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ABSTRACT

Differences in genetic background and/or environmental cxposurce among individuals are
cxpected to give risc to differences in measurable characteristics, or phenotypes. Conse-
quently, genetic resemblance and similarities in envlronment should manifest as similarities
in phenotypes. The metabolome reflects many of the system properties, and is thercfore an
important part of the phenotype. Nevertheless, it has not yet been examined to what extent
individuals sharing part of their genome and/or cnvironment indeed have similar
metabolomes. Here we present the results of hierarchical clustering of blood plasma lipid
profile data obtained by liquid chromatography—mass spectrometry from 23 healthy, 18-
year-old twin pairs, of which 21 pairs were monozygotic, and 8 of their siblings. For 13
monozygotic twin pairs, within-pair similarities in rclative concentrations of the detected
lipids were indeed larger than the similarities with any other study particlpant. We demon-
strate such high coclustering to be uncxpected on basis of chance. The similarities between
dizygotic twins and between nontwin siblings, as well as between nonfamilial participants,
were less pronounced. In a number of twin pairs, within-pair dissimilarity of lipld profiles
positively correlated with increased blood plasma concentrations of C-reactive protein in
onc twin. In conclusion, this study demonstrates that in healthy individuals, the individual
genctic background contributes to the blood plasma lipid profile. Furthermore, lipid profil-
ing may prove useful in monitoring health status, for cxample, in the context of personal-
Ized medicine.
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INTRODUCTION

D]FFERENCES IN GENETIC MAKEUP and in environmental exposure manifest as differences in measurable
characteristics in individuals, that is, as differences in phenotypes (Fischer et al., 2004). Metabolite
profiles are regarded as being an important part of the phenotype (Goodacre, 2007). Tt is currently unknown
to what extent an individual’s metabolite profile is a function of the genotype and of environmental con-
ditions. If genotype is an important determinant of metabolite profiles, it is expected that biological rela-
tives who share genes and possibly also share environments will show similarities in metabolic profiles. To
explore these issues, we carried out a study in healthy, 18-year-old monozygotic (MZ) twins and their bi-
ological siblings. The process of obtaining a comprehensive view of the mietabolites in an organism has
been terined “metabolomics” (Goodacre, 2007). In humans, metabolonics strategies are often used to find
differences in metabolite profiles between groups having different phenotypes, for example, between groups
of healthy and diseased individuals (Van der Greef et al., 2004). Indeed, with respect to other ‘omes such
as the genome, the metabolome might be more informative of the physiological state of an vrganism. For
example, in a study where similarities in gene expression profiles of twins discordant for rheumatoid arthri-
tis were compared to similarities in expression between healthy twins, no difference was found between the
healthy twin pairs and the twin pairs where one twin had the disease (Nanki et al., 1996). Perhaps the most
widely used techniques to measure a wide range of metabolites in biological samples in metabolomics are
nuclear magnetic resonance (NMR) and gas or liquid chromatography coupled to mass spectrometry (GC-
MS and LC-MS, respectively). NMR aims at obtaining a picture of the complete metabolite profile of a
sample, and thus is able to provide a “global” view of the metabolome. Its sensitivity is typically lower
than that of MS-based methods such as LC-MS, though. A “targeted” approach, on the other hand, focuses
on analysis of particular classes of metabolites, for example amino acids, sterols, or lipids (German et al.,
2003). An LC-MS platform can be used for both global and targeted approaches (Van der Greef et al.,
2004), but it is impossible to analyze in one run metabolites that have widely differing physicochemical
properties such as different polarities and acid dissociation constants. Disadvantages of gas chromatogra-
phy when applied in metabolomics studies are that often derivatization is necessary (Koek et al., 2006), and
that even then, only particular classes of metabolites are measurable. In this study we have applied LC-MS
in a targeted manner to obtain lipid profiles in blood plasma samples from healthy MZ and dizygotic (DZ)
twin pairs and their siblings. Previous research in our laboratory using the LC-MS method applied in the
current study suggested that family members had relatively similar blood plasma lipid profiles, although
strong evidence for this was lacking (unpublished results). Furthermore, lipids are especially interesting
metabolites because they are involved in a wide range of physiological processes. For example, triglyc-
erides (TGs) serve as an energy source for the body (Murphy, 2001), as a precursor for cell membrane phos-
pholipids (Baur et al., 2000), and in the form of body fat they are important for thermal insulation (Swift,
1932). Among the lipids, TGs are the most important class into which potentially toxic compounds can be
incorporated (Dodds, 1991). Another class of lipids with entirely different functions comprises the lysophos-
phatidylcholines (LPCs). These can be formed from phosphatidylcholines (PCs) present in low-density
lipoprotein, for example, by platelet-activating factor acetylhydrolase (lipoprotein-associated phospholipase
Az) (Tew et al.,, 1996). The activity of this enzyme may be increased upon proinflammatory stimuli (Elstad
ct al., 1989); the formed LPCs can act as a chemoattractant for phagocytes (Quinn et al., 1988). PCs can
also act as fatty acid donor for cholesterol esterification by the LCAT enzyme (Glomset, 1968), and may
cause platelet aggregation after their oxidation (Kern et al., 1998). Bile is partly comprised of PCs (Cole-
man, 1987). Furthermore, PCs are precursors of sphingomyelins (SPMs), and share some of their functions
with them: lipids from both classes are important structural components of cell membranes (Zachowski,
1993) and of lipoprotein particles (McKeone et al., 1993). They are also involved in signal transduction
(Sigal et al., 2005), and are constituents of lung surfactant (Veldhuizen et al., 1998). Whereas the surface
of a lipoprotein partly consists of PCs and SPMs, cholesteryl esters (ChEs) are an integral part of its core
(McKeone et al., 1993). The main biological function of ChEs is that they are precursors of steroids (Ac-
tn et al., 1996). Twins are particularly informative study populations because the members of pairs share
genetic and environmental influences. MZ co-twins share their complete or nearly complete DNA sequence.
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Thus, for any heritable trait, they will show phenotypic resemblance. The more heritable a trait, that is, the
larger the influence of additive genetic variation on the phenotype, the larger the resemblance in MZ twins.
First-degree relatives such as DZ twins and biological siblings share on average 50% of their segregating
genes. Therefore, also for these relatives their phienotypic resemblance is expected to be considerably de-
pendent upon the heritability of the traits under consideration. However, resemblance between relatives who
are not MZ twins also depends on the genetic architecture of a trait. For example, if non-additive genetic
influences such as dominance or epistasis are of importance, phenotypic resemblance in siblings is expected
to be relatively low. If, on the other hand, genetic influences are mainly additive, phenotypic resemblance
in DZ twins and siblings will be roughly half of the resemblance in MZ twins. If, next to heritability, the
shared family environment—in the literature also referred to as the “‘common environment™ or “family en-
viromuent” (Neale and Cardon, 1992)—aulsu contributes to phenotypic resemblance of relatives, then first-
degree relatives will approach the resemblance of MZ twins more than is expected on basis of genetic seg-
regation, In classical twin studies, knowledge about genetic and social relationships among co-twins and
siblings reared together is used to impose certain structurc upon the measurement data (Neale and Cardon,
1992). Uni- and multivariate data are often modeled within the context of genetic covariance structure ap-
proaches, using estimation technigues based on maximum likelihood. However, such other approaches re-
quire that the number of measured variables is not (much) larger than the number of independent clusters
(e.g., twin pairs or families) that take part in the study. Therefore, such techniques have rather limited ap-
plicability in typical ‘omics studies, where the number of measured characteristics is much larger than the
number of individual samples. Such a multi- or megavariate approach is the consequence of the idea that
when studying biological systems, multiple rather than individual measured variables will reflect underly-
ing, as such unobserved, phenomena. As an alternative, in the current study we have applied an unsuper-
vised approach that is based upon hicrarchical clustering of metabolite profiles to identify biologically rel-
evant subgroups of participants (i.e., twin pairs and families) in the data. With this approach, it is possible
to get an impression of the within-family variation in metabolite profiles relative Lo the between-family vari-
ation. We expected to identify clusters of family members in the data, in those cases where family mem-
bers share relevant genes and/or envirenment. Coclustering of twins was evaluated using a permutation test.
In instances swhere co-twins did not cluster closely together, we have attemipted to provide explanations for
this. Our results suggest an important role of genetic background in the generation of interindividual vari-
ation in blood plasma lipid profiles. Moreover, several lipids measured in this study may prove to be ap-
propriate for monitoring health status, for example, in the course of personalized treatiment.

METHODS

Participants

Participants were recruited from the Netherlands Twin Register at the Vrije Universiteit (VU) in
Amsterdum, The Netherlands (Boomsina et al., 2006). The aim was to recruit MZ twin pairs of approxi-
mately 18 years old from a cohort participating in a longitudinal investigation into the heritability of men-
tal and physical development in late puberty (Hoekstra et al., 2007). Near the twins’ 18th birthday, the twin
pairs and their siblings were invited to take part in the project. Ethical approval was given by the Central
Committee on Research Involving Human Subjects in The Netherlands. Informed consent and parental con-
sent, if a sibling was under 18, were obtained. Zygosity was determined for all twin pairs by DNA geno-
typing (N = 20 pairs) or using blood group polymorphisms (N =1 pair). Between November 2004 and
September 2005, all participants came to the VU University in Amsterdam for a physical examination in
the morning and neurophysiological assessment in the afternoon. Blood was drawn after overnight fasting
during the morning session. In addition, subjects completed a series of questionnaires regarding demo-
graphics, problem behavior, health, lifestyle, educational attainment, and other traits. For the current study,
we used answers to questions regarding current use of any medication, subjective health up to 1 month prior
to blood sampling, current and earlier sinoking habits, and whether participants currently lived at their par-
ents’ home.
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Blood sampling

Female participants reported the day of their menstrual cycle at the time of sampling. To prevent clot-
ting, heparin was used as a coagulant and blood collection tubes (BD Vacutainer Systems, Preanalytical
Solutions, Belliver Industrial Estate, Plymouth, UK) were inverted gently immediately after collection.
About 20 min later, tubes were put on ice. Approximately 2 h following withdrawal, tubes were centrifuged
for 20 min at 2,100 X g using a Hettich Rotixa 120R centrifuge (Hettich AG, Bich, Switzerland). Plasma
fractions were then transferred to 500 uLL cups and stored at —20°C until analysis. For each included fam-
ily, samples were obtained from every participant from that family at the same day and processed by the
same person. The concentration of C-reactive protein (CRP) was assessed in thoroughly thawed frozen
heparin samples.

Sample preparation

From each plasma sample, 10 uL aliquots were taken in duplicate, For quality control purposes a pooled
sample consisting of equal amounts of plasma from all study participants was prepared and divided into
10 uL aliquots. These samples (QC samples) were further treated in the same way as the study samples.
The samples were divided into two batches, each batch containing one aliquot of cach study sample. After
separate randomization of each batch QC samples were inserted following each ninth study sample. San-
ples were deproteinized by adding 300 uL of isopropanol containing the following internal standards: C17:0)
LPC 1 pg/mL, C24:0 PC | pg/mL, C17:0 ChE 1 pg/mL, and C51:0 TG 1 pg/mL. In this denomination of
lipids, the number of carbon atoms as well as the number of double bonds in the fatty acid, separated by a
colon (e.g., C17:0) are followed by the class abbreviation (e.g., LPC). After centrifugation, the clear su-
pernatant was collected and the samples were again stored at —20°C until analysis.

LC-MS lipid profiling

Lipid extract (10 L) was analyzed using a TSQ Quantum Discovery Triple Quadropule mass spec-
trometer (ThermoFinnigan, Breda, The Netherlands), equipped with a Surveyor MS HPLC pump and a Sur-
veyor auto injector. The compounds were separated on a Alltech Prosphere C4 300A HPLC coluin (150 X
32 mm id., 5 pn) (Alltech, Lexington, KY) and a Synuuvetry 300 C4 guard column (10 X 2.1 mumn id.,
3.5 pm) (Waters, Milford, MA) using a methanol/water gradient with anunonium acetate and formic acid.
After ionization in electrospray (positive mode) the compounds were detected in full scan mode using a
scan range ot 300-1100 m/z.

Data processing/integration

For all detectable lipids a target list was composed based on retention time and m/z ratio and the peaks
were integrated using LCQuan V2.0 software. The target table comprised lipids belonging to the following
classes: LPC, PC, SPM, ChE, and TG. To correct for differences in extract volumes, injection, and changes
in signal of the instrument during analysis, all lipid peaks were normalized using the internal standard of
that class. The SPMs were normalized using C24:0 PC.

Assessment of the quality of the data

As a measure of the experimental error induced by variation in the sample pretreatment procedure and
variation in the measurements over the total duration of the experiment, for each identified lipid compound
the standard deviation of its peak areas in the appropriate reconstructed ion chromatograms of the individ-
ual QC samples was computed relative to the averaged peak area over all QC samples (relative standard
deviation, RSD).

Statistical analysis

Statistical analyses were carried out in the statistical language and environment R (version 2.2.1) (R De-
velopment Core Team, 2005) and in MATLLAB (version R2006b, The Mathworks, Natick, MA). For each
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sample the replicate measurements were averaged. The resulting data matrix was autoscaled, rendering the
mean of the distribution for each lipid compound zero and its variance around this mean one, with the aim
to assign all lipid compounds equal weight in the subscquent hierarchical clustering (Vandeginste et al.,
1998). Then, each row of the data matrix, corresponding to the averaged profile of one study participant
and henceforth denoted as “object”, was subjected to standard normal variate scaling (SNV) (Barnes et al.,
1989; Sokal, [961) to correct for the interindividual differences in the total lipid signal observed by this
method. Euclidean distances were computed to measure the dissimilarities among objects. According to the
Young-Householder theorem, SNV (applied to the objects) followed by squared Euclidean distance com-
putation is mathemaltically equivalent to computing (1—) the correlation among unscaled objects (Young
and Householder, 1938). To assess whether there were differences in median Euclidean distance among (1)
MZ co-twins, (2) MZ twins and their same-sex siblings, and (3) same-sex nonfanmilial study participants,
we performed a multiple comparison procedure using a Tukey’s honestly significant difference criterion
type of critical value on basis of the result of a nonparametric analysis of the variance within these groups
of study participants versus the variance between groups (Kruskal and Wallis, 1952). A multiple compari-
son procedure is designed to be conservative when testing for significant ditferences among pairs of groups
(Hochberg and Tamhane, 1987). Subsequently, the calculated distances among all objects were subjected
to hierarchical clustering analysis. In our choice of the used clustering algorithm we strived for maximum
correlation of the distances among clusters as computed by the clustering algorithm (cophenetic distances)
(Sokal and Rohlf, 1962), with the original Euclidean distances among objects. Of the evaluated clustering
algorithms, average linkage gave the highest Pearson correlation (0.71) between the Euclidean distances
among objects and the cophenetic distances among clusters, and was therefore considered appropriate. Av-
erage linkage minimizes the average of the pairwise distances between objects in different clusters (Sneath
and Sokal, 1973). To assess the stability of the clustering, we calculated bootstrap probability values (BP
values) for each cluster using the R package pvchiest (Suzuki and Shimodaira, 2006) and performing 10,000
resamplings of the variables over all objects. The number of nodes, or branching points, in the resulting
dendrogram along the path separating co-twins was then used as a measure of coclustering of co-twins (see
Fig. 3A for an example). For each number of nodes separating co-twins, we compared the number of ob-
servations in the original clustering dendrogram with artificial situations where there is no clustering. In a
dendrogram, the “root” of the tree (for example, in Fig. 2, the “top” of the dendrogram) is where all clus-
ters ultimately merge, whereas each of the “leaves™ at the “bottom” of the dendrograin corresponds to a
single object, which is in our study a scaled average lipid profile of one individual. We created artificial
negative control situations by 1000,000-fold Monte Carlo resampling of the object labels over the leaves
of the vbserved clustering tree. For each of the individual permutations, the number of occasions where co-
twins were separated by a given number of nodes in the clustering dendrogram was recorded. When the
observed number of occasions where co-twins were separated by a given number of nodes in the dendro-
gram was above the 95% level of the distribution for that number of nodes as resulting from all permuta-
tion tests, the observed number of occasions for that number of separating nodes was considered statisti-
cally significant. Based upon this analysis, two subgroups of twins were identified, clustering either closely
or not closely with their co-twin. For each case where co-twins did not cluster closely, we evaluated sev-
eral participant characteristics and environmental factors that could provide an explanation for this.

RESULTS

Participants

The total study cohort consisted of 54 participants from 23 families (30 males and 24 females), where
24 participants belonged to MZ male twin pairs (MZM) and 18 to MZ female twin pairs (MZF). One
male-male and one female—female pair who were found to be DZ after additional genotyping (DZM and
DZF; encoded as R_[ and F_O; see the legend to Fig. 2 for denotation of individual participants) were
also included in the study. From seven families, a twin pair and a sibling of the same sex participated (three
MZM, one DZM, two MZF, and one DZF). In one additional MZM family a female sibling (H_@) partic-
ipated. The average age of the twins was 18.0 years (SD 0.2) and of the siblings 17.4 years (SD 4.3). Ac-
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FIG. 1. Bux-whisker plots showing distributions ol Euclidean distances between MZ co-twins (I = 38, left), be-

tween MZ twins and their same-sex nontwin siblings (2 = 10, middle). and among same-sex nonfamilial participants

(/I = 637, right). Data from co-twins of twins in whose blood plasia samples we had noticed hemulysis (A_O_1 and

X_0O_2). as well us data from two DZ twin pairs (F_O and R_0O) were included in the computation of distances among

nontamilial subjects only. p-Values as resulting from a multiple comparison test of the group mediaus are displayed.
*p <2 005; #H*p <001,

cording to the interviews, all study participants except H_@ lived at home with their parents at the time of
the study. Four participants used medication, that is, one twin pair (A_O) used the analgesic/antipyretic As-
cal, participant S_O_2 used fluoxcetine prescribed for depression, and participant H_@® used Marcoumar af-
ter a lung embolism. Six participants (F_@_3; I_00_1; T [0 2 M_O_2; T_O_I; and T_J_2) smoked at
the time of sampling and two participants (E_O_1 and M_O_I) had sioked in the past. Eight twins (A_O_1;
A0 2102, K 0O 2:M_ [ 2, T_[_2: W__1; and W_[J_2) had had something to cat during the fast-
ing period. In the blood samples of twins A_O_1 and X_[J_2, hemolysis had occurred.

Lipid profiling and dara processing

Blood plasma samples were analyzed with LC-MS, yielding profiles of 61 individual lipids per sample,
which are listed in Figure 2C. The RSDs of the internal standard-corrected respunses for the individual
lipids in the quality control samples ranged from 5.2% to 25.5%. Notably, the RSDs of all LPCs, PCs, and
SPMs were below 15%.

Staristical analysis

After averaging of the analytical duplicates and scaling of the data table, Euclidean distances between
the 54 rows (“vbjects™) were computed. The median within-pair distance for MZ twins was significantly
smaller than the median distance among nonfamilial participants; the median distance between twins and
their satne-sex nontwin siblings was also significantly smaller than the median distance among same-sex
nonfamilial participants (Fig. 1). Similar differences have been observed by Nanki and colleagues for pene
expression, which, compared to the imetabolone, is of course expected to correlate more strongly with geno-
type because it is less subject to environmental influences (Nanki et al., 1996). For the three investigated
gene families, they found that the similarities in expression in peripheral blood lymphocytes were higher
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FI1G. 2, Result of nonparametric bootstrap procedure. Nmubers near the branching points in the dendrogram indicate
BP values on basis of the data resampling method as explained. Denotation of participants: family. alphabetical letter
(A-X); sex, squares for males and circles for females (e.g., [[1] and [O] for a male and a female twin, respectively);
1,2, randunly allucated 16 individuals of a twin pair. Labels in bold type indicale DZ twin pairs. Nontwin siblings are
indicated by filled squares (H) or filled circles (@) for males and females, respectively.

between MZ co-twins than among nonfamilial participants, The result of hierarchical clustering can be dis-
played as a tree, or dendrogram (Fig. 2) that denotes the relationships among clusters in a two-dimensional
form. Female and male study participants are almost perfectly separated at the highest level. The dendro-
gram demonstrates considerable coclustering of MZ twin pairs. However, both DZ twin pairs do not clus-
ter adjacently. Most nontwin siblings do not cluster closely with a sibling who is member of a twin pair.
There appear to be rather few clusters that are either extremely tight or extremely loose. Figure 3A indi-
cates with a color code Euclidean distances between all pairs of objects. The strong clustering of female
(the upper left quadrant in Fig. 3A) and of male study participants (the lower right quadrant in Fig. 3A) is
evident. In Figure 3C, the scaled data is shown for every participant as a separate vertical lane of the heatmap.
The order uf the vbjects along the horizontal axis is equal to that in Figure 3A. Again, panel C indicates
that lipid profiles are different for males and females. The five lipid classes each coincide with a distinet
pattern in the heatmap when viewing across all participants from top 1o bottom. Furthermore, this panel
suggests that in general the TGs differentiate less than the other classes between samples from different
families. LPCs and SPMs seem to differentiate most. Interestingly, there secem to be differences between
families regarding the specific lipid compounds which are most similar among family members. The sta-
bility of the clustering of participants was assessed by a nonparametric bootstrap procedure. For a discus-
sion of the result of this analysis we revert to Figure 2. Tn the context of hierarchical clustering, a bootstrap
procedure can be used to investigate to which degree the dendrogram topology changes upon omitting or
multiple oecurrence of a number of variables for all objects. The stability of the clustering tends to be high-
est at the lowest level of clustering, that is, where the distance between clusters is relatively small. For the
co-twins forming close clusters, BP values were in the range between 40 and 100, and in general clusters
containing female co-twins had lower BP values than clusters of male co-twins. Thercfore. especially for
the female co-twins forming close clusters there may be subsets of variables that are especially important
for the clustering. With this in mind, onc way to improve the coclustering of twins may be to use a mea-
sure of ubject similarity, that is, COSA (Damian et al., 2007; Friediman and Meulman, 2004), that ac-
knowledges that different subsets of objects may cluster on different subsets of variables. As a measure of
caclustering of co-twins, fur each twin pair we counted the number of branching points, or nodes, along
the path separating both twins. The colors and heights of the lines that connect twins in Figure 3B indicate
these numbers. For example, there were three twin pairs where the number of nudes between the co-twins
was seven., In the dendrogram of Figure 3A an example is drawn of this characterization of the relative sim-
ilarity of co-twins for a case where the distance between the co-twins is five nodes. For each possible num-
ber of nodes separating MZ or DZ twins, the observed frequency is displayed as a black dot in Figure 4.
Characterizing the clustering of the nontwin siblings with their closest twin brother or sister in a similar
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FIG. 4. Coclustering of twins compared witi the results of permutation testing. Numbers of nodes separating co-
twins increase from left to right. For each number of branching points, from bottom to top the number of twin pairs
separated by that particular number of branching points after each permutation is displayed by gray bars; the number
ol abservations in the original dendrogram (see Fig. 2 and Fig. 3A/B) is indicated by black Jots. The asterisk (*) in
the most lelt graph indicates that the observed number of 13 vecasions where co-twins were separated by unly one
hranching point ix significantly different from what was observed in the permutation tests.

way, we found that five of these pairs of family members (i.e., B_@; F_N: [1_@; S_@; and T_M and their
closest twin »iblings) were separated by more than six nodes, and therefore did not cluster closely. We ac-
knowledge that one difticulty with our approach is that the numbers of branching points along the path sep-
arating pairs of objects are not necessuarily representative of the absolute magnitude of the dissimilarity be-
tween objects, in our case defined by Euclidean distance. For example, co-twins may be dissimilar in teris
of Euclidean distance but still be separated by a limited number of nodes. This indicates that although they
are dissimilar, they are still more similar to each other than to any other object in their neighborhood within
the multidimensional space put up by the lipid profiles of all study participants. Thus characterizing the co-
clustering of twins in this way gives insight into the similarity of co-twins to cach other, relative to the sim-
ilarity of each individual twin with all other objects in the dataset. Subsequently. we tested whether co-
clustering of twins was indeed stronger than what would have been observed by chance, given the observed
dendrogram topology. To this end, per possible number of nodes separating twins we created a reference
distribution by permutation of the object labels over the leaves of the dendrogram. The significance of the
obscrved numbers of nodes separating twins in the dendrogram was assessed by comparison with these ref-
crence distributions (Fig. 4). In this figure. from left to right, with cach separate graph the number of branch-
ing points along the path in the dendrogram separating co-twins increases. Due to the given structure of the
dendrogram, the maximum possible number of branching points along a path between two leaves was four-

~
F1G. 3. Euclidean distances among vbjects and corresponding dendrogram (A); scaled data for each participant (C).
In panel B, co-twins are connected by colured lines. In the dendrogran of panel A an example ix drawn of our ap-
proach to characterize coclustering of twins. The keys 1o the colors in panels A, B, and C are given in the upper left,
upper right, and lower right corners of the ligure, respectively. In panel C, lipids are labeled by the number of carbon
ators as well as the number of double bonds (separated by a colon) in the latty acid, fullowed by their class abbrevi-
ation (LPC, PC, . .. ).
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TaBLE 1. TENTATIVE EXPLANATIONS FOR THE SEPARATION OF Co-TwiNs sy MORE THAN
OnE NobE 1IN THE DENDROGRAMS OF FIGURE 2 AND FIGURE 3A/B

Twin pair FExplanation
F_O (Feinale) DZ twin pair. F_O_1 had self-repurtedly suffered from a cold less than | week prior to

blood sampling; this correlated with a high blood plasma CRP level in this participant. Both twins
used oral contraceptives, but did not have synchronous menstrual cycles.

M_O M_0O_2 had been smoking five cigarettes per day for 6 years and had simoked 2 h before blowd
sampling; M_O_1 had quit smoking a half year ago alter having smoked 10 cigarettes per day for
5 years. Furthermore, M_O_2 had had a half cup of sugared tea for breakfast on the day of blood
sampling. Both twins used oral contraceptives, but did not have synchronous menstrual cycles.

rR_O (Male) DZ wwin pair. Furtherimore R_[]_1 had self-repurtedly suffered from stomach-ache with
cramps less than | week before blood sampling.
N_O N_O_1 had seli~reportedly suffered from flu-like symptoms less than | week prior to bloud

sampling; this correlated with an increased blood plasma CRP level in this participant. Both twins
used oral contraceptives, but did not have synchronous menstrual cycles.

xX_O X_[1 2 had suffered from infectious mononucleosis more than | month prior to sampling.
Moreover, during sample handling, in the sample of this twin bemolysis had occurred.

G_O Both twins had self-reportedly suffered from a cold less than 1 week prior o blood sampling. In the
blood plasma of G_O_2, a high CRP level was measured.

u_o Both twins had self-reportedly been ill less than 1 week prior to blood sampling; U_O_1 had

sulfered from a cold, whereas U_0O_2 had had flu-like symptoms accompanied by fever. U_O_2
used oral contraceptives while U_O_1 did not; furthermore, their meustrual cycles were not

synchronous.

c_O C_[CL_1 had self-reportedly been ill without having a fever less than 1 week prior to blood sanipling;
this correlated with a high blood plasima CRP level in this participant.

v_O V_O_1 had reported sickness and headache more than | week prior to blood sampling, Both twins

used oral contraceptives with synchronous cycles, although V_O_2 appeared to suffer from
oligomenorrhea.

S_O Twin S_O_2 had heen using the drug Fluoxetine for depression. Both twins used oral
contraceptives, but did not have synchronous meustrual cycles.

teen, and therefore, the number of graphs in Figure 4 is also 14, For each number of branching points, from
bottom to top the number of twin pairs separated by that particular number of branching points after each
permutation is displayed by gray bars. In addition, for each possible number of branching points separat-
ing co-twins, the number of twin pairs separated by that number of nodes in the original dendrogram (sce
Fig. 2 and Fig. 3A/B) is indicated by black dots. For example, in Figure 3A/B, 13 twin pairs can be ob-
served that are separated by only one node. Hence, in Figure 4 there is a black dot in the most left graph
corresponding with one node separating twins, at the point corresponding with 13 twin pairs. In most per-
mutations, no object labels of co-twins were separated by only one node, and therefore, the horizontal gray
bar corresponding with zero observations in the same graph is tallest. As no twin pairs can be observed in
Figure 3A/B where the nuinber of nodes between twins is two, in the second graph from the left in Figure
4 there is a black dot corresponding with zero pairs, and so on. Using the results of the permutation tests,
it was found that the observed number of 13 occasions where co-twins were only separated by one node
was significantly different from what would have been observed by chance. For larger numbers of nodes
separating co-twins, the observations with the object labels in original order fell within the distributions ob-
served after the permutations. Therefore, we named “close” thuse co-twins who were separated by one node
within the clustering tree and “distant” those co-twins who were separated by more than one node. The no-
tion that there were two subgroups of either close or distant twins in the data, was supported by the obser-
vation that the distribution of the within-pair Euclidean distances partly overlapped with the distribution of
distances among nonfamilial study participants, as was shown in Figure 1. For each “distant™ twin pair, we
have attempted to provide an explanation for the observed separation of the co-twins by more than one node
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FIG. 5. CRP levels in blood samples in twins, From bottom to top. the average CRP level of 1win pairs increases.
The nuwnbers ™ 1" and “2" near the observations denote the “firs(” and “second™ twin of each pair, respectively. For an
explanation of this lubeling, see the fegend of Figure 2.

in the dendrogram (Table 1). These explanations were based upon the available infurmation on participant
characteristics and environmental factors. Moreover, in a number of cases dissimilarity of lipid profiles cor-
related with within-pair differences in the levels of the inflammatory marker CRP (Fig. 5). In particular,
female sex and recent illness correlated with dissimilarity of lipid profiles between MZ co-twins. In turn,
in a number of cases, recent illness as self-reported by the study participants correlated with an increased
level of CRP. However, we could not establish the influence of female sex and recent illness independently,
because a relatively large number of female study participants had self-reportedly been ill. Morcover, a
number of female “distant™ twin pairs did not have synchronous menstrual cycles. Dizygosity correlated
strongly with dissimilarity of lipid profiles as well, as both DZ twin pairs included in the study were sep-
arated by more than one node in the dendrogram. Moreover, five out of a total of eight nontwin siblings
included in the study—of whom all except H_@ were of the same sex as their siblings belonging to a pair
of twins—did not cluster closely with a sibling belonging to a pair of twins. This observation suggests that
the dissimilarity of both DZ twin pairs was caused by differences in genetic background rather than by dif-
ferences in environental factors. That is, if shared environment would have been more important for the
similarity of lipid profiles, the similarity of nontwin siblings with their twin siblings would have approached
the similarity of MZ twin pairs. Although the relative within-pair dissimilarity of lipid profiles correlated
with differences in genetic background or environmental exposure, some win pairs had relatively similar
lipid profiles despite the presence of such differences. For example, twins J_[]_1 and D_[_1 had had a
cold less than 1 week prior to blood sampling whereas their co-twins had not. Still, both discordant pairs
were not found to be distant in the clustering. Also, none of the female “close™ twin pairs did have com-
pletely synchronous menstrual cycles.

DISCUSSION

In this study we have shown that upon hierarchical clustering of lipid profiles fromy healthy MZ twins, a
significant number of co-twins forms close clusters. This is a strong indication that similarities in genetic
background and/or environmental history among individvals indeed manifest as similarities in lipid pro-
files. Where the genetic resemblance of family members is expected to be lower than in MZ twin pairs on
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basis of Mendelian inheritance, that is, between DZ twins and between twins and their nontwin siblings,
we observed lower similarity of lipid profiles. Moreover, in a number of cases where MZ co-twins did not
cluster closely, we have identified recent experiences that might have decreased the within-pair similarity,
suggesting an important role of environmental influences in these pairs. Indeed, the similarities among non-
familial participants, who are expected to share less genetic background and environmental exposure than
fanily members, were low on average. To our knowledge, this is one of the first reports on unsupervised
data analysis of metabolite profiles amung healthy twins, Until now, in most publications gene expression
data were studied. For example, Tan et al. (2005) applied their correspondence analysis to project gene ex-
pression, measured using whole blood mRNA, separately for each of the 12 elderly female MZ and DZ
twins included in their study. They observed that in two MZ and two DZ twin pairs the within-pair corre-
lation ol gene expression was higher compared to the correlation between twins from different pairs. More-
over, in these four pairs the within-pair correlation in expression in the MZ pairs was higher than that in
the DZ pairs. Omori-Inoue et al, (2007) performed hierarchical clustering based on correlations between
gene expression profiles in umbilical cords from five twin pairs, and found that in four—probably MZ—
pairs the co-twins clustered adjacently, whereas the non-adjacently clustering co-twins (the fifth pair) might
have been DZ, In the result of hierarchical clustering on basis of 102 genes differentially expressed in skin
fibroblasts from study participants with systemic sclerosis compared to controls, two MZ twin pairs were
observed of which the co-twins—who were discordant for the disease—clustered adjacently (Zhou et al.,
2005). Matigian et al. (2007) used Pearson correlation as the similarity measure for hierarchical clustering
of gene expression profiles in lymphoblastoid cell lines from three MZ twin pairs that were discordant for
bipolar disorder, and found that the co-twins of all pairs clustered adjacently. Such high within-pair simi-
larity in MZ pairs was not observed by Teuffel et al. (2004), who subjected the bone marrow gene ex-
pression profiles of 33 children with acute lymphoblastic leukemia, including one pair of MZ twins con-
cordant for the disease, to hierarchical clustering using Euclidean distances and applying the average linkage
clustering algorithm. The authors noticed that the co-twins did not cluster adjacently and ascribed this ef-
fect tu disease-related changes in gene expression. Two recent articles employ supervised methods to ana-
lyze metabolomics data from twins. In one publication a link was established between schizophrenia and
alterations in blood plasma lipid levels as assessed by 'H NMR spectroscopy (Tsang et al., 2006). Such
changes were observed in both male and female affected twins of pairs discordant for schizophrenia when
compared to age-matched control twin pairs. However, in females, the differences between the affected
twins and their control twins were more pronounced than in males; as opposed (o in males, in females the
authors also observed a significant difference between the unaffected twins of discordant pairs and control
twins, The larger effects in females were attributed to greater genctic predisposition to the disease-related
changes in discordant female pairs than in male pairs. A recent study by Pietilainen and colleagues (2007)
found within-pair differences in lipid profiles, as assessed in blood serum using LC-MS, in MZ pairs dis-
cordant for obesity. Interestingly, the authors report that compared with five normal-weight concordant as
well as with five pairs concordant for overweight, the discordant pairs did not have larger intrapair differ-
ences in total cholesterol, high-density lipoprotein, low-density lipoprotein or TGs. Our results suggest that
an unsupervised data analysis approach (Hastie et al., 2001) can yield information that can not be derived
from other, pseudosupervised analyses. In explorative studies like this one, any constraints in supervised
analysis may preclude novel findings. Using hierarchical cluster analysis, we were able to link within-pair
dissimilarity of lipid profiles to within twin pair-specific factors. Studies estimating the relative influence
of genetic variation on the within-twin pair variation in lipid levels, have been reviewed by Iselius (1979),
and by Snieder et al, (1999). To our knowledge, with respect to the lipid classes evaluated in this study,
only heritability estimates for the TGs have been described previously. A study based upon a population
sample having a mean age of 16.7 years, which is close to the mean age of our study cohort, found that
genetic factors accounted for 60% of the variation in total TG levels among individuals (Boomsma et al.,
1996). In general, the relative influence of genetic variation on the phenotypic variation in lipid and
apolipoprotein levels has been found to be high. Such high estimates are consistent with our findings, of
successful clustering of individual (win pairs based upon unsupervised analysis of phenotypic data. In ad-
dition to genetic background and environmental factors, experimental factors such as sample handling and
storage, as well as the used analytical methods may introduce further similarities and differences between
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lipid profiles from different individuals. In our study, lipid profiles were assessed in blood plasma samples
from fasting individuals, because during fasting lipid profiles are thought to be relatively stable (Cohn et
al., 1988), and therefore expected to be more similar among individuals sharing genetic makeup and/or en-
vironmental exposure. Although we can not completely exclude the possibility that the similarities among
samples from MZ twin pairs are partly due to other shared factors induced by the study setup, the larger
dissimilarities between twins and their nontwin siblings argues against a strong influence of such factors.
Samples from members of the same family (i.e., twins and additional siblings) were collected on the same
day. If the workup of samples from a given family would have introduced similarities among the samples
from that family relative to samples from other families, a larger resemblance of twin-sibling pairs would
have been observed. With respect to sample handling and storage, we suspect that hemolysis of blood sam-
ples may augment differences in lipid profiles. In one out of two cases where noticeable hemolysis of the
blood sample had occurred, the corresponding twin pair was found to be separated by more than one node
in the dendrogram. We found that healthy individuals who share genetic background and/or environmental
exposure, have blood plasma lipid profiles that are more similar than profiles of persons who do not share
these influences. When extending this observation in twins to a general healthy population, this probably
implies that the lipid profile corresponding with a healthy state is characteristic for each individual due to
the individual-specific genetic background and environmental exposure (German et al.,, 2003). We there-
fore suspect that changes in the lipid profile inight denote deviations from the healthy phenotype, and there-
fore could be used, for example, to diagnose the onset of disease. The correlation of an increased blood
concentration of the inflammatory marker CRP with dissimilarity of lipid profiles in a number of MZ twins
in the current study supports this hypothesis. Actually, it can be assumed that for each individual there is
a lipid profile describing the “healthy phenotype”, and in the context of personalized medicine the aim could
be to maintain this, or to take measures to restore it. In conclusion, in our study, healthy MZ twins have
relatively similar blood plasia lipid profiles. Between individuals with less shared genetic backgrounds
and environmental exposure, we indeed observed smaller similarity. Discordance of MZ twins for recent
disease, that can be regarded a particularly relevant difference in environimental exposure, correlated well
with within-pair dissimilarity of lipid profiles. Therefore, lipid profiling might prove useful in monitoring
personal health.
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