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Abstract

Age-dependent alterations in the effects of catecholamines on

lipolysis were investigated in 25 young (21-35 yr) and 10 el-
derly (58-72 yr) healthy, nonobese subjects using isolated adi-
pocytes obtained from abdominal subcutaneous tissue. Basal
lipolysis was not affected by aging, while the rate of catechol-
amine-stimulated lipolysis was reduced by 50% in the elderly
subjects (P < 0.005). To elucidate the mechanisms behind this
phenomenon lipolysis was stimulated with agents that act at
well-defined steps in the lipolytic cascade, from the receptor
down to the final step: the activation of the protein kinase/
hormone-sensitive lipase complex. All agents stimulated lipol-
ysis at a 50% lower rate in elderly as compared with young

subjects (P < 0.05 or less). However, half-maximum effective
concentrations of the lipolytic agents were similar in both
groups. The antilipolytic effects of alpha2-adrenoceptor ago-

nists were also the same in young and old subjects. Moreover,
the stoichiometric properties of the beta- and alpha2-receptors
did not change with increasing age. In vivo studies performed
on the same individuals likewise demonstrated an impaired
lipolytic responsiveness, with 50% lower plasma glycerol con-

centrations during exercise in the elderly subjects (P < 0.05),
in spite of a normal rise in plasma norepinephrine. The plasma
glycerol levels correlated strongly to the glycerol release
caused by catecholamine-stimulated lipolysis in vitro in both
young and elderly subjects (r = 0.8-0.9, P < 0.001). In conclu-
sion, a decreased activation of the hormone-sensitive lipase
complex appears to be the mechanism underlying a blunted
lipolytic response of fat cells to catecholamine stimulation in
elderly subjects. This finding may, explain the age-dependent
decreased lipolytic response to exercise in vivo. (J. Clin. In-
vest. 1990. 85:1614-1621.) fat cells - glycerol - adrenergic re-

ceptors * adenylate cyclase * exercise

Introduction

The ability of hormones, including catecholamines, to activate
responses in a variety of tissues decreases with age ( 1-3). How-
ever, the mechanisms responsible for age-related alterations in
hormone action are not clear. Catecholamines modulate a

great number of biological responses, including lipid mobili-
zation by means of adipose tissue lipolysis. In this respect cate-
cholamines are the only hormones with a pronounced lipolytic
effect on fat cells in adult man (4). Catecholamine action can
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be modulated at the target tissue level or by changes in the
abundance of the hormones. The decreased catecholamine ac-
tion in elderly subjects is apparently not related to the circu-
lating catecholamine levels since increased levels of plasma
norepinephrine in the elderly have been documented in sev-
eral conditions (5). On the other hand, it is apparent that the
action of catecholamines via adrenergic receptors in target tis-
sues, such as the heart, the cardiovascular system, the kidneys
and the fat tissue, is blunted in elderly subjects (6-10).

A large number of investigators have concluded that the
beta-adrenergic responsiveness decreases with age (11-21).
However, it is not known at what level in the catecholamine
action these age-dependent changes are located. Decreased
and normal number of beta-adrenergic receptors have been
demonstrated in elderly subjects using human lymphocytes
( 12, 16, 20, 21). However, these cells are not targets for cate-
cholamine action.

It is well established that catecholamine-induced lipolysis is
reduced in fat cells of elderly subjects (9, 10). However, the
mechanisms responsible for this change in hormone action are
unknown. Several steps in catecholamine action have to be
considered (22). These include the lipolytic beta-adrenocep-
tors, the antilipolytic alpha2-adrenoceptors, adenylate cyclase,
G-proteins, phosphodiesterase and the final step in lipolysis
activation: the protein kinase/hormone-sensitive lipase com-
plex.

In the present study we have investigated the stepwise regu-
lation of catecholamine-induced lipolysis in fat cells obtained
from young and elderly nonobese, healthy men. The effects of
agents acting at well-defined steps on catecholamine-induced
lipolysis were investigated in isolated adipocytes. The stoichio-
metric properties of beta- and alpha2-adrenoceptors were also
studied in intact adipocytes, using radioligand binding tech-
niques. In addition, the plasma levels of glycerol and catechol-
amines at rest and during exercise were determined for com-
parison of lipolysis in vivo and in vitro between the age groups.

Methods

Subjects. The study comprised 35 men. Their clinical data are given in
Table I. They were divided into two age groups; one older group with
10 subjects ranging from 58 to 72 yr and one younger with 25 subjects
ranging from 21 to 35 yr. Although all the menwere of normal weight,
the body mass index of the older group was slightly higher than in the
younger group (P < 0.025). However, there was no difference between
the two groups concerning the waist-to-hip ratio. The young menwere

healthy volunteers, while the older group consisted of men who were

admitted to the hospital because of elective surgery for inguinal hernia.
The latter subjects were in all other aspects healthy and were not on

any medications.
After an overnight fast one subcutaneous fat specimen was excised

from the infraumbilical region. Prilocaine chloride without vasocon-

strictor (e.g., epinephrine) was used as the local anesthetic agent. It was

administered in such a way that it did not influence the experiments on

the excised adipose tissue (23). In the older group the specimen was

excised at the beginning of surgery before the hernia operation. The
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biopsy and the hernia operation were performed under local anesthe-
sia, which was administered as in the younger subjects.

It was not possible to perform all types of experiments on adipose
tissue from the same donor in the younger group since, for ethical
reasons only 2-4 g of adipose tissue could be excised. In the older group
undergoing surgery it was, though, possible to perform the complete
experimental program in each of the donors since 5-6 g of adipose
tissue could be removed from these men. All subjects gave their in-
formed consent and the study was approved by the Ethics Committee
of Karolinska Institute.

In vivo study. About 2 moafter the excision of the fat specimens
eight young and eight old participants underwent a new examination
which was performed in the morning after an overnight fast. First a
sampling cannula was inserted into the antecubital vein. After 20 min
in the supine position blood samples for epinephrine, norepinephrine,
and glycerol were drawn. Next the subjects rested 15 min more in the
sitting position before the new samples were taken. Then, they exer-
cised on a bicycle ergometer for 30 min at a load corresponding to
two-thirds of their maximum working capacity. The plasma levels of
glycerol, norepinephrine, and epinephrine were determined in blood
samples obtained after 15 and 30 min of exercise as described pre-
viously (24).

Isolation of adipocytes and adipocyte measurements. Fat cells were
isolated as described previously (25). The fat cell volume and the
number of fat cells incubated were determined by direct microscopy
measurements of isolated adipocytes, as described in detail pre-
viously (25).

Binding assays. As recently discussed in detail (24-26) total recep-
tor number can be estimated from saturation experiments with labeled
antagonists, whereas agonists recognize two states of the adrenoceptor,
one with a high and one with a low affinity. Therefore, the adrenocep-
tor binding isotherms were determined using both agonists and antago-
nists. Intact adipocytes were incubated under steady-state conditions,
as described in detail (24). Briefly, 20,000 adipocytes were incu-
bated in duplicate at 370C in 1 ml of Krebs-Ringer-phosphate (KRP)'
buffer (pH 7.4) containing bovine serum albumin (BSA) 5 g/liter,
glucose (1 g/liter), ascorbic acid (0.1 g/liter) plus radioligands with and
without unlabeled adrenergic antagonist. Separation of cell-bound and
free ligand was performed by filtration. The total number of available
adrenergic binding sites on fat cells was estimated using ['25I]iodocya-
nopindolol (['25I]CYP) as beta-adrenergic ligand and [3H]yohimbine
as alpha2-adrenergic ligand. Complete saturation experiments were
performed on fat cells from six individuals in the younger, and all 10 in
the older group. In the beta-adrenoceptor experiments fat cells were
incubated for 60 min with ['25I]CYP in eight increasing concentrations
from 15 to 1,000 pmol/liter. Nonspecific binding (40%) was deter-
mined from parallel incubations in the presence of 0.1 mol/liter of
propranolol. In the alpha2-adrenoceptor experiments fat cells were
incubated for 15 min with [3H]yohimbine in eight concentrations
ranging from 0.3 to 20 nmol/liter of phentolamine. The total number
of binding sites (B,,,,) and affinity constants (Kd) for the radioligands
was measured by Scatchard's method.

In competitive experiments with unlabeled agonists half of the
amount of adipocytes mentioned above was incubated in a final vol-
ume of 0.5 ml. In the beta-adrenergic experiments adipocytes were
incubated with 100 pmol/liter of ['25I]CYP for 60 min in the presence
or absence of 12 different concentrations of isoprenaline ranging from
10-"I to 10-4 mol/liter. In the alpha2-adrenoceptor assay 5 nmol/liter
of [3Hjyohimbine was incubated as above for 15 min in the presence or
the absence of 12 different concentrations of clonidine, ranging from
10-12 to I0-4 mol/liter. Nonspecific binding was determined at the
highest concentration (10-4 mol/liter) of the agonist and was not dif-
ferent from nonspecific binding determined with antagonists. The dis-

1. Abbreviations used in this paper: ADA, adenosine deaminase; CYP,
iodocy-anopindolol; KRP, Krebs-Ringer phosphate; PIA, NM-phenyl-
isopropyl-adenosine.

placement curves were always shallow. They were analyzed by a com-
puter-assisted modeling technique (27). From these data the dissocia-
tion constants for high-affinity (Kh) and low-affinity (K,) sites and the
proportion of high (Rh) and low (RI) affinity binding sites were calcu-
lated.

Lipolysis assay. The assay has been described in detail (25). Briefly,
- 2,000 adipocytes were incubated in duplicate with air as the gas

phase in 0.2 ml of a medium of the composition as mentioned above,
except that the albumin concentration was increased at 40 g/liter. At
the end of the incubation period an aliquot of the medium was taken
for the determination of glycerol by a sensitive automatic kinetic bio-
luminescent method (28). In one set of experiments, adipocytes were
incubated for 2 h with various concentrations of (a) noradrenaline
(nonselective beta- and alpha-agonist), with and without 100 jmol/
liter of yohimbine (alpha2-adrenergic antagonist), (b) isoprenaline
(nonselective beta-adrenergic agonist), (c) clonidine (selective alpha2-
agonist), (d) forskolin (activator of adenylate cyclase), (e) enprofylline
(inhibitor of phosphodiesterase), (f ) dibuturyl-cyclic AMP(a phopho-
diesterase-resistant stimulator of protein kinase/hormone-sensitive li-
pase) and (g) N6-phenylisopropyl-adenosine (PIA, adenosine ana-
logue). In some experiments the medium was supplemented with I
U/ml of adenosine deaminase (ADA) to remove endogenous adeno-
sine. In another set of experiments the lipolytic effect of cholera toxin
(which ADP-ribosylates the stimulatory GTP-binding protein Gs) and
pertussis toxin (which stimulates adenylate cyclase through ADP-ribo-
sylation of the inhibitory GTP-binding protein Gi) was investigated.
Both toxins were activated before use (24-26). Fat cells were incubated
for 2 and 3 h with or without 10 ;Lg/ml of cholera toxin or I ;g/ml of
pertussis toxin. In the toxin experiments, the difference in glycerol
release between the second and third hour of incubation was calcu-
lated. The responsiveness, i.e., the maximal effect on lipolysis, was
calculated as the difference between basal glycerol release and glycerol
release at the maximum effective concentration of the lipolytic or
antilipolytic agent. The concentration of adrenergic agonist that pro-
duced a half-maximum effect (ED50) was calculated by logistic con-
version of the dose-effect curves.

Chemicals. Dialyzed bovine serum albumin (fraction V) was pur-
chased from Armour (Eastbourne, UK). [3H]Yohimbine (85 Ci/
mmol) and ['25I]CYP (2200 Ci/mmol) were purchased from NewEn-
gland Nuclear (Boston, MA). Propranolol was kindly donated by
Hassle AB(Gothenburg, Sweden), phentolamine by Ciba Geigy (Basel,
Switzerland) and clonidine by Boehringer-Ingelheim (Rhein, FDR).
Pertussis toxin was obtained from List Biological Laboratories
(Campbell, CA). All other agents were purchased from Sigma Chemi-
cal Co. (St. Louis, MO) and were of highest analytical grade.

Statistical methods. The values presented are the means±standard
error of the means (SE). Regression analysis, two-way analysis of vari-
ance for repeated measures (ANOVA) and the Student's unpaired t
tests were used for the statistical comparison of the results.

Results
Fat cell volume. The fat cell volumes were similar in the elderly
and the young group (Table I). As the adipocyte volumes were
not significantly different in the two groups all fat cell data
were expressed per number of fat cells.

Lipolysis in isolatedfat cells. The basal rate of lipolysis was
similar in young and elderly subjects (4.43±0.66 vs. 3.73±0.82
;tmol glycerol/2 h per I07 cells).

Fig. 1 shows the results with catecholamine-stimulated li-
polysis. When lipolysis was stimulated selectively through
beta-adrenoceptors with isoprenaline or norepinephrine plus
yohimbine, the maximum stimulation of lipolysis (i.e., respon-
siveness) was markedly and significantly decreased in the older
group (Table II). A distinct difference (- 50%) in lipolytic
effect was seen at all concentrations of the catecholamines.
The two catecholamines increased lipolysis 8-10 times in the
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Table . Clinical Data in 10 Elderly and 25 Young Men

Body mass Waist-to-hip Fat cell Fat cell
Subjects Age index ratio volume diameter

pi Am

Young 29±1 22.6±0.5 0.94±0.02 426±29 87.4±3.5
Elderly 65±2 24.6±0.5 0.96±0.01 452±31 91.4±1.9

P < 0.001 P ' 0.025 NS NS NS

Fat cell volume and diameter were determined on isolated fat cells
obtained from the abdominal region. P denotes the result of statisti-
cal comparison using Student's two-tailed t test.

young men but only 5-6 times in the older ones. On the other
hand, no difference in catecholamine sensitivity was seen be-
tween the groups. Nor did individual ED50-values for lipolysis
stimulated with isoprenaline and norepinephrine plus yohim-
bine differ between the two groups (Table II). Since norepi-
nephrine stimulates both the beta- and the alpha-receptors, the
lipolytic response to norepinephrine alone was lower than that
obtained with pure beta-receptor stimulation. The difference
in norepinephrine-induced lipolysis between young and older
men was nevertheless clearly visible (- 50%), with maximal
responses four to five times as compared to three times higher
than basal lipolysis. All three dose-response curves were statis-
tically different from one another in all concentrations (P
< 0.05-0.005).

In uncharted experiments ADAwas added to the incuba-
tion medium to remove adenosine. ADA increased the basal
rate of lipolysis by 100% (P < 0.01). However, there was no
difference in ADA-induced lipolysis between the two groups.
Moreover, the enzyme did not affect the difference in stimu-
lated lipolysis between the two groups that was seen after the
addition of isoprenaline or norepinephrine. This indicates that
adenosine has no major effects on stimulated lipolysis in our
incubation system.

The effects of agents that stimulate lipolysis at levels distal
to the beta-adrenoceptor are shown in Fig. 2. Cholera toxin
and pertussis toxin, added at maximum effective concentra-

A B

tions, stimulated lipolysis less effectively in the elderly sub-
jects. The difference was about 50% (P < 0.05-0.01). The same
was true concerning lipolysis stimulated with forskolin, en-
profylline and dibutyryl cyclic AMP. The difference between
these agents. The difference in responsiveness between young
and elderly subjects was in the same order of magnitude
( 50%) regardless at which step lipolysis was selectively acti-
vated in the cyclic AMPsystem. There was no change in sensi-
tivity to forskolin, enprofylline, or dibutyryl cyclic AMPwith
increasing age. The dose-response curves differed at all con-
centrations between the two groups.

To examine whether there was an age-dependent change in
alpha2-adrenoceptor effect, adenylate cyclase inhibition exper-
iments were conducted using the pure alpha2-agonist clonidine
and the adenosine receptor agonist PIA (Fig. 3). Clonidine and
PIA inhibited basal lipolysis in a dose-dependent way. At re-
spective maximum effective concentrations clonidine and PIA
almost completely inhibited basal lipolysis in both groups (i.e.,

85% inhibition). Since basal lipolysis was slightly higher in
the younger men the effect of the inhibition was expressed as a
percentage of the maximum response. No difference in sensi-
tivity was seen between the two groups as regards clonidine,
the mean dose-response curves for young and elderly were
almost identical if ADAwas present or not (data not shown).
The mean ED50-values were 790 and 560 pmol/liter in young
and elderly men, respectively. However, there was a 45-fold
decrease in PIA sensitivity in older men as evidenced by the
mean dose-response curves and the individual ED50 values.
The latter values were 7±6 pmol/liter in younger and 316±214
pmol/liter in elderly men (P < 0.025).

Radioligand binding. Antagonist binding data for [l25I]-
CYPand [3H]yohimbine are given in Table III. Scatchard
analysis data revealed that both radioligands bound to a single
homogeneous class of binding sites. As indicated by the com-
puterized calculations of Bmax and Kd, neither beta- and
alpha2-adrenoceptor number nor radioligand receptor affinity
differed between the two groups.

The competition-inhibition data are shown in Table IV.
The results of agonist interactions with adrenergic receptors
showed that both isoprenaline and clonidine competed with
['25I]CYP and [3H]yohimbine, respectively, in a dose-depen-
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1616 F. Linnqvist, B. Nyberg, H. Wahrenberg, and P. Amer

40-

j 0

o 20'
I

-. 10

0



Table IL Sensitivity and Responsiveness of the Lipolytic Effect of Catecholamines

Norepinephrine plus
Subjects Isoprenaline ED50 Responsiveness yohimbine EDso Responsiveness

pmol/liter glycerol jmol/2 h per IO1 cells nmol/liter glycerol pmol/2 h per IO1 cells

Young 9.1±7.0 39.2±3.5 (17) 17.0±10.7 33.8±4.7 (12)
Elderly 26.9±17.2 23.2±4.5 (10) 38.9±11.7 21.5±4.1 (10)

P NS <0.005 NS .0.025

Lipolytic responsiveness to catecholamines was calculated for each individual as the glycerol release at maximum effective concentration and
expressed as gmol/2 h per 107 cells. Lipolytic sensitivity to catecholamines was expressed as the concentration of catecholamine giving a half-
maximum effect (ED50). Number of experiments are shown in brackets. Values are means±SE. The Student's unpaired two-tailed t test was
used for the statistical comparison. P denotes the level of significance. NS, not significant.

dent way, giving shallow and complex curves with low Hill
coefficients, which indicated a two-affinity state of the respec-
tive receptors. About 30%of the beta-receptors and 40% of the
alpha2-receptors were in the high-affinity state in both the
young and the older subjects. Moreover, the affinity constants
for the beta- and alpha2-adrenoceptors did not differ signifi-
cantly between the age groups.

In vivo results. The in vivo results are shown in Fig. 4.
Exercise induced a gradual increase in the plasma levels of
norepinephrine, epinephrine, and glycerol in both groups. The
older men had significantly higher levels of plasma norepi-
nephrine at supine rest (3.5±0.8 vs. 1.7±0.3 nmol/liter, P
< 0.01). The difference between the groups was also noted
with the subject seated on the bicycle (4.9±1.0 vs. 3.3±0.3; P
< 0.01) but disappeared totally during physical exercise. There
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Figure 2. Stimulation of lipolysis at steps beyond the beta-adrenocep-
tor. Fat cells were incubated with or without forskolin, enprofyllin,
dibutyryl cyclic AMP, cholera toxin (CT; 10 ,g/ml) or pertussis
toxin (PT; 1 gg/ml). Basal lipolysis is indicated with 0. The lipolytic
effects in isolated fat cells from 16 young (solid symbols) and 10
older men (open symbols) were compared. Further details are given
in Methods. Values are means±SE. *P < 0.05; **P < 0.025; ***P
< 0.005. 1, liter.

was no difference in the plasma epinephrine levels between the
two groups at rest. However, during exercise, the increase in
plasma epinephrine was less pronounced in the older subjects.
At 30 min of exercise the plasma levels were almost twice as
high in the young subjects as in the older ones (1.04±0.12,
respectively, 0.55+0.19 nmol/liter; P < 0.005).

At rest the plasma glycerol level was about the same in both
groups. During exercise, however, the glycerol level was signifi-
cantly lower in the older group, P < 0.05, indicating a de-
creased lipolytic response to exercise. The lipolytic response
obtained with isoprenaline or norepinephrine plus yohimbine
in vitro correlated significantly with the plasma glycerol levels
in the same individuals at 30 min of exercise (r = 0.84 and r
= 0.88; P < 0.001) (Fig. 5).

Results of alternative calculations. The lipolysis results
were expressed per number of cells. The differences between
young and elderly subjects persisted when the cell surface area
was used instead as the denominator. The statistical values
presented were determined by the Student's t test. The same
levels of significance was obtained when analysis of variance
was used as the statistical method.

Discussion

In the present paper the mechanisms underlying decreases in
catecholamine-induced lipolysis with advancing age were ex-
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Figure 3. Antilipolytic effect of the alpha2-adrenergic agonist cloni-
dine or the adenosine analogue PIA in 16 young (solid symbols) and
9 elderly subjects (open symbols). The antilipolytic effect was ex-
pressed as a percentage of the maximum inhibition of basal lipolysis.
Isolated fat cells were incubated as described in Methods. Adenosine
deaminase (I U/ml) was added to the incubation medium in the ex-
periments with PIA. Values are means±SE. 1, liter.
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Table III. Specific Binding of Radioactive Beta-
and Alpha2antagonists in Young and Elderly Men

Results from Scatchard analyses Young Elderly

Beta-sites [1251]cyanopindolol
Kd (pmol/liter) 47.7±9.3 38.5±7.1
Bma. (pmol/107 cells) 0.75±0.07 0.70±0.10

Alpha2-sites [3Hlyohimbine
Kd (nmol/liter) 4.4±0.8 4.9±0.9
B,, (pmol/J07 cells) 3.4±0.4 4.7±1.3

Results of Scatchard analyses of complete saturation experiments of
['25I]CYP and [3H]yohimbine binding. Bm,,, and dissociation con-
stants for the radioligands were determined from abdominal adipo-
cytes obtained from 6 young and 10 elderly men. All values are
means±SE. Student's unpaired t test was used for statistical compari-
son. No significant differences were seen between the two age groups.

amined in human fat cells by studying the effects of drugs
acting selectively at different levels of the lipolytic cascade and
by radioligand experiments. The lipolytic response to catechol-
amines was markedly impaired in elderly subjects, which con-
firms earlier data (9, 10). This decrease in catecholamine effi-
ciency with aging is in line with previous findings in other
tissues (6-8, 1 1). Wesuggest that the reason for the impair-
ment of glycerol release after catecholamine stimulation in
elderly subjects is decreased activation of the last step in the
lipolytic cascade, the hormone-sensitive lipase complex. The
best evidence for this opinion is that all of the selectively acting
lipolytic agents used induced - 50% lower responses in elderly
subjects as compared with young subjects. Thus fat cell lipoly-
sis in the elderly subjects was blunted to the same extent re-
gardless of the step at which lipolysis was activated. A general
defect in the hormone-sensitive lipase is not likely since the

Table IV. Beta- and Alpha2adrenoceptor Affinities
for Isoprenaline and Clonidine, Respectively,
and the Proportions of Receptors in a High-affinity State
in Young and Elderly Men

Results of competition-inhibition experiments Young Elderly

Beta-sites ['251]cyanopindolol-isoprenaline
Kh (nmol/liter) 3.6±3.3 2.8±1.8
K1 (Gumol/liter) 4.8±2.1 2.7±0.9
%Rh 32±4 34±3

Alpha2-sites [3H]yohimbine-clonidine
Kh (nmol/liter) 2.2±1.7 1.6±0.9
K, (Mumol/liter) 1.3±0.9 0.9±0.2
%Rh 39±6 38±4

Results of competition-inhibition experiments analyzed by a com-
puter-iterative curve fitting to a model for two classes of non-inter-
acting binding sites, which give the dissociation constants for high-
(Kh) and low- (K1) affinity states and the percentage of receptors in a
high-affinity state (% Rh). Adipocytes were obtained from 6 young
and 10 elderly men and were incubated with ['251lcyanopindolol or
[3H]yohimbine as described in the text. All values are means±SE.
Student's unpaired t test was used for statistical comparison. No sig-
nificant differences were seen between the two groups.

basal unstimulated lipolysis was the same in the two age
groups, still a decrease in the amount of available enzyme
complexes can not be excluded.

In this study we did not find any evidence of alterations in
the stoichiometric properties of beta-adrenoceptor or alpha2-
adrenoceptors. The receptor numbers, the receptor affinities as
well as the proportion of high-affinity receptors remained un-
changed with age for both receptor types. Furthermore, the
lipolysis experiments show that the ED50-values for catechol-
amines were almost identical in the two groups, which further
supports the thesis that the catecholamine sensitivity remains
unchanged with advancing age. Moreover, the responsiveness
of catecholamine inhibition via alpha2-adrenoceptors was sim-
ilar in young and old subjects. Thus, the properties of alpha2-
adrenoceptors and beta-adrenoceptors in human fat cells ap-
pear not to be influenced by advancing age.

To obtain steady state conditions the present investigations
were performed in the morning after an overnight fast. It is
known that fasting sometimes has an inhibitory effect on cate-
cholamine-induced lipolysis in human fat cells (see reference 4
for a review). Theoretically, such an effect may be augmented
in elderly subjects. For several reasons, however, it is not likely
that the observed decrease in lipolytic activity in elderly sub-
jects is a fasting-mediated effect. First, the effects of fasting are
only observed after prolonged caloric deprivation and not after
an overnight fast. Second, they involve alpha2-adrenoceptor
mediated mechanisms, which were normal in elderly. Third,
they are only observed in peripheral adipose tissue and not in
the abdominal fat depot, which was investigated presently.

The proposed mechanism underlying the age-related im-
pairment of catecholamine-induced lipolysis in elderly
humans is different from previous findings in rat adipose tis-
sue. In the rat, the impairment has been thought to be caused
by an increased phosphodiesterase activity (13, 29, 30) or a
more pronounced antilipolytic effect of adenosine (31, 32).
Nevertheless, a postreceptor defect has also been proposed
(33). In this study we found differences in lipolytic response
between young and elderly subjects when we used both the
selective phosphodiesterase inhibitor enprofylline and the
phosphodiesterase resistant cyclic AMPanalogue dibutyryl
cyclic AMP. Although the latter agent may stimulate phos-
phodiesterase and thereby reduce the endogenous cyclic AMP
content it is probably of minor importance for lipolysis activa-
tion. Dibutyryl cyclic AMPis not metabolized by phospho-
diesterase and the highest concentration of the agent used in
the present experiments (1 mmol/liter) is most likely sufficient
to produce maximum lipolysis activation. This speaks against
change in phosphodiesterase as a major cause of the blunt-
ing of lipolysis with advancing age, nor did we find any differ-
ences between young and elderly subjects in basal or stimu-
lated glycerol release after the addition of ADAand the antili-
polytic action of the adenosine analogue PIA was reduced in
the elderly subjects. This argues strongly against adenosine
playing a role in impaired lipolysis in the elderly. The mecha-
nisms underlying age-associated changes in lipolysis are fur-
thermore obviously completely different from those in early
childhood. In the latter group receptor-mediated changes con-
cerning the alpha2- and TSH-receptors are responsible for the
developmental increase in lipolytic capacity (34, 35).

The effects of exercise on plasma glycerol were significantly
less pronounced in elderly subjects, which indicated a de-
creased lipolytic response also in vivo. The plasma norepi-
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nephrine levels, mirroring the total sympathetic system activ-
ity were, on the other hand, increased compared with the
young subjects at rest. This confirms earlier studies (5). How-
ever, the difference in plasma norepinephrine at rest between
young and elderly, disappeared completely with exercise.
Consequently, the decrease in lipolytic response in the elderly
is not explained by altered plasma norepinephrine concentra-
tions. In contrast to norepinephrine, the plasma epinephrine
concentrations were equal in the two groups at rest, while the
response to exercise was much less pronounced in the elderly.
This finding may explain the blunted lipolytic response to
exercise in vivo with advancing age. However, the plasma epi-
nephrine level mirrors the adreno-medullary sympathetic ner-
vous system, which is thought to be less important for lipolysis
than the more generally spread norepinephrine-regulated sym-
pathetic system (36). Therefore, it is tempting to speculate that

the cellular postreceptor defect observed in vitro may be the
major mechanism underlying the impaired lipolytic response
to exercise in elderly subjects. This hypothesis is further sup-
ported by the present finding of a strong correlation (r > 0.8)
between the glycerol release after catecholamine stimulation of
lipolysis in vitro and the plasma glycerol levels during exercise.
However, it is always important to be cautious with extrapola-
tions of in vitro data to in vivo conditions. In addition, circula-
tory factors, or other local lipolysis factors besides catechol-
amines and adenosine may to an unknown extent modulate
lipolysis in our elderly subjects. It is also possible that the role
of insulin in modulating catecholamine-induced lipolysis may
be influenced by advancing age. Insulin is perhaps the most
powerful hormone controlling lipolysis in man (37). It is possi-
ble that rising plasma catecholamines during exercise act in
part by inhibition of insulin release which, in turn, leads to an
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increase in lipolytic activity. For several reasons, however, in-
sulin probably plays a minor role for the differences in lipolysis
in vivo between young and elderly. First, there is only a mini-
mal change in the plasma insulin concentration during the
present type of exercise (38). Secondly, the antilipolytic effect
of insulin is reduced in elderly subjects (39).

Catecholamine-induced lipolysis in fat cells is secondary to
a rise in cyclic AMPproduction after the interaction between
the hormone-receptor complex and the adenylate cyclase sys-
tem (22). It is well established that there is a nonlinear rela-
tionship between cyclic AMPaccumulation and lipolysis acti-
vation. In fat cells (see reference 22 for a recent review) a
moderate rise in cyclic AMPis associated with maximal or
near maximal increase in glycerol release, whereas larger in-
creases in the nucleotide lead to no or minimal further in-
creases in glycerol release. This suggests that the rate-limiting
step in the lipolytic cascade is the hormone sensitive lipase
complex and supports our conclusion that a reduced activity
of this complex is the major mechanism behind the blunted
lipolysis in elderly.

In theory, the higher norepinephrine levels in plasma of the
elderly may have caused downregulation of the postreceptor
cascade during exercise. It is, however, unlikely that such a
mechanism is operating in these individuals. We have pre-
viously shown that the present type of exercise experiments
cause increased catecholamine-induced lipolysis in fat cells of
younger subjects because of upregulation of the postadreno-
ceptor cascade (38). If the opposite mechanism is present in
elderly we would not have found an identical correlation be-
tween lipolysis in vitro and in vivo in both groups (Fig. 5).

In summary, the present results suggest that there is an
impaired lipolytic response to catecholamines with advancing
age in human fat cells. This may be due to a defective activa-
tion of the hormone-sensitive lipase complex in fat cells, since
catecholamine receptors in the adipocytes are not altered by
advancing age. Moreover, the lipolytic response to exercise is
also reduced in elderly subjects which, to some extent, can be
attributed to a diminished intracellular activation of lipolysis
in fat cells.
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