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Abstract

Objectives—The aims of this study were to determine the relative influence of genetic and
environmental contributions to inflammatory biomarkers, and to what extent correlations among
these markers are due to genetic or environmental factors.

Methods—We performed univariate and multivariate genetic analyses of four inflammatory
markers: interleukin-6 (IL-6), soluble IL-6 receptor (sIL-6R), C-reactive protein (CRP), and
fibrinogen, in 166 (88 monozygotic and 78 dizygotic) middle-aged male twin pairs.

Results—The mean age (£SD) of the twins was 54 (£2.93) years. Heritability was substantial for
CRP (0.61, 95% CI: 0.47-0.72) and moderate to fair for IL-6 (0.31, 0.13-0.46), sIL-6R (0.49, 0.30-
0.76) and fibrinogen (0.52, 0.34-0.65). IL-6, CRP and fibrinogen showed significant correlations,
but not with sIL-6R. Multivariate genetic analysis found that these correlations could be best
explained by a common pathway model, where the common factor explained 27%, 73% and 25% of
the variance of IL-6, CRP and fibrinogen, respectively. About 46% (95% CI: 21-64%) of the
correlations among the three inflammatory markers could be explained by the genetic factors. After
adjusting for covariates known to influence inflammation levels, heritability estimates were slightly
decreased but the overall results remained similar.

Conclusions—A significant part of the variation in inflammatory marker levels is due to genetic
influences. Furthermore, almost 50% of the shared variance among these biomarkers is due to a
common genetic factor which likely plays a key role in the regulation of inflammation.
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1. Introduction

The role of the immune system and inflammatory pathways in the development of
atherosclerotic disease is well established [1]. C-reactive protein (CRP), an acute phase
reactant, is an independent coronary heart disease (CHD) risk factor [2—4]. Other established
inflammatory risk markers for CHD include fibrinogen [2] and interleukin-6 (IL-6) [5]. The
pathophysiological effects of 1L-6 depend strongly on a soluble form of the receptor (sIL-6R)
[6,7]. IL-6 and sIL-6R, acting in concert in atherosclerotic plaques, contribute to inflammation
and myocardial injury during the acute phase of myocardial infarction [8,9].

As reported by several twin and family studies, a considerable part of the variation in
inflammatory biomarkers can be explained by genetic factors [10-13]; however, most of these
studies focused on a single inflammatory marker. Substantial relationships among these
markers exist, [5] and some authors have even constructed an “inflammation factor” combining
IL-6 and CRP by using factor analysis or other methods [14]. Taking into account the
complexity of inflammatory pathways and the inter-relatedness of cytokine signaling and acute
phase proteins, it is possible that common genetic factors account for the observed association
among inflammatory markers. Such shared genetic pathways may be important in the complex
orchestration of the inflammatory response. To answer this question, the most efficient design
is a classic twin study incorporating a multivariate analysis [15]. To date, only one study
explored the genetic correlations among these inflammatory variables; however, only bivariate
correlations were reported [11]. In addition, this study was limited to elderly twins who
survived to 73 years old, which might have introduced selection bias [11].

In the present study, we first estimated the magnitude of genetic influences on plasma levels
of IL-6, sIL-6R, CRP and fibrinogen in middle-aged male twins. Next, we determined to what
extent the observed correlations among these inflammatory markers could be explained by the
same genetic factors.

2. Methods

2.1 Subjects

The Twins Heart Study (THS) is an investigation of psychological, behavioral and biological
risk factors for subclinical cardiovascular disease in twins. Participants were members of the
Vietnam Era Twin (VET) Registry, which consists of 7,369 male-male twin pairs born between
1939 and 1955 in which both siblings served on active military duty during the Vietnam era
(1965-1975). The majority (93%) was white and 6.5% was African-American. The
development and characteristics of this registry were reported elsewhere [16].

THS involved a random sample of twin pairs discordant for lifetime history of major depressive
disorder and a random sample of age-, race- and zygosity-matched twin pairs in which both
twins were unaffected by major depression. Twins were selected for participation if they did
not report a history of CHD in previous VET Registry surveys, the latest of which was in 1990
[17]. They were examined at the Emory University General Clinical Research Center between
March 2002 and March 2006, where their medical history was updated. A few twins (n=35)
had developed CHD between 1990 and 2002. These were not excluded, but CHD history was
adjusted for in the analysis (see below). A total of 180 twin pairs were enrolled, of which 68
twin pairs were discordant for history of major depression. In the present study, we focused
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on subacute, low-grade systemic inflammation. Therefore, subjects and their co-twins (14 twin
pairs) with plasma levels of CRP > 10 mg/L or levels of IL-6 > 10 pg/mL, which is generally
considered to reflect acute and clinically significant inflammation, were excluded from the
analyses. Although part of the sample was selected based on the presence of lifetime major
depression, adjusting for major depression did not change the heritability of these inflammatory
markers (see below). Furthermore, when discordant twin pairs were taken out, the results were
virtually identical. To avoid loss of power, the entire sample was then included in the present
analysis. Informed consent was obtained from each subject.

2.2 Measures

All measurements were performed in the morning after an overnight fast, and both twins in a
pair were tested at the same time. A medical history and a physical exam were obtained from
all subjects. Height and weight were measured and used to calculate body mass index (BMI).
Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured by mercury
sphygmomanometer on the right arm with the subject in sitting position after 10 minutes of
rest. The average of two measurements 5 minutes apart was taken. VVenous blood samples were
drawn for the measurements of glucose and lipid profile after an overnight fast. Cigarette
smoking was classified into current, past and never smoking. Physical activity was assessed
by a modified version of the Baecke Questionnaire of Habitual Physical Activity used in the
Atherosclerosis Risk in Communities (ARIC) Study [18]; this is a 16-question instrument
documenting level of physical activity at work, during sports and non-sports activities. The
total physical activity score (work, sports, and non-sports leisure activity) was used in the
analysis. Diabetes was defined as a fasting glucose > 126 mg/dl, or current pharmacological
treatment for diabetes. Hypertension was defined as SBP > 140 mmHg and/or DBP >90 mmHg,
or current pharmacological treatment for hypertension. History of CHD was defined as
previous myocardial infarction, angina pectoris or coronary revascularization procedures.

2.3 Markers of Inflammation

IL-6 and sIL-6R were assessed using commercially available ELISA kits obtained from R and
D Systems. Assays were performed according to manufacturer’s specifications, and all samples
were run in duplicate. Inter- and intra-assay variability of this assay is reliably <10%. CRP was
measured with the Beckman Coulter High Sensitivity C-Reactive Protein assay on the
Synchron LX-20 analyzer. Fibrinogen was measured by using the Dade Behring BCS
coagulation analyzer.

2.4 Statistical Analyses

Initial descriptive analysis examined means and percents of the inflammatory markers and
other study variables. Correlations between inflammatory markers and other cardiovascular
risk factors were assessed using Pearson correlations for continuous risk factors and Spearman
correlations for categorical risk factors. To improve the distributional properties of the
inflammatory markers, data were transformed to the logarithmic scale. Analyses were
performed using the statistical software SAS, version 9.0 (SAS, Inc., Cary, NC).

Structural equation modeling (SEM) was used to obtain estimates of the genetic and
environmental influences on inflammatory factors. The assumptions under these models are
that MZ twins share 100% of their genes whereas DZ twins share, on average, 50% of their
genes. Thus, a greater phenotypic similarity in MZ twins as compared with DZ twins suggests
genetic influences on that trait. Shared environmental factors are assumed to be 100% for both
MZ and DZ twins if siblings were reared together, as in our sample, while unique environment
is not shared between the siblings for either MZ or DZ twins [19]. Model fitting is based on
the comparison of the variance-covariance matrices in MZ and DZ twin pairs and allows
separation of the observed phenotypic variance into additive (A) genetic components and
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shared (C) or unique (E) environmental components. Dividing each of these components by
the total variance yields standardized components of variance. One of these is the heritability
(h2), which can be defined as the ratio of additive genetic variance to total phenotypic variance.
Extension of univariate to multivariate models allows exploration of the question of whether
the origin of the covariance between the different variables is genetically and/or
environmentally determined.

In the present study, we fit both univariate and multivariate models. The intraclass correlations
(ICC) were calculated to assess the similarity in MZ and DZ twins for inflammatory variables,
and the heritability was estimated before and after adjusting for other factors, including age,
BMI, smoking status, physical activity, history of CHD, hypertension, diabetes, and major
depressive disorder. Phenotypic correlations between inflammatory markers were calculated
and all variables showing significant correlations (P < 0.05) were entered into the multivariate
analysis, which tested to what extent these correlations can be explained by common genes or
common environment.

Three types of multivariate models were used: the Cholesky decomposition, the independent
pathway model and the common pathway model [19]. Although all these models decompose
the variance into the three components of variation, A, C and E, each represents different ways
in which genes and the environment may affect the observed covariation between the measures.
Briefly, the Cholesky model represents the most general model, without specific hypotheses
regarding the variance-covariance structure being tested. The number of latent factors equals
the number of variables: the first factor loads on all traits, and the second factor loads on all
traits except the first one, and so on (Figure 1a). The independent pathway model, a submodel
of the Cholesky decomposition, assumes that one common genetic or environmental factor can
explain the covariance structure of the data. Besides these common factors, each outcome
measure is also influenced by specific genetic and environmental factors (Figure 1b). Finally,
the common pathway model is a further simplification of the independent pathway model. Both
genes and environment contribute to one latent (unmeasured) variable, which is responsible
for the observed covariance between the outcome measures. Genetic and environmental factors
specific to each measure are also incorporated in the model (Figure 1c).

A series of models were fitted to multivariate covariance matrices. The significance of A, C
and E was tested by removing them sequentially in specific submodels and comparing these
with the full model. Standard likelihood-ratio tests between models were used to assess the
importance of each variance component (A, C or E) on the fit of the model, leading to a model
in which the pattern of variance-covariance is explained by as few parameters as possible.
Another statistic, the Akaike’s Information Criterion (AIC = y2 — 2*df), was also used to
determine the optimal model fitting, where a lower AIC indicates a more parsimonious and
thus a better fitting model. All genetic model fitting was carried out with the Mx statistical
program [20]. To avoid the potential influences of race/ethnicity and of a previous history of
CHD, we repeated all the analyses after exclusion of Africa-Americans, and after exclusion of
the subjects who developed CHD between 1990 and 2001. The results were virtually identical
and are not reported.

Table 1 shows the distribution of cardiovascular risk factors and the mean concentrations of
inflammatory biomarkers. For all variables, there were no significant differences between MZ
and DZ twins. BMI, physical activity and smoking were highly correlated with IL-6, CRP and
fibrinogen (Table 2). Individuals with a history of CHD, hypertension or diabetes had higher
levels of some inflammatory markers, but not others.
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3.1 Heritability Estimation and Univariate Model Fitting

The intraclass correlations in MZ twins were consistently higher than those in DZ twins for all
inflammatory markers, indicating genetic influence (Table 3). This was confirmed by
univariate analysis. The best fitting models for IL-6, CRP and fibrinogen included only genetic
and unique environmental contributions. Only for sIL-6R did the best fitting model include
both genetic and shared environment as well as the unique environment (Table 3). The
heritability of IL-6 was estimated at 31% (95% CI: 13-46%). Genes accounted for 61% (95%
Cl: 47-72%) of the variance for CRP, and 52% (95% CI: 34-65%) of the variance for
fibrinogen. For sIL-6R, the heritability was 49% (95% CI: 30-76%) and the common
environmental effect was 44% (95% CI: 17-63%). After adjusting for age, BMI, smoking
status, physical activity, history of CHD, hypertension, diabetes, and major depressive disorder,
the heritability estimations for all inflammation variables were slightly decreased but the
overall results remained similar (data not shown).

3.2 Phenotypic Correlations

The sIL-6R showed no relation with the other three inflammatory markers (r=—0.03, 0.04 and
0.02 for IL-6, CRP and fibrinogen respectively, P>0.5), and was removed from subsequent
multivariate analyses. In contrast, strong correlations were observed between CRP and IL-6
(r=0.44, p<0.001), CRP and fibrinogen (r=0.42, P<0.001), and IL-6 and fibrinogen (r=0.26,
P<0.001).

3.3 Multivariate Model Fitting

Consistent with the univariate genetic models, the multivariate genetic models consisted of
additive genetic factors and unique environmental factors. Compared with the Cholesky model
(AIC=-815) and independent pathway model (AIC=-816), the common pathway model (AIC=
—817) was the best fitting multivariate model explaining the relationship between IL-6, CRP
and fibrinogen, which consisting of one latent common factor influenced by genetics and
unique environment. This latent common factor was characterized by high loading of CRP,
moderate loading of IL-6, and small loading of fibrinogen. Apart from this common factor,
there were also specific genetic and unique environmental influences on I1L-6 and fibrinogen,
except for CRP, for which no specific unique environmental influences were detected. The
variance of each marker that can be explained by the common factor and specific factor is
shown in Figure 2. As noted, most of the variance of IL-6 and fibrinogen was explained by the
specific factors (73% and 75% respectively), while the common factor explained large part of
the variance of CRP (73%). There was no specific unique environmental effect on CRP level.
About 46% (95% Cl: 21-64%) of the correlation between the inflammatory markers can be
explained by genetic factors. The adjustment for covariates didn’t change the results.

4. Discussion

By using a classic twin study and multivariate structural equation modeling, the present study
provides evidence, for the first time, that a latent common genetic factor accounts for a
substantial portion of the observed variability in a number of plasma inflammation biomarker
levels, including IL-6, CRP and fibrinogen.

The 31% heritability for IL-6 is higher than a previously reported estimate of 17% in elderly
twins [11], but lower than that reported for younger twins (58%) [21]. It is possible that the
relative contribution of genetic and non-genetic influences on inflammation may change with
age [21]. Another explanation is that the prevalence of conditions which may trigger
inflammation, such as CHD and diabetes, increases with advancing age, which may contribute
to a larger proportion of unshared unique environment in elderly twins. Our estimate of 61%
heritability for CRP is somewhat higher than in two other twin studies [11,12]; however, one
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of the studies was limited, again, to elderly twins [11] while the other only involved female
twins [12]. Family studies report heritabilities for CRP between 0.25 and 0.40 [10,13]. The
52% heritability estimate that we found for fibrinogen was comparable to or higher than the
estimates from previous studies in twins and families (0.34-0.51) [22,23]. To date, no
information has been published on the heritability of the sIL-6R levels, but the 49% estimate
in our study makes this an interesting candidate trait for future studies to identify quantitative
trait loci (QTL) for inflammation.

We found a substantial correlation among IL-6, CRP and fibrinogen, a finding that was
previously observed [5]. By using factor analysis, Koukkunen et al. extracted an “inflammation
factor” combining IL-6, CRP and fibrinogen, and found that it was a strong predictor of future
coronary events in patients with unstable angina [14]. Our finding that much of the
inflammatory factor (46%) is due to common genetic factors is consistent with the one previous
twin study [11]. Inthis earlier study of elderly twins the authors found a high genetic correlation
between IL-6 and CRP, as well as between IL-6 and fibrinogen, but a small genetic correlation
between CRP and fibrinogen.

The multivariate genetic model in our study showed that the environmental variance of CRP
plasma level is caused by the common factor (Figure 2). In addition, most of the variance of
CRP (73%) was explained by unique environmental or genetic factors common to all three
inflammatory markers. The role of CRP in development of atherosclerosis has been well
documented, and elevated CRP levels have been associated with the risk of future
cardiovascular events [3,4]. However, whether CRP plays a direct role in cardiovascular risk
or is merely a marker of increased risk is still controversial [24,25]. Our results suggest that
CRP may not have a large unique role in atherosclerosis, but strongly covaries with other
biomarkers; however, additional research is required.

What genes may underlie the genetic correlation among inflammatory biomarkers? Genetic
polymorphisms in or around previously investigated candidate genes for inflammation only
explain a small, insignificant part of the variance of inflammatory biomarker plasma levels.
[11] The heritability of these biomarkers may therefore depend mostly upon enhancer elements
further away from the genes or upon other genes with regulatory function. Recent interest has
focused on heat shock protein transcription factors (HSFs),[26,27] which control the level of
inflammatory cytokines directly via regulation of cytokine genes [26]. For example, HSF1
suppresses the expression of proinflammatory cytokines TNF-o and IL-1B in vitro and in vivo
in mice [26]. HSFs can also affect the inflammatory response indirectly through regulation of
the transcription of heat shock proteins (HSPs) [28]. HSPs are an important family of
endogenous proteins induced in response to environmental stresses [29]. Growing evidence
has demonstrated that HSPs are involved in activation of the innate immune system and
stimulate the expression of inflammatory markers through the CD14 receptor, Toll-like
receptors 2 and 4, or calcium-dependent signaling [30-33]. Because of their physiological and
immunological role, as well as their intercellular signaling capacity, HSF-HSP factors and HSP
receptors should be considered as candidate genes responsible for the plasma level of
inflammatory markers.

Our study has several limitations. First, the sample is derived from a twin registry of military
veterans, where the members may be healthier than, or in other ways different from the general
population of similarly aged Americans [34]. Second, our analyses included only male twins,
and it is difficult to generalize to women. However, the heritabilities of inflammatory markers
in our study are comparable to previous estimates in female twins [12]. In addition, the
correlation among the inflammatory markers in our study was similar to that seen in both men
and women in the general population [5].
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In conclusion, a significant part of the variation in inflammatory marker levels is due to genetic
influences. Furthermore, almost half of the shared variance among inflammatory markers is
due to a common genetic factor. This factor likely plays a key role in the regulation of
inflammation. The specific genetic mechanisms involved in controlling inflammatory response
are unknown but our findings can be used to help guide gene discovery.
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Figure 1.

Figure 1la. Cholesky decomposition of the genetic and environmental factors for inflammatory
markers. A, represents the additive genetic effect on the subset of measures, for example A;
represents the genetic factor loading on IL-6 and the other two markers. E,, represents the
unique environmental factors. For clarity only genetic and unique environmental factors are
illustrated. Similar models will include the shared environmental component (C)

Figure 1b. Independent pathway, where one common genetic factor (Ac) and environmental
factor (E.) explain the relationship among inflammatory markers. Apart from the common
genetic and environmental factors, variation is explained by specific genetic (Ag) and
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environmental (Es) factors. For clarity only genetic and unique environmental factors are
illustrated. Similar models will include the shared environmental component (C)

Figure 1c. Common pathway model where both genes and environment are assumed to
contribute to one latent (unmeasured) variable which is responsible for the correlation among
inflammatory markers. Specific genetic (Ag) and unique environmental (Es) influences are also
incorporated in the model. For clarity only genetic and unique environmental factors are
illustrated. Similar models will include the shared environmental component (C).
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Figure 2.

Variance of inflammatory markers explained by common factors and specific factors. For IL-6
and fibrinogen, about 25% of the variance is explained by common factors, and about 75% by
specific, not shared factors. For CRP, however, most of the variance (75%) is due to common
factors, i.e., factors that are shared with the other biomarkers. There is no specific unique
environmental effect on CRP level. Values in brackets are 95% confidence intervals. IL-6:
interleukin-6; CRP: C-reactive protein.
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Cardiovascular risk factors and concentrations of inflammatory markers in MZ and DZ twins

Risk Factors

Mean + SD or Percent

MZ (N=176) DZ (N=156)
Age, year 54.0 £2.93 54.6 £2.91
Body mass index, kg/m? 28.7+3.70 29.5+5.25
Physical Activity 7.6+1.57 7.3+1.58
Total cholesterol, mg/dL 190.7 + 36.55 187.5 + 38.02
HDL-Cholesterol, mg/dL 38.2£9.42 40.4 + 956
LDL-Cholesterol, mg/dL 128.9+34.01 121.0+32.93
Glucose, mg/dL 97.2 +14.99 103.1 £19.79
Current smoker, n (%) 30 (17.1) 30 (19.2)
History of CHD (yes), n (%) 12 (6.8) 19 (12.2)
Hypertension (yes), n (%) 79 (44.9) 80 (51.3)
Diabetes (yes), n (%) 13(7.4) 16 (10.3)
I1L-6, pg/mL 2.2+1.60 2.1+1.50
SIL-6R 29.4+£9.42 28.4+8.19
CRP 19+201 1.9+1.79
Fibrinogen 323.7 £ 47.65 338.46 + 57.07

MZ, monozygotic; DZ, dizygotic; SD, standard deviation; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CHD, coronary heart disease;
IL-6, interleukin-6; sIL-6R, soluble interleukin-6 receptor; CRP, C-reactive protein
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Table 2

Correlations between cardiovascular risk factors and the inflammatory markers

Page 13

Variables LnIL-6 LnsIL-6R Ln CRP Ln Fibrinogen
Age? 0.007 016" 0.05 0.04
Body mass index® 0.13% -0.01 033 017"
Physical activity? —0.24* 0.06 —0.28* -0.15°
Smoking status 0.24% -0.06 0.12° 0.20%
History of CHD 0.21% -0.13° 0.10 -0.07
Hypertension 0.08 0.13° 0.12° -0.02
Diabetes 0.12° ~0.10 0.09 0.03
OP <0.05

7LP <0.01

iP <0.001

a . - . .
Pearson correlation coefficients for continuous variables

b . -, . .
Spearman correlation coefficients for categorical variables

Ln, natural logarithm; CHD, coronary heart disease; IL-6, interleukin-6; sIL-6R, soluble interleukin-6 receptor; CRP, C-reactive protein
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