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Abstract Introduction

The pathophysiology of familial combined hyperlipidemia
(FCHL) is unknown, but altered lipid turnover in periph-
eral tissues as well as hepatic overproduction of apolipopro-
tein B have been suggested as possible causes. In the present
study, we explored whether a change in triglyceride break-
down by lipolysis in fat cells is present in FCHL. Lipolysis
activation by catecholamines was examined in isolated sub-
cutaneous adipocytes from 10 patients with FCHL and 22
healthy control subjects.

Lipolysis rate was linear for at least 3 h in both groups.
However, a marked (- 65%) decrease in the lipolytic re-
sponse to noradrenaline was found in FCHL. This was also
true when lipolysis was maximally stimulated at the receptor
level with isoprenaline (nonselective ,-adrenergic agonist),
at the adenylyl cyclase level with forskolin, or at the level
of the protein kinase hormone-sensitive lipase complex with
dibutyryl cAMP. The maximum enzymatic activity of hor-
mone-sensitive lipase was decreased by 40% in FCHL.
On the other hand, the lipolytic sensitivity of Ca2-, f31-, and
f32-adrenoceptors was normal in this condition, as was the
number and affinity of j3- and f82-adrenoceptors. Variations
in the maximum lipolysis rate correlated significantly with
the variations in hormone-sensitive lipase activity in the
whole material, and with the serum values for triglycerides,
HDL cholesterol and apoB lipoprotein within the control
group, but the serum triglyceride values in FCHL were
higher than this correlation predicted. In conclusion, the
data demonstrate a marked resistance to the lipolytic effect
of catecholamines in fat cells from patients with FCHL, in
spite of normal adrenoceptor function. The lipolytic defect
appears predominantly to be due to a defect in hormone-
sensitive lipase, and may be of importance in the pathophysi-
ology of FCHL. (J. Clin. Invest. 1995. 95:2161-2169.) Key
words: hormone-sensitive lipase * catecholamines * adreno-
ceptors * cAMP
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Familial combined hyperlipidemia (FCHL)' is the most com-
mon familial form of hyperlipidemia in young survivors of
myocardial infarction, and may cause at least 10% of premature
coronary heart disease (1-5). Manifest hyperlipidemia in
FCHLusually does not occur before the age of 20 yr (3), and no
specific biological marker has yet been identified (5). Instead,
diagnosis is generally based on family studies: if multiple lipo-
protein phenotypes (IIA, IIB, and IV) are found among the
relatives of a family, and also among a single individual studied
on different occasions, FCHLis considered to be present (5, 6).
Studies based upon such criteria have demonstrated metabolic
differences between FCHL and monogenic familial hypertri-
glyceridemia (5-10), and have also suggested possible genetic
linkage of FHCL to the lipoprotein lipase gene ( 11), and to the
apo AI-CIII-AIV gene cluster (12, 13). However, no definite
metabolic defect has yet been identified in FCHL, although
overproduction of VLDL apo B is a frequent finding (7-9). In
addition, chylomicron remnant clearance is delayed in FCHL,
and prolonged elevations of plasma FFA occur postprandially
( 14, 15 ). The fact that hypertriglyceridemia alone was the earli-
est manifestation in affected children (1 ) has focused on the
possible role of disturbances in triglyceride and FFA metabo-
lism in the pathogenesis of FCHL (15).

Other causes for FCHL that have been proposed include
abnormal lipoprotein metabolism due to altered lipid turnover
in peripheral tissues (5, 16). In this case, adipose tissue is of
particular interest, since fat cells are the main triglyceride reser-
voir of the body and also have a large capacity to store choles-
terol ( 17). It has been suggested that stimulation of FFA incor-
poration into triglycerides in fat cells by acylation-stimulating
protein, a potent activator of triglyceride synthesis, is inhibited
in patients with hyperapobetalipoproteinemia ( 18, 19), a condi-
tion apparently related to FCHL (20). A partial lipoprotein
lipase deficiency has been demonstrated in some families with
FCHL ( 11), which further indicates a decreased lipid synthesis
in the adipocytes. The possible role of abnormal breakdown of
triglycerides by lipolysis in fat cells has to our knowledge not
been studied in this disorder. It is logical to assume that if the
turnover rate of lipids is decreased in fat cells, a diminished
synthesis rate of triglycerides should be counterbalanced by a
decrease in the triglyceride hydrolysis rate.

In humans, catecholamines are the most important lipolytic
hormones (21). They bind to ,6-adrenoreceptors, thus activating
adenylyl cyclase and increasing intracellular cAMP which in
turn activates the hormone-sensitive lipase (HSL). The latter
catalyzes the breakdown of triglycerides to glycerol and FFA.
Binding to counterregulatory a2-adrenoceptors causes inhibition
of adenylyl cyclase and thus of lipolysis. The activation of HSL
is rate limiting for lipolysis, while the sensitivity to catechola-
mine action is modulated at the receptor level.

In the present study, the existence of a possible defect in
lipolysis regulation was investigated in subcutaneous adipocytes
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Table I. Clinical Characteristics of Patients with FCHL

Body mass Total HDL Total Observed lipoprotein Coronary heart
No. Age index cholesterol cholesterol triglycerides Apo B Apo Al phenotypes disease

yr kg/m2 mmoliter mmol/liter mmoLliter giliter giliter

1 48 23.8 7.2 1.2 3.6 2.0 1.41 JIB-IV-N
2 33 24.8 8.2 0.8 5.5 1.63 0.99 IIA-IIB-IV
3 32 23.1 7.3 0.9 2.9 1.87 1.33 JIB-IIA
4 40 27.5 6.3 1.2 1.3 1.18 1.50 ilA-HIB-IV +
5 46 24.5 5.2 1.2 1.4 1.05 1.25 IV-IIB +
6 61 28.4 6.5 1.4 2.7 1.07 1.38 JIB-IV +
7 42 23.0 6.6 0.8 3.0 1.71 1.21 HIB-IV -

8 39 27.1 9.1 1.0 3.3 1.63 1.30 JIA-N-IIB -

9 47 26.9 9.9 0.9 3.7 2.57 1.13 HA-IIB-IV -

10 49 24.8 6.8 0.6 6.2 1.71 1.09 IV-IIB -

The numbers correspond to the number of each proband in the pedigrees in Fig. 1. The serum lipid values are from the day of the study. The
different lipoprotein phenotypes were observed during clinical follow-up for several years. The diagnosis of coronary heart disease is based on
previous myocardial infarction, coronary heart surgery.

from men with FCHL. Isolated fat cells were incubated with
agents that act on various defined steps in the lipolytic cascade,
from the adrenoceptors to the activation of HSL. The results
suggest that FCHL is associated with a defective activation of
lipolysis at the level of HSL.

Methods

Subjects, experimental procedure. The study included 10 nonobese male
patients with FCHL (Table I), who had been followed as outpatients
for several years. The diagnosis was based on the finding of hyperlipid-
emia in first degree relatives, among which at least one had a lipoprotein
phenotype that differed from that of the proband (22). In addition,
variable lipoprotein phenotypes had generally been observed during the
clinical follow-up of these patients. The pedigrees showing the informa-
tion available at the time of the study are found in Fig. 1. Of a total of
76 known probands, 37 had hyperlipidemia. This is consistent with a

hereditary hyperlipidemia with a dominant trait, as has been described
in FCHL (1 -5). In 21 subjects, information on blood lipid levels could
not be obtained. 19 subjects had manifest coronary heart disease, i.e.,
they had had myocardial infarction or undergone coronary vessel surgery
because of angina pectoris.

A patient or relative was considered to be hyperlipidemic if the
serum cholesterol or triglyceride level exceeded the 90th percentile of
the value in the general population, adjusted for age and sex. The lipo-
protein phenotyping was based on the levels of total cholesterol and
triglyceride. Type HI hyperlipidemia was excluded by agarose gel elec-
trophoresis.

The patients were in stable metabolic condition and secondary hy-
perlipidemia had been excluded. They had all been instructed to follow
a diet corresponding to American Heart Association step I. There was

no evidence of intestinal, liver, renal, or thyroid disease, nor had any
subject had myocardial infarction less than 6 mo before the study. Five
patients (1 -3, 8, and 10 in Fig. 1 and Table I) were without any type
of medication, whereas five patients (No. 4-7 and 9) were on stable
treatment with lipid-lowering agents (fibrates) since at least 6 mo.

22 healthy, nonobese, and drug-free volunteers comprised a control
group. The two groups were matched for body mass index (BMI) and
age. The control subjects were normolipidemic, with the exception of
one subject who had a slightly elevated serum triglyceride value (2.5
mmol/liter). In this case, however, any form of familial dyslipidemia
could be excluded after analysis of blood samples from all first degree
relatives. Clinical data comparing the two groups are shown in Table

JI. All undertook light (walking) or moderate exercise at regular inter-
vals, non was sedentary.

The subjects were examined at 8:00 a.m. after an overnight fast.
First, venous samples for analysis of hormones, metabolites, and serum
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Figure 1. Pedigrees of 10 patients with FCHL. The proband is indicated
with a number which corresponds to the number in Table I. * Indicates
subjects with established coronary heart disease (previous coronary
heart surgery and/or myocardial infarction).
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lipid profiles were collected. Blood pressure was measured in the supine
position. Second, a subcutaneous fat biopsy, - 2-4 g, was surgically
removed from the paraumbilical region under local anesthesia as de-
scribed (23). The tissue was placed in saline solution and immediately
transported to the laboratory.

All subjects had given their informed consent before entering the
study, which had been approved of by the ethics committee of the
Karolinska Institute, Huddinge, Sweden.

Determination of hormones and metabolites. Plasma insulin and
catecholamines, as well as lipoprotein levels, were determined as de-
scribed (24, 25). Routine laboratory analyses were performed at the
hospital's department of clinical chemistry.

Isolation of fat cells and determination of fat cell size. Isolated
fat cells were prepared through incubation in collagenase according to
Rodbell (26). Fat cell size was determined as follows: an aliquot of
cells, suspended in an albumin buffer solution, was placed on a glass
slide and the diameter of 100 cells was determined by examination with
a microscope (Carl Zeiss, Inc., Thornwood, NY) equipped with a caliper
scale. Mean fat cell volume and weight were then calculated according
to the methods developed by Hirsch and Gallian (27). The total lipid
content in each incubation was determined gravimetrically after organic
extraction. The number of fat cells in each incubation can be estimated
by dividing the total lipid weight with the mean cell weight. This method
was compared with a more tedious method (28), where the number of
fat cells is directly determined by counting cells in small aliquots of
appropriately diluted fat cell suspensions. The correlation between the
two methods was excellent (r = 0.97; n = 10).

Lipolysis experiments. This assay has previously been described in
detail (17, 24). A diluted suspension of fat cells was incubated at 370C
in duplicate samples, with or without increasing concentrations of the
nonselective natural catecholamine noradrenaline, the nonselective /3-
adrenergic agonist isoprenaline, the ,82-selective agonist terbutaline, the
/,l-selective agonist dobutamine, the a2 adrenergic agonist clonidine,
forskolin which stimulates adenylyl cyclase, and dibutyryl cAMP
(dcAMP) which activates HSL. Glycerol release to the incubation me-
dium was used as an index of the lipolysis rate. After 2 h incubation,
an aliquot of the incubation medium was removed for analysis of glyc-
erol content using an automated bioluminescence assay (29).

All the agonists caused a dose-dependent increase or inhibition of
glycerol release, reaching a plateau at the highest agonist concentrations.
The sensitivity to agonist action, defined as the concentration of each
agonist giving half maximum effect (ED50), was determined by linear
regression analysis after log-logit transformation of each individual con-
centration response curve. The responsiveness to each agonist was deter-
mined as the maximum stimulated lipolysis rate. The lipolysis rates in
the presence or absence of agonist were related to the number of incu-
bated cells.

As shown previously (29), the activation of lipolysis under these
conditions is linear with time in healthy subjects. In a separate set of
methodological experiments, a second fat biopsy, 1.5 g, was obtained
from two of the FCHL patients and two control subjects to determine
whether this was true also for these patients. Isolated fat cells were
incubated as described above with maximum effective concentrations
of noradrenaline, isoprenaline, forskolin, and dibutyryl cAMP, for 30,
60, 90, 120, and 180 min, respectively, whereafter aliquots were taken
for glycerol analysis.

Assay of hormone-sensitive lipase activity. This assay was per-
formed as described by Fredriksson et al. (30) with the modifications
for handling of small samples of human adipose tissue exactly as de-
scribed by Frayn et al. (31 ). First, pieces of adipose tissue (- 100 mg),
which had been stored in liquid nitrogen, were homogenized at 4°C in
2.0 ml of a buffer containing 0.25 mol/liter sucrose, 1 mmol/liter
EDTA, 1 mmol/liter DTT, and 20 itmol/liter each of the protease
inhibitors antipain and leupeptin. The homogenate was then centrifuged
at 100,000 g at 4°C for 45 min. The fat cake was removed, and the fat-
free infranatant recovered for analysis of HSL activity using 1(3)-
[3H]oleoyl-2-O-oleylglycerol as substrate (30). The substrate was ob-
tained from the same source of production (Dept. of Medical and Physi-

ological Chemistry, Lund University, Lund, Sweden) as in the original
methodological studies (30, 31). All samples were incubated in tripli-
cate at 370C for 30 min on one occasion. The substrate for HSL has
only one hydrolyzable ester bond and is therefore not a substrate for
monoacylglycerol lipase which is abundant in adipose tissue. Further-
more, at the present incubation conditions (pH 7.0 and no apo CII
present) lipoprotein lipase activity is negligible (30). Since the phos-
phorylated and dephosphorylated forms of the enzyme have the same
activity towards this substrate, only the total amount of activable enzyme
in the sample is measured (31). Hormone-sensitive lipase hydrolyzes
tri- and diacylglycerol at the relative rates of 1:10 (30). Therefore, the
sensitivity of the assay is enhanced by the use of a diacylglycerol analog
as substrate. 1 Uof enzyme activity equals 1 Omol of fatty acid produced
per minute at 370C. Enzyme activity was related to the total protein
concentration of the sample which was measured using a commercial
protein assay reagent (BCA; Pierce, Rockford, IL). The enzyme activity
and total protein concentration of the fat-free infranatant were propor-
tional to the wet weight of the tissue specimen when multiple samples
from one subject were analyzed (r = 0.95; P < 0.005). The within
run coefficient of variation was 7%. The intraindividual coefficient of
variation, examined by multiple samples of adipose tissue from one
subject was 11%.

Radioligand binding assays. The radioligand binding studies with
isolated fat cells have been described previously (24). Briefly, the cells
were incubated with the nonselective ,lI- f62-radioligand '"I-cyanopin-
dolol for 60 min at 370C, and cell-bound radioactivity was measured.

Saturation experiments were performed in duplicate with increasing
concentrations of the radioligand (10-750 pmol/liter). Nonspecific
binding was measured in the presence of propranolol ( I0-s mol/liter),
and was - 30% at low and - 45% at high radioligand concentrations.
The total number of /-adrenoceptor binding sites and the Kd values for
the radioligand were determined through linear regression analysis of
Scatchard plots (32).

Displacement experiments were performed with 100 pmol/liter of
the radioligand, which was displaced by 12 increasing concentrations
of the /32-selective antagonist ICI 118,551 (0, 10" - 10-4 mol/liter).
Nonspecific binding, defined as the binding at 10-4 mol/liter, was

- 30%. The experiments gave shallow biphasic displacement curves.
A nonlinear least squares regression analysis was performed to deter-
mine the proportions of high (162) and low affinity (/,) binding sites.

Finally, the results of the saturation and displacement experiments
were taken together to determine the total number of /,lI- and 832-adreno-
ceptors, respectively. The concentrations of the radioligand used are too
low to identify /33-adrenoceptors, for which '25I-cyanopindolol has low
affinity (33).

Drugs and chemicals. BSA (fraction V, lot 63F-0748), Clostridium
histiolyticum collagenase type I, propranolol, forskolin, dibutyryl cAMP,
glycerol kinase from Escherichia coli (G4509), antipain, and leupeptin
were obtained from Sigma Chemical Co. (St. Louis, MO). (-)-Isopren-
aline was from Hassle (Molndal, Sweden), terbutaline from Draco
(Lund, Sweden), dobutamine from Eli Lilly and Co. (Indianapolis,
IN), and ICI 118,551 from Cambridge Research Biochemicals Ltd.
(Cheshire, United Kingdom). ATP monitoring reagent containing firefly
luciferase was obtained from LKB Wallac (Turku, Finland), and '5I-
cyanopindolol from New England Nuclear (Boston, MA). 3H-mono-
acylmonoalkylglycerol was from Dr. Cecilia Holm, Dept. of Medical
and Physiological Chemistry, Lund University, Lund, Sweden. All other
chemicals were of the highest grade of purity commercially available.
Collagenase and all ingredients in the incubation buffers were from the
same batches throughout the study.

Statistical analysis. Student's two-tailed t test or chi-square (with
Yate's correction) was used for comparison of data between groups. In
some cases simple or stepwise regression analysis was performed. All
values are expressed as mean±SEM. The values for Kd and EDMwere
transformed into their logarithmic form before statistical evaluation. All
statistics (except chi-square) were performed with the aid of a software
statistical package (Stat View H; Abacus Concepts Inc., Berkeley, CA).
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Table II. Clinical Characteristics

FCHL patients Control group
(n = 10) (n = 22) P

Age (yr) 43.7±2.7 48.7±3.7 NS
Smokers/nonsmokers 2/8 5/17 NS
BMI (kg/M2) 25.4±0.6 24.3±0.4 NS
W/H ratio 0.998±0.012 0.947±0.01 <0.01
Cell volume (pl) 497±51 442+33 NS
S-cholesterol

(mmol/liter) 7.11±0.40 5.68±0.20 <0.001
S-triglycerides

(mmol/liter) 3.20±0.52 1.21±0.10 <0.0001
S-HDL-cholesterol

(mmol/liter) 1.0±0.08 1.26±0.09 <0.05
S-apo B (g/liter) 1.64±0.15 1.21±0.06 <0.005
S-apo A I (g/liter) 1.26±0.05 1.42±0.06 NS
B-glucose (mmol/liter) 5.4±0.2 4.7±0.1 <0.005
P-insulin (mU/ml) 9.2±1.4 7.2±1.3 NS
P-glycerol (mmol/liter) 60.9±6.4 57.9±4.3 NS
P-noradrenaline

(nmol/liter) 1.95±0.37 2.02±0.27 NS
P-adrenaline

(nmollliter) 0.19±0.04 0.16±0.02 NS

The values are mean±SEM. They were compared using Student's t test.
S, serum; P. plasma; B, blood. NS, not significant. W/H, waist-hip.

Results

Clinical data on the patients and the controls are shown in Table
II. The control subjects were selected to match the patients as
well as possible in regards to age and BMI. Although the FCHL
patients had a slightly higher waist-hip ratio, fat cell size was
similar in the two groups. As expected, total serum cholesterol,
triglycerides, and apo B levels were higher in the FCHLpatients
than in the control group, while serum HDL cholesterol levels
were lower. However, there was no significant difference in
serum apo AI levels. Blood glucose was higher in the patients,
but plasma glycerol, catecholamine, and insulin levels did not
differ significantly between the two groups.

In accordance with previous studies (29), the activation of
lipolysis with noradrenaline, isoprenaline, forskolin, or dcAMP
was linear with time for at least 3 h in healthy subjects (Fig.
2). This was also true for FCHL patients (Fig. 2).

The mean concentration reponse curves for lipolysis upon
stimulation with different lipolytic agents are shown in Fig. 3.
In regards to the nonselective natural catecholamine noradrena-
line, a marked reduction in the lipolysis response was found in
fat cells from the patients with FCHLas compared to the control
group. This difference persisted at maximal as well as at sub-
maximal effective concentrations of noradrenaline. The figure
also shows the results of lipolysis stimulation with agonists
acting at different levels in the lipolytic cascade. In FCHL, a
marked reduction of the lipolytic response (- 65%) was found
whether lipolysis was stimulated nonselectively via P-adreno-
ceptors with isoprenaline, by activation of the adenylyl cyclase
with forskolin, or by direct activation of the protein kinase-
HSL complex with dcAMP. The individual values of the maxi-
mumlipolytic effect of each agonist are statistically compared

in Table III. With noradrenaline, the maximum lipolytic rate
was reduced by two-thirds in FCHL (P < 0.01). With the
other agents, it was reduced by about half (P < 0.005). These
differences in lipolysis rate between the groups persisted even
when the data were calculated using lipid weight as denominator
instead of cell number (data not shown). The basal rate of
lipolysis (which was subtracted from the agonist-induced val-
ues) did not differ significantly between the groups. It was
7.0±1.7 Mmol of glycerol/ I07 cells in the FCHLpatients, and
5.0±0.7 umol/10' cells in the control subjects.

The results presented so far indicated that the low noradrena-
line response in the patients with FCHLwas due to a postrecep-
tor defect in lipolysis activation. To examine whether the low
noradrenaline response to some degree was also due to altered
adrenoceptor function, the lipolytic response to selective adren-
ergic agonists was examined. This was done using receptor-
subtype-specific adrenergic agonists. Since we wanted to eval-
uate agonist sensitivity, which is a measure of receptor function,
rather than the maximum effect, which above all reflects postre-
ceptor events, the dose-response curves (Fig. 4) were expressed
as percentage of the maximum rate. There were, however, no
differences between the groups regarding the sensitivity to ,3I-
or 132-adrenoceptor-mediated lipolysis or a2-adrenoceptor-me-
diated antilipolysis, the concentration response curves being
practically superimposed. The individual ED50 values for each
selective agonist, as well as for the nonselective agonists nor-
adrenaline and isoprenaline, are shown in Table IV. No statisti-
cally significant differences were observed between the groups
for any of the values. In regards to the maximum antilipolytic
effect of clonidine, this agent caused an inhibition by 71±5%
and 71±4% of the lipolysis rate in FCHLpatients and controls,
respectively.

The number of 631- and ,82-receptor binding sites was deter-
mined by radioligand binding. There was no significant differ-
ence between the two groups in the number of binding sites for
either ,8-adrenoceptor subtype. The values for PI1-adrenoceptors
were 0.48±0.11 pmol/107 cells in FCHLand 0.58±0.09 pmol/
107 cells in the control group. The corresponding values for #2-
adrenoceptors were 0.40±0.08 and 0.60±0.10 pmol/10' cells,
respectively. The affinity of these receptor subtypes for the
displacing drug, the f32-selective antagonist ICI 118,551, did
not differ between the groups either (data not shown).

The relationship between the serum lipid levels and the
lipolysis defect was examined using simple regression analysis.
In the control group, there was a linear relationship between
the maximum lipolysis rate and the serum values for HDL-
cholesterol, apo B, and triglycerides, respectively (Fig. 5). The
strongest relationship was a negative correlation with serum
triglycerides. About 35% (adjusted r2) of the variation in serum
triglycerides, could be explained by the maximum lipolysis rate.
In reference to the FCHL patients (open symbols in Fig. 5),
the values for HDLcholesterol were found along the regression
line of the controls. The triglyceride values in FCHL, however,
were higher than predicted from the regression line between
lipolysis rate and serum triglyceride values in the controls (Fig.
5). 8 of the 10 subjects with FCHLhad values above the regres-
sion line, as compared to 9 of the 22 control subjects (P < 0.05
by chi-square analysis). A similar tendency was seen for apo
B, with 7 out of 10 FCHL patients above the regression line.
This difference was, however, not statistically significant.

A stepwise regression analysis was performed to examine
the importance of the lipolysis rate for the variations in serum
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Figure 2. Glycerol release in rela-
tion to incubation time in two pa-
tients with FCHL (top) and two
healthy control subjects (bottom).
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trations of noradrenaline ( o0-7 M,
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spond to the numbers in Table I.

triglyceride values. The equation included the triglyceride val-
ues for each subject in the control group as the dependent vari-
able, and as independent parameters the maximum isoprenaline-
stimulated lipolysis rate and other variables which may influ-
ence the triglyceride values: age, BMI, waist-hip ratio, fat cell
volume, blood glucose, and plasma insulin. Isoprenaline sensi-
tivity (EDM0), which correlates with lipid levels in healthy sub-
jects (17), was also included in the equation. The triglyceride
values were calculated in their logarithmic form to normalize
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Table III. Maximum Activation of Lipolysis in Isolated Fat Cells

Lipolysis rate (imol/glycerol/107 cells)

FCHL patients Control subjects P

Noradrenaline 3.3±0.5 8.6±1.2 <0.01
Isoprenaline 12.9±1.7 25.6±2.6 <0.005
Forskolin 11.6±1.6 21.9±2.0 <0.005
dcAMP 9.8±1.7 19.6±1.7 <0.005

Lipolysis stimulation was determined in the presence of maximum effec-
tive agonist concentrations. The values are mean±SEM. They were
compared using Student's t test.
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cal, lipolysis, and radioligand binding data were the same as
for the entire group (data not shown).

The possibility that a defect in HSL might cause the ob-
served lipolytic catecholamine resistance was investigated by
measuring the maximum activity of this enzyme. The individual
data are shown in Fig. 6. The group values (mU/mg protein)
were 76±9 and 46±3 in control and FCHL subjects, respec-
tively (P = 0.029). Thus, HSL activity was 40% decreased in
FCHL. In the whole material there was a linear relationship
between maximum HSL activity and the maximum lipolysis
rate (r = 0.57; P < 0.001). There was, however, no correlation
between the enzymatic activity and the serum lipid levels (data
not shown).

Discussion

The present study was undertaken to study lipolysis regulation
in FCHL. Even with a relatively strict operative definition (5),
as used here, it is possible (and even likely) that FCHL will
turn out to represent a mixture of various disease entities, with
several metabolic defects. Nevertheless, the present work dem-
onstrates, for the first time, a distinct cellular abnormality in
lipolysis regulation in this disorder. Thus, the lipolytic response
to catecholamines in adipocytes from patients with FCHLwas
markedly reduced. This reduction (- 65%) was not dependent
on the use of denominator for lipolysis rates, since similar re-
sults were observed when lipolysis rate was expressed per cell
number or lipid weight. Furthermore, the reduction was of the
same order of magnitude whether lipolysis was stimulated with
the adrenergic agonists noradrenaline or isoprenaline, with for-
skolin which activates the adenylyl cyclase, or with dcAMP
which acts directly on the protein kinase-HSL complex. This
strongly suggests that the observed defect is localized at the
last step in the lipolytic cascade, i.e., the activation of the lipase,
since a decrease in the lipolytic action of the nonmetabolizing
cAMP analogue (dcAMP) cannot be explained by alterations
in lipolysis activation above cAMP. Furthermore, the rate of
lipolysis activation was linear for at least 3 h in both groups,
which indicates that the onset of activation of the protein ki-
nase-HSL complex was not altered in FCHL.

The function of the three major human adipocyte adrenergic
receptors (/h1, 62, and a2) was normal in FCHL. This is in
contrast to previous findings of a correlation between low /2-
receptor function and high circulating lipid levels in healthy
subjects (17). This suggests that multiple defects in catechola-
mine-induced lipolysis of fat cells could be involved in the
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Figure 4. Lipolytic sensitivity to receptor subtype specific agonists in
FCHL (open symbols) and control subjects (filled symbols). Lipolysis
was stimulated by terbutaline (selective p32-agonist) or dobutamine (se-
lective P31-agonist). Mean concentration-response curves are depicted,
expressed in percentage of the maximum lipolytic response. Lipolysis
was inhibited by clonidine (a2-agonist). Mean dose-response curves are
depicted in percentage of the basal rate. Values are mean±SEM.
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Table IV. Lipolytic Sensitivity to Selective Adrenergic Agents

ED50 (log mol/liter)

FCHL patients Control group P

Noradrenaline -7.7±0.7 -8.3±0.2 NS
Isoprenaline -12.0±1.0 -12.4±0.4 NS
Terbutaline -7.7±0.4 -8.2±0.3 NS
Dobutamine -7.3±0.2 -7.7±0.2 NS
Clonidine -9.9±0.3 -9.3±0.2 NS

The agonist concentration giving half maximum effect on lipolysis
(EDm) was determined from concentration-response curves. The values
are mean±SEM. They were compared using the unpaired Student's t
test.
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development of hyperlipidemia. Catecholamine resistance due
to a defect in the hormone-sensitive lipase seems, however, to
be the most important one for FCHL. It is possible that there
are additional early defects in the stepwise lipolysis activation,
which may be localized at the level of adenylyl cyclase or cyclic
AMPmetabolism. Unfortunately, it was not possible to study
these events in parallel because the methods require very large
amounts of adipose tissue. In any case, such early defects would
be of less importance for lipolytic catecholamine resistance in
FCHL than the observed defect in hormone-sensitive lipase.

Further strong evidence for a defect in HSL in FCHL are

the findings with direct measurement of the enzyme activity in
adipose tissue. For this purpose, we used a previously described
method for studies of the enzyme activity in human adipose
tissue in clinical conditions (30, 31). In our hands, the method
was as sensitive and reproducible as originally reported. The
results show a 40% decrease in the maximum enzyme activity.
In the whole material, the variations in this activity correlated
significantly with variations in maximum lipolytic capacity.
Thus, it appears that impaired function of HSL is the major (if
not only) lipolysis defect in FCHL.

Reduced triglyceride clearance from plasma to peripheral
tissues has been suggested by several investigators as a patho-
physiological mechanism in FCHL. Hereditary lipoprotein li-
pase deficiency, demonstrated in a subset of FCHL families
(11), may cause reduced peripheral uptake of FFA, and the
association of FCHL to the apolipoprotein AI-CIII-AIV gene

cluster may also be explained by altered lipoprotein lipase func-
tion ( 12, 13 ). Furthermore, reduced adipocyte triglyceride syn-

thesis due to reduced responsiveness to the acylation-stimulat-
ing protein ( 16, 18-20), has been suggested. Howdo the results
of the present study fit with these observations?

One possibility is that the observed reduction in lipolysis
rate coexists with a decreased rate of lipid storage in fat cells.
As mentioned earlier, this is logical, since, in a simplified model,
reduced lipid storage with intact lipolysis function would lead
to a depletion of intracellular lipids, and thus a reduction in
adipocyte size. Fat cell volume was, however, normal in FCHL.
A combined defect in lipid storage and lipolysis would then
imply that the adipose tissue is metabolically inactive in FCHL.
These events could not, unfortunately be examined simultane-
ously since the required additional large amount of adipose
tissue for a parallel determination of lipid synthesis cannot be
obtained in this type of clinical study. At present, it is not
possible to conclude which of the defects in lipid synthesis
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Figure 5. Linear relationship between serum lipid and lipoprotein levels
and maximum lipolytic capacity in fat cells from control subjects (filled
symbols). The open symbols indicate the values of the 10 FCHLpatients
in relation to the regression line of the control group. The lipolysis rate
was the maximum rate of glycerol release in the presence of isoprenaline
(nonselective /3-agonist). Triglyceride values are presented in their log-
arithmic form.

(previously demonstrated) ( 16) and breakdown (presently
demonstrated) in fat cells is primary or secondary in FCHL.
One possible link between these findings is the previous obser-
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vation of Edens et al. (34), that newly synthesized diglycerides
appear to be more accessible for the hormone-sensitive lipase
than the intracellular triglyceride stores. When these previous
data are compared with the results of the present study, the
diglyceride pathway appears to be of minor importance, how-
ever, accounting for < 10% of the total lipolysis rate. Identifica-
tion of the primary defect can possibly be achieved through
family studies and/or detailed structural and genetic analysis
of the HSL.

The lipolysis rate was found to correlate with the serum

levels of triglycerides, HDL cholesterol, and apo B. In FCHL,
however, the triglyceride levels were higher than predicted from
the relationship observed in the controls and did not correlate
with the lipolysis rates. This suggests that hypertriglyceridemia
and a defective regulation of triglyceride turnover rate in rela-
tion to the metabolism of adipose tissue may be a primary
metabolic defect in FCHL. A similar tendency was seen regard-
ing the relationship between lipolysis rate and apo B levels; the
significance of this observation is uncertain.

Previously, there has been some controversy regarding the
classification of FCHL in relation to hyperapobetalipoproteine-
mia (5). In many cases, these disorders are considered together
as different clinical manifestations of a multifactorial disorder
(13, 15, 20). No attempt was made in this study to distinguish
between hyperapobetalipoproteinemia and FCHL. All the
FCHLpatients studied had apo B levels > 1.0 g/liter, however,
and the mean apo B levels were clearly higher in FCHL than
in the control group, although there was some overlap in these
values between the groups.

The mechanisms behind the increased circulating apo B
level in FCHLare largely unknown, but it may be due to hepatic
overproduction in response to an increased flux of lipids to the
liver, as discussed (15, 20). This suggested pathophysiological
mechanism for FCHL is also compatible with decreased lipid
turnover in fat cells. If the triglyceride pool in subcutaneous
adipose tissue is more or less metabolically inactive, FFA and
incompletely hydrolyzed chylomicron remnants would be
shunted to the liver. Although a rough measure, the slightly
higher waist-hip ratio in the FCHLpatients as compared to the
weight-matched control group indicates a larger visceral fat

mass. This fat depot may be of greater importance in FCHL,
delivering FFA directly to the liver via the portal circulation.
Whether the lipolysis defect found in subcutaneous tissue in the
present study is also found in the visceral adipose tissue, or is
instead compensated for by an increased lipolysis rate in the
visceral fat depot, can only be speculated upon, since visceral
adipose tissue is not accessible for the present type of study.

An association with the insulin resistance syndrome has
been demonstrated in patients with FCHL(15, 35, 36). Besides
insulin resistance, this syndrome includes upper body obesity,
hyperinsulinemia, glucose intolerance, essential hypertension,
and dyslipidemia characterized by reduced serum HDLcholes-
terol and increased serum triglyceride, VLDL, and occasionally
LDL cholesterol levels (37). Thus one might speculate that the
defect in lipolysis activation found in the present study is caused
by chronic insulin-induced inhibition of HSL activity. The
FCHL patients did indeed have a significantly higher waist-hip
ratio and fasting blood glucose level compared to the age and
body weight-matched control subjects. On the other hand, fast-
ing plasma insulin levels were not elevated in the patients with
FCHL studied here, which makes an important contribution
of hyperinsulinemia and/or insulin resistance for the observed
lipolysis defect unlikely.

Catecholamine resistance, due to a defect in cAMP-medi-
ated lipolysis activation, has previously been demonstrated in
elderly, apparently healthy men with normal body weight (38).
This is interesting, considering that although FCHLis a heredi-
tary disorder, it seldom manifests itself with increased serum
lipid levels before 20 yr of age (5). Thus, the lipolysis defect
in FCHL resembles a "premature aging" of the fat cells.

Before entering the study, five patients were on treatment
with lipid-lowering agents. This reflects the severity of the dis-
order, most identified patients being on some treatment for coro-
nary heart disease at an early age. However, patients on treat-
ment with drugs with documented effects on lipolysis regulation
were not included in the study. For ethical reasons, it was not
feasible to remove the medication during the study, but recalcu-
lating the data, comparing the untreated patients with the control
group, the findings were essentially the same as with the whole
group. Wetherefore assume that the results are representative
of males with FCHL. Whether the results also apply to females
with FCHLremains to be examined.

In conclusion, the present study demonstrates, for the first
time, a defect in lipolysis activation in men with FCHL. This
defect is predominantly localized at the final and rate-limiting
step of the lipolysis cascade, hormone-sensitive lipase, although
additional defects in lipolysis regulation between adrenorecep-
tors and HSL may be present as well. The lipolysis defect is
correlated with the serum lipid abnormalities typical for this
disorder. Further studies should now be directed at evaluating
the molecular mechanisms and relevance of this defect in the
pathogenesis of FCHL, its pattern of inheritance, and its interre-
lation to other abnormalities observed in this clinically im-
portant metabolic disease.
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