
The mechanism involved in insulin stimulation of glu-
cose metabolism has been thoroughly investigated.
Much less is known about the action of insulin on lip-
id metabolism. Insulin inhibits lipolysis in adipose tis-
sue as a result of dephosphorylation of adipocyte hor-
mone-sensitive lipase (HSL). This enzyme is the rate-
limiting step in lipolysis and catalyses the breakdown
of triglycerides to non-esterified fatty acids and glyc-
erol [1]. The major mechanism for this antilipolytic
effect of insulin is stimulation of a particular subtype

(i. e., type-3) phosphodiesterase (PDE3) [2]. PDE3
breaks down cyclic AMP to inactive 5 ¢-AMP so that
less HSL is phosphorylated.

Many PDE isoenzymes with various functions, tis-
sue localizations and regulations have been discov-
ered [3]. Seven genes have so far been identified cod-
ing for different PDEs. In addition, subclasses in the
isoenzymes have been identified. Hitherto, PDE3
was the only isoenzyme that has been shown to be
regulated by insulin. Using microdialysis, we recently
investigated the role of PDE3 in the antilipolytic ef-
fect of insulin on human adipose tissue in vivo [4]. In-
sulin-induced antilipolysis was found to be complete-
ly counteracted by selective local inhibition of PDE3,
indicating that PDE3 inhibition is the major in vivo
mechanism for insulin's antilipolytic effect.

It is generally considered that active lipolysis
mainly takes place in adipose tissue. However, a strik-
ing and active lipolysis process, which could be inhib-
ited by insulin, has recently been demonstrated in hu-
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Summary The antilipolytic effect of insulin on human
abdominal subcutaneous adipose tissue and skeletal
muscle during local inhibition of cAMP-phospho-
diesterases (PDEs) was investigated in vivo, by com-
bining microdialysis with a euglycaemic, hyperinsu-
linaemic clamp. During hyperinsulinaemia, the glyc-
erol concentration decreased by 40 % in fat and by
33% in muscle. Addition of the selective PDE3-in-
hibitor amrinone abolished the insulin-induced de-
crease in adipose glycerol concentration, but did not
influence the glycerol concentration in skeletal mus-
cle. Nor did the PDE4-selective inhibitor rolipram
or the PDE5-selective inhibitor dipyridamole influ-
ence the insulin-induced decrease in muscle tissue
glycerol. However, the non-selective PDE-inhibitor

theophylline counteracted the antilipolytic action of
insulin at both sites. The specific activity of PDEs
was also determined in both tissues. PDE3-activity
was 36.8 ± 6.4 pmol ´ min±1 ´ mg±1 in adipose tissue
and 3.9 ± 0.5 pmol ´ min±1 ´ mg±1 in muscle. PDE4-
activity in skeletal muscle was high, i. e., 60.7 ± 10.2
pmol ´ min±1 ´ mg±1 but 8.5 pmol ´ min±1 ´ mg±1 or
less in adipose tissue. In conclusion, insulin inhibits li-
polysis in adipose tissue and skeletal muscle by acti-
vation of different PDEs, suggesting a unique meta-
bolic role of muscle lipolysis. [Diabetologia (1998)
41: 560±568]
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man skeletal muscle in vivo [5]. The mechanism un-
derlying this effect of insulin is unknown. Further-
more, Holm et al. [6] demonstrated small but signifi-
cant quantities of HSL in rat skeletal muscle, 1±2%
of the amount in adipose tissue. This lipase has been
purified from bovine heart muscle and isolated rat
myocytes, and it has been shown to be activated by a
cAMP-dependent protein kinase in much the same
way as in adipocytes [7]. On the other hand, no de-
tectable amounts of PDE3 have been found in canine
or rabbit skeletal muscle [8].

Bearing in mind the possible metabolic impor-
tance of lipolysis in skeletal muscle, we compared
the role of phosphodiesterases in insulin's antilipolyt-
ic effect on adipose and muscle tissues of man in vivo.
Subcutaneous adipose tissue and skeletal muscle of
healthy non-obese volunteers were microdialysed si-
multaneously before and during a hyperinsulinaemic,
euglycaemic clamp. Glycerol concentration (lipolysis
index) and ethanol escape (index of interstitial flow)
were monitored. The effects of selective and non-se-
lective phosphodiesterase inhibitors were also stud-
ied. Furthermore, the enzymatic activities of HSL
and various PDEs were determined in homogenates
from the two tissues.

Subjects and methods

Subjects. Insulin infusion combined with microdialysis experi-
ments were performed in ten healthy and drug-free non-obese
(BMI ranging from 18 to 26 kg/m2, median 21 kg/m2 ) volun-
teers (five men and five women), median age 31 (range
26±49) years. Tissue biopsies were collected from another
eight subjects (three men and five women), median age 74
(range 64±88) years who underwent various open vascular pro-
cedures. All subjects gave their informed consent. The study
was approved by the Karolinska Institute ethics committee.

Microdialysis. The microdialysis technique and equipment
have been described in detail earlier [4, 9, 10]. Briefly, a tubu-
lar polyamide dialysis membrane (0.62 ´ 30 mm, 20 000 Da
cut-off) is glued to the end of the outer cylinder of a concentric
double-lumen polyurethane tubing. The perfusate was pro-
pelled by a CMA/100 microinfusion pump (CMA Medical,
Stockholm, Sweden) at a continuous rate (2.0 ml/min) and flo-
wed through the outer tubing into the space between the con-
centric cylinders to the distal end of the probe. The exchange
of molecules between the interstitial fluid and the perfusate
occurred across the semipermeable dialysis membrane, after
which the medium entered the inner cannula in a retrograde
direction and was collected in timed fractions for the analyses
of glycerol and ethanol. Changes in glycerol reflect lipolysis
and are discussed in detail elsewhere [11]. Glycerol is not reuti-
lized to any large extent in adipose tissue but in skeletal muscle
some glycerol may combine with non-esterified fatty acids to
form triglycerides, as discussed [5]. On the other hand, in both
tissues, the production of glycerol is larger than the utilization.
Changes in the ratio of the ethanol concentration in the outgo-
ing and ingoing dialysis media reflect changes in the interstitial
flow of the tissues surrounding the microdialysis probe, as re-
cently discussed [12]. The interstitial flow, in turn, is regulated

by the blood flow. It has recently been shown in human skele-
tal muscle and subcutaneous adipose tissue that changes in lo-
cal blood flow, as measured with the xenon wash-out tech-
nique, are strongly correlated with changes in local interstitial
flow, as measured with the microdialysis ethanol method [13,
14]. When changes in interstitial flow and glycerol concentra-
tion are considered together, fluctuations in the lipolysis rate
can be evaluated more precisely [11].

Experimental protocol. The subjects were examined in the su-
pine position in the morning after an overnight fast. Following
local skin anaesthesia (EMLA, Astra, Södertälje, Sweden), mi-
crodialysis probes were introduced percutaneously into the left
and right gastrocnemius muscles. Probes were also placed in
the abdominal subcutaneous fat to the left and right of the um-
bilicus. The distance between probes was 50 mm. The aim was
to use five adipose and five muscle probes simultaneously. How-
ever, due to technical problems, including discomfort, we were
obliged to use fewer probes in several subjects at any given
time. Instead, these subjects were re-examined later when the
studies were completed. The basal dialysate perfusion fluid
was Ringer's solution (sodium 1.5 ´ 10±1 mol/l, potassium
4 ´ 10±3 mol/l, calcium 2.3 ´ 10±3 mol/l, chloride 1.6 ´ 10±1 mol/
l) with 50 ´ 10±3 mol/l ethanol (Vin & Spritcentralen, Stock-
holm, Sweden). Five probe systems were used in each patient.
One system included the Ringer-ethanol solution alone (con-
trol). In the second probe system, 10±3 mol/l of the PDE3-selec-
tive inhibitor amrinone (Sterling-Winthrop, New York, N. Y.,
USA) was added to the Ringer-ethanol solution. The third
probe in each tissue was perfused with basal solution plus 10±2

mol/l of the non-selective PDE-inhibitor theophylline (Draco
AB, Lund, Sweden). The fourth probe system was perfused
with 10±4 mol/l of the PDE4-selective inhibitor rolipram ( Sche-
ring AG, Berlin, Germany) and the fifth probe was perfused
10±3 mol/l of the PDE5-selective inhibitor dipyridamole (Boeh-
ringer Ingelheim, Ingelheim, Germany). The drugs were added
in the perfusate during the full time of the experiment. The con-
centrations of amrinone and theophylline which were used have
previously been shown to induce a maximal lipolytic effect on
adipose tissue in situ in microdialysis experiments [15]. As re-
gards dipyridamole, we used a concentration which is 1000
times higher than the half-maximum effective concentration
for the agent's inhibitory effect on PDE5 in vitro [16]. The con-
centrations of PDE-inhibitors used in this study may seem high
at first glance. However, it should be born in mind, first, that re-
covery is about 10 % with the present dialysis flow velocity and
second, there is a further unknown dilution of the drug as soon
as it enters the tissue [17]. Thus, the concentration at the cellular
level would be at least 100 times lower than the in going concen-
tration. Microdialysis samples were collected every 15 min. At
the start of the study, a cannula was inserted retrogradely into a
vein in the back of the right hand, which was placed in a heated
box for sampling of arterialized blood [18]. Arterialization was
confirmed by blood gas analysis ( > 95 % O2 saturation). An-
other intravenous catheter was inserted in the contralateral an-
tecubital vein for the infusion of insulin and glucose.

Insulin infusion. After 60 min of baseline dialysate sampling
and repeated baseline plasma samples, insulin was infused at
40 mU ´ m±2 ´ min±1 for 135 min, including a short priming pe-
riod [19]. Arterialized blood was collected at 5 min intervals
for measurements of glucose (HemoCue, HemoCue AB, ¾n-
gelholm, Sweden), and varying amounts of 20 % glucose were
infused to attain euglycaemia.

Assay of hormone-sensitive lipase activity. The assay was per-
formed as described previously [20, 21]. Specimens of human
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gastrocnemius muscle (300 mg) and overlying subcutaneous
adipose tissue (800 mg) were homogenized in 0.6 ml of a buffer
containing 0.25 mol/l sucrose, 1 mmol/l EDTA, 1 mmol/l di-
thioerythritol and the protease inhibitors leupeptin and anti-
pain, both at 20 mg/ml and pepstatin 1 mg/ml. The samples were
centrifuged at 12 000 ´ g for 3 h at 4 °C in an Eppendorf centri-
fuge 5403. The fat-free infranatant was recovered for analysis
of enzymatic activity, which was determined using 1(3)-mono
[3H]oleyl-2-olylglycerol as substrate. All samples were incubat-
ed in triplicates for 30 min at 37 °C. The reaction was interrupt-
ed and the labelled non-esterified fatty acids were isolated by
addition of methanol-chloroform-heptane 1.41:1.25:1 (v:v:v)
and 0.1 mol/l potassium carbonate buffer (pH = 10.5). After
centrifugation for 20 min at 2 000 rev/min, an aliquot of the su-
pernatant was collected for scintillation counting. Enzyme ac-
tivity was defined as 1 nmol of non-esterified acid released per
min at 37 °C. Since the phosphorylated and the dephosphorylat-
ed forms of HSL have the same activity, the total amount of en-
zyme was activated. Lipase activity was related to the protein
concentration of the infranatant, which was measured accord-
ing to Bradford, using bovine serum albumin as a standard.

Assay of phosphodiesterase activity. Biopsies were taken from
the gastrocnemius muscle and the adjacent subcutaneous adi-
pose tissue and were frozen at ±80 °C. The samples were
thawed on ice and minced in 3 ml of homogenization buffer
containing 50 mmol/l Tris pH 7.5, 250 mmol/l sucrose,
1 mmol/l EDTA and 10 mg/ml protease inhibitors (leupeptin,
antipain and pepstatin A) per mg tissue. The adipose tissue
was homogenized with a glass homogenizer (20 strokes) and
the skeletal muscle with a knife homogenizer (DIAX 699, 30
s ´ 6). The homogenates were centrifuged at a low speed
(10 000 rev/min, 5 min) to remove tissue debris. The low-speed
supernatants were centrifuged at 100 000 g for 60 min. The pel-
lets were resuspended in homogenization buffer. Pellets and
supernatants were stored at ±80 °C. PDE- activity was defined
as the amount of cAMP hydrolysed per min, determined ac-
cording to Manganiello et al. [22] in a total volume of 300 ml,
50 mmol/l Hepes, pH 7.4, 0.1 mmol/l EDTA, 8.3 mmol/l
MgCl, 0.5 mmol/l cAMP, 1 m Ci[3H]cAMP/ml. OPC 3911
(PDE3-inhibitor) and rolipram (PDE4-inhibitor) were used
at 10 and 30 mmol/l respectively, in the assays to estimate
PDE3 and PDE4 activities in the crude fractions. Proteins
were measured in supernatants and pellets, using the Bradford
method with BSA (2±12 mg) as a standard.

Analysis of insulin and glucose. Plasma insulin was analysed
using a commercial radioimmunoassay kit (Pharmacia Insulin
RIA, Pharmacia-Upjohn,Uppsala, Sweden). The concentra-
tion of glucose in arterialized plasma was determined with a
routine enzymatic method [23].

Analysis of glycerol. Ten microlitres of plasma or dialysate
were used to analyse glycerol. We used an automatic ultrasen-
sitive kinetic bioluminescence assay and a bioluminescent
analyser for the assay of glycerol [24].

Analysis of ethanol. Ten microlitres of perfusate or dialysate
was used to measure the ethanol concentration with an enzy-
matic fluorometric method [25].

Statistical analysis. For technical reasons including disruption
of the dialysis membrane, five probes in adipose tissue and
four in skeletal muscle did not produce adequate volumes and
the data have been excluded from the statistical evaluation.
We could not use more than four of the five probes simulta-
neously in each tissue of a single subject. In most cases, paired

comparisons between treatments within the same subject
could not therefore be made. One-factor analysis of variance
(ANOVA) was used to determine differences in the mean bas-
al glycerol or ethanol levels (i. e., mean of the three fractions
preceding the insulin infusion). ANOVA repeated measures
was used to determine significant changes in a single parame-
ter over time. Two-factor ANOVA with repeated measures
was performed to detect significant changes from basal values
and differences between various treatments in the magnitude
of change in values over time after insulin infusions. Differenc-
es between experiments at a particular timepoint were tested
using one-factor ANOVA. A significant difference between
means was determined with Scheffe's post-hoc test when an
overall significance was indicated by the F-value. In cases
where only two groups of values were compared in the same
subjects, the Student's paired t-test was used. The coefficient
of variation (CV) was calculated as the standard deviation di-
vided by the mean ´ 100 (%). Results are presented as means
± SEM.

Results

Plasma glucose, glycerol and insulin. Changes in plas-
ma glucose, glycerol and insulin levels during the ex-
periment are shown in Figure 1. The arterialized plas-
ma glucose concentration was stable throughout the
insulin clamp, the coefficient of variation (CV) being
4.5%. Plasma-free insulin increased during the prim-
ing sequence to 419 ± 16 pmol/l at 30 min. Thereafter,
a stable insulin concentration of about 386 pmol/l was
obtained during the clamp, CV 5.1 %. The concentra-
tion of glycerol in arterialized blood was
57.5 ± 6.5 mmol/l during basal conditions and de-
creased continuously (F = 19.6) during the insulin in-
fusion to about 65% of the basal level.

Adipose tissue glycerol. The dialysis probes were per-
fused for 60 min before the insulin infusion started.
Baseline values were calculated as the mean of the
three fractions preceding initiation of the clamp at
time zero. During perfusion with the control solution
(n = 9), the baseline level of glycerol was
80.3 ± 8.1 mmol/l. The basal glycerol concentration
with amrinone was 79.2 ± 5.2 mmol/l (n = 8), with
theophylline 124.4 ± 12.2 mmol/l (n = 8) and with ro-
lipram 86.0 ± 3.5 mmol/l (n = 6). The basal level of
glycerol in the theophylline probe differed signifi-
cantly from that with all the other probes (F = 7.3,
p = 0.004). This was to be expected, since the present-
ly used concentration of theophylline markedly stim-
ulates lipolysis in vivo in microdialysis experiments
[15]. However, the glycerol values in the control, am-
rinone, and rolipram probes did not differ significant-
ly. Figure 2 depicts changes in glycerol concentrations
in adipose tissue before and during the infusion of in-
sulin, data being expressed as percentage change
from the basal dialysate level in order to facilitate a
comparison between various treatments. During sys-
temic hyperinsulinaemic euglycaemia, the glycerol
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concentration in the dialysate in the control probe de-
creased by 40% from the baseline level (F = 18.4,
p < 0.001). Post-hoc analysis revealed that the de-
crease was significant from 60 min onwards. When
the selective PDE3-inhibitor amrinone was added to
the perfusate, the antilipolytic effect of insulin was
completely neutralized; instead a small increase in di-
alysate glycerol was observed (F = 5.5, p < 0.001).
Post-hoc analysis showed that this increase was sig-
nificant from 90 min onwards. The decrease in adi-
pose glycerol concentration was almost completely
counteracted by the presence of the non-selective
PDE-inhibitor theophylline, although a small de-
crease (about 10%) was still observed during the in-
sulin infusion (F = 5.8, p < 0.001). The three curves
were also simultaneously compared by two-way A-
NOVA. The overall time-course differed significantly
(F = 11.1, p < 0.001). The location of this difference
was further tested with one-way ANOVA. The values
between the probes differed significantly from 75 min
onwards. Post-hoc analysis showed that values for all
the probes differed from one another at these points.
The selective inhibitor of PDE4 rolipram, did not
counteract the glycerol-reducing action of insulin.
As in the control probe, the glycerol concentration

in the dialysate decreased by 40 % from the baseline
level (F = 15.5, p < 0.001). A post-hoc test showed
that the decrease in glycerol was significant from
30 min onwards. On the basis of the statistical evalua-
tions, we conclude that theophylline partly, and am-
rinone completely, counteracted the decrease in in-
terstitial glycerol during the insulin infusion, whereas
rolipram was ineffective in this respect.

Skeletal muscle glycerol. The basal level of glycerol
concentration in skeletal muscle, while perfused with
the control solution, was 29.6 ± 3.3 mmol/l (n = 9),
with amrinone 28.7 ± 2.2 mmol/l (n = 9), with theo-
phylline 24.1 ± 2.6 mmol/l (n = 8), with rolipram
23.4 ± 5.5 mmol/l (n = 6) and with dipyridamole
24.8 ± 6.5 mmol/l (n = 6). The baseline values did not
differ significantly. A diagrammatic illustration of
the changes in glycerol level expressed as percent of
the basal level in skeletal muscle is shown in Figure
3. The control probe, showed a gradual decrease in
the glycerol level during the insulin infusion, reaching
a maximum decrease of 33 % from the basal level.
The change over time in glycerol was significant
(F = 7.6, p < 0.001). A post-hoc test revealed that
this change occurred from 30 min onwards. The addi-
tion of amrinone, rolipram or the selective PDE5-in-
hibitor dipyridamole to the perfusion medium had
no obvious influence on the reduced glycerol concen-
tration in skeletal muscle during hyperinsulinaemia.
Thus the glycerol concentration in the dialysate of
these probes decreased about as much as in the con-
trol probe during the insulin infusion. On the other
hand, perfusion with theophylline abolished the glyc-
erol-lowering effect of insulin- i. e., the dynamic chan-
ges in dialysate glycerol in the control compared to
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Fig.1. The concentrations of plasma glucose (R), free insulin
(A) (upper graph), and glycerol (U) (lower graph) in the fast-
ing state and during a euglycaemic, hyperinsulinaemic clamp
are shown. At time zero, a priming dose of insulin followed by
a continuous insulin infusion was started (indicated by an ar-
row). The infusion of glucose was adjusted to maintain circu-
lating glucose at the fasting level. Arterialized plasma samples
were drawn in the basal state and then every 15 (glucose and
glycerol) and every 30 min (insulin). Values are mean ± SEM
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Fig.2. The effect of insulin on the concentrations of glycerol in
adipose tissue. The subcutaneous adipose tissue was microdial-
ysed for 195 min with Ringer-ethanol solution (n = 9, X) with
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the theophylline probes differed significantly during
the experiment (F = 7.1, p < 0.001). There was no
change over time in glycerol in the theophylline ex-
periment (F = 0.4). The experiments were also com-
pared at each timepoint by one-way ANOVA and
post-hoc analysis. These tests revealed that the theo-
phylline probe differed from the control probe and
the probes with the other inhibitors from 15 min on-
wards. However, amrinone, rolipram, dipyridamole
and control values did not differ significantly at any
point. It was concluded from these statistical analyses
that theophylline completely counteracted the glycer-
ol-lowering effect of insulin, but inhibitors of PDE3,-
4 or ±5 had no effect in this respect.

Comparison of glycerol levels in adipose tissue, skele-
tal muscle and blood. The basal glycerol level in adi-
pose tissue was slightly higher than that in arterialized
blood whereas the level in muscle was lower than that
in blood. These differences do not reflect the true
variation in glycerol in the three compartments, since
microdialysis was performed under conditions of in-
complete recovery. To perform frequent sampling,
one must use a high perfusion speed, which reduces
recovery. However, this probably does not affect the
interpretation of our results since recovery is stable
over time using a constant perfusion speed [26].

Monitoring of interstitial flow. The changes in intersti-
tial flow were monitored by determining the escape
of ethanol from the dialysate. The concentrations of
ethanol in the collected outgoing and ingoing dialy-
sates were analysed and expressed as the ethanol out-
flow/inflow ratio. Since the amount of ethanol leaving
the probe through the membrane increases with tis-
sue flow, the ratio will be inversely related to the

flow in the vicinity of the probe membrane [17].
Changes in the skeletal muscle ethanol ratio are pre-
sented in Figure 4. As seen in the control probe, hy-
perinsulinaemia induced no detectable change in the
ethanol ratio (n = 9). The addition of amrinone, rolip-
ram or dipyridamole to the perfusion solvent was also
ineffective in stimulating changes in interstitial flow.
However, in the theophylline probe, a significant de-
crease in ethanol ratio was found (F = 4.7,
p < 0.001), indicating an increase in interstitial flow.
A post-hoc test showed that the decrease in ethanol
ratio was significant from 60±120 min. In adipose tis-
sue, we detected no significant alteration over time
in the ethanol ratio (figure not shown). The initial
ethanol ratios in skeletal muscle were 21 ± 1.6%,
27 ± 2.8%, 18 ± 0.7%, 12 ± 3.2% and 12 ± 0.9% for
the amrinone, theophylline, control, dipyridamole
and rolipram probes, respectively. However, this dif-
ference was not significant. We also found that the
ethanol ratios in the skeletal muscle control probe
were markedly lower than those in adipose tissue,
18 ± 1 % and 48 ± 2%, respectively.

Activity of hormone-sensitive lipase. Since the assay
used does not distinguish between inactivated and ac-
tivated forms of the enzyme, the total HSL-activity
was measured. The activity was related to the total
amount of protein in the sub-cellular fraction. It was
2.7 ± 0.4 and 0.7 ± 0.1 nmol ´ min±1 ´ mg±1 (n = 8) in
the subcutaneous adipose tissue and gastrocnemius
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for 195 min with Ringer-ethanol solution (n = 9, X) with the
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muscle, respectively. This fourfold difference in HSL-
activity was significant (p = 0.0011).

Activity of phosphodiesterases. The tissue biopsies
were also assayed for PDE-activity, expressed as the
hydrolysed amount of cAMP, i. e., pmol cAMP ´
min±1 ´ mg±1. The activities of the different subtypes
were related to the total amount of protein in the
sample. The total activity of PDE3 in adipose was
36.8 ± 6.4 pmol ´ min±1 ´ mg±1 (48% of total PDE-ac-
tivity) and in muscle 3.9 ± 0.5 pmol ´ min±1 ´ mg±1

(5.8% of total PDE-activity). The approximate ten-
fold difference in PDE3-activity between the tissues
was significant (p = 0.0016). Whereas the PDE3-ac-
tivity in adipose tissue was equally distributed be-
tween the supernatant and pellet, the relatively small
amount of PDE3-activity in skeletal muscle was lo-
cated solely in the supernatant. Pooled adipose
PDE4-activity was 8.5 pmol ´ min±1 ´ mg±1. In skele-
tal muscle, PDE4-activity was 60.7 ± 10.2 pmol ´
min±1 ´ mg±1, which represents 80.5% of the total
PDE-activity in this tissue. The major part of this ac-
tivity was located in the supernatant. A minor contri-
bution was found in the pellet when all muscle sam-
ples were pooled together (5.4 pmol ´ min±1 ´ mg±1).
The residual (i. e., non PDE3, ±4) enzymatic activity
was 31.2 ± 7.9 and 3.0 ± 1.5 pmol ´ min±1 ´ mg±1 in ad-
ipose tissue and skeletal muscle, respectively, repre-
senting 41 and 14% of the total PDE-activity in these
two tissues. This may have been due to PDE1, ±2, ±5,
±6 or ±7, or to still unidentified subclasses of PDE.
None of those PDE families has been reported to be
activated by insulin. Furthermore, selective inhibitors
to be used on humans in vivo are not available. In vit-
ro, PDE1 (Ca2 + /calmodulin-stimulated PDE) and
PDE2 (cGMP-stimulated PDE) were shown to
be present in both adipose and skeletal muscle tis-
sue biopsies, since Ca2 + /calmodulin (10 mmol/
l ´ 0.1 mg±1 ´ ml±1) and cGMP (5 mmol/l) were shown
to increase PDE-activities. The increase in PDE-ac-
tivity by the addition of Ca2 + /calmodulin was
2.6 ± 0.2-fold in adipose tissue and 2.7 ± 0.7-fold in
skeletal muscle and by the addition of cGMP
3.5 ± 0.8-fold and 3.8 ± 0.7-fold in adipose tissue and
skeletal muscle, respectively. It is not known whether
the antilipolytic action of insulin in skeletal muscle
could be mediated via either of these PDEs or via a
still unidentified PDE.

Discussion

Recently, in vivo evidence has been presented in man
for the existence of an important lipolysis process in
skeletal muscle, which seems to be at least as active
as in adipose tissue and can be inhibited by insulin
[5]. Since insulin is the major antilipolytic hormone,
the present in vivo study raised the question whether

the antilipolytic effect of insulin is mediated by the
same mechanism in human skeletal muscle as it is in
subcutaneous adipose tissue, i. e., by activating phos-
phodiesterase-3 [4]. There is evidence of a different
mechanism of insulin-induced antilipolysis in skeletal
muscle compared to adipose tissue. For the first time,
there are indications that insulin may act on a PDE-
isoform other than the type-3.

The interstitial fluid concentration of glycerol was
used as an index of lipolysis. The reason for this is
that glycerol is metabolized in adipose tissue during
fasting conditions only to an insignificant extent [27,
28]. Glycerol released from the cell to the interstitial
milieu therefore reflects intracellular lipolysis. In-
flow of glycerol from the circulation to the interstitial
fluid seems unlikely, since the interstitial concentra-
tion of glycerol is much higher than that in plasma
[29]. The possibility of lipoprotein lipase influencing
the glycerol released during hydrolysis of circulating
lipoprotein-triacylglycerol is not relevant to this anti-
lipolysis study because lipoprotein lipase in adipose
tissue is activated by insulin and therefore should in-
crease lipolysis. In the present study, this effect is ob-
scured by hyperinsulinaemic-induced antilipolysis.
Furthermore, arteriovenous studies show that only
minor amounts of glycerol originate from hydrolysis
of lipoproteins in adipose tissue in the fasting state
[30].

The assumptions about adipose tissue glycerol
mentioned above may be less certain as regards glycer-
ol in skeletal muscle. The activity of glycerol kinase is
low, but it exists in mammalian skeletal muscle [31].
A small uptake of glycerol occurs in muscle as shown
in some forearm studies [32, 33]. The changes in con-
centration of dialysate glycerol during insulin infusion
in our experiments probably cannot be explained by
re-uptake. The principal mechanism for transport of
glycerol is passive diffusion, which is not known to be
subjected to hormonal regulation to a major extent
[34]. However, some decrease in the dialysate glycerol
concentration in skeletal muscle, due to an insulin-in-
duced fall in extracellular lipoprotein lipase activity,
cannot be totally excluded, although the relative con-
tribution to skeletal muscle energy needs of fatty ac-
ids, provided by lipoprotein lipase, is not known [35].

Interstitial flow may be of importance for removal
of glycerol from the tissue, since changes in this may
alter the glycerol concentration in the interstitial
compartment independently of lipolysis [36]. An in-
crease in interstitial flow could reduce glycerol in the
interstitial fluid and give a false impression of inhibit-
ed lipolysis, and a decrease in flow could increase the
interstitial glycerol concentration and give a false im-
pression of stimulated lipolysis. Using the microdialy-
sis ethanol technique, we found no evidence of any
significant change in interstitial flow in these two tis-
sues during systemic insulin infusion, except in the
theophylline experiment in skeletal muscle, where a
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significant decrease in ethanol ratio was found. This
agrees with recent microdialysis experiments in adi-
pose tissue [4]. As regards skeletal muscle, hyperinsu-
linaemia clearly stimulates blood flow in the forearm
and upper leg, as measured by the thermodilution
technique or by plethysmography [37±40]. However,
the latter methods cannot distinguish between flow
in large vessels and interstitial flow. It is therefore
possible that a change in blood flow in large blood
vessels (not measured in this study) is not always fol-
lowed by a change in interstitial flow (measured in
this study). The ethanol ratio was lower in skeletal
muscle than in adipose tissue, indicating a higher
clearance of ethanol from the former tissue than
from the latter. This difference is compatible with a
relatively higher blood flow rate in skeletal muscle.
It has recently been demonstrated in our laboratory
that small systemic increases in adipose tissue blood
flow ( » 40%) induced by heating, can be detected
with the present microdialysis method [14]. The ini-
tial skeletal muscle ethanol ratio in the theophylline,
experiment was higher than that found in the rolip-
ram, and dipyridamole-experiments. Although not
statistically significant (one-way ANOVA), our find-
ing might be indicative of a difference in effect on in-
terstitial fluxes between theophylline, rolipram and
dipyridamole, respectively. It is well known that
PDE-inhibitors are vasoactive compounds. This ef-
fect is executed through several different pathways,
one being inhibition of PDEs. For instance, dipy-
ridamole causes vasodilation through inhibition of
both cAMP- and cGMP-PDEs, as well as through an-
tagonism of adenosine uptake. Adenosine receptors
are blocked by low concentrations of theophylline,
whereas theophylline at a high concentration is a
non-selective PDE-inhibitor [40]. However, the rela-
tive importance of various selective PDE-inhibitors
compared to theophylline for variations in interstitial
fluxes is not known. In the present study, we used the
maximum lipolytic concentration of each drug, based
on earlier in vivo experiments in adipose tissue [4,
15]. It has not been established if these are the most
effective concentrations for inducing vasodilation in
skeletal muscle. Furthermore, the qualitative action
of a drug often changes as the concentration changes.
It is possible that the effect on interstitial fluxes of
theophylline and other PDE-inhibitors differs both
with increasing concentrations and over time. The
main aim with the present study was to investigate
the importance of various PDEs in the regulation of
skeletal muscle lipolysis. Effects of PDE-inhibitors
on interstitial fluxes were not specifically addressed
in this work but their regulatory role in controlling lo-
cal blood flow certainly warrants further attention.
However, when the ethanol ratio is constant, i. e.,
when interstitial flow is unchanged, changes in dialy-
sate glycerol can be interpreted as changes in local
production, according to the Fick principle. There-

fore, the changes observed in dialysate glycerol are
unlikely to be due to changes in interstitial flow but
reflect the effects of theophylline, rolipram and dipy-
ridamol, respectively, on glycerol output. The fact
that the ethanol ratio decreased when theophylline
was added, if anything, strengthens our conclusion,
i. e., the glycerol concentration would be even higher
if interstitial flow had been unaltered.

Bearing in mind the methodological discussion
above, we interpret the findings of changes in glycer-
ol concentration in the microdialysate, as being due
mainly to alterations in intracellular lipolysis. As re-
gards adipose tissue, the results are almost identical
to previous findings in other subjects, using a slightly
different microdialysis probe [4]. Thus, insulin low-
ered interstitial glycerol by about 40%, which was
counteracted by non-selective (theophylline) and by
type-3-selective (amrinone) inhibitors of PDE. In
the latter case, insulin stimulated lipolysis slightly.
However, PDE4 inhibition did not influence the anti-
lipolytic effect of insulin. Furthermore, determina-
tion of PDE-activity in adipose tissue revealed
PDE3 as the main PDE-enzyme subtype. Taken to-
gether, these data clearly show that the major mecha-
nism for insulin's antilipolytic effect on human adi-
pose tissue in vivo is mediated by stimulation of
PDE3.

Different and surprising results were obtained
when skeletal muscle was investigated. In this tissue,
insulin also lowered interstitial glycerol (by 33%).
Since no concentration-response experiments were
performed, we do not know whether this is the maxi-
mum antilipolytic effect of the hormone in muscle.
More important, however, was the finding that selec-
tive PDE3 inhibition had no influence on the antili-
polytic action of insulin. The main PDE-activity in
this tissue appeared to be PDE4. However, selective
inhibitions of PDE4 and PDE5 were likewise ineffec-
tive in blocking insulin-induced antilipolysis in skele-
tal muscle. On the other hand, non-selective inhibi-
tion with theophylline completely abolished the anti-
lipolytic effect of insulin in skeletal muscle. It is un-
likely that this theophylline effect is due to interac-
tion with adenosine receptors. As discussed else-
where, theophylline only blocks adenosine receptors
at low concentrations and inhibits PDE at high con-
centrations [41]. Furthermore, if the effect of theo-
phylline on skeletal muscle was through adenosine
receptors, amrinone would also counteract insulin ef-
fects in this tissue since amrinone is also an adenosine
receptor blocker [42, 43]. Instead, the findings strong-
ly indicate that insulin inhibits lipolysis in muscle by
stimulating one of several PDE isoenzymes other
than PDE3, ±4 or ±5. Unfortunately, one cannot iden-
tify the other critical PDE-subtype(s) in muscle by
means of microdialysis. Inhibitors with some selectiv-
ity for PDE1 are available, but have not been used for
human in vivo studies [3]. The measurements of total
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PDE activity in skeletal muscle suggested that ap-
proximately 14% was residual, i. e., not of PDE3 or
±4 origin. This remaining activity probably contains
a fraction that can be inhibited by insulin. It remains
to be established which PDE isoforms, beside types
3 and 4, are present in human skeletal muscle.

As mentioned, it is difficult on the basis of in vivo
measurements of interstitial glycerol to distinguish
between lipolysis in myocytes and adipocytes in skel-
etal muscle [5]. For a number of reasons, however,
we do not believe that our data concerning muscle li-
polysis were due to lipolysis in adipocytes within the
skeletal muscle tissue. First, it is very unlikely that
fat cells interspersed in the muscle should behave dif-
ferently to PDE3-inhibition in vivo, than fat cells
would in adipose tissue. Secondly, the enzymatic ra-
tios (adipose vs muscle) differed markedly for HSL
(fourfold) and PDE3 (tenfold). Third, it seems un-
likely that adipose cells and not muscle cells should
take up amrinone. We do not know whether the ob-
served skeletal muscle lipolysis was due to hydrolysis
of intracellular triacylglycerols or of other intracellu-
lar glycerol-containing lipids, such as phospholipids
or cholesterol esters. However, the finding that the
regulation of lipolysis by insulin in adipose tissue dif-
fers from that in skeletal muscle has potential physio-
logic and pathophysiologic implications for non-es-
terified fatty acid metabolism. Muscle tissue is the
major organ for utilization of non-esterified fatty ac-
ids in the body and, until recently, adipose tissue has
been considered the main source for providing these
lipids. However, the finding of marked lipolytic activ-
ity in skeletal muscle [5] with unique hormonal regu-
lation (present findings) may suggest that the local
production of fatty acids by intracellular lipolysis in
myocytes may be as important for muscle function
as delivery from distant depots. If this is true, local li-
polysis may also influence the muscle in conditions
with disturbed non-esterified fatty acid metabolism,
such as diabetes, insulin resistance, dyslipoprotein-
aemia and hyperthyroidism. Hitherto, only PDE3 has
been linked to insulin action among the PDE sub-
types and their effect has been demonstrated only in
fat cells [2]. The present study indicates a new target
PDE for insulin in muscle. This subclass is not
PDE3, ±4 or ±5. Whether it is PDE1, ±2, ±6, ±7 or a
yet unidentified subclass remains to be established.

In summary, this study indicates a unique in vivo
regulation of lipolysis by insulin in skeletal muscle in
man. The hormone seems to inhibit lipolysis via a
PDE which, in contrast to adipose tissue, is not of
subtype-3 nor is it of type ±4 or ±5.
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