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Determinants of Human Adipose Tissue Lipoprotein Lipase

EFFECTOF DIABETES ANDOBESITY ONBASAL- AND

DIET-INDUCED ACTIVITY

OLAVI J. PYKXLIST6,t PHILLIp H. SMITH, and JOHND. BRUNZELL

From the Department of Medicine, Veterans Administration Hospital, and the
University of Washington School of Medicine, Seattle, Washington 98108

A B S T R A C T The role of insulin in the regulation of
human adipose tissue lipoprotein lipase was evaluated.
Adipose tissue heparin-releasable lipoprotein lipase
(thought to be related to peripheral clearance of plasma

triglycerides) was low in insulin-deficient, untreated
hyperglycemic diabetic subjects (P <0.001) and treat-
ment of hyperglycemia returned the activity to nor-
mal. In chronic hyperinsulinism, represented by obesity,
heparin-releasable activity among control subjects was
correlated to percent of ideal body weight (r = 0.53,
P < 0.05) and to fat cell size (r = 0.61, P < 0.02).
Acetone-ether powder lipoprotein lipase activity (pre-
sumed to reflect total tissue enzyme) was also related
to percent of ideal body weight (r = 0.76, P < 0.001
for controls; r = 0.67, P <0.05 for diabetics) and to
fat cell size (r = 0.71, P <0.01 for controls; r = 0.85,
P <0.01 for diabetics. Postprandial-stimulated insulin
secretion was related to diet-induced changes in lipo-
protein lipase in control subjects; both were dependent
upon the amount of dietary carbohydrate. In contrast,
the diabetic patients with low insulin responses, failed
to increase lipoprotein lipase activity with feeding.
The changes in heparin-releasable (r = 0.66, P <0.01)
and acetone-ether powder (r = 0.69, P <0.01) activity
during feeding were related to the percent increase in
plasma insulin.

Thus, insulin appears to be important in the regula-
tion of human adipose tissue lipoprotein lipase activity.
Elevated insulin levels in obesity and increased insulin
secretion after eating were associated with increased
lipoprotein lipase activity. Defects in insulin secretion,
both in postabsorptive and postprandial states, are as-
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sociated with low adipose tissue lipoprotein lipase and
may lead to hypertriglyceridemia in diabetic man.

INTRODUCTION
Lipoprotein lipase (LPL) ,' present mainly in adipose
tissue and to some extent in other tissues (1-3), is the
rate-limiting enzyme for tissue uptake of plasma tri-
glycerides (TG) (4-7). In a number of animal studies,
adipose tissue LPL has been shown to be sensitive to
caloric and hormonal balance (8-11) and particularly
dependent on availability of glucose and insulin (11-13).
Normal adipose tissue LPL levels have been found in
treated human diabetic patients (14). However, the
activity of this enzyme in human tissues has usually
ben estimated only indirectly as postheparin plasma
lipolytic activity (PHLA). In most, but not all in-
stances, low PHLA has been associated with impaired
TG removal and hypertriglyceridemia (15-18).

Hypertriglyceridemia of varying degrees is frequently
seen in untreated diabetes mellitus; it is almost the rule
in severe insulin deficiency with ketoacidosis (19-22).
Treatment with insulin or oral antidiabetic agents re-
turns elevated plasma TG to or toward normal indi-
cating that absolute or relative lack of endogenous in-
sulin may be a cause of diabetic hypertriglyceridemia.
However, studies of plasma TG removal in diabetes
using PHLA as an index, have been inconclusive.
Thus, PHLA, measured after a small heparin dose, was
low only in some uncontrolled severely diabetic patients
(23), whereas most diabetics had normal activity (24).
Recent studies using high-dose prolonged heparin in-
fusion have demonstrated an abnormality in PHLA in
all untreated hyperglycemic subjects examined (25).

1 Abbreviations used in this paper: LPL, lipoprotein li-
pase; PHLA, postheparin plasma lipolytic activity; TG,
triglycerides.
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This suggests that decreased adipose tissue LPL avail-
ability may be a possibility in untreated human diabetes.
The normal PHLA in diabetics receiving low-dose
heparin may also be related to the complexity of PHLA;
in addition to adipose tissue LPL, heparin releases a
TG-splitting activity from liver (26, 27) and possibly
LPL from muscle and other tissues into the circulation.
Thus, total PHLAmay not be an accurate index of adi-
pose tissue LPL, which is the major determinant of
peripheral TG removal (28).

In the present study, adipose tissue LPL was mea-
sured directly from human subcutaneous fat tissue, and
the importance of insulin in the regulation of this en-
zyme activity was determined. Since adipose tissue
LPL may exist in several forms and multiple compart-
ments (2, 29), measurements of enzyme were made
both in acetone-ether powder preparations (thought to
represent the total tissue activity [2]), and after re-
lease from tissue by heparin (presumed to be the readily

releasable fraction related to PHLA and plasma TG
clearance [2, 30]). Because there is a close relationship
among obesity, insulin and glucose metabolism (31),
and hypertriglyceridemia (32), the role of obesity and
the effect of feeding on adipose tissue LPL were evalu-
ated by measurement of the enzyme activity after over-
night fasting and after feeding with diets containing
different amounts of carbohydrate. Results indicate
that variability in insulin secretion, as seen in obesity,
diabetes, and after feeding, may be an important deter-
minant of human adipose tissue LPL.

METHODS
Subjects. Untreated diabetic subjects for this study

consisted of eight patients with varying degrees of hyper-
glycemia, hypertriglyceridemia, and obesity (Table I).
Four of these subjects had been treated previously with
oral sulfonylurea agents, the other four had never been
treated. Three of them had a concomitant familial form
of hypertriglyceridemia as indicated by the presence of

TABLE I
Basic Clinical and Laboratory Data of Control and Diabetic Subjects

Plasma

Subject Age/Sex IBW* Glucose Insulin TG
Choles- Fat cell

terol size

Adipose tissue LPL

Heparin releasable

Familyt
Acetone-ether history

powder hyper-TG

Control subjects
P. R.
R. C.
0. P.
J. H.
J. B.
E. L.
S. WV.
P. S.
A. G.
T. H.
G. S.
S. K.
B. H.
R. R.
D. H.

Mean
4:SD

Diabetic subjects
W. G.
C. S.
S. S.
A. K.
J. S.
D. N.
C. G.
J. V.

Mean
-SD
P<§

mg/dl AU/ml mg/dl mg/dl pig TG/cell /g /106 cells /g /106 cells

35, M
38, M
32, M
29, M
37, M
44, M
32, M
29, M
29, M
23, M
23, M
39, M
46, M
44, M
53, M

36
9

114 110 8 54
108 82 9 61
115 100 7 64
96 95 9 68

113 95 4 94
155 96 17 101
97 96 7 104

149 104 31 160
123 105 14 164
102 93 12 186
175 81 71 192
118 92 13 230
122 84 19 559
171 100 22 704
110 96 30 900

125 95 18 243
26 8 16 261

51, M 157
53, M 157
30, F 175
53, M 118
47, M 127
40. M 115
47, M 156
42, M 176

45 147
8 24
0.02 0.05

279
192
224
392
320
137
255
250

256
77

0.001

29 208
52 216
63 356
- 719
- 875

26 1.125
35 2,330

5,470

41 1,412
16 1,779

0.02

146
172
180
163
218
142
160
167
204
169
205
228
220
288
292

197
46

294
154
206
281
281
324
526
456
315
122

0.372
0.340
0.412
0.279
0.420
0.561
0.302
0.623
0.563
0.406
0.539
0.499
0.451
0.710
0.222

0.446
0.130

0.341
0.600
0.600
0.303
0.429
0.331
0.528
0.358
0.436
0.118
NS

8.6 3.2 4.2 1.6
5.4 1.8 2.2 0.8
4.1 1.7 1.7 0.7

10.0 2.8 1.8 0.5
11.2 4.7 3.9 1.6

5.1 2.8 2.1 1.2
5.2 1.6 1.3 0.4
6.3 4.0 3.6 2.3
5.7 3.2 1.2 0.7
4.7 1.9 1.2 0.5
8.8 4.5 4.9 2.6
6.0 3.0 4.2 2.1
1.2 0.5 0.3 0.1
4.7 3.3 3.4 2.4
3.4 0.7 2.7 0.6

6.0 2.7 2.6 1.2
2.6 1.2 1.4 0.8

4.7
1.5
3.0
2.3
1.2
2.4
1.1

1.6

2.2
1.2
0.001

1.6
1.0
1.8
0.7
0.5
0.8
0.8
0.6

1.0
0.5
0.001

2.1 0.7
2.0 1.2
2.6 1.6
0.7 0.2
0.7 0.3
1.5 0.5
3.0 1.6
1.6 0.6

1.8 0.8
0.8 0.5
NS NS

Insulin and Lipoprotein Lipase 1109

NS
NS
NS
NS

+
+

NS

NS

+
+
+

* IBW = percent of ideal body weight.
$ Family history of hypertriglyceridemia determined by measurement of cholesterol and TG levels in adult relatives. + = nondiabetic hyper-
triglyceridemic first-degree relatives present; - = no hyperlipidemic relatives found, at least four adult first-degree relatives studied; NS = family
not studied or no relatives available for study.
§ P < = statistical significance between control and diabetic subjects.



nondiabetic lhypertriglyceridemic first-degree relatives in
their families. Seven nondiabetic normolipidemic and eight
nondiabetic hypertriglyceridemic subjects served as con-
trols (Table I). Of the eight hypertriglyceridemic control
subjects, four had a familial form of hypertriglyceridemia;
the families of the remaining hypertriglyceridemic subjects
have not been studied.

Experimental design. To assess the relationship among
obesity, fat cell size, fasting plasma insulin, and adipose
tissue LPL, the diabetic and control subjects were studied
as outpatients during periods of weight stability. Blood
was drawn for determinations of plasma glucose, immuno-
reactive insulin, TG, and cholesterol after an overnight
12-h fast. A sample of subcutaneous buttock adipose tissue
was taken by needle aspiration to determine LPL activity
and fat cell size. Four of the diabetic patients were re-
studied 1 wk after institution of therapy with an oral
sulphonylurea and five of them after 10-12 wk of therapy
with insulin or an oral sulphonylurea to test the effect of
treatment of hyperglycemia on adipose tissue LPL.

Five control (E. L., S. K., B. H., R. R., and D. H.:
Table I) and three diabetic (J. S., C. G., and C. S.) sub-
jects were admitted to a metabolic ward for dietary
studies. For 2 wk the control subjects were fed a weight-
maintaining, constant composition liquid formula diet con-
taining 40% of calories as fat (half corn oil, half butter
fat), 45% carbohydrates (dextrose), and 15% protein
(skim milk powder), and four of these subjects were
subsequently fed a fat-free high-carbohydrate liquid for-
mula diet (85% carbohydrate, 15% protein) for 2 wk.
The diabetic patients were studied only on the fat-free
formula diet. The feedings were divided into five equal
parts and served at 8 a.m., 11 a.m., 2 p.m., 5 p.m., and
8 p.m. At the end of each dietary period, adipose tissue
LPL was measured after a 12-h overnight fast and after
ingestion of the formula diet (Table II). A similar study
of the effect of feeding with fat-free formula on adipose
tissue LPL was performed with two control (T. H. and
G. S.) and two diabetic (D. N. and S. S.) subjects as
outpatients on ad lib. diets. The subjects were kept in
bed during the feeding studies; smoking and all intake
except water and formula was prohibited.

Materials. Fatty acid-poor bovine serum albumin was
obtained from Pentex Biochemical, Kankakee, Ill.; un-
labeled triolein from Hormel Institute, Austin, Minn.; and
glyceryl [1-"C] triolein from the Radiochemical Centre,
Amersham, England. The purity of triolein was over 99%o
as judged by thin-layer chromatography on silica gel. Puri-
fied egg lecithin was a gift from William C. Vogel.

TABLE I I
Schedule for Feeding Studies

During Feeding, h

Samples Fasting 1 2 3 4 5 6

Adipose tissue x x x
Plasma glucose x x x x x x x
Plasma insulin x x x x x x x
Plasma TG x x x
Plasma cholesterol x x x
Feeding (20% of daily

calories each time) A A A

Assay of adipose tissue LPL activity. The tissue yield
from the subcutaneous adipose tissue biopsy, performed by
the method of Hirsch and Goldrick (33), was usually 80-
120 mg. After rinsing in approximately 100 ml of Krebs-
Ringer phosphate buffer, pH 7.4, the tissue pieces were
divided into three parts. One part (5-10 mg) was used for
measurement of fat cell diameter from a formaldehyde-
fixed frozen section according to Sj6strbm et al. (34). Fat
cell volume was calculated from fat cell diameter according
to Goldrick (35) and fat cell size (weight) by multiplying
the cell volume by the specific gravity of triolein (34).
The other parts of tissue (40-50 mg each) were used to
measure the LPL activity in two different ways: (a) as
heparin-releasable LPL, and (b) as LPL in ammonium
hydroxide extract of acetone-ether powder. One piece of
tissue was incubated for 45 min in Krebs-Ringer phos-
phate buffer at 370C in the presence of heparin (2 U/ml).
After extraction of the final adipose tissue piece, the enzyme
was extracted with 0.05 M NH4OH-NaCl without added
heparin. The enzyme activities of the incubation medium
and the acetone powder extract were assayed as previously
described using triolein emulsified with lecithin as the
substrate (36). Strict adherence to the procedure of soni-
cation of the substrate minimized day-to-day variability
in substrate. Heating during sonication was avoided by
keeping the tube in ice and sonicating intermittently (10 s
sonication, 10 s pause, repeated 10 times). To evaluate
interassay variability, a pooled postheparin plasma sample
was measured in parallel with each adipose tissue LPL
assay: 10 pAl of postheparin plasma and 200 ul of the sub-
strate were incubated and free fatty acids (FFA) ex-
tracted. PHLA values usually differed by less than 10%.
On two occasions, when this limit was exceeded, the results
were corrected to the corresponding mean pool PHLA
values. LPL activity was expressed both on a per gram
(neq FFA/g per min) and on a per cell (neq FFA/10'
fat cells per min) basis (36).

Other methods. Plasma glucose was measured by the
Technicon autoanalyzer ferricyanide method (Technicon In-
struments Corp., Tarrytown, N. Y.), and plasma TG' and
cholesterol as previously described (37). Plasma immuno-
reactive insulin was measured by a modification of the
double antibody method of Morgan and Lazarow (38).

Obesity was estimated from the percent of ideal body
weight, calculated from the mean ideal body weight for
height from Metropolitan Life Insurance tables. Statistical
evaluation of data was performed by analysis of variance,
by least squares regression, and covariance analysis (39).

RESULTS
Effect of diabetes on adipose tissue LPL. The heparin-

releasable LPL activity of adipose tissue in control
subjects (2.7± 1.2 neq FFA/106 cells per min; mean

+SD) was significantly higher than in untreated dia-
betic subjects (1.0±0.5 neq FFA/106 cells per min;
P < 0.001; Table I). This difference was also sta-

tistically significant when the activity was expressed
on a per gram basis (P < 0.001) or when diabetics
(with and without concomitant famalial forms of hyper-
triglyceridemia) were compared to normolipidemic

2 Normal age adjusted levels for plasma TG in this
laboratory are below 165 mg/dl for a 45-yr-old male or
female.
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(P < 0.02) or to hyperlipidemic control subjects (P <
0.02). The acetone-ether powder LPL activity tended
to be lower in the diabetic patients than in the control
subjects, but this difference was not statistically sig-
nificant (Table I). The heparin-releasable LPL ac-
tivity was a function of the activity in acetone-ether
powder in nondiabetic individuals (r = 0.78; P < 0.001;
Fig. 1). All the untreated diabetics fell below this re-
gression line for nondiabetic controls due to the dis-
proportionate decrease in heparin-releasable activity
in diabetes (Fig. 1).

Short-term treatment of hyperglycemia (1 wk) in the
diabetics was associated with a 35% decrease in plasma
glucose (P <0.02), but did not affect the heparin-re-
leasable LPL or acetone-ether powder LPL. The
changes in plasma TG were variable; in two very lipe-
mic patients they decreased related to the simultaneous
initiation of a fat-free diet, which was necessary for
relief of abdominal pain in these patients. In contrast,
long-term treatment of diabetes (10-12 wk) with in-
sulin or chlorpropamide consistently increased adipose
tissue heparin-releasable LPL activity (Table III). The
increase of acetone-ether powder LPL did not reach
statistical significance. Plasma glucose and TG de-
creased significantly in all patients, while weight in-
creased slightly.

Effect of obesity on adipose tissue LPL. When ace-
tone-ether powder LPL activity, expressed per 106 cells,
in nondiabetic and untreated diabetic subjects was com-
pared to two parameters of obesity, percent of ideal
body weight and fat cell size, there was a significant
correlation between these indices of obesity and LPL

5
-.4

4

3

244
-4

0..

.

.
0

0

0

1 2
ACETONE-ETHERPOWDERLPL

FIGURE 1 Relationship between acetone-ether powder LPL
and heparin-releasable LPL among control and untreated
diabetic subjects. Controls (*); Diabetics (0). The ac-
tivities are expressed as neq FFA/10' cells per min. The
slope y=1.21x-1.18 (r=0.78; P<0.001) is for control
subjects.

activity among both controls and diabetics (Fig. 2).
The regression lines for diabetics were parallel to those
for controls (identical slopes). In the case of percent
of ideal body weight, the regression line for diabetics
fell significantly below that for controls (Fig. 2A),
indicating that for a given degree of obesity, diabetics
have lower acetone-ether powder LPL. The LPL ac-
tivity per 10' cells was significantly related to fasting
insulin levels (r = 0.59; P < 0.02). If the LPL activi-
ties in acetone-ether powder were expressed per gram of
wet weight of adipose tissue instead of per cell, the
above correlations were not found.

TABLE III
Effect of Long-Term (10-12 wk) Treatment of Diabetes on Adipose Tissue LPL, Plasma Glucose, and Plasma TG

Adipose tissue LPL,
neq FFA/106 ceUs/min

Heparin releasable Acetone-ether powder Plasma glucose, mg/dl Plasma TG, mg/dl

Subject Before After Before After Before After Before After

C. S. 1.0 1.6 1.2 1.7 192 120 216 121
S. S. 1.8 8.7 1.6 2.6 224 162 356 226
J. S. 0.5 1.7 0.3 1.0 320 162 875 168
C. G. 0.8 2.0 1.6 1.4 225 164 2,330 2,080
J. V. 0.6 3.3 0.6 1.3 250 91 5,470 825

Mean+SD 0.9+0.5 3.542.9 1.1 I0.6 1.6+0.6 248+47 140+33 1,849+2,190 684+372

Percentage change
Mean+SD +257+161 +85495 -43414 -51 431
P< 0.025 NS 0.01 0.025

Diabetic patients were studied before treatment and after 10-12 wk treatment of diabetes. The therapy was started in hospital
in all subjects except S. S. and then continued as outpatients. Treatment was started with chlorpropamide in all patients.
However, after 2 wk treatment J. S. was changed to insulin therapy.
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FIGURE 2 Relationship between acetone-ether powder LPL and percent of ideal body weight
(A) or fat cell size (B) in control and untreated diabetic subjects. Controls (0 and solid
line); diabetics (O and dashed line).

Difference in

Eleva-
Group y x Equation r P Slopes tion

Control LPL Ideal body wt y'= 0.024x'-71.76 0.76 i <0.001 NS <0.01
Diabetic LPL Ideal body wt y =r0.015x.-:11.42 0.67 <0.05
Control LPL Cell size y = 4.19x - 0.63 0.71 <0.01 NS NS
Diabetic LPL Cell size y = 3.87x - 0.85 0.85 <0.01

The heparin-releasable LPL activity from control
subjects, when expressed per 10' cells, was also related
to percent of ideal body weight and fat cell size, al-
though the correlations were weaker than with acetone-
ether powder LPL (Fig. 3). Among untreated diabetic
subjects, in contrast, heparin-releasable LPL was al-

ways low and not significantly related to these pa-
rameters of obesity. Both fat cell size (r = 0.85; P <
0.001) and fasting insulin levels (r = 0.70; P <0.01)
were correlated with percent of ideal body weight.

Effect of feeding on adipose tissue LPL. The feeding
of a fat-containing formula diet to control subjects after
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o
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o

0,400 0.600

FAT CELL SIZE (pgTG/cell)

FIGURE 3 Relationship between heparin-releasable LPL and percent of ideal body weight
(A) or fat cell size (B) in control and untreated diabetic subjects. Controls (0) ; diabetics
(0). The slopes are for control subjects. Slope in A is y = 0.025x - 0.36 (r = 0.53; P < 0.05)
and slope in B is y = 5.30x - 0.35 (r = 0.61; P < 0.02).
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FIGuRE 4 Effect of feeding of diets of different composi-
tion on adipose tissue heparin-releasable LPL activity in
control and diabetic subjects. Mean fasting levels (fat-
free diet) : controls 2.8±1.3; diabetics 1.2+0.5 (P < 0.02).
The enzyme activity is expressed as neq FFA/10' cells per
min.
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FIGURE 6 Effect of feeding of diets of different composi-
tion on plasma insulin in control and diabetic subjects. The
results are plotted as mean (±SD) of the percent change
above basal fasting value.

an overnight fast did not cause a significant increase in
heparin-releasable LPL (47% increase; Fig. 4) or

acetone-ether powder LPL (20% increase; Fig. 5). The
mean plasma insulin level increased 408% (Fig. 6) and
plasma glucose 22% above basal levels during feeding.
In contrast, when control subjects were fed a fat-
free carbohydrate-rich formula diet, there were marked
increases in heparin-releasable LPL (89%; P <0.01;
Fig. 4) and acetone-ether powder LPL (80%; P < 0.02;
Fig. 5). These changes occurred independently of the
presence or absence of a familial form of hypertriglycer-
demia. Plasma insulin increased 664% (Fig. 6) and
plasma glucose 35% above basal levels during feeding
with this diet. While the plasma glucose responses were

about the same, the insulin responses were significantly
higher on the fat-free carbohydrate-rich diet (P <
0.01). In contrast to the results in control subjects,
heparin-releasable LPL and acetone-ether powder LPL
did not increase significantly on the fat-free high car-

bohydrate diet in diabetic subjects (mean increases 32

CONTROLS
-1s 40% FAT FORMULA

-4i

4-
144

e~ 3-

0-

i 2 - == -

14 0 3 6
I-)

CONTROLS

TIME (hours)

DIABETICS
FAT-FREE FORMULA

0 3 6

FIGURE 5 Eff ect of feeding of diets of different composi-

tion on adipose tissue acetone-ether powder LPL activity
in control and diabetic subjects. The enzyme activity is
expressed as neq FFA/10 cells per min.

and 31%, respectively; Figs. 4 and 5). The plasma
insulin response was significantly lower in the diabetics
as compared to control subjects (mean increase above
basal level 346% in diabetics compared to 664% in
controls; P < 0.01). Only one of the diabetics, an obese
hyperglycemic patient (C. S.; Table III), was stud-
ied after treatment with chlorpropamide, which not only
normalized the fasting plasma glucose, but also ap-

peared to result in near normal LPL and insulin re-

sponses to feeding (Figs. 4 and 5). In control subjects
the LPL responses to feeding were not affected by
obesity. When the data from all subjects were pooled,
there was a significant correlation between the incre-
ments in heparin-releasable LPL (r = 0.66; P <0.01)
(Fig. 7B), or acetone-ether powder LPL r = 0.69; P <
0.01 (Fig. 7A), and percent increase in plasma insulin
during feeding. If the changes in insulin were expressed

A
2-

it r =0.69
-i P<O.0I 0

14j
I0 *

Q 1-X0
k 0

o^A

B
0 4-

~~~0
r=0.66

P<O.O! 0

2- 0
0

°

A

ok A

0 260 400 600 800 1000 0 260 400 600 800 1000
PERCENTAGEINCREASE IN PLASMA INSULIN

FIGURE 7 Relationship between increase in plasma insulin
and adipose tissue LPLs during feeding. Controls fed fat-
free diet ( 0 ); controls fed fat-containing diet ( 0); dia-
betics fed fat-free diet (A). Changes in plasma insulin
during feeding has been calculated as follows: the mean

value of 1, 2, 3, 4, 5, and 6 h plasma insulins after starting
of feeding has been expressed as percent increase above
basal fasting insulin for each subject. The LPL activity is
expressed as neq FFA/10' cells per min.
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in absolute instead of relative values, these correlations
would be lost.

DISCUSSION
Results in the present study help to clarify the role of
human adipose tissue LPL in hypertriglyceridemic states
characterized by alterations in insulin secretion. On the
basis of other studies with diabetic human subjects and
animal models, it has been suggested that the mechanism
of hypertriglyceridemia in diabetes is increased splanch-
nic TG production, decreased plasma TG removal, or a
combination of both (40, 41). In animals in vivo the
results are particularly dependent on the duration of
insulin deficiency. After the acute induction of experi-
mental diabetes, FFA esterification (42), the amount of
very low density lipoprotein particles in the liver (43),
and the rate of TG secretion (43) are all increased,
even though at this stage impaired TG removal may
also contribute to the hypertriglyceridemia (43). In
animals with experimental diabetes for more than sev-
eral hours, splanchnic TG secretion is decreased and
impaired TG removal seems to be the sole mechanism
of the hypertriglyceridemia (43). Thus, both duration
and degree of insulin deficiency appear to be important
variables in determining whether or not alterations in
TG removal play the dominant role.

The peripheral removal of plasma TG seems to be
related to the activity of LPL, located in tissues near or
at capillary endothelium (2, 30). Measurements of tis-
sue LPL activity in diabetic rats have shown a de-
crease in association with insulin deficiency, that was
restored to normal by treatment with insulin (12, 13).
Moreover, in vitro LPL synthesis in rat adipose tissue
was promoted by insulin (9, 11 44), suggesting that
this hormone is essential for the maintenance of normal
adipose tissue LPL activity, and supports previous con-
clusions concerning LPL in diabetes based on PHLA
(25, 45). In the present study, adipose tissue LPL was
found to be low in untreated diabetic patients. In par-
ticular, the heparin-releasable LPL activity, which cor-
relates best with tissue uptake of TGs (4, 7, 46), was
decreased. This suggests that the entry of circulating
TG into adipose tissue was impaired in these patients.
A decrease in plasma TG and a concomitant increase
in adipose tissue LPL during therapy further supports
the concept that the hypertriglyceridemia among these
diabetic patients was caused at least in part by defec-
tive TG removal by this tissue. Since LPL is present
in many other tissues, e.g., heart, diaphragm, lung, and
mammary gland (1-3), adipose tissue may not be the
only peripheral organ responsible for TG removal.
Thus, on the basis of the present study, apart from
stressing adipose tissue participation, one cannot evalu-
ate quantitatively the degree of defective TG removal

in diabetic humans. The present results do not exclude
the contribution of increased splanchnic TG production
to the development of hypertriglyceridemia in diabetes,
especially in those who were obese or had a familial
form of hypertriglyceridemia (47-49). Thus, patient
selection would be a major factor influencing the in-
terpretation of the mechanism of hypertriglyceridemia
in diabetes.

Since there is evidence for the existence of several
forms of LPL in rat adipose tissue, LPL activity in
ammonium extracts of acetone-ether powder was mea-
sured. This activity appears to more closely represent
the total LPL activity in adiopse tissue (2). It behaved
differently from heparin-releasable LPL in diabetes:
acetone-ether LPL was not significantly decreased in
the untreated state and treatment of diabetes did not in-
crease activity significantly. There are at least three
possible explanations for this difference: (a) since dia-
betic patients in this study were, as a group, more
obese than controls, and since this study also shows that
acetone-ether powder LPL is related to obesity, increased
fat cell size may counteract the effect of diabetes on
acetone-ether powder LPL; (b) the release of LPL
from tissue by heparin is an energy-requiring process
(50), which may partially explain the particular de-
pendence of heparin-releasable LPL on glucose and in-
sulin metabolism, and (c) and the enzyme composition
of these two preparations may be different. In animal
adipose tissue two forms of LPL exist: one is appar-
ently related to newly synthesized enzyme, and the sec-
ond can be readily displaced by heparin and may be the
product of the former (29, 51). The acetone-ether
powder LPL in our study may measure mainly the first
enzyme form and the heparin-releasable predominantly
the second form.

Adipose tissue LPL per 106 fat cells was directly cor-
related with obesity and with the increased insulin levels
associated with obesity. Thus, obese subjects with basal
hyperinsulinism had significantly higher LPL activity in
their fat cells. This would indicate that the larger fat
cells in these obese subjects were not "resistant" to the
effects of circulating insulin as far as LPL is concerned.

Since the number of fat cells appears to be normal
in adult onset obesity (52, 53), the expression of LPL
activity per cell may provide a quantitative evaluation
of the plasma TG removal system of adipose tissue in
adults with varying degrees of obesity (36). If so, the
plasma TG removal capacity, as related to adipose tis-
sue, would appear to be increased in obesity. There is
evidence from animal studies indicating that obesity is
accompanied by increased splanchnic TG production
(47), which when coupled with increased removal, may
explain the mild elevation of plasma TG associated with
obesity.
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The changes in adipose tissue LPL after food intake
also appeared to be related to changes in insulin. Food
intake caused variable responses in adipose tissue LPL
among individual subjects, as shown recently in an-
other human study (54). The magnitude of insulin re-
sponse to feeding may be a main determinant of the
increase in adipose tissue LPL activity. Thus, in con-
trol subjects, the rise of both plasma insulin and adipose
tissue LPL activity was dependent upon the amount of
carbohydrate in the diet. In untreated diabetic patients,
in the absence of adequate insulin response, even high
carbohydrate feeding was not associated with an in-
crease in adipose LPL activity. Furthermore, when all
the results from dietary studies were pooled, the per-
centage increment in plasma insulin and the rise in
adipose tissue LPL were significantly correlated. Since
the control and diabetic subjects represented varying
degrees of obesity, it is not surprising that there was
no correlation between the induction of LPL and the
absolute changes in insulin. It has been previously shown
that the effect of obesity on insulin levels can be elimi-
nated as a variable, if the changes in plasma insulin
are expressed as percent from basal level instead of
absolute changes (55)..

Although the results of this study indicate that in-
sulin has an effect on adipose tissue LPL activity, it
must be emphasized that the final determinant of adi-
pose tissue LPL may merely be the balance between
insulin and various lipolytic hormones, particularly
those related to the diabetic state, such as glucagon
(56) and catecholamines (57). It is known from hu-
man studies that this hormonal balance also varies with
the nutritional state (58). Previous animal studies have
shown that the amount of insulin and catecholamines
in vitro, e.g. in the incubation medium, determines the
rate of the synthesis of adipose tissue LPL (9, 11, 44,
59, 60).

Although the main purpose of the present study was
to assess adipose tissue LPL in diabetes and obesity,
some hypertriglyceridemic nondiabetic control subjects
were included for two reasons: (a) some of the dia-
betic patients had one of the familial forms of hyper-
triglyceridemia, and (b) the elevations of plasma TG,
per se, may lead to decreased adipose tissue LPL as a
result of elution of endothelial enzyme into the circu-
lation (61). Since (a) treatment of diabetes was always
accompanied by an increase in adipose tissue LPL re-
gardless of the presence or absence of familial hyper-
triglyceridemia, and (b) there was no relationship be-
tween LPL activity and plasma TG among control and
diabetic subjects, the untreated diabetes, as such, seemed
to be the primary reason for low LPL activities found
in untreated diabetic patients.

In conclusion, results in the present study demon-

strate an association among human adipose tissue LPL
activity, fat cell size, and insulin. Insulin appears to be
an important hormone for the maintenance of normal
adipose tissue LPL activity and may be responsible for
the increase in enzyme activity in enlarged fat cells.
Changes in plasma insulin after food intake seem to
result in a rapid adaptation of adipose tissue LPL.
Consequently, the peripheral TG removal system be-
comes sensitive to fluctuations in caloric balance. In-
sulin deficiency, as seen in untreated diabetic subjects,
appears to result in low adipose tissue LPL activity
both in the fasting state and after eating. This seems
to be an important factor in the development of hyper-
triglyceridemia of diabetes in man.
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