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Aging is believed to be among the most important contributors to atherosclerosis, through mechanisms that
remain largely obscure. Serum levels of tumor necrosis factor (TNF) rise with aging and have been correlated
with the incidence of myocardial infarction. We therefore sought to determine whether genetic variation in the
TNF receptor-1 gene (TNFR1) contributes to aging-related atherosclerosis in humans and whether Tnfr1
expression aggravates aging-related atherosclerosis in mice. With 1330 subjects from a coronary angiogra-
phy database, we performed a case–control association study of coronary artery disease (CAD) with 16
TNFR1 single-nucleotide polymorphisms (SNPs). Two TNFR1 SNPs significantly associated with CAD in sub-
jects >55 years old, and this association was supported by analysis of a set of 759 independent CAD cases. In
multiple linear regression analysis, accounting for TNFR1 SNP rs4149573 significantly altered the relation-
ship between aging and CAD index among 1811 subjects from the coronary angiography database. To
confirm that TNFR1 contributes to aging-dependent atherosclerosis, we grafted carotid arteries from
18- and 2-month-old wild-type (WT) and Tnfr12/2 mice into congenic apolipoprotein E-deficient (Apoe2/2)
mice and harvested grafts from 1 to 7 weeks post-operatively. Aged WT arteries developed accelerated ather-
osclerosis associated with enhanced TNFR1 expression, enhanced macrophage recruitment, reduced smooth
muscle cell proliferation and collagen content, augmented apoptosis and plaque hemorrhage. In contrast, aged
Tnfr12/2 arteries developed atherosclerosis that was indistinguishable from that in young Tnfr12/2 arteries and
significantly less than that observed in aged WT arteries. We conclude that TNFR1 polymorphisms associate
with aging-related CAD in humans, and TNFR1 contributes to aging-dependent atherosclerosis in mice.

INTRODUCTION

Aging has been proposed to be among the most important risk
factors for atherosclerosis (1), at least in part because of
myriad aging-associated changes in gene expression in

the arterial wall (2,3). Aging-associated arterial changes
common to humans and rodents may predispose aged arteries
to accelerated atherosclerosis and include neointimal hyper-
plasia, medial thickening, endothelial dysfunction that aug-
ments monocyte/endothelial adherence, enhanced endothelial
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cell apoptosis and diminished vascular cell replicative
capacity (2). Diet-induced atherosclerosis is, indeed, acceler-
ated in aged animals (3), but the role of arterial aging in this
phenomenon remains unclear.

Among multiple pro-atherogenic arterial wall gene pro-
ducts, tumor necrosis factor receptor-1 (TNFR1) (4) may
attain particular significance in the context of aging. Even in
the absence of atherosclerosis, arterial TNF expression
increases with aging (5) and may engender the increased
expression of intercellular adhesion molecule-1 (ICAM-1),
matrix metalloproteinase-2 (MMP-2) and monocyte chemoat-
tractant protein-1 (MCP-1) seen in aged rat arteries (6).
However, despite substantial aging-related increases in arterial
wall expression of its two atherogenic agonists (TNF and
lymphotoxin-a) (7), arterial wall TNFR1 is not downregulated
with aging (5). Serum TNF concentrations also rise with aging
in humans (8) and have been shown to predict recurrent myo-
cardial infarction (MI) (9) and mortality in aged men and
women (10). In aged apolipoprotein E-deficient (Apoe2/2)
mice, the absence of TNFR1 reduces atherosclerosis of the
aorta, but not the brachiocephalic artery (4); however, these
studies could not evaluate the atherogenic role of aging,
either systemically or in the arterial wall. Poirier et al. (11)
found that, in humans, TNFR1 polymorphisms were associated
with MI; however, this study could not evaluate the role of
TNFR1 variants in aging-related MI or atherosclerosis.

To determine whether TNFR1 contributes to aging-
dependent atherosclerosis, we used both human coronary
artery disease (CAD) genetic association studies and a
mouse model for assessing atherogenicity of arterial wall
gene products (4). Human studies were conducted to deter-
mine genetic effects on the relationship between aging and
atherosclerosis in two independent cohorts comprising sub-
jects spanning the age range of 18–91 years (12). Our
mouse atherosclerosis studies were conducted by transplanting

into young Apoe2/2 mice carotid arteries from aged or young
mice that were either wild-type (WT) or Tnfr12/2 (4).

RESULTS

TNFR1 single-nucleotide polymorphisms associate with
atherosclerosis in aged subjects

To test the hypothesis that TNFR1 (TNFRSF1A) single-
nucleotide polymorphisms (SNPs) associate with aging-related
atherosclerosis in humans, we used two sample sets we have
described previously: CATHGEN (CATHeterization GEN-
etics), a cohort of subjects aged 18–91 years who underwent
coronary angiography at Duke University Medical Center,
and GENECARD (GENetics of Early-onset Coronary Artery
Disease), a cohort comprising subjects with familial, early-onset
CAD, as well as their unaffected family members (12). A com-
parison of the clinical characteristics of CATHGEN cases and
controls and GENECARD probands is presented in Table 1.
All three case groups (CATHGEN ‘young affected’, ‘older
affected’ and GENECARD probands) manifest a risk factor
profile consistent with CAD compared with controls: male
gender, smoking, clinical history of increased prevalence of dia-
betes and hypertension and lower HDL cholesterol levels. The
clinical characteristics also demonstrate risk factor relationships
consistent with the age differences among the case groups and
controls, with increased systolic blood pressure in the older
groups compared with the younger. The GENECARD probands
exhibit more pro-atherogenic lipoprotein profiles, highlighting
the strong genetic component to variability in lipoprotein
cholesterol levels.

To associate TNFR1 SNPs with CAD, we initially geno-
typed 1330 CATHGEN subjects for a total of 16 TNFR1
SNPs, selected from the TNFR1 gene as well as untranslated
regions 3000 bp upstream and downstream of the gene, as

Table 1. Clinical characteristics of CATHGEN subjects and GENECARD probands (mean+SD)

CATHGEN GENECARD (US probands)
(n ¼ 759)Young affected

(n ¼ 656)
Older affected
(n ¼ 264)

Older normal
(n ¼ 410)

Random sample
(n ¼ 481)

Age, years 46+6 66+7 70+6 65+16 48+10
CADia 58+22 82+9 6+9 30+23 NA
%Caucasian 71 87 75 80 86
%Male 79 72 43 59 69
Family history of CADb, % 55 43 26 38 100
BMI, kg/m2 31+6 28+6 29+7 29+7 30+7
Ever-smoked, % 69 52 40 47 78
History of diabetesc, % 33 31 21 28 25
History of hypertensionc, % 70 75 67 69 63
History of MIc, % 52 38 0 36 63
Mean systolic blood pressure, mmHg 141+24 151+26 150+24 145+26 142+25
Mean diastolic blood pressure, mmHg 78+14 78+13 77+14 76+15 78+14
Total cholesterol, mmol/l 4.99+1.61 4.47+1.06 4.95+1.26 4.65+1.21 5.17+1.50
LDL, mmol/l 2.84+1.12 2.54+0.88 2.77+0.93 2.64+0.97 3.16+1.53
HDL, mmol/l 1.05+0.32 1.16+0.36 1.35+0.48 1.20+0.42 1.14+0.83

aCADi is a numerical summary of coronary angiographic evidence of atherosclerosis, with 0 representing no atherosclerosis and 100 representing
hemodynamically severe left main disease (12).
bFamily history by self-report for CATHGEN, and by extensive pedigree investigation for GENECARD.
cHealth history data were collected at the time of angiography (CATHGEN) or by medical record review (GENECARD).
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described in Materials and Methods. The 1330 subjects,
described in Table 1, were stratified as described in Materials
and Methods by CAD age of onset: young affected ≤55 years;
older affected .55 years; ‘older normal’ ≥60 years without
clinically or angiographically evident CAD. This age stratifi-
cation at 55 years was based on the incidence curves of
CAD and estimates of genetic effect at various ages (13–
15). In analyses adjusted for gender and CAD risk factors,
as described in Materials and Methods, we found that in sub-
jects ≥56 years old, two of the TNFR1 SNPs associated sig-
nificantly with CAD index (CADi) (12) (Supplementary
Material, Table S1 and Fig. S1, underlined): rs4149578 and
rs4149573, for which P-values remained significant after Bon-
ferroni correction for multiple comparisons (P , 0.003). For
these TNFR1 SNPs, the frequency of minor alleles was
higher in CAD cases. Consequently, the minor alleles consti-
tute ‘risk’ alleles, for which the odds ratios (95% confidence
intervals) were 2.3 (1.4–4.0) and 2.4 (1.4–4.3), respectively,
for rs4149578 and rs4149573.

To corroborate the associations we observed between
TNFR1 SNPs and CADi in the CATHGEN data set, we ana-
lyzed TNFR1 genotypes in the GENECARD data set, using
two approaches. First, to evaluate the consistency of the
effect of TNFR1 SNP minor alleles in terms of the odds
ratio magnitude and P-value, we compared GENECARD pro-
bands and CATHGEN older normal controls. In this analysis,
the comparison of GENECARD cases with CATHGEN con-
trols produced findings congruent with those we obtained
using CATHGEN cases: the odds ratios (with 95% confidence
intervals) for rs4149578 and rs4149573 were similar at 1.6
(1.03–2.6) and 1.7 (1.1–2.7), respectively; however, these
results were not significant after the adjustment for multiple
comparisons (Supplementary Material, Table S1). In our
second approach, we sought to support inferences from
CATHGEN with data completely independent from
CATHGEN. To do so, we used the GENECARD data set to
perform family-based association tests. Although these tests
suggested only modest evidence for the association of
TNFR1 with CAD, it is notable, nonetheless, that they
suggest evidence for the association between CAD and the

TNFR1 R92Q polymorphism—the SNP originally associated
with MI, as found by Poirier et al. (11) (P , 0.05; Supplemen-
tary Material, Table S2). Together, data from GENECARD
and Poirier et al. (11) support the association between CAD
and TNFR1 discerned in CATHGEN. Moreover, in conjunc-
tion with CATHGEN older normal controls, our GENECARD
data also support the association found in CATHGEN between
two TNFR1 SNPs and aging-associated atherosclerosis (Sup-
plementary Material, Table S1).

TNFR1 genotype modifies the effect of age
on atherosclerosis

In addition to the association between TNFR1 SNPs and CADi
in aged adults, we found the expected (16–18), strong positive
correlation of age with CADi (Table 2). Together, these find-
ings suggest the intriguing possibility that the well-known
relationship between atherosclerosis risk and age could be
modified, in part, by TNFR1 polymorphisms engendering
changes in TNFR1 expression levels and/or function.

To test this possibility, we fitted a weighted regression model
adjusted for CAD risk factors and sampling weights for all
1811 CATHGEN subjects on the outcome of CADi, and the
following dependent variables: age, TNFR1 genotype for
each of the two SNPs significantly associated with athero-
sclerosis (coded as a dominant model) and an age-by-genotype
interaction term (Table 2). Although age was significantly
associated with CADi in these linear regression analyses, the
coefficient for the age-by-genotype interaction term was not
significantly different from zero in models that included
rs4149578 alone. However, for the model that included
rs4149573, the linear regression coefficient for the
age-by-genotype interaction was, indeed, significantly differ-
ent from zero (P ¼ 0.0032). It is important to note that if
the interaction between age and rs4149573 genotype is not
taken into account [i.e. if we consider only the average age
in the CATHGEN cohort (�65 years)], the association
between rs4149573 and CADi is not detectable (Table 2).
Therefore, these findings suggest that the relationship

Table 2. Effects of age and TNFR1 rs4149573 genotype on CADi in 1811 CATHGEN subjects

Linear regression model component Linear regression model [regression coefficient (SE), and P-value for the Wald test]
Clinical variables only Clinical variables + SNP genotype Clinical variables + SNP

genotype + age × genotype

Age 0.65 (0.06), ,0.0001 0.65 (0.06), ,0.0001 0.58 (0.06), ,0.0001
rs4149573 CG/GG genotypes Not in model 21.33 (2.34), 0.57 225.32 (9.53), 0.0079
Age × genotype interaction Not in model Not in model 0.44 (0.14), 0.0032
Intercept 16.27 (6.22), 0.0090 17.54 (6.72), 0.0091 20.55 (6.24), 0.0010
Gender (F) 211.42 (6.26), ,0.0001 211.45 (1.54), ,0.0001 211.55 (1.54), ,0.0001
Race (AA) 2.78 (1.94), 0.15 2.79 (1.95), 0.15 2.51 (1.95), 0.20
History of diabetesa 6.51 (1.83), 0.0004 6.59 (1.82), 0.0003 6.62 (1.83), 0.0003
History of smoking 5.88 (1.53), 0.0001 5.87 (1.53), 0.0001 5.90 (1.52), 0.0001
BMI (kg/m2) 20.19 (0.11), 0.09 20.19 (0.11), 0.09 20.18 (0.11), 0.11
History of hypertension 2.53 (1.79), 0.16 2.55 (1.79), 0.15 2.45 (1.77), 0.17
History of hyperlipidemia 12.09 (1.68), ,0.0001 12.08 (1.69), ,0.0001 12.15 (1.67), ,0.0001

SNP genotype, TNFR1 rs4149573 genotype; age × genotype, age-by-genotype interaction term; F, female; AA, African American.
aDetermined by clinical history.
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between CADi and aging is modified by the genotype of the
TNFR1 SNP rs4149573.

To demonstrate graphically the effect of TNFR1 SNP
rs4149573 on aging-related atherosclerosis in the CATHGEN
cohort, we fit CADi regression lines for the major and minor
alleles of rs4149573 across the age range of subjects from 30
to 90 years of age (Fig. 1). The presence of the G (‘risk’)
allele alters the predicted relationship between CADi and age,
with the highest level of CADi observed in G allele carriers at
the oldest age. Thus, these modeling data support the association
we observed between TNFR1 SNP rs4149573 and CADi in our
comparison of older affected versus older normal subjects
(Fig. 1), and they illustrate that genetic variation in TNFR1
may contribute to aging-related atherosclerosis in humans.

Arterial aging promotes atherogenesis in mice

To determine whether TNFR1 contributes to aging-dependent
atherosclerosis, as suggested by our human studies, we devel-
oped a mouse model that focuses on the influence of arterial
wall aging on atherogenesis. This model employs orthotopic
transplantation into Apoe2/2 mice of the right common
carotid artery from congenic WT C57BL/6 mice that were
either young (10+ 2 weeks old) or aged (79+ 2 weeks
old). Consequently, this model allows us to dissect effects of
arterial aging from effects of prolonged exposure to elevated
plasma lipoprotein levels. Prior to and within 1 week of
implantation, the young and aged carotid arteries were
morphologically indistinguishable: luminal areas of young
and aged specimens, respectively, were 0.134+ 0.007 and
0.140+ 0.004 mm2; medial areas were 0.021+ 0.001 and
0.021+ 0.003 mm2 (n ¼ 5 per group). Prior to grafting,
aged and young carotid arteries also demonstrated equivalent

expression of smooth muscle cell (SMC) actin and apoE (Sup-
plementary Material, Fig. S2). However, within 2 weeks of
grafting, atherogenesis proceeded more rapidly in aged than
in young arteries. Young carotid arteries developed only scat-
tered intimal macrophages and mild medial expansion. In con-
trast, aged arteries developed asymmetrical intimal lesions and
considerable medial thickening consequent to macrophage
infiltration (Figs 2 and 3). Neointimal and medial areas of
aged arteries were 1.9- and 1.7-fold greater, respectively,
than those of young arteries (P , 0.02; Fig. 2). In addition,

Figure 1. TNFR1 genotype affects the relationship between aging and athero-
sclerosis. Fitted regression lines (+95% confidence intervals) are plotted for
CADi (adjusted for gender and known CAD risk factors) as a function of age,
for CATHGEN cohort groups defined by genotype at the TNFR1 SNP
rs4149573: (i) those with the ‘risk’ alleles GG or CG (blue line) and (ii)
those with the more prevalent allele CC (red line). CADi was determined
angiographically, by observers unaware of genotypes, for 1811 CATHGEN
subjects. The model was fit using SAS version 9.1 software.

Figure 2. Arterial wall aging accelerates atherogenesis. Ten-week-old
Apoe2/2 mice underwent common carotid interposition grafting with
common carotid arteries from congenic WT mice that were aged either 10
weeks or 18 months. Grafts were harvested 2 weeks post-operatively,
embedded and frozen in OCT compound, then cross-sectioned and stained
with a modified connective tissue stain. Computerized morphometry yielded
the indicated dimensions (n ¼ 5 per group), as described in Materials and
Methods. Compared with WT: ∗P , 0.02 or †P , 0.03. Scale bar: 100 mm
(original magnification ×220).
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outward remodeling was 20% greater in aged than in young
arteries (P , 0.03; Fig. 2).

Mechanisms by which arterial aging may accelerate athero-
sclerosis include the activity of gene products upregulated by
nuclear factor-kB (NFkB), a pro-inflammatory transcription
factor whose p65 subunit is itself upregulated with aging in
human endothelial cells (19). Two such NFkB-regulated

gene products include the chemokine MCP-1 and the adhesion
molecule ICAM-1, both of which serve vital roles in the
recruitment of monocytes to, and the retention of monocytes
in, the arterial intima (20). Indeed, expression of ICAM-1
and MCP-1 protein in aged artery grafts was 1.9+ 0.4- and
1.9+ 0.2-fold greater, respectively, than that observed in
young artery grafts (P , 0.02; Fig. 3). This higher level of
chemokine and adhesion molecule expression in aged artery
grafts would be expected to enhance macrophage infiltration
of aged, compared with young artery grafts—and such was
the case: the prevalence of macrophages was 2.5+ 0.5-fold
higher in aged than in young artery grafts (P , 0.04; Fig. 3).

Although inflammatory changes and macrophage recruit-
ment were greater in aged than in young arteries, proliferation
of medial SMCs was greater in young than in aged arteries
(Fig. 3). Indeed, compared with aged arteries, young arteries
showed a 65% higher prevalence of medial cells that stained
for proliferating cell nuclear antigen (PCNA). This finding
accords with previous in vitro studies demonstrating that
SMCs from aged arteries proliferate more slowly than SMCs
from young arteries (2).

The enhancement of atherosclerosis in aged arteries
remained evident even 7 weeks post-operatively, when ather-
osclerosis was far advanced in both aged and young carotid
arteries. Neointimal area was 63% greater in aged than in
young carotid grafts (P , 0.03), luminal area was 2-fold
smaller and arterial external diameter was 20% greater
(reflecting greater outward remodeling) (Fig. 4).

Plaque hemorrhage also distinguished advanced plaques of
aged arteries from those of young arteries (Fig. 4). We
found intra-plaque (yet extravascular) erythrocytes in six out
of eight aged specimens, but in none of nine young specimens
(P , 0.05). Whether plaque rupture occurs in mouse arteries
remains a controversial issue (21). However, the possibility
of plaque rupture as a cause of plaque hemorrhages in the
aged carotid grafts is suggested not only by proximity of the
plaque hemorrhages to the lumen, but also by the presence
of ‘buried fibrous caps’ within atheromata of the aged speci-
mens (Fig. 4) (21).

Atheromata in aged arteries, to a greater degree than athero-
mata in young arteries, demonstrated several features predis-
posing to plaque instability (21,22). In aged artery plaques,
the prevalence of SMCs was 50+ 30% less than in young
arteries—a difference particularly noticeable in the fibrous
cap region of the plaque (P , 0.03; Fig. 5) and congruent
with the reduced medial PCNA staining we observed in
2-week-old aged grafts (Fig. 3). Conversely, the prevalence
of macrophages in aged artery plaques was 130+ 30%
greater than in young artery plaques (P , 0.03; Fig. 5).
Perhaps as a consequence of increased macrophage preva-
lence, or perhaps as a consequence of diminished anti-oxidant
gene expression in aged arteries (3), aged arteries also demon-
strated 2.5+ 0.5-fold greater neointimal and medial nitrotyro-
sine than young arteries (Supplementary Material, Fig. S3).
Consistent with diminished SMC prevalence in the plaque,
aged artery plaques also demonstrated 40+ 10% lower col-
lagen density than plaques in young arteries (P , 0.04;
Fig. 5). Aged artery plaques also expressed 2.4+ 0.5-fold
more vascular cell adhesion molecule-1 (VCAM-1) than
young artery plaques and contained 1.5+ 0.2-fold more

Figure 3. Aged arteries demonstrate greater macrophage recruitment and less
SMC proliferation than young arteries during early atherogenesis.
Two-week-old grafts from Figure 2 were immunostained for the indicated pro-
teins and counterstained for nuclear DNA (blue). Protein immunofluorescence
was then normalized to nuclear fluorescence within each microscopic field, as
described in Materials and Methods. The means+SE from four or more
arteries are plotted. Compared with young specimens: ∗P , 0.05. Scale
bars: 50 mm (original magnification ×440).
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matrix metalloproteinase-9 (MMP-9) (P , 0.04; Fig. 5)—both
findings consonant with the increased macrophage prevalence
in plaques from aged arteries. Lastly, the prevalence of apop-
totic cells was higher in plaques of aged, compared with young
arteries, particularly in the fibrous cap region, as reflected by
2.1+ 0.7-fold greater intensity of cleaved caspase-3 immuno-
fluorescence per cell (Fig. 5).

Tnfr1 is upregulated in aged arteries

Because aged carotids demonstrate greater expression of
MCP-1 and ICAM-1 during early stages of atherogenesis,
and because arterial wall expression of these genes depends
largely upon TNFR1 signaling in arterial wall cells (4), we
reasoned that TNFR1 could contribute to the accelerated
atherosclerosis observed in aged arteries—particularly if
aged arteries express higher levels of TNFR1 than young
arteries. To test this possibility, we examined carotid grafts
harvested 1 week post-operatively, before intimal macro-
phages could be detected (data not shown). In these pre-
atherosclerotic arteries, TNFR1 expression was 7+ 3-fold
greater in aged than in young specimens (P ¼ 0.01; Fig. 6).
In contrast, SMC actin expression was indistinguishable
between pre-atherosclerotic arteries from aged and young
mice (Fig. 6).

TNFR1 contributes to aging-dependent atherosclerosis

If age-related enhancement of arterial wall TNFR1 expression
is causally related to aging-promoted acceleration of athero-
sclerosis, then elimination of TNFR1 from the arterial wall
should substantially reduce aging-dependent atherogenesis.
To test this expectation, we repeated our carotid grafting
experiments with aged and young carotid artery donors that
were deficient in TNFR1 (from Tnfr12/2 mice). Young
Tnfr12/2 carotid grafts developed only 50% as much neointi-
mal area as young WT carotid grafts, and only 60% as much
luminal stenosis (Fig. 7), as we found previously (4).
However, in striking contrast to WT arteries, there was no
aging-dependent atherosclerosis in Tnfr12/2 arteries: neointi-
mal, medial and lumen areas were equivalent in aged and
young Tnfr12/2 grafts (Fig. 7). Unlike WT arteries, aged
and young atherosclerotic Tnfr12/2 arteries also demonstrated
equivalent prevalence of SMC-like cells, macrophages and
apoptotic cells, as well as equivalent levels of VCAM-1 and
collagen I protein expression (data not shown). It is also note-
worthy that no plaque hemorrhage could be detected in aged
Tnfr12/2 carotid grafts. Furthermore, Tnfr1-dependent differ-
ences between aged carotid arteries were greater than
Tnfr1-dependent differences between young arteries, and
substantially greater than aging-dependent differences
observed in WT arteries (Fig. 7). Thus, arterial wall expression
of TNFR1 indeed appears to contribute to aging-dependent
atherosclerosis.

Figure 4. Arterial wall aging exacerbates plaque hemorrhage and arterial
outward remodeling. Carotid grafts were harvested 7 weeks post-operatively,
after perfusion–fixation. Paraffin sections were stained with a modified con-
nective tissue stain (see Materials and Methods). Computerized morphometry
yielded the indicated dimensions from six or more arteries of each type. Com-
pared with young grafts: ∗P , 0.01. Open arrows, closed arrows and asterisks

indicate cholesterol clefts, plaque hemorrhage and lumen, respectively. Scale
bars: 100 mm (original magnification ×200). The middle image was concate-
nated with Image-Pro Plusw (Media Cybernetics).
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DISCUSSION

Through complementary approaches in humans and mice, our
studies implicate TNFR1 in the pathogenesis of aging-related
atherosclerosis. Two independent human cohorts support the
association of TNFR1 SNPs with CAD, and at least one
TNFR1 SNP appears to modify the effect of age on CAD.
These association data in humans resonate with our mouse
data, which demonstrate not only that arterial wall aging

Figure 5. Aged artery grafts demonstrate diminished SMC and collagen
content, but greater macrophage prevalence and apoptosis than young artery
grafts. Carotid grafts harvested 7 weeks post-operatively were immunostained
for the indicated proteins and counterstained for DNA (blue). Data were quan-
titated from four or more arteries, as in Figure 3. Compared with young grafts:
∗P , 0.01. Arrows indicate locations of the internal elastic laminae (IEL).
Scale bars: 100 mm (original magnification ×220 or ×440).

Figure 6. Aging upregulates arterial TNFR1 expression. Carotid grafts from
mice of the indicated age and genotype were harvested 1 week post-
operatively, immunostained for the indicated proteins and counterstained for
DNA (blue). Data were quantitated as in Figure 3; means+SE from four
or more arteries are presented. Relative to Tnfr12/2 (‘KO’) grafts: ∗P ,
1024; relative to young WT grafts: #P , 1023. Lumen is upward. Scale
bars: 50 mm (original magnification ×440).
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accelerates atherosclerosis, but also that this aging-dependent
acceleration is abrogated when arterial wall cells lack TNFR1.
These novel findings comport cogently with our data regarding
arterial wall TNFR1 expression, which increases both with
aging and with the earliest stages of atherogenesis.

We built our human study on the findings of Poirier et al.
(11), by genotyping the same set of TNFR1 SNPs identified
among premature MI patients by that group, and then extend-
ing that set of SNPs with tagSNPs so as to cover common
genetic variation throughout the entire human TNFR1.
Poirier et al. used single-strand conformational polymorphism
and sequencing analysis on only �26% of the total TNFR1
gene, predominantly on coding sequences, to identify
CAD-associated TNFR1 SNPs, and subsequently found that
the 92Q allele of TNFR1 (rs4149584) was associated with

increased risk of MI among UK and French residents of Euro-
pean descent. Although we observed evidence of 92Q allele
transmission to affected siblings in GENECARD, our CAD
cases from CATHGEN and GENECARD did not demonstrate
greater frequency of the 92Q allele than our controls, even
though the absolute 92Q frequency in our cohorts was
similar to that observed by Poirier et al. in their control
groups (1.6–2%; Supplementary Material, Table S3) (11).

Because Poirier et al. did not fully sequence the introns of
TNFR1 (11), they did not assess the two TNFR1 tagSNPs
most closely associated with CAD in our case–control
studies. Moreover, these two TNFR1 tagSNPs were not in
linkage disequilibrium (LD) with any of the SNPs associated
with MI by Poirier et al. (11) (Supplementary Material,
Fig. S4). Consequently, their data can be used neither to vali-
date nor to refute our findings. However, the inability of
Poirier et al. to find association between MI and TNFR1
SNP rs12426675 may, at first, appear to conflict with our ana-
lyses (Supplementary Material, Table S2) (11). Nonetheless, it
is important to note that this inter-analysis discrepancy may be
attributable to differences in the age range of subjects studied:
our strongest CAD associations for TNFR1 SNPs occurred in
subjects aged ≥56 years (range 56–91), whereas the mean
age studied by Poirier et al. was 56 years (range 28–72)
(11). As Figure 1 illustrates, the interaction among CADi,
age and TNFR1 genotype could obscure an SNP/CAD associ-
ation if only a limited range of ages was studied. The impor-
tance for genetic association studies of accurately taking age
into account has only recently been illustrated, in a study of
age-varying association between a ROBO1 SNP and obesity
(23). Therefore, together with results from Poirier et al., our
results lend support to the notion that genetically complex dis-
eases such as CAD may have a spectrum of genetic suscepti-
bility variants: from rare coding polymorphisms more easily
identified in strongly genetic cases such as early-onset familial
cases, to common polymorphisms identified only in large
case–control samples containing subjects of the requisite
age ranges.

The importance of age in atherosclerosis risk often prompts
study designs to incorporate age, as we did by selecting cases
and controls on the basis of both age and CADi. However, if
one considers the age variable only categorically, by strata,
and not continuously, then one may obscure or completely
miss genetic associations characterized by age-dependent
associations (23). For this reason, we have attempted to
account for the entire range of age in our CAD cases by imple-
menting a novel study design in which the case–control
sample set is augmented by a random sample of subjects
from the rest of the CATHGEN cohort. This approach is
similar to the cohort sampling approach that has been shown
to be an efficient method for detecting gene–environment
interactions (24).

In our human genetic studies, we initially associated TNFR1
SNPs with CAD in older subjects (≥56 years old) and sub-
sequently confirmed these associations in the GENECARD
study of early-onset CAD. Because GENECARD CAD
probands were younger than older affected CATHGEN CAD
cases, the association of TNFR1 SNPs with CADi in both
GENECARD and CATHGEN older affected cohorts might,
at first, seem to negate the inference that TNFR1 SNPs

Figure 7. Tnfr1 deficiency abrogates aging-dependent atherosclerosis. Carotid
grafts from mice of the indicated age and genotype were harvested 7 weeks
post-operatively, and processed as in Figure 4. Computerized morphometry
data are plotted from five or more arteries of each type (Tnfr1 KO, ‘KO’).
Compared with cognate WT grafts: ∗P , 0.02. Compared with young WT
grafts: #P , 0.02. Scale bar: 100 mm (original magnification ×220).
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associate with aging-dependent atherosclerosis. However,
although they are chronologically young (by definition), GEN-
ECARD probands—by virtue of early-onset or aggressive
atherosclerosis—may be considered biologically ‘older’, a
general concept that continues to gain credibility (25,26).
Alternatively, the association between CADi and TNFR1 gen-
otype in GENECARD probands could result from issues per-
tinent to familial transmission of CAD in this young cohort of
subjects. To test whether this possibility might obtain in our
CATHGEN “young affected” cohort, we performed analyses
stratified by family history. The results of our study were
not changed in the stratified analysis, i.e. in young affected
subjects with or without a family history of CAD, there was
no significant association between CADi and TNFR1 genotype
(data not shown), despite a 55% prevalence of CAD family
history in this sample. Thus, with regard to increasing the
risk of atherosclerosis, the relationship between age, TNFR1
genotype and CAD family history remains to be elucidated.

The association we found between three TNFR1 SNPs and
CAD in aged humans serves to highlight the potential impor-
tance of TNFR1 in aging-dependent atherosclerosis. Although
these intronic TNFR1 SNPs are not yet known to affect TNFR1
expression or TNFR1 function, at least one SNP could concei-
vably augment TNFR1 expression. Compared with the major
allele of TNFR1 SNP rs4149573, the risk (G) allele would
be predicted to lose the ability to bind myoneurin, a transcrip-
tional regulator believed to reduce gene expression (27).
Additionally, it is possible that the TNFR1 alleles that actually
affect TNFR1 expression or TNFR1 function were not dis-
cerned by our analysis of TNFR1 tagSNPs, but exist nonethe-
less in LD with the SNPs that we did associate with
aging-related atherosclerosis. Review of HapMap LD patterns
in the region surrounding TNFR1 does not suggest that there
are SNPs in high LD with the identified TNFR1 SNPs (Sup-
plementary Material, Fig. S4). Furthermore, the association
in GENECARD families between CADi and coding poly-
morphisms identified by Poirier et al. suggests that both rare
and common SNPs contribute to the association of TNFR1
with CAD. Thus, our association analysis serves less to impli-
cate specific TNFR1 alleles in aging-related atherogenesis than
it does to implicate TNFR1 generally in aging-related athero-
genesis. Having associated TNFR1 with aging-related athero-
sclerosis, we tested the causality of this association in mice,
using the limit case of Tnfr1 expression differences:
Tnfr12/2 and WT arteries.

Our mouse atherosclerosis model allows us to distinguish
aging of the arterial wall from aging of other systems believed
to be pertinent to atherogenesis (3,25). Importantly, genotype-
specific results obtained with this model accord with results
obtained in standard aortic atherosclerosis experiments (4).
Assessed as expression of chemokine and adhesion molecules
or macrophage prevalence, aged arteries demonstrated
enhanced macrophage recruitment reminiscent of that
observed with senescent endothelial cells (2) and consistent
with the upregulation of MCP-1 observed in aged, non-
atherosclerotic rat aortas (6,28). Macrophage recruitment in
young arteries appears to depend significantly upon arterial
wall TNFR1, which promotes the preponderance of
(NFkB-dependent) MCP-1, ICAM-1 and VCAM-1 expression
in the artery (4). Enhancement of macrophage recruitment in

aged arteries may, therefore, plausibly be attributed to
aging- and atherosclerosis-dependent upregulation of arterial
TNFR1, as we observed, and/or arterial TNF (28), the
pro-atherogenic actions of which are mediated principally by
TNFR1 (4,29). Indeed, the elimination of enhanced macro-
phage recruitment by the elimination of TNFR1 in aged
arteries (Fig. 7) strongly supports this inference.

Augmentation of aging-dependent atherosclerosis by
TNFR1 accords well mechanistically with what is currently
known about both TNFR1 signaling and effects of aging on
vascular cells. TNFR1 signals through NAD(P)H oxidase in
SMCs (30) as well as in other cells; oxidative signaling is aug-
mented in aging arteries (28); and TNFR1 oligomerization and
signaling are augmented by oxidative stress (31). Aging has
been associated with diminished arterial expression of anti-
oxidant genes (3), as well as enhanced endothelial expression
of NAD(P)H oxidase and NFkB (19), the (pro-inflammatory)
activity of which is potentiated by reactive oxygen species
(28). That oxidative signaling contributes to aging-dependent
atherosclerosis is highlighted by the ability of the NAD(P)H
oxidase inhibitor apocynin to mitigate aging-dependent ather-
osclerosis (3).

If TNFR1 indeed contributes to aging-dependent athero-
sclerosis in humans, we would predict that anti-TNF therapies
should mitigate atherosclerosis in aging animals. Using vascu-
lar inflammatory markers in aged rats, Csiszar et al. (32) have
provided data congruent with this prediction. However,
limited human data available thus far do not support this pre-
diction. Anti-TNF therapy given as etanercept provided no
benefit in terms of death or heart failure hospitalizations to
683 subjects with NYHA Class II–IV chronic heart failure
in the Randomized Etanercept Worldwide Evaluation
(RENEWAL) trial, which studied subjects with predominantly
(�60%) ischemic cardiomyopathy (33). MI incidence was not
reported in this trial, however; median follow-up was only
5.7–12.9 months at the time RENEWAL’s component trials
were prematurely terminated, and the trial’s results may
have been confounded by excess prevalence of diabetes in
the etanercept group (33). Moreover, it is not yet known
whether RENEWAL used optimal dosing or agent for
anti-TNF therapy, whether CAD was so far advanced in
RENEWAL subjects that anti-TNF therapy could not reduce
MI, or whether a pharmacogenomic interaction might exist
between TNFR1 genotype and etanercept efficacy. It is also
worth noting that although antagonizing TNFR1 activity
may prove anti-atherogenic, neutralizing TNF—as with
etanercept—may not. TNF activates both TNFR1, which is
pro-atherogenic (4), and TNFR2, which, by promoting
endothelial cell survival, may be anti-atherogenic (29). Our
findings suggest that expression of TNFR1, at least in the arter-
ial wall, contributes to aging-dependent atherosclerosis.
Whether specific pharmacological antagonism of TNFR1
will prove anti-atherogenic remains to be determined.

MATERIALS AND METHODS

CAD case–control studies

CATHGEN participants were recruited sequentially through
the cardiac catheterization laboratories at Duke University
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Hospital (Durham, NC, USA) with approval from the Duke
Institutional Review Board. All participants undergoing cathe-
terization were offered participation in the study and they pro-
vided informed consent. Medical history and clinical data
were collected and stored in the Duke Information System
for Cardiovascular Care database maintained at the Duke
Clinical Research Institute (34). The full CATHGEN cohort
comprised 8449 subjects. For this study, controls and cases
were chosen from the cohort on the basis of their CADi, a
numerical summary of coronary angiographic data that incor-
porates the extent and anatomical distribution of CAD (35), as
we have reported previously (12,36–39). CADi predicts clini-
cal outcome more accurately than just the extent of CAD (40).
We designated those subjects with a CADi ≥32 as ‘affected
with CAD’ (41). However, for patients .55 years old, we
designated subjects with a CADi ≥74 as ‘affected with
CAD’ to adjust for the higher baseline extent of CAD in this
older group. Medical records were reviewed to determine
the age of onset of CAD (the age at first documented coronary
revascularization, MI or cardiac catheterization showing the
above-defined CAD indices). CATHGEN cases were stratified
into the following groups: (a) young affected (age of onset
≤55 years, n ¼ 656), (b) older affected (age of onset .55,
n ¼ 264) and (c) older normal controls (subjects ≥60 years
old, with no CAD on angiography and no history of cerebro-
or peripheral vascular disease, MI or coronary revasculariza-
tion, n ¼ 410). These age limits were based on the incidence
curves of CAD and the estimates of genetic effect at various
ages (13–15). We performed analyses for all subjects and
for whites only.

The case–control selection scheme described above ident-
ified CATHGEN subjects at the extremes of the distributions
for CADi and age. In order to test for an age-by-genotype
interaction with CAD severity as the outcome, we selected
an additional random sample of 481 CATHGEN subjects
from across all strata of age and CADi. We assigned sampling
probabilities as a function of CADi, age (in 5 year increments)
and the total number of CATHGEN subjects with that CADi—
age combination. Sampling probabilities were �1.0 in the
CADi/age categories defining case–control subsets. A total
of 1330 individuals were selected for the case–control
subsets defined above as young affected, older affected and
older normal. Including these subjects and the 481 subjects
from the CATHGEN ‘random sample’, we constituted a
sample (n ¼ 1811) that spans the entire range of age (18–91
years) and CADi (Table 1). Consequently, applying these
sampling probabilities as observation weights allows an
unbiased analysis of age and genotype effects on the CADi
in the CATHGEN cohort.

GENECARD is a multicenter, international study of
families with at least two siblings with early-onset CAD as
documented in the medical record and as we have reported
previously (42,43). Enrollment spanned March 1998 through
31 March 2002. All subjects signed consent forms approved
by local Institutional Review Boards. The characteristics of
the probands in this study group are summarized in Table 1
and in our previous work (42,43). Our collection includes,
from all families, a large number of subjects designated as
‘unaffected by CAD’—signifying probands’ siblings and rela-
tives who have not been diagnosed with CAD, and are .55

years old (men) or .60 years old (women), for a total of
2954 subjects in 1101 families. For the purposes of providing
an additional CAD case comparison group, we selected the
759 probands from the US-based GENECARD collection
sites. These individuals were compared with CATHGEN
controls.

Selection of polymorphisms to genotype in TNFR1
(TNFRSF1A)

The HapMap (http://www.hapmap.org) and SeattleSNPs (http://
pga.gs.washington.edu/) databases were used to identify SNPs
which represent all of the variation (tagSNPs) within the
TNFRSF1A gene (TNFR1) as well as within 3000 bp both
upstream and downstream of the gene (to account for putative
promoter and downstream regulatory elements). A total of 11
validated tagSNPs were identified with a minor allele frequency
of ≥5% among Caucasian Americans of European descent.
LDSelect (44) and Tagger (45) were used to determine that
these SNPs, using an r2 cutoff of 0.7, represent 11 LD bins.
Each of these tagSNPs was genotyped in our CATHGEN
sample. In addition, 10 novel TNFRSF1A polymorphisms were
previously identified within subjects with premature MI
(Supplementary Material, Table S3) (11), and we incorporated
these into our study: 3 were already among the tagSNPs we
selected; 2 were found to be monomorphic (and were, therefore,
not included in the analysis); 5 SNPs were added to our 11 vali-
dated tagSNPs, so that we genotyped a total of 16 TNFR1 SNPs.

Genotyping methods

Genomic DNA for CATHGEN and GENECARD was
extracted from whole blood using the Puregene system
(Gentra Systems, Minneapolis, MN, USA) in the Duke
Center for Human Genetics DNABank. All SNPs were geno-
typed at the Duke Center for Human Genetics genotyping lab-
oratory using TaqMan allelic discrimination assays. A total of
15 quality control samples—composed of six reference geno-
type controls in duplicate, two CEPH (Centre d’Étude du
Polymorphisme Humain) pedigree individuals and one
no-template sample—were included in each quadrant of the
384-well plate. SNPs that showed mismatches on quality
control samples were reviewed by an independent genotyping
supervisor for potential genotyping errors. All SNPs examined
were successfully genotyped for ≥95% of the individuals in
the study. Among SNPs that passed genotyping quality
control, error rates (determined by blinded duplicate
samples) were ,0.2%.

Statistical analysis of genetic epidemiological data

All SNPs were tested for deviations (P ≤ 0.0001) from
Hardy–Weinberg equilibrium (HWE) in the affected and
unaffected groups. None of the SNPs assayed showed devi-
ation from HWE. LD between pairs of SNPs was assessed
using the Graphical Overview of Linkage Disequilibrium
package (46). SAS 9.1 (SAS Institute, Cary, NC, USA) was
used for statistical analysis. Association between CAD and
TNFR1 SNPs was evaluated using multivariable logistic
regression modeling in CATHGEN cases, GENECARD
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probands and CATHGEN controls adjusted for covariates of
race, sex and known CAD risk factors (history of hyperten-
sion, history of diabetes mellitus, body mass index (BMI),
history of dyslipidemia and smoking history). These adjust-
ments could hypothetically allow us to control for competing
genetic pathways that are independent risk factors for CAD,
thereby allowing us to detect a separate CAD genetic effect.
We fitted the regression models for all subjects with an indi-
cator for race in the model, and also for white subjects only.
The results were similar for both analyses (data not shown).

To determine whether the relationship between CADi and
genotype varies across the age range in our study, we per-
formed analyses to evaluate age-by-genotype interactions.
We used regression analysis as implemented in PROC SUR-
VEYREG in SAS version 9.1 (SAS Institute), with CADi as
the dependent variable. Each observation was weighted by
the sampling probabilities defined above. The regression
models included CAD risk factors, race, age, genotype and
an age-by-genotype interaction term. A significant regression
coefficient for the interaction term suggests that the relation-
ship between CADi and aging is modified by genotype.
Using the sample weights also allows unbiased estimates of
genetic effects for the entire Duke Catheterization cohort.

We also performed family-based association analysis for
CAD and our 16 TNFR1 SNPs in GENECARD families
using the association in the presence of linkage (APL) test
(47) and the pedigree disequilibrium test (PDT) (48), both of
which test the hypothesis that there is distortion of trans-
mission to affected children. The APL test uses nuclear
families (including affected sibling pair families) with appro-
priate inference in regions of linkage when parents are
missing. The APL test was performed on the full GENECARD
data set of 1101 families. The PDT test uses any type of pedi-
gree, but requires genotypes for parents or unaffected siblings
to evaluate allelic transmission; 234 GENECARD families
were appropriate for PDT analysis. Thus, the APL and PDT
may detect slightly different effects in different subsets of
the data, such as individuals with one or more parents or unaf-
fected siblings available to provide a DNA sample.

Mouse atherosclerosis studies

All mouse experiments complied with Duke University Insti-
tutional Animal Care and Use Committee guidelines. WT,
Tnfr12/2 and Apoe2/2 mouse lines were congenic in the
C57BL/6 background, obtained from Jackson Laboratories,
and interbred with each other every fifth generation to mini-
mize genetic drift. PCR genotyping was performed by proto-
cols specified by Jackson Laboratories. All mice were fed
Purina Breeder Chow.

Carotid interposition grafting was performed as we
described previously (4). The right common carotid artery
from WT or Tnfr12/2 ‘donor’ mice (�8 mm long) was trans-
planted orthotopically into Apoe2/2 ‘recipient’ mice.
Anesthesia for both donor and recipient mice was achieved
with pentobarbital (50 mg/kg, i.p.). Because the recipient
common carotid was ligated and cut after end-to-side anasto-
moses were completed, all right carotid blood flow was con-
ducted through the graft. Donor mice were gender-matched
across surgical groups, stratified by age: ‘young’ (10+ 2

weeks old) or ‘aged’ (79+ 2 weeks old). Whereas young
donor mice weighed less than aged donors (21+ 3 versus
33+ 8 gm), dimensions of the right common carotid artery
(cross-sectional areas of the lumen and media) were indistin-
guishable between young and aged cohorts (data not shown).
The Apoe2/2 recipient mice were only young (10+ 2
weeks old); they were gender-matched across surgical
groups and had equivalent weights (22+ 4 g). After carotid
interposition grafting, Apoe2/2 recipient mice were housed
singly, fed normal chow and sacrificed at 1, 2 or 7 weeks post-
operatively. Carotid grafts were harvested as described (4),
either after perfusion fixation at 80 mmHg (for paraffin-
embedded specimens used for morphometry) or after PBS
perfusion, embedding in OCT compound and freezing (for
immunostaining).

Analyses of carotid artery grafts

For morphometry, we stained 5 mm sections of
paraffin-embedded grafts with a modified Masson’s trichrome
and Verhoeff’s elastic tissue stain, as described (49), to render
collagen green, elastin and nuclei black, and cytoplasm red.
With Scion ImageTM, neointimal area was calculated from
×220 photomicrographs after tracing perimeters of the endo-
thelium and the internal elastic lamina; medial area was
measured similarly between the internal and external elastic
laminae; arterial external diameter was calculated from the
perimeter of the external elastic lamina, dividing by p. Identi-
fication of intra-plaque erythrocytes and specimen morphome-
try were performed by observers blinded to specimen identity.

Immunofluorescence was performed as described (50), with
IgGs from the following sources: goat or rabbit IgG targeting
ICAM-1 (sc-7897), VCAM-1 (sc-8304), MCP-1 (sc-1784),
TNFR1 (sc-7895), MMP-9 (sc-6841), apoE (sc-6385) or
MMP-9 (sc-6841) from Santa Cruz Biotechnology, Inc;
mouse IgG2a and IgG1, respectively, targeting PCNA and col-
lagen I, and rabbit IgG targeting nitrotyrosine from
Sigma-Aldrich, Inc; rabbit IgG targeting cleaved (activated)
caspase-3 from Cell Signaling Technology, Inc.; FITC-
conjugated rat M3/84 IgG1(k) targeting Mac3 (macrophage
antigen) from BD Pharmingen, Inc. Non-immune goat or
rabbit IgG, isotype control mouse IgG or FITC-conjugated
rat IgG1k was used on cognate sections to determine non-
specific fluorescence. Cy3-conjugated 1A4 IgG (Sigma) was
used to detect SMC a-actin; the DNA-binding fluorophore
Hoechst 33342 (10 mg/ml) was added to secondary antibody
incubations. To minimize elastic laminae fluorescence, we
used 0.2% gelatin in both blocking and IgG diluent buffer:
20 mmol/l Tris–Cl (pH 7.5)/125 mmol/l NaCl/0.1% (vol./
vol.) Tween-20. Single microscopic fields were imaged for
multiple fluorophores, and protein immunofluorescence was
quantitated by normalizing to nuclear DNA fluorescence (as
a measure of cellularity), exactly as described (50). All speci-
mens stained within a single batch were imaged with identical
CCD camera settings. In all cases, non-specific fluorescence
(with non-immune primary IgG) was subtracted from total flu-
orescence (with specific primary IgG) to obtain antigen-
specific fluorescence. Immunofluorescence was quantitated
by observers blinded to specimen identity. Before surgery,
there was equivalent apoE expression in carotid arteries
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from mice of both ages and genotypes used (Supplementary
Material, Fig. S2; data not shown).

Statistical analyses of carotid artery grafts

Data are presented as mean+SD in the text, and +SE in the
figures. Morphometry and protein expression data were ana-
lyzed by two-way ANOVA with Tukey’s post hoc test for
multiple comparisons. Proportions (for plaque hemorrhage)
were analyzed by Fisher’s exact test.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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