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Abstract Although physical exercise is known to increase
adipose tissue lipolysis, its effect on the activity of triacyl-
glycerol (TG) lipase, the enzyme regulating TG breakdown,
is not known. The aim of the present study was to monitor
the acute changes in TG lipase activity of adipose tissue in-
duced during moderate exercise. For this purpose a new as-
say, sensitive to the phosphorylation state of the enzyme,
was developed. Ten young sedentary men cycled for 30 min
at a heart rate of 120-130 beats min~!. Needle adipose tis-
sue biopsy was performed from the buttock area at rest, at
5, 15, and 30 min of exercise, as well as at 15 min of passive
recovery. Five other men served as controls by being biop-
sied as above without exercising. TG lipase activity was de-
termined by measuring the decrease of endogenous TG
concentration during incubation of the homogenized tissue.
TG lipase activity increased 6.4-fold above baseline at 5 min
of exercise (P < 0.001) and fell gradually afterwards,
whereas it did not change significantly in the control
group.fill In conclusion, our data show that TG lipase activ-
ity in human adipose tissue peaks early during exercise and
subsequently decreases despite the maintenance of the
physical stimulus.—Petridou, A., and V. Mougios. Acute
changes in triacylglycerol lipase activity of human adipose
tissue during exercise. J. Lipid Res. 2002. 43: 1331-1334.
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TG lipase (EC 3.1.1.3) catalyzes the hydrolysis of stored
TG in adipose tissue (1), an important process for the sup-
ply of energy sources in the postabsorptive state and for
the control of body weight. TG lipase is under acute neu-
ronal and hormonal regulation (hence referred to as hor-
mone-sensitive lipase, HSL) through the cAMP cascade
ending in reversible phosphorylation and activation of the
enzyme (2-4). Physical exercise stimulates lipolysis in adi-
pose tissue, as has been shown by the use of microdialysis,
arteriovenous difference, and isotope tracer techniques
(5-8). This is assumed to be mainly due to increased cate-
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cholamine secretion resulting in B-adrenergic stimulation
and HSL activation (9), but direct evidence is lacking.
Given the multitude of factors intervening between the
hydrolysis of TG inside the adipocytes and the appearance
of the products in the extracellular space and plasma
(e.g., transport across membranes and blood flow), it
would be interesting to study the effect of exercise on the
lipolytic rate at the intracellular level and on the main de-
terminant of lipolytic rate, i.e., TG lipase activity.

TG lipase activity of adipose tissue is usually measured
against a synthetic substrate, 1(3)-[*H]oleoyl-2-O-oleyl-
glycerol, because its rate of hydrolysis is 10 times that of
TG and independent of the phosphorylation state of the
enzyme (10). The latter feature, however, precludes the
use of the synthetic substrate to determine the actual ac-
tivity of the enzyme and to monitor acute changes in re-
sponse to endogenous or exogenous stimuli. Therefore,
to study the effect of exercise on TG lipase activity, an as-
say sensitive to the phosphorylation state of the enzyme
is needed.

The aim of the present study was to investigate the ef-
fect of moderate exercise on TG lipase activity in human
adipose tissue. To achieve this, we have developed a novel
assay of the actual activity of the enzyme against endoge-
nous TG.

METHODS

Subjects

Fifteen healthy sedentary men, aged 21-26, who responded to
a public invitation, participated in the study. They were informed
orally and in writing of the design and probable risks of the re-
search and consented to participate. The study was designed and
carried out according to the guidelines of the University of Thes-
saloniki Ethics Committee.

Abbreviations: HSL, hormone-sensitive lipase.
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Experimental protocol

Each subject was transported to the laboratory by car on a sep-
arate day at 9 AM, after an overnight fast and rest. Following 15
min of rest, an adipose tissue sample was obtained by needle bi-
opsy from the buttock area without anesthesia, as described (11).
Subsequently, 10 of the subjects exercised on a Kettler KX1 bicy-
cle ergometer (Ense-Parsit, Germany) for 30 min at a power out-
put corresponding to a heart rate of 120-130 beats min~!, being
monitored continuously by a Polar Accurex monitor (Kempele,
Finland). The power output had been determined during a pre-
liminary test performed at least 1 week earlier. Adipose tissue bi-
opsy was performed at 5, 15, and 30 min of exercise, as well as af-
ter 15 min of passive recovery. All samples were taken with the
subjects seated on the bicycle and with a 5- to 10-s interruption of
cycling at 5 and 15 min of exercise. The other five subjects were
sequentially biopsied as above, the only difference being that
they rested throughout the sampling period.

TG lipase assay

The determination of TG lipase activity was performed imme-
diately after biopsy, without storage of the adipose tissue sample.
The sample was transferred into a glass homogenizer (Kontes,
Vineland, NJ) containing 300 ul of a potassium phosphate buffer
(0.1 mol/1, pH 7.0), to which the following substances (all from
Sigma, St. Louis, MO) had been added in order to prevent pro-
tein dephosphorylation, phosphorylation, and degradation:
EDTA (1 mmol/l), “phosphatase inhibitor cocktail I” (contain-
ing microcystin LR, cantharidin, and (—)-p-bromotetramisole in
DMSO) in 100-fold dilution, inhibitor of the cAMP-dependent
protein kinase (rabbit sequence, 2.5 wmol/1), antipain (20 mg/1),
leupeptin (20 mg/1), and pepstatin (10 mg/1). The sample
was weighed and homogenized with approximately 20 manual
strokes, while buffer was being added to a final volume of 20
times the weight of the tissue. The total time from sampling to
complete homogenization was approximately 30 s. The homoge-
nate was then transferred to a test tube and was incubated at
37°C under continuous stirring. At 0 and 30 min, 10 pl aliquots
were removed in triplicate from the homogenate and were trans-
ferred into 1 ml of 2-propanol-heptane-1 N HySOy, 40:10:1 (v/v/
v), to denature TG lipase. This solution also contained 70 g of
triheptadecanoyl glycerol (Sigma) as the internal standard for
the subsequent chromatographic analysis.

Lipids were extracted from the above solution as described
(12) and were separated by TLC on silica gel plates with petro-
leum ether-diethyl ether-acetic acid, 80:20:1 (v/v/v), as a devel-
oper. Lipid spots were located under ultraviolet light after spray-
ing with a solution of dichlorofluorescein in ethanol and the
spot corresponding to TG was excised and incubated in 0.5 ml of
methanolic sodium methoxide (Sigma) at 50°C for 10 min (13).
The fatty acid methyl esters thus produced were extracted with
hexane and were separated by gas chromatography as described
(14). Methyl esters were quantified by comparing the area under
their peaks in the chromatogram to that of methyl heptade-
canoate (produced by transmethylation of the internal stan-
dard). The pwmol of TG in each aliquot of the homogenate were
calculated as the sum of the wmol of the methyl esters divided by
3. TG lipase activity was then calculated as the rate of TG de-
crease over the incubation period. The coefficient of variation of
the assay was 12%.

Statistical analysis

Results are reported as the mean * SE. Significant changes in
the percentage of each TG acyl group from 0 to 30 min of incu-
bation were detected by performing paired Student’s ttests.
Comparisons of TG lipase activity between exercise and rest, as
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well as among the five time points of adipose tissue sampling
were performed by two-way (condition X time) ANOVA with re-
peated measures on time. Post-hoc pairwise comparisons were
performed through simple main effects analysis. The level of sta-
tistical significance was set at &« = 0.05. The SPSS (version 10.0)
was used for all analyses.

RESULTS

There were no significant differences in age, weight, and
height between the exercise and the control group. The
age of the 15 subjects was 24.1 = 0.5 years, their weight 81.2 *
1.9 kg, and their height 1.81 * 0.02 m. During the 30 min
of cycling, the average power output of the exercise group
was 106 = 5 W and the average heart rate was 127 = 1 beats
min~!. The weight of the 75 adipose tissue samples taken
(five from each volunteer) was 27.0 = 1.0 mg.

Seven fatty acid methyl esters derived from the TG of ad-
ipose tissue were detected in considerable amounts by gas
chromatography, namely myristate (14:0), palmitate (16:0),
palmitoleate (16:1w7), stearate (18:0), oleate (18:1w9), vac-
cenate (18:1w7), and linoleate (18:2w6). Their molar per-
centage distribution at the onset of incubation is presented
in Table 1. The distribution after 30 min of incubation (not
shown) was very similar to that at the onset.

The time course of TG lipase activity of the two groups
is presented in Fig. 1. ANOVA showed that the interaction
of condition and time was significant (P = 0.024). In the
exercise group, activity increased significantly 5 min after
the onset of cycling (P < 0.001), reaching 6.4 times the
baseline value (0.00992 = 0.00198 vs. 0.00155 = 0.00086
pmol TG min~! mg™!), and decreased gradually and sig-
nificantly (P < 0.05) thereafter, reaching the lowest value
during recovery. Enzyme activity did not change signifi-
cantly with time in the control group and averaged
0.00203 pmol TG min~! mg~!. The only significant differ-
ence between the two groups was at 5 min (P = 0.018).
TG decrease during the 30 min incubation period ranged
from 6% in the baseline samples to 31% in the samples
taken at 5 min of exercise.

DISCUSSION

The purpose of the present study was to monitor, for
the fist time, TG lipase activity in human adipose tissue

TABLE 1. Molar percentage distribution of acyl groups in adipose

tissue TG (mean * SE)

Acyl Group Percentage
14:0 25*x0.1
16:0 215 £ 0.2
16:107 4.9 *£0.1
18:0 3.5 *0.1
18:1w9 50.1 £ 0.4
18:1w7 2.0 £0.0
18:2w6 155 = 0.3
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Fig. 1. Triacylglycerol lipase activity (mean and SE) of human ad-

ipose tissue during 30 min of moderate cycling and 15 min after
passive recovery (closed circle) or during rest (open circle). Aster-
isks denote significant differences in pairwise comparisons (P <
0.05).

during exercise. To that end, a new method was devised
measuring the actual activity (according to the phosphor-
ylation state) of TG lipase in its natural place of action
and on its natural substrate, i.e., adipose tissue TG. The
lack of such a method has been pointed out by other re-
searchers (15, 16).

To preserve, throughout the incubation period, the
phosphorylation state of TG lipase at the time of adipose
tissue sampling and the integrity of the enzyme, the ho-
mogenization buffer contained: i) EDTA to chelate Ca?*
and Mg?*. Ca?" is a known activator of proteinases,
whereas Mg?™ is required by enzymes utilizing ATP, such
as protein kinases and acyl-coenzyme A synthetases (in-
volved in TG resynthesis), as well as by protein phos-
phatase-2C (17, 18), which, along with protein phos-
phatases-1 and 2A, has been shown to dephosphorylate
TG lipase (18); i) a phosphatase inhibitor mixture; #7) an
inhibitor of the cAMP-dependent protein kinase to pre-
vent additional phosphorylation of TG lipase; iv) three
proteinase inhibitors (antipain, leupeptin, and pepstatin).

An additional advantage of our assay is the use of mild
homogenization so as to conserve the morphology of the
intracellular lipid droplets. This is important because TG
hydrolysis requires the translocation of the lipase from the
cytosol to the surface of the droplets (19, 20). Adhesion of
the lipase to the droplets is modulated by proteins, such as
perilipins. The latter are located at the droplet surface
and, in response to lipolytic stimuli, undergo conforma-
tional changes facilitating the interaction of the lipase
with TG (21, 22). Therefore, it was crucial to preserve all
factors affecting TG lipase activity in a state as close to the
in vivo condition as possible.

To document the reproducibility of our assay and to
control a possible carry-over effect of sequential biopsying
on TG lipase activity, we have included a control group
who rested throughout the sampling period. Our data
suggest that the assay was reproducible and that no carry-
over effect occurred.

The main finding of the present study was that TG li-
pase activity increased early during exercise, reaching a
peak at 5 min, which was over 6-fold higher than baseline.
It is interesting that, although the subjects continued to
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exercise, lipase activity gradually decreased and was signif-
icantly lower at all time points compared with 5 min. In
accordance with this finding, TG lipase activity in rat mus-
cle was found to be significantly higher than baseline after
1 and 5 min, but not after 10 or 60 min of electrical stimu-
lation (23). This decrease in lipase activity despite the
maintenance of the physical stimulus may be attributed to
the well-known desensitization of B-adrenergic receptors,
which would result in decreased activation of the cAMP
cascade and, hence, decreased activation of TG lipase. In-
deed, it has been reported that $-adrenergic stimulation
of lipolysis in human adipose tissue was significantly
higher before exercise than after 60 min of moderate ex-
ercise (24).

The absence of significant changes in the percentage
distribution of TG acyl groups during the assay suggests
that there was no preferential hydrolysis of some acyl
group(s) by the lipase. This finding contrasts with pub-
lished data that show a preferential release of polyunsatu-
rated fatty acids from synthetic TG-analogs by crude prep-
arations of rat HSL (25) and from isolated human
adipocytes stimulated by lipolytic agents (26). The reasons
for the discrepancy between the results of the present
study and the aforementioned ones may be the shorter in-
cubation time (0.5 vs. 1.5-24 h) or the different experi-
mental conditions.

In conclusion, the present study demonstrates that TG
lipase activity in adipose tissue peaks at 5 min of exercise
and decreases afterwards, although the exercise stimulus
continues. To measure acute changes in lipase activity, a
novel assay, sensitive to the phosphorylation state of the
enzyme, was developed. This assay may be further used to
study the effect of different exercise conditions on TG li-
pase activity. Additionally, it would be interesting to exam-
ine the effect of exercise on the activity of the enzyme in
different population groups, such as the obese, females,
and athletes. Finally, our assay permits research on the ef-
fect of pharmacological or dietary interventions on TG li-
pase activity aimed at understanding the mechanism of ac-
tion of known lipolytic agents and the development of
new ones, given the intense interest of modern societies in
discovering effective ways to reduce body weight and, in
particular, body fat.

REFERENCES

1. Stralfors, P., H. Olsson, and P. Belfrage. 1987. Hormone-sensitive
lipase. In The Enzymes. Vol. 18. E. G. Krebs and P. D. Boyer, edi-
tors. Academic Press, Orlando, FL. 147-177.

2. Nilsson, N. O., P. Stralfors, G. Fredrikson, and P. Belfrage. 1980.
Regulation of adipose tissue lipolysis: effects of noradrenaline and
insulin on phosphorylation of hormone-sensitive lipase and on li-
polysis in intact rat adipocytes. FEBS Lett. 111: 125-130.

3. Stralfors, P., and P. Belfrage. 1983. Phosphorylation of hormone-
sensitive lipase by cyclic AMP-dependent protein kinase. /. Biol.
Chem. 258: 15146-15152.

4. Strélfors, P., P. Bjorgell, and P. Belfrage. 1984. Hormonal regula-
tion of hormone-sensitive lipase in intact adipocytes: identification
of phosphorylated sites and effects on the phosphorylation by li-
polytic hormones and insulin. Proc. Natl. Acad. Sci. USA. 81: 3317—
3321.

1333



10.

11.

12.

13.

14.

15.

16.

1334

Romijn, J. A., E. F. Coyle, L. S. Sidossis, J. F. Castaldelli, J. F. Horo-
witz, E. Endert, and R. R. Wolfe. 1993. Regulation of endogenous
fat and carbohydrate metabolism in relation to exercise intensity
and duration. Am. J. Physiol. 265: E380-E391.

Ranallo, R. F,, and E. C. Rhodes. 1998. Lipid metabolism during
exercise. Sports Med. 26: 29—-42.

Mora-Rodriguez, R., and E. F. Coyle. 2000. Effects of plasma epi-
nephrine on fat metabolism during exercise: interactions with ex-
ercise intensity. Am. J. Physiol. 278: E669-E676.

Mulla, N. A. L., L. Simonsen, and J. Biillow. 2000. Post-exercise adi-
pose tissue and skeletal muscle lipid metabolism in humans: the
effects of exercise intensity. J. Physiol. 524: 919-928.

Biilow, J. 1993. Lipid mobilization and utilization. In Principles
of Exercise Biochemistry. J. R. Poortmans, editor. Karger, Basel.
158-185. }

Fredrikson, G., P. Stralfors, N. O. Nilsson, and P. Belfrage. 1981.
Hormone-sensitive lipase of rat adipose tissue. J. Biol. Chem. 256:
6311-6320.

Beynen, A. C., and M. B. Katan. 1985. Rapid sampling and long-
term storage of subcutaneous adipose-tissue biopsies for determi-
nation of fatty acid composition. Am. J. Clin. Nutr. 42: 317-322.
Dole, V. P. 1956. A relation between non-esterified fatty acids in
plasma and the metabolism of glucose. J. Clin. Invest. 35: 150-154.
Kramer, J. K. G., V. Fellner, M. E. R. Dugan, F. D. Sauer, M. D. Mos-
soba, and M. P. Yurawecz. 1997. Evaluating acid and base catalysts
in the methylation of milk and rumen fatty acids with special em-
phasis on conjugated dienes and total trans fatty acids. Lipids. 32:
1219-1228.

Mougios, V., A. Matsakas, A. Petridou, S. Ring, A. Sagredos, A. Me-
lissopoulou, N. Tsigilis, and M. Nikolaidis. 2001. Effect of supple-
mentation with conjugated linoleic acid on human serum lipids
and body fat. J. Nutr. Biochem. 12: 585-592.

Frayn, K. N., D. Langin, C. Holm, and P. Belfrage. 1993. Hor-
mone-sensitive lipase: quantitation of enzyme activity and mRNA
level in small biopsies of human adipose tissue. Clin. Chim. Acta. 216:
183-189.

Holm, C., D. Langin, V. Manganiello, P. Belfrage, and E. Deger-

Journal of Lipid Research Volume 43, 2002

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

man. 1997. Regulation of hormone-sensitive lipase activity in adi-
pose tissue. Methods Enzymol. 286: 45-67.

Ingebritsen, T. S., and P. Cohen. 1983. Protein phosphatases: prop-
erties and role in cellular regulation. Science. 221: 331-338.
Olsson, H., and P. Belfrage. 1987. The regulatory and basal phos-
phorylation sites of hormone-sensitive lipase are dephosphory-
lated by protein phosphatase-1, 2A and 2C but not by protein
phosphatase-2B. Eur. J. Biochem. 168: 399-405.

Egan, J. J., A. S. Greenberg, M-K. Chang, S. A. Wek, M. C. Moos,
and C. Londos. 1992. Mechanism of hormone-stimulated lipolysis
in adipocytes: translocation of hormone-sensitive lipase to the
lipid storage droplet. Proc. Natl. Acad. Sci. USA. 89: 8537-8541.
Brasaemle, D. L., D. M. Levin, D. C. Adler-Wailes, and C. Londos.
2000. The lipolytic stimulation of 3T3-L1 adipocytes promotes the
translocation of hormone-sensitive lipase to the surfaces of lipid
storage droplets. Biochim. Biophys. Acta. 1483: 251-262.

Londos, C., D. L. Brasaemle, C. ]J. Schultz, J. P. Segrest, and A. R.
Kimmel. 1999. Perilipins, ADRP, and other proteins that associate
with intracellular neutral lipid droplets in animal cells. Semin. Cell
Devel. Biol. 10: 51-58.

Clifford, G. M., C. Londos, F. B. Kraemer, R. G. Vernon, and S. .
Yeaman. 2000. Translocation of hormone-sensitive lipase and per-
ilipin upon lipolytic stimulation of rat adipocytes. J. Biol. Chem.
275: 5011-5015.

Langfort, J., T. Ploug, J. Ihlemann, C. Holm, and H. Galbo. 2000.
Stimulation of hormone-sensitive lipase activity by contractions in
rat skeletal muscle. Biochem. J. 351: 207-214.

Marion-Latard, F., I. De Glisezinski, F. Crampes, M. Berlan, J. Gal-
itzky, H. Suljkovicova, D. Riviere, and V. Stich. 2001. A single bout
of exercise induces B-adrenergic desensitization in human adipose
tissue. Am. J. Physiol. Regul. Integr. Comp. Physiol. 280: R166-R173.
Gavino, V. C.,, and G. R. Gavino. 1992. Adipose hormone-sensitive
lipase preferentially releases polyunsaturated fatty acids from tri-
glycerides. Lipids. 27: 950-954.

Raclot, T, D. Langin, M. Lafontan, and R. Groscolas. 1997. Selec-
tive release of human adipocity fatty acids according to molecular
structure. Biochem. J. 324: 911-915.



