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a b s t r a c t

Previous epidemiologic studies have evaluated the use of immunological markers as possible tools for
measuring ageing and predicting age-related pathology. The importance of both genetic and environmen-
tal influences in regulation of these markers has been emphasized. In order to further evaluate this rela-
tionship, the present study aims to investigate the relative influence of genetic and environmental factors
on four key cytokines involved in the human immune response (Interleukin (IL)-1b, IL-6, IL-10 and Tumor
Necrosis Factor (TNF)-a). In addition, the role of age as a possible moderator on these influences was eval-
uated.
Methods: The study was conducted in 1603 females from the Twins UK registry, with mean age ±SD of
60.4 ± 12.2 years, including 863 monozygotic twins (385 pairs and 93 singletons) and 740 dizygotic twins
(321 pairs and 98 singletons). Heritability was estimated using structural equation modeling. The role of
age as a moderator was evaluated using gene-age interaction models.
Results: Heritabilities were moderate for IL-1b (range: 0.27–0.32) and IL-10 (0.30) and low for IL-6
(range: 0.15–0.16) and TNF-a (range: 0.17–0.23). For IL-1b, heritability declineswith age due to an increase
in unique environmental factors. For TNF-a, heritability increases with age due to a decrease in unique
environmental factors.
Conclusion: The current findings illustrate the importance of genetic and environmental influences on four
cytokines involved in the human immune response. For two of these there is evidence that heritability
changes with age owing to changes in environmental factors unique to the individual.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

With a growing number of elderly in modern society, under-
standing ageing and age-related pathology is an increasingly
important issue for current and future healthcare initiatives.
Although the role of genetic [1] and environmental factors [2]
influencing ageing are appreciated, the precise molecular and cel-
lular mechanisms involved are still unclear [3].

The use of biochemical biomarkers for measuring ageing has
been evaluated, in an attempt to identify individuals who are more
prone to age-related pathology. In this context, it has been demon-

strated that ageing is known to be associated with a low grade ele-
vation of inflammatory factors, attributed to the dysregulation of
immune and inflammatory pathways with ageing [4–7]. In accor-
dance with these findings, it has been demonstrated that chronic
inflammation predisposes to long-term morbidity and mortality
from many chronic, age-related diseases (such as chronic pulmon-
ary cardiovascular disease [8–11].

The synthesis and regulation of serum levels of inflammatory
factors has been extensively studied, showing the significance of
both environmental and genetic influences in this process [12–
15]. The findings on the magnitude of genetic influences (heritabil-
ity) are very inconsistent however, possibly due to relatively small
sample sizes used. Furthermore, there are no studies which have
evaluated the changes in environmental and genetic processes
with age, in order to investigate the origin of the dysregulation
of immune and inflammatory status with advancing age.

The present study aims to assess the genetic and environmental
influences on baseline serum levels of four key cytokines involved
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in the human inflammatory response, measured in a large cohort of
female twins. IL-1b is an important mediator in the inflammatory
process inducing cellular proliferation and apoptosis [16]. TNF-a
is a pro-inflammatory cytokine, regulating the acute phase re-
sponse. Dysregulation of TNF-a production has been linked to can-
cer, which is among the most important causes of (age-related)
deaths in Western Europe [17]. IL-6 is the major initiator of the
acute phase response [18] and is implicated in the pathogenesis
of many chronic, age-related diseases [19]. IL-10 is able to inhibit
activation and effector function of T cells, monocytes and macro-
phages and is an important candidate in the search for biomarkers
of ageing due to its anti-inflammatory properties [20,21].

We carried out a classical twin study. In addition, we investi-
gated whether age moderated the influence of genetic and envi-
ronmental factors regulating baseline IL-1b, IL-6, IL-10 and TNF-a
levels.

2. Methods

2.1. Subjects

The study was conducted in 1603 females from the Twins UK
registry, with mean age ± SD of 60.4 ± 12.2 years, including 863
MZ twins (385 pairs and 93 singletons) and 740 DZ twins
(321 pairs and 98 singletons). Details of the Twins UK registry
(including details on recruitment) were published elsewhere
[22]. Zygosity was determined by questionnaire supplemented by
DNA fingerprinting in cases with disputed or uncertain zygosity.

2.2. Sample analysis

Serum IL-1b, IL-10, IL-6 and TNF-a were measured simulta-
neously using the bead-based high sensitivity human cytokine
kit (HSCYTO-60SK, Linco-Millipore) according to the manufactur-
ers’ protocol. Briefly, fifty microliters (mL) of serum samples
were incubated with antibody-coated capture beads overnight
at 4 �C. After washing the beads, protein-specific biotinylated
detector antibodies are added and incubated with the beads
for one hour. After removal of excess biotinylated antibodies,
streptavidin–Phycoerythrin (Streptavidin-PE) is added and incu-
bated for 30 min. After washing of unbound Streptavidin-PE,
the beads are analyzed on the Luminex-100 system (LiquiChip,
Qiagen) Concentrations of the four cytokines were calculated
from standard curves of known concentrations of recombinant
human cytokines. Each sample was assayed in duplicate and
standards were included in each plate. Sensitivity values for
the kit are: IL-1ß 0.06 pg/mL; IL-10 0.15 pg/mL; IL-6 0.10 pg/
mL; TNF-a 0.05 pg/mL.

2.3. Measurements and covariates

Accuracy of the measurements was confirmed by replicating
samples in order to calculate intra-assay reliabilities expressed as
intra-class correlations (104 repeats for IL-1b, 117 repeats for IL-
6, 108 repeats for IL-10 and 117 repeats for TNF-a). Intra-assay
reliability estimates for IL-1 b, IL-6, IL-10 and TNF-a were 0.78,
0.89, 0.88 and 0.76 respectively. All cytokine levels were adjusted
for potential batch-effects.

Log-transformation was necessary for all cytokines to obtain a
better approximation of the normal distribution. After log transfor-
mation, all data fell well within 4 SDs of the mean. Also, visual
inspection of scatter plots yielded no potential outliers deflating
or inflating the correlation. Therefore, no values needed to be ex-
cluded and all were included in the analysis. Next, the effect of var-
ious known covariates (risk factors for cardiovascular disease) was

tested using linear regression analysis. Covariates included in the
analysis were HDL, LDL, triglycerides and fasting blood glucose.
For the regression analysis, three models were used for each
cytokine: (1) Age, (2) Age and BMI, (3) Age, BMI and any other
significant covariates. The influence of smoking behavior, alcohol
consumption and history of cardiovascular disease (CVD) as possi-
ble covariates were tested in a small subset of the data (n = 452).
These factors did not significantly contribute as covariates (data
not shown). The residuals were used in the model fitting. General
Estimating Equations (GEEs) were used to test for difference in
baseline characteristics between MZ and DZ twins.

2.4. Analytical approach

The aims of our analysis were to estimate the relative influence
of genetic and environmental factors on IL-1b, IL-6, IL-10 and TNF-
a levels and the influence of age on these factors. Structural equa-
tion modeling (SEM) was the primary method of analysis. SEM is
based on the comparison of the variance–covariance matrices in
MZ and DZ twin pairs and allows separation of the observed phe-
notypic variance into its genetic and environmental components:
additive (A) or dominant (D) genetic components and common
(C) and unique (E) environmental components. E also contains
measurement error. Dividing each of these components by the to-
tal variance yields the different standardized components of the
variance. We focused on additive genetic effects and common
and unique environmental effects (by using ACE as the full model)
for IL-6, IL-10 and TNF-a. For IL-1b, we focused on additive genetic
effects, genetic dominance and unique environmental effects (by
using an ADE model), since its correlations among MZ twins sub-
stantially exceeded twice that among DZ twins, which indicates
dominance variance [23]. In addition, we calculated (A + C) in mod-
els were AE or CE models could not be distinguished, calculating
the presence (and magnitude) of a familial component. All avail-
able data was taken into account. Models were fitted to the raw
data using normal maximum likelihood theory, allowing the use
of information for the estimation of variance (but not covariance)
provided by unpaired twin observations.

Since regression analysis of age on cytokines (as described
above) merely reflects the estimation of the effect of age on the
mean cytokine levels, gene-age interaction models were applied
testing whether age mediated the effect on (genetic and environ-
mental) variance components underlying individual differences
of cytokine levels. We fitted the basic gene-environment interac-
tion models as described by Purcell [24], using age as a continuous
moderator incorporating all the available (complete) twin pairs.
All cytokines were adjusted for BMI and any other covariates if sig-
nificant (model 3) and their residuals used in model fitting. The ef-
fect of age on the mean cytokine levels was incorporated in the
interaction model itself (see below). In this gene-environment
interaction model (Fig. 1), the phenotypic variance of the outcome
variables (i.e., serum IL-1b, IL-6, IL-10 and TNF-a) is portioned into
A, C or D, and E components with the path coefficients associated
with each variable expressed as linear functions of the moderator
(e.g., A + T �M1, C/D + U �M1, E + V �M1), where T represents
the effects of the moderator on additive genetic variance and U
and V represents the effects of the moderator on common environ-
mental/dominant genetic and unique environmental variance,
respectively. In addition, the effect of the moderator on the mean
is also modeled (e.g., l + B �M1), where M1 represents the value
of the moderator and B represents linear effects on the outcome.
The mean structure encompasses any phenotypic correlation be-
tween age and the outcome variables. A significant compromise
of model fit when parameters T, U or V are fixed to zero reflects
evidence of significant moderation of additive genetic, common
environmental/dominant genetic or unique environmental
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variance by age, respectively. For example, a significant modera-
tion of additive genetic variance alone would suggest that the mag-
nitude of heritability of serum inflammatory factor levels changes
as the moderator increases or decreases. Variance components
were only tested for significance if the respective interaction terms
had been dropped from the model, e.g. A was not tested unless T
was not significant, to avoid modeling interactions in the absence
of main effects. In the final model, each parameter contributes sig-
nificantly to model fit (p < 0.05).

All data handling and preliminary analyses were done with
STATA (version 10.1, Statacorp, TX, USA). Quantitative genetic
modeling was carried out using Mx software [25].

3. Results

Baseline characteristics of monozygotic (MZ) and dizygotic (DZ)
twins are summarized in Table 1. Except for age, no significant dif-
ferences were observed between MZ and DZ twins. Mean age ±
standard deviation (SD) is 60.4 ± 11.1 years for MZ twins and
53.1 ± 12.2 years for DZ twins (p < 0.01) and was adjusted for in
all models. Mean Body Mass Index (BMI), Low Density Lipoprotein
(LDL), High Density Lipoprotein (HDL), triglycerides, blood glucose
levels, IL-1b, IL-6, IL-10 and TNF-a levels did not significantly differ
between MZ and DZ twins.

Twin correlations and percentage of variance explained by
covariates (R2-values) are summarized in Table 2. IL-1b was only
significantly influenced by LDL (p < 0.01). IL-6 and IL-10 were
significantly influenced by BMI (p < 0.01). TNF-a was significantly
influenced by BMI (p < 0.01) and HDL (p < 0.01).

In Table 3, the contribution of the variance components on the
various cytokines are summarized. In virtually all cytokines, the
best fitting model was an AE-model, indicating the presence of
an additive genetic component in the variance of baseline serum
values. For IL-1b, AE was the best fitting model for all 3 covariate
models. Heritability is moderate, 0.32, 0.32 and 0.27 for model 1,
2 and 3 respectively. Heritability of IL-10 was also moderate;
0.30 in both covariate models. Heritabilities for TNF-a were low,
ranging from 0.17–0.23 depending on the covariate model used.
Structural equation modeling could not distinguish between an
AE and a CE-model in model 2 and 3. However, we found a signif-
icant contribution of the A + C component, which indicates a signif-
icant familial effect (A + C (95% CI) is 0.22 (0.10–0.33), 0.20 (0.09–
0.31) and 0.15 (0.04–0.28) for covariate model 1, 2 and 3 respec-
tively). For IL-6, no distinction could be made between AE or CE
models based on P-value or AIC also. Again, we found a significant
contribution of the A + C component, which indicates a significant
familial effect (A + C (95% CI) is 0.29 (0.20–0.38) for both models).
Heritability is low, ranging from 0.15–0.16 depending on the mod-
el used. For IL-1b and IL-10, the full model indicated the presence
of a Dominant genetic factor. However, this contribution of D did
not reach significance.

In Table 4, the results of the gene-age interaction modeling is
presented, testing age as a continuous moderator of the variance
components for all cytokines. No evidence of gene-age interaction
was found for IL-6 and IL-10. For IL-1b, a decline in heritability
with age was observed (Fig. 2a). Heritability is approximately
0.43 at age 20 and 0.22 at age 70, caused by an increase in the un-
ique environmental influences with age (p < 0.01), total variance
increased with age (Fig. 2b). For TNF-a, an increase in heritability
with advancing age was observed (Fig. 3a). Heritability is below
0.10 at age 20 and approximately 0.17 at age 70, caused by a
decrease in unique environmental influences with age (p < 0.01),
total variance decreased with age (Fig. 3b). SEM-analysis after
stratification of the data (individuals below and above the median
of age) provided similar (but non-significant) results regarding the
trend of heritabilities displayed in Figs. 2b and 3b. Heritabilities
(95% CI) in younger individuals (<62 years of age) were 0.31

Fig. 1. Partial path diagram of the basic gene-environment interaction model.
A = additive genetic effects; C = common environmental effects; E = unique envi-
ronmental effects; M = moderator; T = moderated component of A; U = moderated
component of C; V = moderated component of E; B = linear effects of moderator on
mean (forced entry).

Table 1
General characteristics and cytokine levels of studied subjects by zygosity.

MZ (n = 863) DZ (n = 740)

Age (years) 60.4 (11.1) 53.1 (12.2)*

BMI (kg/m2) 25.8 (4.7) 26.4 (5.1)
HDL cholesterol (mmol/L) 1.5 (0.5) 1.6 (0.5)
LDL cholesterol (mmol/L) 3.5 (1.0) 3.4 (1.0)
Blood glucose (mmol/L) 4.8 (1.0) 4.8 (1.2)
IL-1b (pg/L) 6.1 (8.4) 5.6 (7.4)
IL-6 (pg/L) 29.5 (29.3) 29.9 (44.9)
IL-10 (pg/L) 51.8 (82.7) 53.8 (102.0)
TNF-a (pg/L) 8.3 (9.1) 8.2 (6.0)

Abbreviations: BMI, Body Mass Index; HDL, High-density lipoprotein; LDL, Low-
density lipoprotein; IL, Interleukin; TNF, Tumor Necrosis Factor. Data are mean
(±SD).
* p = 0.01.

Table 2
R2 values and twin correlations for IL-1b, IL-6, IL-10 and TNF-a.

Marker Model R2 Correlations (95% CI)

(%) MZ DZ

IL-1b 1 Age 0.00 0.36 (0.27–0.45) 0.05 (0.00–0.17)
(n = 355 pairs) (n = 277 pairs)

2 Age 0.00 0.36 (0.27–0.45) 0.05 (0.00–0.17)
BMI (n = 355 pairs) (n = 277 pairs)

3 Age 0.44 0.28 (0.18–0.39) 0.08 (0.00–0.21)
BMI (n = 286 pairs) (n = 247 pairs)
LDL

IL-6 1 Age 0.00 0.29 (0.20–0.39) 0.22 (0.12–0.33)
(n = 348 pairs) (n = 295 pairs)

2 Age 0.06 0.29 (0.20–0.39) 0.22 (0.12–0.33)
BMI (n = 348 pairs) (n = 295 pairs)

IL-10 1 Age 0.00 0.31 (0.21–0.40) 0.07 (0.00–0.19)
(n = 349 pairs) (n = 286 pairs)

2 Age 0.07 0.31 (0.21–0.40) 0.07 (0.00–0.19)
BMI (n = 349 pairs) (n = 286 pairs)

TNF-a 1 Age 0.00 0.18 (0.08–0.28) 0.14 (0.03–0.25)
(n = 351 pairs) (n = 298 pairs)

2 Age 1.03 0.16 (0.06–0.26) 0.13 (0.02–0.24)
BMI (n = 328 pairs) (n = 321 pairs)

3 Age 2.29 0.11 (0.01–0.24) 0.11 (0.00–0.23)
BMI (n = 319 pairs) (n = 279 pairs)

HDL

Abbreviations: CI, Confidence Interval; BMI, Body Mass Index; HDL, High-density
lipoprotein; LDL, Low-density lipoprotein; IL, Interleukin; TNF, Tumor Necrosis
Factor.
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(0.11–0.49) and 0.13 (0.00–0.32) for IL1b and TNF-a, respectively,
and 0.26 (0.14–0.37) and 0.18 (0.05–0.31) for older individuals
(P62 years of age) (data not shown).

4. Discussion

The present study assessed the genetic and environmental
sources of individual differences in baseline levels of four key cyto-
kines involved in the human inflammatory response with potential
relevance for ageing pathways. We also incorporated age in the
‘‘fully adjusted’’ models as a potential moderator of genetic and
environmental factors.

We were able to demonstrate the presence of a significant addi-
tive genetic component in the regulation of baseline serum levels
of IL-1b, IL-6, IL-10 and TNF-a in female twins. We also showed
that age acts as a moderator on the additive genetic component
in regulation of baseline IL-1b and TNF-a serum levels (Figs. 2
and 3); heritability changes due to a change in unique environmen-
tal factors. This indicates changes in immune status or moderation
of inflammatory pathways with age.

The present study is one of the most extensive studies of its
kind in terms of sample size, therefore providing superior power
compared to most previous studies. Still, some power issues arise.
For IL-6 and TNF-a submodel 2 and 3, no evident genetic compo-

Table 3
Parameter estimates of best fitting univariate structural equation models for IL-1b, IL-6, IL-10 and TNF- a.

Marker Model Univariate model fitting:

Best fitting model A2/A + C2 C2/D2 E2

IL-1b 1 ADE 0.12 (0.00–0.37) 0.22 (0.00–0.41) 0.65 (0.57–0.74)
1* AE 0.32 (0.24–0.41) – 0.68 (0.59–0.76)
2 ADE 0.13 (0.00–0.38) 0.22 (0.00–0.42) 0.65 (0.57–0.74)
2* AE 0.33 (0.24–0.41) – 0.68 (0.59–0.76)
3 ADE 0.19 (0.00–0.36) 0.09 (0.00–0.35) 0.72 (0.63–0.83)
3* AE 0.27 (0.17–0.36) – 0.73 (0.64–0.83)

IL-6 1 ACE 0.16 (0.00–0.38) 0.13 (0.00–0.31) 0.71 (0,62–0.80)
1 (A + C)E 0.29 (0.20–0.38) – 0.71 (0.62–0.81)
2 ACE 0.15 (0.00–0.38) 0.14 (0.00–0.31) 0.71 (0.62–0.80)
2 (A + C)E 0.29 (0.19–0.38) – 0.71 (0.62–0.81)

IL-10 1 ADE 0.16 (0.00–0.37) 0.16 (0.00–0.38) 0.68 (0.59–0.78)
1* AE 0.30 (0.20–0.38) – 0.70 (0.62–0.80)
2 ADE 0.16 (0.00–0.36) 0.16 (0.00–0.39) 0.68 (0.60–0.78)
2* AE 0.30 (0.20–0.38) – 0.70 (0.62–0.80)

TNF-a 1 ACE 0.17 (0.00–0.33) 0.05 (0.00–0.24) 0.78 (0.67–0.90)
1* AE 0.23 (0.12–0.33) – 0.77 (0.67–0.88)
1 (A + C)E 0.22 (0.10–0.33) – 0.78 (0.67–0.90)
2 ACE 0.15 (0.00–0.31) 0.05 (0.00–0.23) 0.80 (0.69–0.91)
2* AE 0.21 (0.11–0.32) – 0.79 (0.68–0.90)
2 (A + C)E 0.20 (0.09–0.31) – 0.80 (0.69–0.91)
3 ACE 0.09 (0.00–0.28) 0.06 (0.00–0.21) 0.85 (0.72–0.96)
3* AE 0.17 (0.05–0.28) – 0.83 (0.72–0.95)
3 (A + C)E 0.15 (0.04–0.28) – 0.85 (0.72–0.96)

Abbreviations: A2, Additive genetic components; C2, Shared environmental components; D2, Dominant genetic components; E2, Unique environmental component.
* Best-fitting model according to SEM. Covariance models are defined in Table 2.

Table 4
Comparative model fits for age as a continuous moderator on IL-1b, IL-6, IL-10 and TNF-alpha. Bold values indicate best fitting models.

Marker Model Univariate model fitting

Model �2LL D2LL Ddf P AIC Model test

IL-1b 1 ADETUVB 2944.66 – – – – –
2 ADEB 2961.24 16.58 3 <0.01 – 2 vs. 1
3 ADETVB 2945.32 0.66 1 0.42 �1.34 3 vs. 1
4 AETVB 2946.89 2.22 2 0.33 �1.78 4 vs. 1
5 AEVB 2949.24 4.58 3 0.21 �1.42 5 vs. 1

IL-6 1 ACETUVB 2997.89 – – – – –
2 ACEB 3002.00 4.11 3 0.25 �1.89 2 vs. 1

IL-10 1 ACETUVB 3858.36 – – – – –
2 ACEB 3860.72 2.37 3 0.50 �3.63 2 vs. 1
3 AEB 3860.72 2.37 4 0.67 �5.63 3 vs. 1

TNF-a 1 ACETUVB 1563.17 – – – – –
2 ACEB 1582.86 19.69 3 <0.01 – 2 vs. 1
3 ACETVB 1564.01 0.83 1 0.36 �1.17 3 vs. 1
4 AETVB 1564.52 1.35 2 0.51 �2.65 4 vs. 1
5 AEVB 1564.63 1.455 3 0.69 �4.55 5 vs. 1

Abbreviations: �2LL, �2-log likelihood; A, additive genetic variance; AIC, Akaike’s Information Criterion; B, linear effects of age on means of the outcome variables; BMI, Body
Mass Index; C, common environmental variance; df, degrees of freedom; E, unique environmental variance; T, moderation of additive genetic variance by age; U, moderation
of common environmental variance by age; V, moderation of unique environmental variance by age.
First, a model was tested with NO moderators included (model 2). When model 2 significantly differs from model 1, this implies moderation. Subsequently, submodels are
tested, dropping each of the moderators (T, U and V (models 3, 4 and 5) and the best-fitting option is chosen (according to P-value and AIC).
Cytokines were adjusted for age and any additional significant covariates. The effect of age on the mean cytokine levels was incorporated in the models (Fig. 1).

A.A. Sas et al. / Cytokine 60 (2012) 108–113 111
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nent was observed as SEM could not distinguish between a CE and
AE model. However, analysis of the A + C component in these mod-
els suggest the presence of a significant contribution of a familial
component. The full (ACE) model reported, indicates a substantial
lower heritability as was observed in some (but not all) of the pre-
vious studies on IL-6 [14,15,26–28].

A limitation of the present study, is that it cannot distinguish
between age, birth-cohort effects and calendar time effects. This
is a known limitation for these kind of studies (due to their
cross-sectional design). Longitudinal studies would be necessary
to address these issues.

In the present study, behavioral covariates like smoking behav-
ior, alcohol consumption and physical exercise were not taken into
account as potential covariates. Though significant associations
between these covariates and immunological traits have been
demonstrated in the past, no significant contributions of these
covariates to baseline serum levels of the studied cytokines were
observed. Regression analysis in a subset of the individuals where
data on smoking behavior, alcohol consumption and history of
Cardiovascular disease (CVD) (including cerebro-vascular acci-
dents) was available (n = 425) yielded no significance of these
covariates.

We did not observe a significant relationship (or R2-values) be-
tween age and cytokine levels in the current study, in contrast to
other studies. A possible explanation for this is that strict adjust-
ment for batch effect as applied by us may have removed some
of the association between mean cytokines values and age as a re-
sult of some imbalance of the age distribution across batches. This
has no impact on the results and conclusions drawn however, since
a lack of effect of age on the mean values does not imply a lack of
effect on the variance components.

An important difference with previous studies is the inclusion
of IL-1b and IL-10 in the analysis. No heritabilities on baseline ser-
um levels of these cytokines have been published to date; we are
the first to demonstrate genetic influences in the regulation of
these baseline serum values. The reason for including IL-10 in par-
ticular, is the association of anti-inflammatory cytokines with
healthy ageing and longevity. The principal routine function of
IL-10 appears to be to limit and ultimately terminate inflammatory
responses, which hypothetically offers ‘protection’ against various
age-related pathologies [20,21].

An interesting feature of our study is that we are the first to
showmoderation of unique environmental influences in regulation
of baseline IL-1b and TNF-a by age. For IL-1b, this may be a direct
effect of an increasing importance of unique environment during
life (e.g. habits, social network, and environment), leading to a de-
crease in heritability over life. On the other hand, it may also rep-
resent increasing homeostatic discordance (in terms of ‘internal
environment’) between twins. The latter seems more plausible,
as it is difficult to envision a lifelong increase in discordance in
the ‘‘physical’’ unique environment (e.g. lifestyle) causing a lifelong
decrease in heritability of this inflammatory cytokine.

For TNF-a, heritability increases with age due to a decreasing
discordance in unique environmental factors. No solid explanation
can be given for this phenomenon, but it is clear that genetic fac-
tors become more important in regulation of TNF-a during life.

Analyzing heritabilities calculated with SEM in a stratified
(younger and older individuals) analysis provided a similar trend
but no significant differences in heritabilities for IL-1b and TNF-
alpha as observed in Figs. 2b and 3b. We conclude from these
results that a stratified SEM-analysis is probably less powerful than
the GxE model used in the present paper, which is applied over the
entire age range.

The present study shows evidence of a substantial role for
genetics in the regulation of baseline cytokine levels. Moreover,
we emphasize the importance of (changing) environmental factors

Fig. 2. (a) Change of heritability of IL-1b with increasing age. (b) Changes in
variance components A and E and total variance for IL1b with increasing age.

Fig. 3. (a) Change of heritability of TNF-a with increasing age. (b) Changes in
variance components A, E and Total variance for TNF-a with increasing age.
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(i.e. ‘‘internal environment’’) during life, hypothetically causing a
dysregulation of inflammatory pathways during life. This implies
that a strictly genetic relationship between cytokines, genes and
pathology cannot be observed, even though there is an evident
relationship between cytokine genes and levels on the one hand
and cytokine levels and pathology on the other hand.

In conclusion, this study emphasizes the role of genetics and
environmental factors in regulation of four potential ‘biomarkers
of ageing’ that play a key role in the human immune and inflam-
matory responses. The present study supports the hypothesis that
the variety in age-related phenotypes is a combination of both
environmental factors and complex genetic pathways. Finally,
our results indicate that the relative role of genetics and environ-
ment involving immune functioning may change over a lifetime,
illustrating the potential of the studied cytokines as potential ‘bio-
markers of ageing’.
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