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Familial combined hyperlipidemia (FCHL; MIM144250)
is the most common genetic hyperlipidemia in humans.
FCHL is characterized by familial clustering of multiple
type hyperlipidemia, with clinical manifestations of premature coronary heart disease (CAD), i.e., before the age
of 60. Although FCHL was delineated about 25 years ago,
the complex genetics and metabolic phenotypes in FCHL
are not fully understood at present (1–7). Hypercholesterolemia, hypertriglyceridemia, elevated plasma apolipoprotein B (apoB), and apoC-III concentrations are found in
FCHL (8). Studies have shown abnormalities in lipoprotein metabolism of FCHL patients, including hepatic hy930
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persecretion of apoB containing lipoproteins and delayed
clearance of atherogenic triglyceride-rich lipoprotein remnants, such as VLDL remnants (intermediate density lipoproteins) and chylomicron remnants (8, 9). Increased hepatic VLDL secretion contributes to elevated plasma
triglycerides (TG), apoB, total cholesterol (TC), and LDL
(10). The forces behind the increased hepatic lipoprotein
secretion have not been identified yet.
Defects in adipose tissue function are believed to contribute to the FCHL phenotype, but the exact mechanisms are poorly understood. Expression of the FCHL
phenotype has been shown to depend, in part, on body
mass index (BMI), a marker of adipose tissue mass (11).
In addition, FCHL patients have an abnormal FFA metabolism resulting in reduced clearance of FFA from the circulation in the postprandial state (12). FCHL patients are
also characterized by impaired insulin-mediated glucose
uptake in peripheral tissues, such as muscle, and impaired
insulin-mediated removal of plasma FFA (13–15). It has
been shown also that adipocytes as well as fibroblasts from
FCHL patients exhibit an impaired response to the activity of the acylation-stimulating protein that stimulates the
synthesis of TG in peripheral tissues (16). High levels of
FFA in the circulation can lead to a decrease in insulinstimulated glucose uptake in skeletal muscle, as well as an
increase in hepatic lipoprotein synthesis (17, 18).
Based on these observations, we investigated adipose tis-
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Abstract Subjects with familial combined hyperlipidemia
(FCHL) are characterized by a complex metabolic phenotype with hyperlipidemia, insulin resistance, and central
obesity. FCHL is due to impaired adipose tissue function
superimposed on hepatic overproduction of lipoproteins.
We investigated adipose tissue as an interesting target tissue
for differential gene expression in FCHL. Human cDNA expression array analyses, in which adipose tissue from five
FCHL patients was compared with that from four age, gender, and BMI matched controls, resulted in the identification of 22 up-regulated and three down-regulated genes.
The genes differentially expressed imply activation of the
adipocyte cell cycle genes. Furthermore, the differential expression of the genes coding for tumor necrosis factor ,
interleukin 6, and intracellular adhesion molecule 1 support a role for adipose tissue in insulin resistance in FCHL
subjects. The observed changes represent a primary genetic defect, an adaptive response, or a contribution of
both.—Eurlings, P. M. H., C. J. H. van der Kallen, J. M. W.
Geurts, P. Kouwenberg, W. D. Boeckx, T. W. A. de Bruin.
Identification of differentially expressed genes in subcutaneous adipose tissue from subjects with familial combined
hyperlipidemia. J. Lipid Res. 2002. 43: 930–935.

sue as an interesting target tissue for differential gene expression in FCHL using human cDNA expression arrays.
Such differentially expressed genes represent good candidate genes or provide information about signaling pathways that are involved in FCHL adipocyte dysfunction.
The primary data showed a consistently different gene expression pattern in FCHL adipose tissue compared with
that from age, gender, and BMI matched controls. In total, 25 differentially expressed genes were identified in
FCHL adipose tissue.

MATERIALS AND METHODS

tered through 500 m nylon mesh and spun at 220 g for 1 min to
separate stromal vascular cells from mature adipocytes. Isolated
adipocytes were washed three times with KRBH supplemented
with 0.3% BSA. The purified mature adipocytes were stored in
liquid nitrogen until further use.

RNA preparation
Total RNA extraction was performed using the TRIzol reagent (GibcoBRL, Grand Island, NY) according to the manufacturer’s protocol. The RNeasy kit (QIAGEN, Germany) was
used for total RNA clean up and its quality was assessed following the manufacturer’s instructions. In the experiments 2–3.5
g total RNA was used.

Atlas human cDNA expression array

Subjects

Sample preparation
Four unrelated control subjects and five unrelated FCHL subjects were age, gender, and BMI matched. Four FCHL subjects
who used lipid lowering medication had stopped their therapy
for 14 days in order to obtain untreated plasma and adipose tissue samples. Three subjects used atorvastatin and one simvastatin as lipid lowering therapy. Before starting the procedure,
venous blood was drawn in pre-cooled EDTA (1 mg/ml) tubes
after an overnight fast (12–14 h) and prepared by immediate
centrifugation for analytical analyses. Plasma lipids and glucose
were measured as described before (19, 20). Liposuction samples were taken caudal from the umbilicus under local anesthesia (1% Lidocaine) with a small liposuction cannula (Accelerator III, Byron, CA) (21). From each subject, 3–5 ml adipose
tissue was collected and processed immediately. Isolation of adipocytes was based on the method of Rodbell (22), with minor
modifications. Within minutes after obtaining the sample, adipose tissue was cut into small fragments and incubated with 2
mg/ml collagenase, followed by gentle shaking in an incubator
(humidified, 5% CO2 and 95% air) at 37C for 30–60 min in
buffer (Krebs-Ringer bicarbonate supplemented with HEPES
containing 25 mM NaHCO3, 1.2 mM KH2PO4, 4.8 mM KCl, 1.2
mM MgSO4, 118 mM NaCl, 1.25 mM CaCl2, and 10 mM HEPES,
pH 7.4) containing 4% BSA. The cell suspension was then fil-

RESULTS
The clinical characteristics of the study subjects are presented in Table 1. Venous blood was drawn after an overnight fast and the FCHL patients had stopped their lipid
lowering medication for two weeks to ensure expression
of their hypercholesterolemia and/or hypertriglyceridemia at the time of the abdominal fat biopsy (Table 1).
Three subjects were hypertriglyceridemic and two were
hypercholesterolemic. All FCHL subjects had elevated
plasma apoB levels 1.2 g/l and were normoglycemic.
Controls were normolipidemic and normoglycemic.
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FCHL probands and controls were recruited through the
Lipid Clinic of the Maastricht University Hospital. FCHL families
were ascertained as previously described (19). Briefly, FCHL
probands had a primary hyperlipidemia with varying phenotypic
expression including (untreated) fasting plasma cholesterol
(TC) 6.5 mM (250 mg/dl) and fasting plasma triglyceride
(TG) concentration 2.3 mM (200 mg/dl), and a positive family history of premature CAD (i.e., before the age of 60 years). In
addition, FCHL probands had no xanthomas, no apoE2/E2 genotype, and normal thyroid-stimulating hormone concentrations.
Obesity (BMI 30) or diabetes were exclusion criteria for the ascertainment of an FCHL proband (13). The affected FCHL subjects in the present study had each been ascertained as an affected
FCHL relative in a FCHL family that contained at least two other
first-degree relatives with a cholesterol and/or TG exceeding the
above-mentioned diagnostic values. Pedigree analyses showed evidence of the multiple lipoprotein phenotype phenomena,
meaning that different relatives show different lipoprotein phenotypes (IIa, IIb, or IV).
The control subjects had a fasting glucose 5.5 mmol/l, fasting TC 6.5 mmol/l, fasting TG  2.3 mmol/l, and no family
history of CAD. The Human Investigation Review Committee of
the Academic Hospital Maastricht approved the study protocol
and all subjects gave informed consent.

The Atlas human cDNA array kit was purchased from Clontech Laboraties (Palo Alto, CA). All procedures for probe labeling were accomplished following the manufacturer’s recommendations. Probe purification was done using ProbeQuantTM G-50
micro columns (Amersham, NJ) according to the manufacturer’s
instructions. The probes were denatured at 95C for 5 min. The
membranes were hybridized in ExpressHyb solution overnight at
68C, washed according to the manufacturer’s instructions, and
exposed for varying time lengths to an imaging screen (BioRad,
Hercules, CA). Stripping of the membranes was carried out according to the manufacturer’s instructions and were re-used up
to three times. In a typical experiment an FCHL subject was compared with a matched control subject resulting in a total of five
experimental pairs.
The intensities of the spots were analyzed using the Quantity
One program (BioRad). Every gene was present in duplicate on
the array and the average intensity of the duplicate spots was
used for analyses. Gene hybridization intensities were determined after background subtraction. The intensities of the spots
were corrected for mean background and mean intensities of the
housekeeping genes on each array. First, normalized intensities
of corresponding spots were compared between the FCHL array
and the control array, but only those spots that were visible on
the image and did have a homogenous and round shape were
taken into account. Differences were expressed as a ratio of normalized spot intensities on the FCHL array and normalized spot
intensities on the control array. The expression was considered
differential if there was a 2-fold difference in intensity between
the FCHL and control array. A ratio 2 indicated up-regulation
and a ratio 0.5 indicated down-regulation. Second, genes were
considered differentially expressed in FCHL adipose tissue when
in 60% or more of the experiments the gene showed differential
expression in the same direction, taking only into account those
experiments in which the gene was expressed. Third, a minimum
of two experiments with differential gene expression was required.

TABLE 1.

Clinical characteristics study subjects

Trait

Male/Female
Age (years)
BMI
TG (mmol/l)
TC (mmol/l)
HDL-C (mmol/l)
Glucose (mmol/l)
FFA (mmol/l)
ApoAI (g/l)
ApoB (g/l)
Data represent mean

TABLE 2. Comparison of the relative housekeeping gene intensities
between the FCHL expression arrays and control expression arrays

FCHL
(n 5)

Control
(n 4)

2/3
52.4 2.4
25.7 1.4
2.25 0.89
6.4 0.7
0.79 0.13
4.94 0.62
0.35 0.18
1.46 0.25
1.39 0.16

1/3
50.5 7.6
25.8 1.0
1.26 0.54
4.9 0.69
0.92 0.05
5.14 0.24
0.23 0.25
1.35 0.07
0.86 0.21

Housekeeping Gene

FCHL

Spouses

%
Ubiquitin
GAPDH
ACTB
23-kDa highly basic protein
40S ribosomal protein
Total signal

59.8 3.2
18.7 3.6
5.6 2.5
13.8 2.6
2.1 0.8
100

64.5 4.2
15.2 3.2
4.4 1.9
13.2 1.6
2.7 1.4
100

Data represent mean SD. GAPDH, liver glyceraldehydes 3-phosphate dehydrogenase; ACTB, cytoplasmatic beta-actin.

SD.

DISCUSSION

Fig. 1. Quality assessment of the differential gene expression
analyses. The average expression ratios of the familial combined hyperlipidemia (FCHL) adipose tissue arrays versus the control adipose tissue arrays are plotted as 2log (ratio). The gaussian distribution of the ratios illustrates that the experiments were of good
quality.
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In the present study the cDNA macro-array technique
was used to identify candidate genes or signaling pathways
for (subcutaneous) adipocyte dysfunction in FCHL. It has
been suspected that impaired function of adipose tissue
can contribute to the FCHL phenotype by inadequate incorporation of FFA into TG in adipocytes (12, 23–25).
The resulting increased FFA flux can contribute to increased hepatic lipoprotein production as well as reduced
insulin mediated glucose uptake and are both known
FCHL phenotypes (17, 23). To our knowledge, we are the
first to report on the identification of differentially expressed genes in FCHL adipose tissue using this approach.
In total, 25 differentially expressed genes were identified in
FCHL adipose tissue, of which 22 were up-regulated and
three were down-regulated. This is a first approximation of
the differential gene expression in FCHL adipose tissue
given the limited number of genes tested.
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Clontech’s Atlas human cDNA expression arrays were
used to screen for differential gene expression in FCHL
adipose tissue compared with age, gender, and BMI
matched controls. These arrays allowed the direct screening of 588 cDNAs, each spotted in duplicate in six functional quadrants. The membranes were hybridized with
cDNA samples prepared from 2–3.5 g total RNA from
each FCHL and spouse control adipose tissue sample. Of
the 588 genes spotted on a single Atlas expression array, on
average 174 (30%) genes showed detectable, i.e., visible,
levels of expression, whereas 414 (70%) genes were not expressed at detectable levels in adipocytes. As seen in Fig. 1,
the average expression ratios from the five experimental
pairs have a gaussian distribution, indicating that the arrays provided good quality results. Five of the nine housekeeping genes on the blot were expressed at detectable
levels in adipose tissue. Ubiquitin had the highest, and 40S
ribosomal protein the lowest, expression level (Table 2). As

expected, these housekeeping genes had similar and comparable relative intensities on the FCHL and control expression arrays, indicating that there is little variability in
housekeeping gene expression between FCHL adipose tissue and that of controls (Table 2). These data support the
reproducibility and reliability of the assay.
In total, 25 differentially expressed genes were identified. Table 3 lists all genes that fulfilled the criteria for differential expression in FCHL adipose tissue. The data are
presented as signal intensities that were equal to, or
greater than, 2-fold compared with the intensity of expression on the control array (up-regulation). Alternatively,
the data are given as signal intensities that were equal or
smaller than 0.5-fold compared with the control array. Table 3 illustrates, for all five experimental pairs, whether a
gene is up-regulated, down-regulated, not differentially
expressed, or is not expressed at a detectable level. Fig. 2
shows corresponding segments of an FCHL array and a
control array, visually illustrating some of the observed differences in adipose tissue gene expression. It is important
to note that the five experiments resulted in the identification of a consistent and uniform genetic fingerprint in
FCHL adipose tissue that also showed consistent differences with the gene expression pattern observed in
matched spouse controls.

TABLE 3.

Evaluation of genes differentially expressed in FCHL adipose tissue
Relative Expression
Profile in Each
FCHL/Control Pair

Gene Name

Genbank ID

V00568
J04111
M15990
M74088; M73548

2

x
x

o
x
x

x
x
x
o
o

x
x

X01394
X86779
U32944

x

M60974

x

L04282
X52541; M62829
M62831
U09579; L25610

x

M24545
X53799
X04602; M14584

5

o

x

L25124; D28472
U05875

M63928
J03132
M33374

4

o

D13889
M59798; M64349
M90813; D13639

M29366; M34309
L06623

3

3.2
4.2
2.8

0.8
2.5
2.3

17.8
4.8

17.2
0.5

x
o

x
o
o

13.0
2.0
1.7

7.6
1.3
0.9

0.04

0.02

0.4
6.8
2.6
3.8

0.2
4.7
1.4
2.7

6.6
9.6

8.5
9.5

x
x
o

o
o
x

x

x

x

x
o

20.7
229.6
4.1

24.0
504.4
3.2

o

11.6
3.2
2.2

10.2
2.4
1.4

o
x
o

10.9
3.6
0.3
4.7

x
x

o

x

7.6
3.5
0.3
8.0

x
x
x

x

FCHL/Control
Ratio*

o

Relative expression profile of each FCHL/control pair (1 to 5) illustrates whether a gene is up-regulated ( ;
FCHL/control ratio  2.0), down-regulated ( ; FCHL/control ratio  0.5), not differentially expressed (o; 0.5 
FCHL/control ratio  2.0), or not expressed at a detectable level (x).
*Data represent mean SD.

A large subset of the differentially expressed genes identified in the present study plays a prominent role in cell
growth, i.e., c-Myc, c-Jun, G1/S-specific cyclin D1 (CCDN1),
G1/S-specific cyclin D2 (CCDN2), DNA binding protein inhibitor ID1, DNA damage-inducible transcript 1 (GADD45),
early growth response protein 1, cyclin-dependent kinase
inhibitor 1A (CDKN1A), and epidermal growth factor receptor v-erb-b2 erythroblastic leukemia viral oncogen homolog 3 (ERBB3). Each gene product is directly or indirectly involved in the transition of the cell cycle from the
G1 to the S phase (26–30). However, the function of these
genes in cell cycle regulation of (pre)adipocytes, at least
to our knowledge, has not been studied yet. Based upon
the observation that c-Myc, c-Jun, CCDN1, CCDN2, ID1,
and ERBB3, which stimulate cell cycle transition, are upregulated in FCHL adipose tissue and that GADD45,
which inhibits entry of cells into S phase, is down-regulated,
indicate cell cycle gene activation of subcutaneous adipocytes in FCHL subjects most likely due to hyperplasia. The
fact that CDKN1A, an inhibitor of G1/S phase transition
(31), is up-regulated may be in contrast with these observations, but CDKN1A has also been shown to act as a stim-

ulator of cell growth, and, moreover, its role in adipocytes
has not been described. Subcutaneous adipose tissue mass
in FCHL is expanded (18); however, it is unknown
whether this is due to increased adipocyte cell mass or cell
number. We recently reported that BMI, a marker of adiposity, affects the expression of hyperlipidemia in FCHL
(11). Continuously increased delivery of lipoproteins and
their remnants from plasma to adipocytes in FCHL may
increase cell cycle gene expression in order to accommodate the persistent lipid supply. Therefore the subset of
cell cycle regulators differentially expressed in FCHL may
reflect hyperplasia of adipocytes. This proposed mechanism does not imply that the compensatory hyperplasia of
adipocytes is sufficient to maintain normal lipid or FFA
metabolism in FCHL.
Impaired insulin action has been reported in FCHL
(13–15), and has been linked to altered metabolism of
FFA (23–25) and impaired reactivity of adipocyte lipolysis
(32). Tumor necrosis factor  (TNF) gene expression
was shown in the present study to be up-regulated in
FCHL adipose tissue. It is of interest that the role of TNF
in the development of insulin resistance has been well
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Oncogenes and tumor suppressors
C-Myc
C-Jun
C-Yes
Adenomatous polyposis coli (APC) protein
Cell cycle regulators
DNA binding protein inhibitor ID1
G1/S-specific cyclin D1 (CCDN1)
G1/S-specific cyclin D2 (CCDN2)
Modulators, effectors and intracellular transducers
Prostaglandin receptor, EP4 subtype (PTGER4)
Interferon gamma receptor 2 (IFNGR2)
Apoptosis-associated proteins
Tumor necrosis factor alpha (TNF)
Fas-activated serine/threonine (FAST) kinase
Protein inhibitor of neural nitric oxide synthase (PIN)
DNA-synthesis, repair and recombination proteins
DNA-damage-inducible transcript 1 (GADD45A)
Transcription factors and DNA-binding proteins
CACCC-box DNA-binding protein
Early growth response protein (EGR1)
ETR101
Cyclin-dependent kinase inhibitor 1A (CDKN1A, p21)
Growth factor and chemokine receptors
Epidermal growth factor receptor (ERBB3)
Endothelin receptor type B (EDNRB)
Cell surface antigens and adhesion proteins
T-cell activation CD27 antigen
Intracellular adhesion molecule 1 precursor (ICAM1)
Cell adhesion protein SQM1
Growth factors, cytokines and chemokines
Small inducible cytokine A2 (SCYA2)
Macrophage inflammatory protein 2 alpha (MIP2)
Interleukin-6 precursor (IL-6)

1

Fig. 2. Gene expression fingerprint of FCHL adipose tissue. The
arrows indicate a subset of differentially expressed genes in FCHL
adipose tissue compared with control adipose tissue.
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documented (33), and a link between the TNF signaling
pathway and FCHL has recently been reported (20, 34).
TNF is known to impair insulin signaling in adipose tissue through inhibition of the insulin receptor tyrosine kinase (35). TNF also inhibits lipoprotein lipase (LPL)
and stimulates lipolysis in adipocytes (36), although there
are conflicting data whether LPL activity is affected in
FCHL (24, 37). TNF is also known to induce the synthesis
of other proinflammatory molecules such as interleukin 6
(IL-6) (38), and increased plasma IL-6 levels have been associated with insulin resistance (39–41). It is interesting
that IL-6 gene expression was clearly up-regulated in FCHL
adipose tissue. Additionally, the interferon
receptor 2
(IFNGR2) was also up-regulated in FCHL adipose tissue,
and IFN- signaling has been shown to increase plasma
IL-6 (42). Interestingly, intracellular adhesion molecule 1
(ICAM1), whose gene expression was also up-regulated in
FCHL adipocytes in the present study, has been shown to be
involved in insulin resistance through the TNF system as
well (43). Combined, the differential gene expression of
TNF, IL-6, IFNGR2, and ICAM1 in FCHL indicates common denominators in adipose tissue insulin resistance, or
the existence of a pro-inflammatory state in FCHL.
The fact that the observed changes in adipose tissue
gene expression were consistent among the age, gender,
and BMI matched FCHL/control pairs generates new perspectives for future research. Combined with results from
FCHL genome-wide screens, gene expression data can
help to distinguish primary genetic FCHL defects from
adaptive changes in FCHL. Such a genomics approach has
proven useful in other complex diseases such as hypertension (44) and diabetes (45), and will be instrumental for
FCHL in the near future. The current data cannot distinguish between genes differentially expressed as a result of
an adaptive response to hyperlipidemia or a genetic predisposition to FCHL. Therefore, although beyond the
scope of the present study, FCHL adipose tissue gene expression should be compared with that of subjects with a
different hyperlipidemic disorder such as familial hypercholesterolemia or type II diabetes. On the other hand, in
case the observed changes in adipose tissue gene expression are specific for FCHL, it offers the potential to diagnose FCHL with more certainty in individuals without a
family study, providing a new tool for genetic and pathophysiological studies.

In conclusion, our results demonstrate a clear and consistent difference in gene expression in FCHL adipose tissue compared with that from matched healthy controls.
Some of the genes identified point toward changes in adipose tissue activation of cell cycle genes. Additionally,
genes previously described in other insulin resistance
states are differentially expressed in FCHL. The present
data show that gene expression analyses represent a useful
tool to gain more insight into organ specific gene expression in a human complex disease such as FCHL. The
question remains whether the observed changes in gene
expression represent the results from a primary genetic
defect or an adaptive response.
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