 1 mm or ABI <0.9.

2.4. Genotyping

The dinucleotide (AC,) repeat polymorphism in in-
tron 5 of the interleukin-1 alpha gene (IL1A) was
determined at the FHS Molecular Laboratory at the
University of Utah based on PCR amplification of
genomic DNA [30]. PCR reactions were carried out in
96-well trays in a MJ Research PTC-225 thermal cycler
instrument (Watertown, MA). The final volume for
each reaction was 25 ul. Each reaction contained 100
ng of template DNA, 0.5 Unit of Taq polymerase
(Boehringer Mannheim, Indianapolis, IN), 10 pmol of
both forward and reverse primers, 0.25 pmol of %°P
labeled primer A end-labeled with T4 polynucleotide
kinase (Molecular Biology Resources, Inc., Milwaukee,
WI), 200 pm of dNTPs, 5% DMSO, and PCR buffer
(final concentration of 100-mM Tris pH 8.4, 40-mM
NacCl, 1.5-mM MgCl,, 0.25-mM spermidine). The PCR
temperature conditions were as follows, after an initial
denaturation at 94°C, five PCR cycles were carried out
with a denaturing phase of 94°C for 20 s, an annealing
phase of 58°C for 20 s, and an extension phase at 72°C
for 40 s. This was followed by an additional 30 cycles
at similar conditions with the exception of the anneal-
ing phase which was done at 54°C for 20 s. PCR
products were then loaded on a 7% acrylamide gel
containing 6.7-M urea and 32% formamide. Elec-
trophoresis of the gel was carried out at a constant 80
W for 4-6 h. The gels were exposed to X-ray film
(Hyperfilm, Amersham Life Science, Buckinghamshire,
UK) for 12-16 h. Genotypes were scored relative to an
M13mpl8 sequence ladder according to their size in
base pairs. We observed a total of 11 different
alleles for the IL1A microsatellite marker among the
1208 participants who were genotyped. The observed
heterozygosity of the marker was 68%. IL1A
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genotypes were determined on 55 replicate samples.
Replicate results were identical on 53 of these samples
(96%).

2.5. Statistical methods

We adjusted the phenotypes for the effect of covariates
in SAS® by multiple linear regression. We fitted regres-
sion models separately for women and men and included
covariates in these models regardless of their statistical
significance. We used standardized residual values ob-
tained from linear regression in familial correlation and
linkage analyses. Because of significant skewness, we
logarithmically transformed CRP values prior to the
analysis. We split three-generation kindreds into a max-
imum of two nuclear families for the familial correlation
and variance-component linkage analyses. One member
of each identical twin pair was excluded randomly from
these analyses.

We used the SEGPATH program [31] to estimate
familial correlations for serum CRP, WBC, and albumin
using maximume-likelihood methods. For each trait, we
estimated spouse, sibling, and parent—child correlations
after adjusting for age and gender (phenotype 1) and after
further adjusting for field center, education, cigarette
smoking status and pack-years, alcohol intake, body-
mass index, waist-to-hip ratio, diabetes, and in women,
hormone replacement therapy (phenotype 2). Results for
phenotypes 1 and 2 were compared to assess the extent
to which sociodemographic, lifestyle, anthropometric,
and metabolic factors could account for age- and gender-
adjusted familial correlations. As described above, famil-
ial correlations for one of the inflammation markers
(CRP) could not be estimated in a true random sample
of families because this analyte was measured only in
non-random subsets of relatives selected post hoc for
more focused and cost-efficient studies of novel risk
factors and candidate gene polymorphisms. We con-
ducted variance-components linkage analysis using SEG-
PATH [32]. In this program, the expected genetic
covariance between relatives is modeled as a function of
the identity-by-descent (IBD) at a given test locus and the
kinship coefficient. The phenotypic heritability (42) is
partitioned into a component reflecting heritability at-
tributable to a latent trait locus (%3) and residual herita-
bility (4?) attributable to polygenes and other sources of
familial resemblance. The null hypothesis, that there is
no effect of the test locus on the trait heritability (43 = 0),
is evaluated by a likelihood ratio test. The computer
package MAPMAKER/SIBS [33] was used to estimate
the allele-sharing proportions among siblings. Popula-
tion marker allele frequencies were estimated from a
sample of 181 probands drawn from randomly-ascer-
tained families. We included relatives from both random
and high-risk families in linkage analyses.

3. Results

3.1. Participant characteristics and distribution of
inflammation markers

The mean age of participants was 52.5 years (range,
25-93 years). Nearly half of the participants (46%)
reported a history of cigarette smoking, 13% had preva-
lent CHD, and 6% had mean common carotid IMT > 1
mm and/or ABI <0.9. The mean WBC was 6.2 (+
1.8) x 10°/mm?® and the mean albumin level was 4.10
(£ 0.28) g/dl. The median CRP concentration was 1.7
mg/l. There was a moderately strong positive correlation
between WBC and log-transformed CRP concentration
(Pearson correlation coefficient, r = 0.31; P < 0.01). Cor-
relations between (In)CRP and albumin (r= — 0.20;
P < 0.01) and between WBC and albumin (r = — 0.04;
P < 0.01) were weaker in magnitude.

In multiple regression analyses, the model R? indicated
that the combination of sociodemographic factors (age,
center, education), behavioral and lifestyle factors
(cigarette smoking status and pack-years, alcohol intake,
hormone replacement therapy), obesity and fat pattern-
ing (BMI, WHR), and prevalent diabetes explained 30
and 22% of the interindividual variability in CRP levels
in women and men, respectively. In women, these factors
explained 20% of the variance in WBC and 13% of the
variance in albumin. In men, these factors explained 13
and 20% of the variance in WBC and albumin, respec-
tively.

3.2. Familial correlation analysis

Spouse correlations for CRP were not statistically
significantly different from zero (Table 1). By contrast,
gender- and age-adjusted correlations for first-degree
relatives (i.e. sibling and parent—child correlations) were
positive and moderate in size. Familial correlations for
CRP remained virtually unchanged when participants
with a personal history of smoking, prevalent CHD, or
indices of atherosclerosis were excluded and were only
slightly attenuated after adjustment for BMI, WHR, and
other factors that may aggregate within families (pheno-
type 2).

Familial correlation patterns for WBC (Table 2) were
similar to those for CRP, with spouse correlations near
zero and sibling and parent—child correlations ranging
from 0.16—0.24. Sibling and parent—child correlations
for albumin (Table 3) were positive but somewhat smaller
in magnitude than sibling and parent—child correlations
for CRP and WBC.

3.3. Variance-components linkage analysis

There was no evidence that the gender- and age-ad-
justed CRP, WBC, or albumin phenotypes were linked
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Table 1
Familial correlations ( + standard errors) for serum C-reactive protein (CRP)

Relative pair All participants Never smokers No prevalent CHD No evidence of subclinical athero
Spouse (pairs) 120 36 64 94
Phenotype 1? —0.06 +0.09 —0.014+0.14 0.00 +0.11 —0.02+0.10
Phenotype 2° 0.02 +0.09 0.03 +0.12 0.07 +£0.11 0.11+0.10
Sibling (pairs) 2654 782 1782 2329
Phenotype 1* 0.21 +0.03 0.22 +0.05 0.18 +0.03 0.21 +0.03
Phenotype 2° 0.20 +0.03 0.18 +0.04 0.19 4+0.03 0.19 4+0.03
Parent—child (pairs) 929 266 654 794
Phenotype 1? 0.18 +0.04 0.22 +0.07 0.16 +0.05 0.18 +0.04
Phenotype 2° 0.15+0.04 0.16 + 0.06 0.13 £0.05 0.16 £ 0.05

2 Phenotype 1, CRP adjusted for gender, age and age?.
® Phenotype 2, CRP adjusted for gender, age, age?, field center, education, cigarette smoking status and pack-years, alcohol intake, hormone
replacement therapy (women), body-mass index, waist-to-hip ratio, and diabetes.

Table 2
Familial correlations ( + standard errors) for white blood cell count (WBC)

Relative pair Random and high-risk ~Random families only
families
All participants ~ Never smokers No prevalent No evidence of subclinical athero
CHD
Spouse (pairs) 638 373 131 293 322
Phenotype 1* 0.05+0.04 0.03 +0.05 0.04 +0.08 0.09 +0.06 0.02 +0.05
Phenotype 2° 0.04 +0.04 0.04 +0.06 0.04 +0.09 0.08 +0.06 0.03 £+ 0.06
Sibling (pairs) 3980 2008 960 1778 1852
Phenotype 1* 0.18 +0.02 0.20 +0.03 0.21 +0.04 0.19 +0.03 0.21 +0.03
Phenotype 2° 0.15+0.02 0.18 +0.03 0.18 +0.04 0.17 +0.03 0.19 +0.03
Parent—hild (pairs) 2607 1463 541 1250 1293
Phenotype 1* 0.18 +0.02 0.19 +0.03 0.24 +0.04 0.18 +0.03 0.17 +0.03
Phenotype 2° 0.16 + 0.02 0.17 £ 0.03 0.23 +0.04 0.16 +0.03 0.16 +0.03

2 Phenotype 1, WBC adjusted for gender, age and age?.
® Phenotype 2, WBC adjusted for gender, age, age?, field center, education, cigarette smoking status and pack-years, alcohol intake, hormone
replacement therapy (women), body-mass index, waist-to-hip ratio, and diabetes.

Table 3
Familial correlations ( + standard errors) for serum albumin

Relative pair Random and high-risk Random families only
families
All participants  Never smokers No prevalent No evidence of subclinical athero
CHD
Spouse (pairs) 613 384 127 303 333
Phenotype 1* 0.12+0.04 0.04 £0.05 0.08 +0.09 —0.01 £0.06 0.05 £ 0.06
Phenotype 2° 0.12+0.04 0.07 + 0.06 0.09 +0.09 0.04 +0.06 0.07 £+ 0.06
Sibling (pairs) 4056 2459 976 2192 2278
Phenotype 1* 0.18 £ 0.02 0.18 +0.03 0.13 +0.04 0.18 +0.03 0.19 +0.03
Phenotype 2° 0.16 +0.02 0.14 +0.03 0.12 + 0.04 0.14 +0.03 0.15+0.03
Parent—child (pairs) 2679 1663 551 1415 1476
Phenotype 1* 0.16 +0.02 0.12 +0.03 0.18 + 0.05 0.13 +0.03 0.13£0.03
Phenotype 2° 0.13+0.02 0.10 +0.03 0.17 £ 0.05 0.13 +0.04 0.11 £ 0.04

2 Phenotype 1, albumin adjusted for gender, age and age?.
® Phenotype 2, albumin adjusted for gender, age, age?, field center, education, cigarette smoking status and pack-years, alcohol intake, hormone
replacement therapy (women), body-mass index, waist-to-hip ratio, and diabetes.
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Table 4

Variance-components linkage analysis of systemic markers of inflammation to a microsatellite marker in the interleukin-1 alpha gene (IL1A)

Phenotype® Sibling pairs® LOD score  Trait gene heritability (h7 + S.E.) Polygenic heritability (22 + S.E.)
C-reactive protein 924 0.00 0.00 +0.16 0.40 4+ 0.06
White blood cell count 1037 0.01 0.02+0.16 0.354+0.09
Albumin 1165 0.00 0.00 +0.11 0.36 +0.03

2 All phenotypes were adjusted for gender, age, and age?.
® Number with complete phenotype and IL1A marker data.

to the IL1A microsatellite marker on chromosome 2q
(Table 4). However, the residual heritability estimates
(h?=0.40 for CRP, 0.35 for WBC, and 0.36 for albu
min) were statistically significantly greater than zero,
indicating that major genes in other chromosomal re-
gions, polygenes, and other familial factors may ac-
count for up to 35-40% of the variance in these traits.

4. Discussion

Recent prospective studies have reported that acute-
phase proteins and other systemic markers of inflam-
mation predict CVD morbidity and mortality [2—12]. In
this context, circulating concentrations of these inflam-
mation markers are consistent with mild, subclinical
inflammation, rather than a clinically significant
episode of acute inflammation. The determinants of
such a low-grade inflammatory response are not under-
stood completely but are likely to be heterogeneous
[8,9,12,17—-23]. While the source of this low-grade infl-
ammation has been suggested to be the vascular wall,
there is no conclusive evidence in support of this
hypothesis.

Several lines of evidence suggest that host factors
modulate the magnitude and extent of inflammatory
responses. Mouse models have demonstrated substan-
tial differences between different inbred strains in the
inflammatory response to an atherogenic diet, suggest-
ing that this response is modified by genetic factors [34].
In humans, studies with repeated blood sampling on
the same individuals over the course of several months
report relatively tight regulation of CRP and IL-6
concentrations [29,35-38], even though they are inte-
gral to the clinical acute-phase response. Finally, exper-
iments on human peripheral blood mononuclear cells
indicate large and stable inter-individual differences in
the capacity of these cells to produce pro-inflammatory
cytokines upon stimulation [39,40].

Before embarking on molecular genetic studies of a
quantitative trait, it is important to obtain indirect
evidence that genetic factors contribute to the variation
in that trait. Family studies such as our own can be
used to make inferences regarding the relative influence
of genetic factors and shared family environment on the

trait by evaluating patterns of familial correlation. For
example, stronger correlations between first-degree rela-
tives than between spouse pairs would suggest impor-
tant genetic influences on the trait because, on average,
first-degree relatives also share half of their genes in
addition to environmental effects common to the fam-
ily. Family studies can also be used to obtain an
estimate of heritability, often defined as the proportion
of the total variation of the trait that can be attributed
to unobserved genetic effects. A high heritability for a
trait would provide further justification for molecular
genetic studies of that trait, such as gene mapping
studies to identify quantitative trait loci of modest to
large effect.

Our findings suggest substantial familial and genetic
influences on three non-specific markers of inflamma-
tion, CRP, WBC, and albumin. To our knowledge, no
other studies have reported familial correlations or
heritability estimates for C-reactive protein concentra-
tions. For serum albumin, classical heritability esti-
mates from twin studies range from 36 to 77% [41-43].
The heritability estimate for albumin in our study of
US nuclear families (36%) was near the lower end of
this range. By contrast, the heritability estimate for
WBC in our study (35%) was somewhat higher than an
estimate of 20% reported in a study of Japanese twin
pairs [44].

Several observations suggest that shared environment
cannot explain entirely the familial aggregation of these
inflammation markers. First, spouse correlations for
CRP, WBC, and albumin were negligible, indicating
little, if any, influence of shared household environment
on these traits. Second, gender- and age-adjusted famil-
ial correlation estimates in biological relatives were only
slightly attenuated after further adjustment for other
variables (e.g. BMI, WHR) which are associated with
inflammation factors and also aggregate within families
[45]. Recent studies determined that adipose tissue is an
important source of several pro-inflammatory cytokines
such as IL-6 [46] and TNF-o [47] that may lead to
chronic elevations in CRP and other acute-phase
proteins. Intra-abdominal fat appears to play the great-
est role in this process [48—50]. It is possible that the
familial correlations for CRP reported herein may be
attenuated to a greater extent if adjusted for measures
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of fat mass or fat patterning more sensitive and specific
than BMI or WHR.

Interindividual variability in acute-phase proteins
and other systemic markers of inflammation may be
attributable partly to underlying vascular disease, espe-
cially in older adults with a significant burden of
atherosclerosis [51]. It is possible that the association of
inflammation markers with atherosclerosis may vary at
different stages of the natural history of the disease [52].
However, CRP levels were only weakly associated with
prevalent CVD and subclinical measures of atheroscle-
rosis in this (AR Folsom, personal communication) and
other studies [12], suggesting that clinical or subclinical
atherosclerotic disease is not a major determinant of
low-grade inflammation. Excluding participants with
clinical CHD or indices of atherosclerosis had very little
effect on the familial correlations for CRP, WBC, and
albumin.

We did not detect linkage between the systemic
markers of inflammation and a dinucleotide repeat
polymorphism in intron 5 of the IL1A gene. Francis et
al. [26] recently reported a positive association between
a variant (VNTR allele 2) in intron 2 of the interleukin-
I receptor antagonist gene (IL1IRN) and single-vessel
coronary artery disease in a hospital-based case-control
study of Caucasians from Britain. ILIRN is located on
chromosome 2q within 430 kb of the other two mem-
bers of the IL-1 gene family, ILIB and IL1A [53].
Individuals with specific IL-1 genotypes may be predis-
posed to a low-grade systemic inflammatory response
because of higher endogenous production of IL-1a and
IL-1B [40] and/or lower production of IL-1 receptor
antagonist [54]. Absence of linkage in our sample of
sibling-pairs should only be interpreted as a lack of a
strong effect of the genes in the IL-1 cluster on CRP,
WBC, or albumin concentrations because current link-
age analysis techniques have limited statistical power to
detect genes accounting for less than 10% of the pheno-
typic variance, even in large, extended pedigrees [55].
Our results do not exclude the possibility of major
genes for these traits in other chromosomal regions.
There are numerous other candidate genes, including
those encoding TNF-o and IL-6, that may influence
these phenotypes.

In conclusion, we found substantial heritabilities for
CRP levels, WBC, and albumin levels in the NHLBI
FHS. Familial correlations for these systemic markers
of inflammation remained significant after adjustment
for other genetic and non-genetic factors that may
influence these traits, suggesting that unmeasured genes
or environmental factors account for the aggregation of
these traits within families. The heritability estimates of
35-40% for these traits indicate that they are reason-
able phenotypes for gene mapping studies. If CRP acts
directly in the promotion of inflammation and throm-
bosis, as recently hypothesized [56], then further re-

search may be able to identify individuals at greater
risk of CVD because of genetic differences in the CRP
response. The NHLBI FHS investigators are planning
genome-wide linkage analyses in the largest and most
informative families to provide further clues regarding
novel quantitative trait loci that regulate levels of acute-
phase proteins and other systemic markers of
inflammation.

Acknowledgements

This paper is presented on behalf of the Investigators
of the NHLBI Family Heart Study. Participating Insti-
tutions and Principal Staff of the study are as follows,
Forsyth County/University of North Carolina/Wake
Forest University, Gerardo Heiss, Stephen Rich, Greg
Evans, James Pankow; H.A. Tyroler, Jeannette T.
Bensen, Catherine Paton, Delilah Posey, and Amy
Haire; University of Minnesota Field Center, Donna K.
Arnett, Aaron R. Folsom, Larry Atwood, James Pea-
cock, Greg Feitl; Boston University/Framingham Field
Center, R. Curtis Ellison, Richard H. Myers, Yuqing
Zhang, Andrew G. Bostom, Luc Djoussé, Jemma B.
Wilk, and Greta Lee Splansky; University of Utah
Field Center: Steven C. Hunt, Roger R. Williams (de-
ceased), Paul N. Hopkins, Jan Skuppin and Hilary
Coon; Coordinating Center, Washington University, St.
Louis, Michael A. Province, D.C. Rao, Ingrid B.
Borecki, Yuling Hong, Mary Feitosa, Jeanne Cashman,
and Avril Adelman; Central Biochemistry Laboratory,
University of Minnesota, John H. Eckfeldt, Greg Ryn-
ders, Catherine Leiendecker-Foster, and Michael Y.
Tsai; Central Molecular Laboratory, University of
Utah, Mark F. Leppert, Jean-Marc Lalouel, Tena
Varvil, Lisa Baird; National Heart, Lung, & Blood
Institute-Project Office, Phylliss Sholinsky, Millicent
Higgins (retired), Jacob Keller (retired), Sarah Knox,
and Lorraine Silsbee. This work was supported by
National Heart, Lung, and Blood Institute cooperative
agreement grants NO1-HC-25104, NOI1-HC-25105, NO1-
HC-25106, NO1-HC-25107, NO1-HC-25108, and NO1-
HC-25109.

References

[1] Ross R. Atherosclerosis — an inflammatory disease. New Engl
J Med 1999;340:115-26.

[2] Gillum RF, Makuc DM. Serum albumin, coronary heart disease,
and death. Am Heart J 1992;123:507-13.

[3] Gillum RF, Ingram DD, Makuc DM. White blood cell count,
coronary heart disease, and death: the NHANES I epidemiologic
follow-up study. Am Heart J 1993;125:855-63.

[4] Haverkate F, Thompson SG, Pyke SD, Gallimore JR, Pepys
MB. Production of C-reactive protein and risk of coronary
events in stable and unstable angina. European concerted action
on thrombosis and disabilities angina pectoris study group.
Lancet 1997;349:462—6.



688

]

6

[7

8

9

(10]

(1]

[12]

(13]

[14]

[15]

[16]

(17

(18]

[19]

(20]

J.S. Pankow et al. / Atherosclerosis 154 (2001) 681—-689

Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens
CH. Inflammation, aspirin, and the risk of cardiovascular dis-
ease in apparently healthy men. New Engl J Med 1997;336:973 -
9.

Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens
CH. Plasma concentration of C-reactive protein and risk of
developing peripheral vascular disease. Circulation 1998;97:425—
8

Ridker PM, Buring JE, Shih J, Matias M, Hennekens CH.
Prospective study of C-reactive protein and the risk of future
cardiovascular events among apparently healthy women. Circu-
lation 1998;98:731-3.

Harris TB, Ferrucci L, Tracy RP, Corti MC, Wacholder S,
Ettinger WH, Jr, Heimovitz H, Cohen HJ, Wallace R. Associa-
tions of elevated interleukin-6 and C-reactive protein levels with
mortality in the elderly. Am J Med 1999;106:506—12.

Koenig W, Sund M, Frohlich M, Fischer HG, Lowel H, Doring
A, Hutchinson WL, Pepys MB. C-Reactive protein, a sensitive
marker of inflammation, predicts future risk of coronary heart
disease in initially healthy middle-aged men: results from the
MONICA (monitoring trends and determinants in cardiovascu-
lar disease) Augsburg Cohort Study, 1984 to 1992. Circulation
1999;99:237-42.

Tunstall-Pedoe H, Woodward M, Tavendale R, A’Brook R,
McCluskey MK. Comparison of the prediction by 27 different
factors of coronary heart disease and death in men and women
of the Scottish Heart Health Study: cohort study. Br Med J
1997;315:722-9.

Kuller LH, Tracy RP, Shaten J, Meilahn EN. Relation of
C-reactive protein and coronary heart disease in the MRFIT
nested case-control study. Multiple risk factor intervention trial.
Am J Epidemiol 1996;144:537—47.

Tracy RP, Lemaitre RN, Psaty BM, Ives DG, Evans RW,
Cushman M, Meilahn EN, Kuller LH. Relationship of C-reac-
tive protein to risk of cardiovascular disease in the elderly.
Results from the Cardiovascular Health Study and the Rural
Health Promotion Project. Arterioscler Thromb Vasc Biol
1997;17:1121-7.

Danesh J, Collins R, Appleby P, Peto R. Association of fibrino-
gen, C-reactive protein, albumin, or leukocyte count with coro-
nary heart disease: meta-analyses of prospective studies. J Am
Med Assoc 1998;279:1477-82.

Elhage R, Maret A, Pieraggi MT, Thiers JC, Arnal JF, Bayard
F. Differential effects of interleukin-1 receptor antagonist and
tumor necrosis factor binding protein on fatty-streak formation
in apolipoprotein E-deficient mice. Circulation 1998;97:242—4.
Huber SA, Sakkinen P, Conze D, Hardin N, Tracy R. Inter-
leukin-6 exacerbates early atherosclerosis in mice. Arterioscler
Thromb Vasc Biol 1999;19:2364-7.

Ridker PM, Rifai N, Pfeffer MA, Sacks FM, Moye LA, Gold-
man S, Flaker GC, Braunwald E. Inflammation, pravastatin,
and the risk of coronary events after myocardial infarction in
patients with average cholesterol levels. Cholesterol and Recur-
rent Events (CARE) Investigators. Circulation 1998;98:839-44.
Mendall MA, Patel P, Ballam L, Strachan D, Northfield TC. C
reactive protein and its relation to cardiovascular risk factors: a
population based cross sectional study. Br Med J
1996;312:1061-5.

Slade GD, Offenbacher S, Beck JD, Heiss G, Pankow JS.
Acute-phase inflammatory response to local periodontal disease
and systemic conditions in the US population. J Dent Res
2000;79:49-57.

Danesh J, Muir J, Wong YK, Ward M, Gallimore JR, Pepys
MB. Risk factors for coronary heart disease and acute-phase
proteins. A population-based study. Eur Heart J 1999;20:954-9.
Tracy RP, Psaty BM, Macy E, Bovill EG, Cushman M, Cornell
ES, Kuller LH. Lifetime smoking exposure affects the associa-

(21]

[22]

(23]

[24]

[23]

[26]

[27

[28]

[29]

(30]

31]

(32]

(33]

34

[33]

[36]

tion of C-reactive protein with cardiovascular disease risk factors
and subclinical disease in healthy elderly subjects. Arterioscler
Thromb Vasc Biol 1997;17:2167-76.

Visser M, Bouter LM, McQuillan GM, Wener MH, Harris TB.
Elevated C-reactive protein levels in overweight and obese
adults. J Am Med Assoc 1999;282:2131-5.

Cushman M, Meilahn EN, Psaty BM, Kuller LH, Dobs AS,
Tracy RP. Hormone replacement therapy, inflammation, and
hemostasis in elderly women. Arterioscler Thromb Vasc Biol
1999;19:893-9.

Cushman M, Legault C, Barrett-Connor E, Stefanick ML,
Kessler C, Judd HL, Sakkinen PA, Tracy RP. Effect of post-
menopausal hormones on inflammation-sensitive proteins: the
Postmenopausal Estrogen/Progestin Interventions (PEPI) Study.
Circulation 1999;100:717-22.

Kornman KS, Crane A, Wang HY, di Giovine FS, Newman
MG, Pirk FW, Wilson TG, Jr, Higginbottom FL, Duff GW.
The interleukin-1 genotype as a severity factor in adult periodon-
tal disease. J Clin Periodontol 1997;24:72-7.

Fishman D, Faulds G, Jeffery R, Mohamed-Ali V, Yudkin JS,
Humphries S, Woo P. The effect of novel polymorphisms in the
interleukin-6 (IL-6) gene on IL-6 transcription and plasma IL-6
levels, and an association with systemic-onset juvenile chronic
arthritis. J Clin Invest 1998;102:1369-76.

Francis SE, Camp NJ, Dewberry RM, Gunn J, Syrris P, Carter
ND, Jeffery S, Kaski JC, Cumberland DC, Duff GW, Crossman
DC. Interleukin-1 receptor antagonist gene polymorphism and
coronary artery disease. Circulation 1999;99:861-6.

Pankow JS, Folsom AR, Province MA, Rao DC, Williams RR,
Eckfeldt J, Sellers TA. Segregation analysis of plasminogen
activator inhibitor-1 and fibrinogen levels in the NHLBI Family
Heart Study. Arterioscler Thromb Vasc Biol 1998;18:1559-67.

Higgins M, Province M, Heiss G, Eckfeldt J, Ellison RC,
Folsom AR, Rao DC, Sprafka JM, Williams R. NHLBI Family
Heart Study: objectives and design. Am J Epidemiol
1996;143:1219-28.

Macy EM, Hayes TE, Tracy RP. Variability in the measurement
of C-reactive protein in healthy subjects: implications for refer-
ence intervals and epidemiological applications. Clin Chem
1997;43:52-8.

Todd S, Naylor SL. Dinucleotide repeat polymorphism in the
human interleukin 1, alpha gene (IL1A). Nucl Acids Res
1991;19:3756.

Province MA, Rao DC. General purpose model and a computer
program for combined segregation and path analysis (SEG-
PATH): automatically creating computer programs from sym-
bolic language model specifications. Genet Epidemiol
1995;12:203-19.

Province MA, Rice T, Borecki IB, Gu C, Rao DC. A multivari-
ate and multilocus variance components approach using struc-
tural relationships to assess quantitative trait linkage via
SEGPATH. Genet Epidemiol, in press.

Kruglyak L, Lander ES. Complete multipoint sib-pair analysis
of qualitative and quantitative traits. Am J Hum Genet
1995;57:439-54.

Liao F, Andalibi A, deBeer FC, Fogelman AM, Lusis Al.
Genetic control of inflammatory gene induction and NF-kappa
B-like transcription factor activation in response to an athero-
genic diet in mice. J Clin Invest 1993;91:2572-9.

Clark GH, Fraser CG. Biological variation of acute phase
proteins. Ann Clin Biochem 1993;30:373-6.

de Maat MP, de Bart AC, Hennis BC, Meijer P, Havelaar AC,
Mulder PG, Kluft C. Interindividual and intraindividual vari-
ability in plasma fibrinogen, TPA antigen, PAI activity, and
CRP in healthy, young volunteers and patients with angina
pectoris. Arterioscler Thromb Vasc Biol 1996;16:1156-62.



J.S. Pankow et al. / Atherosclerosis 154 (2001) 681—-689 689

[37] Sakkinen PA, Macy EM, Callas PW, Cornell ES, Hayes TE,
Kuller LH, Tracy RP. Analytical and biologic variability in
measures of hemostasis, fibrinolysis, and inflammation: assess-
ment and implications for epidemiology. Am J Epidemiol
1999;149:261-7.

[38] Rao KM, Pieper CS, Currie MS, Cohen HJ. Variability of
plasma IL-6 and crosslinked fibrin dimers over time in commu-
nity dwelling elderly subjects. Am J Clin Pathol 1994;102:802—
5.

[39] Molvig J, Baek L, Christensen P, Manogue KR, Vlassara H,
Platz P, Nielsen LS, Svejgaard A, Nerup J. Endotoxin-stimu-
lated human monocyte secretion of interleukin 1, tumour ne-
crosis factor alpha, and prostaglandin E2 shows stable
interindividual differences. Scand J Immunol 1988;27:705-16.

[40] Pociot F, Molvig J, Wogensen L, Worsaae H, Nerup J. A Taql
polymorphism in the human interleukin-1 beta (IL-1 beta) gene
correlates with IL-1 beta secretion in vitro. Eur J Clin Invest
1992;22:396-402.

[41] Kalousdian S, Fabsitz R, Havlik R, Christian J, Rosenman R.
Heritability of clinical chemistries in an older twin cohort: the
NHLBI Twin Study. Genet Epidemiol 1987:4:1-11.

[42] Dal Colletto GM, Krieger H, Magalhaes JR. Genetic and envi-
ronmental determinants of 17 serum biochemical traits in
Brazilian twins. Acta Genet Med Gemellol 1983;32:23-9.

[43] Whitfield JB, Martin NG. The effects of inheritance on con-
stituents of plasma: a twin study on some biochemical vari-
ables. Ann Clin Biochem 1984;21:176-83.

[44] Yokoyama Y, Akiyama T. Intrapair differences of the blood
cell components and lymphocyte subsets in monozygotic and
dizygotic twins. Acta Genet Med Gemellol 1995;44:203—14.

[45] Borecki IB, Higgins M, Schreiner PJ, Arnett DK, Mayer-Davis
E, Hunt SC, Province MA. Evidence for multiple determinants
of the body mass index: the National Heart, Lung, and Blood
Institute Family Heart Study. Obes Res 1998;6:107—-14.

[46] Bastard JP, Jardel C, Delattre J, Hainque B, Bruckert E, Ober-
lin F. Evidence for a link between adipose tissue interleukin-6
content and serum C-reactive protein concentrations in obese
subjects. Circulation 1999;99:2221-2.

[47] Kern PA, Saghizadeh M, Ong JM, Bosch RJ, Deem R, Sim-
solo RB. The expression of tumor necrosis factor in human
adipose tissue. Regulation by obesity, weight loss, and relation-
ship to lipoprotein lipase. J Clin Invest 1995;95:2111-9.

[48] Loskutoff DJ, Samad F. The adipocyte and hemostatic balance
in obesity: studies of PAI-1. Arterioscler Thromb Vasc Biol
1998;18:1-6.

[49] Yudkin JS, Coppack SW, Bulmer K, Rawesh A, Mohamed-Ali
V. Lack of evidence for secretion of plasminogen activator
inhibitor-1 by human subcutaneous adipose tissue in vivo.
Thromb Res 1999;96:1-9.

[50] Yudkin JS, Stehouwer CD, Emeis JJ, Coppack SW. C-reactive
protein in healthy subjects: associations with obesity, insulin
resistance, and endothelial dysfunction: a potential role for cy-
tokines originating from adipose tissue? Arterioscler Thromb
Vasc Biol 1999;19:972-8.

[51] Tracy RP. Inflammation in cardiovascular disease: cart, horse,
or both? Circulation 1998;97:2000-2.

[52] Tracy RP. Inflammation markers and coronary heart disease.
Curr Opin Lipidol 1999;10:435-41.

[53] Nicklin MJ, Weith A, Duff GW. A physical map of the region
encompassing the human interleukin-1 alpha, interleukin-1 beta,
and interleukin-1 receptor antagonist genes. Genomics
1994;19:382-4.

[54] Tountas NA, Casini-Raggi V, Yang H, Di Giovine FS, Vecchi
M, Kam L, Melani L, Pizarro TT, Rotter JI, Cominelli F.
Functional and ethnic association of allele 2 of the interleukin-1
receptor antagonist gene in ulcerative colitis. Gastroenterology
1999;117:806—13.

[55] Almasy L, Blangero J. Multipoint quantitative-trait linkage
analysis in general pedigrees. Am J Hum Gen 1998;62:1198—
211.

[56] Lagrand WK, Visser CA, Hermens WT, Niessen HW, Verheugt
FW, Wolbink GJ, Hack CE. C-reactive protein as a cardiovas-
cular risk factor: more than an epiphenomenon? Circulation
1999;100:96-102.



