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ABSTRACT

To elucidate the mechanisms of hypertriglyceridemia observed in the
tumor-bearing rat, tissue lipoprotein lipase (MM.) activity and LPL
mRNA levels were examined in the fed and fasted states at different
degrees of tumor burden and after tumor removal.

LPL activity in the epididymal fat pad and cardiac muscle in the 24-
h-fasted rats was significantly decreased with increasing tumor burden (r
= -0.53, P < 0.05 and r = -0.72, P < 0.01, respectively). Tumor removal
completely reversed these changes. In contrast, no change in LPL activity
was detected in the fed state since food intake stimulated LPL activity to
the same extent in both tumor-bearing (TBR) and control rats. LPL
activity in the diaphragm and skeletal muscle was only marginally altered
in TBR, as compared to controls.

LPL mRNA from the epididymal fat pad and cardiac muscle migrated
to the same site on agarose gel and hybridized to a LPL-specific comple
mentary DNA probe. The decline in LPL activity in epididymal fat pad
observed in TBR was associated with a decrease in LPL mRNA levels.
In contrast, there was no significant difference in LPL mRNA levels in
cardiac muscle between the two groups despite significantly suppressed
enzyme activity in tumor bearers.

This study provides evidence that hypertriglyceridemia in TBR is due
in part to tumor-dependent suppression of adipose and cardiac LPL
activity in the fasted state, which is stimulated by the presence of tumor.
Unlike cardiac LPL, the tumor-induced changes in adipose LPL activity
are regulated at the mRNA level in this tumor model.

INTRODUCTION

circulating TG into adipocytes catalyzed by lipoprotein lipase
in the capillary endothelium (4). Increased mobilization of body
lipids is observed early in the growth of tumor, resulting in the
loss of body lipid stores in the cancer-bearing state (5). LPL
(EC 3.1.1.34), first reported as a clearing factor by Hahn (6) in
1943, has been suggested to play a crucial role in this condition
(7, 8) by regulating the rate of hydrolysis of triglycÃ©ridefrom
plasma chylomicrons and very low density lipoproteins for
tissue uptake of fatty acid. Down-regulation of LPL activity is
thought, in part, to contribute to the observed cancer cachexia
(9).

Tumor necrosis factor has been implicated in mediating
cachexia since this factor suppresses the activity and synthesis
of LPL in a time- and dose-dependent manner in vitro (10) as
well as in vivo (11). LPL not only facilitates triaylglycerol
removal from the circulation but also directs it, so that the
uptake of glyceride fatty acids by particular tissues occurs
according to their needs (12). The exact role of LPL in the
tumor-bearing state, however, remains to be elucidated.

This study was designed to examine the tumor-induced alter
ations in adipose tissue and muscle LPL activity at different
degrees of tumor burden and after tumor removal. The effects
of feeding and fasting on noncachectic as well as cachectic
states were examined. The mechanisms involved in regulating
LPL in vivo were studied by determining the activity of the
enzyme and the levels of LPL mRNA.

Altered fat metabolism, manifested by increased circulating
TG,3 NEFA, and glycerol, has been documented both in tumor-

bearing animals (1) and in cancer patients (2). Elevated TG in
Fischer rats with methylcholanthrene-induced sarcoma is not
due to increased hepatic lipogenesis, which is decreased as a
function of the degree of tumor burden." Loss of body fat is

commonly associated with cancer cachexia. Patients with can
cer may lose weight or fail to gain weight even with adequate
caloric and protein intake (3).

Two distinct lipolytic systems are involved in the movement
of fatty acids to and from the adipose tissue: lipolysis of TG to
NEFA in adipocytes catalyzed by a hormone-sensitive lipase
with release into the circulation and uptake of NEFA from
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MATERIALS AND METHODS

Animals and Tumor Models. Seventy-two male Fischer 344 rats
(Charles River Laboratory), weighing 150-200 g, were used in the
experiments. The animals were housed in individual hanging cages in
a temperature- and light-controlled room. Tumor was transplanted by
subfasciai inoculation of 1 x IO6 viable (by trypan blue exclusion)
methylcholanthrene-induced sarcoma cells (13) to the left flank of 36
rats (TBR). This tumor is characterized by rapid growth, invasion of
local tissue, and minimal metastatic potential. Fischer rats with this
tumor are known to decrease food intake 19-20 days after tumor
implantation and to die in 31 Â±0.7 (SD) days (14).

The rats were allowed free access to food (Purina rat chow) and
water. Thirty-six control rats (CTR) were sham injected with 0.5 ml of
indicator-free Hanks' solution and pair-fed to the food intake of each
TBR at 9-10 a.m. every' morning. Both TBR and CTR were studied at
3-4,8-11, and 20-21 % tumor burden (tumor weight/total body weight)
before food intake decreased, and 34-39% tumor burden at the cachec
tic state, when food intake declined by 40% (n = 16, 16, 16, and 12,
respectively).

In another six rats tumor, overlying skin, and invaded adjacent
muscle tissue were excised surgically under 30 mg/kg Â¡.p.Pentobarbital
anesthesia on day 19 after the inoculation and kept for another 10 days
after surgery. Six CTR underwent sham operation with identical inci
sion and subfasciai dissection.

One half of the rats of all groups (18 TBR and 18 CTR) were studied
in the fed state without food restriction and the other half were studied
after a 24-h fast. Animals were sacrificed under ether anesthesia. Blood
samples were drawn by a cardiac puncture. EFP, skeletal muscle (soleus
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muscle), diaphragm, and cardiac muscle were freeze-clamped in liquid
nitrogen immediately and stored at -70'C until assayed.

TG and NEFA Measurements. TG was measured by a modification
of the procedure of Bucolo and David (15) (Instrumental Lab, Lexing
ton, MA) and NEFA by Wako Chemicals, USA, Inc., Dallas, TX.

LPL Activity Measurement. Epididymal fat pad (EFP) and cardiac
muscle, approximately 50-100 mg, were homogenized in 0.3 and 0.6
ml of extraction buffer, respectively, using a glass homogenizer and
brief sonication at 4Â°C.The buffer contained 0.2 M Tris-HCl, 0.73%

sucrose, 1% fatty acid-free albumin, 10 units/ml heparin, 0.5% deoxy-
cholate (sodium salt), and 0.02% Nonidet P-40, pH 8.5 (16). The
skeletal muscle and diaphragm, approximately 200 mg, were homoge
nized in 0.6 ml of extraction buffer, using a polytron. The homogenate
was spun at 12,000 rpm at 4Â°Cin an Eppendorf centrifuge for 10 min.

Infranatant below the fat cake from the adipose tissue and supranatant
from muscle tissue were saved for the determination of LPL activity
according to the method of Nilsson-Ehle and Schotz (17). The amount
of [9,10-3H]oleic acid released was calculated after applying a correction

factor for the efficacy of extraction. One unit of LPL activity was
defined as 1 ^mol of fatty acid released per h. All the data on LPL are
expressed as activity determined in the presence of serum subtracted
from values obtained in a parallel assay in which the enzyme activity
was determined in the absence of serum as a source of apoprotein C-II.

RNA Extraction and Assay. Total RNA was extracted by a modifi
cation of the method of Gilson et al. ( \ 8). Approximately l g of adipose
and muscle tissue was homogenized in 5 ml of guanidinium thiocyanate
using a polytron and layered onto 4 ml of the 5.7 M cesium chloride
gradient. The homogenate was spun in an ultracentrifuge (Sorvall
TH641, 32,000 rpm) for 20 h at 20Â°C.RNA pellets were suspended in

buffered guanidine hydrochloride solution and precipitated with
ethanol. Twenty Â¿igof total RNA, denatured in formamide and incu
bated in 55Â°Cfor 15 min from each sample, were run through the 1%

agarose gel with formaldehyde at 3.5 V/cm for 8 h. These RNA samples
were fixed to GeneScreen Plus membrane (New England Nuclear) by
capillary transfer in 10 x standard saline-citrate and processed for LPL
mRNA determination by hybridization in 50% formamide, 5 x stand
ard saline phosphate-EDTA, 10% dextran sulfate, 5 x Denhardt's

solution, and 1% SDS.
Poly(A)+ RNA was isolated with oligodeoxythymidylate cellulose

chromatography (19). The DNA restriction was labeled without re
covering from a low melting temperature grade gel (International
Biotechnologies, Inc.) (20). LPL (21) and actin (22) cDNA was labeled
with [Â«-"PjdCTP by an oligolabeling procedure (23). The resulting

autoradiograms were quantitated by laser densitometer (LKB 2202).
Actin mRNA was used as a reference standard.

Materials. cDNA probes for LPL (21) and actin (22) were kindly
provided by Dr. Schotz (UCLA) and Dr. Rudnick (University of Ot
tawa), respectively. [a-"P]dCTP (3000 Ci/mmol) and [9,10-'H]triolein

(26.8 Ci/mmol) were purchased from New England Nuclear. All other
reagents used for the isolation of RNA and the quantitation of mRNA
levels were purchased from Pharmacia, Fluka. New England Nuclear,
and the Bethesda Research Laboratory.

Data Analysis. Statistical significance was tested by the unpaired
Student's / test and correlation analysis. Standard deviations indicate

the degree of variance. Significance was considered when P < 0.05. The
results presented are means Â±SD.

RESULTS

Total body weight, carcass weight, and tumor weight in
tumor-bearing and pair-fed control rats in the fed and 24-h-
fasted states have been reported previously (14) and are sum
marized in Tables 1 and 2. Rats were studied at 4, 8, 21, and
34% of tumor burden levels (tumor weight/total body weight)
in the 24-h-fasted state and 3, 11, 20, and 39% of tumor burden
in the fed state. EFP weight was measured only in the fasted
state. EFP weight in CTR increased steadily, reflecting an
increase in the total body weight, while that of TBR was

maintained at approximately 1.6 g throughout the course of the
experiment. The difference in EFP weight between TBR and
CTR reached statistical significance at 20% tumor burden (1.5
Â±0.4 g for TBR and 2.5 Â±0.2 g for CTR, P < 0.05), and this
trend continued at the 34% level (1.7 Â±0.3 and 2.8 Â±0.6 g,
respectively). Food intake of TBR had been constant, around
20 g/day, until 19 days after tumor inoculation, when it dropped
to 12 g/day. The center of the tumor became necrotic even
when its size was small. However, the external size of the tumor
and tumor weight were positively correlated as calculated as

Vu = 5.7966 x 4/3a26 + 0.056 (r = 0.9066, P < 0.01, n = 12)

in which Vt,is the volume of the tumor, a is a short axis of the
tumor, and b is a long axis of the tumor.

In the 24-h-fasted state, TG levels of TBR were significantly
elevated even with a small tumor burden of 4%, increasing
steadily with increasing tumor burden (Table 3A). TG levels
and degree of tumor burden were positively correlated (r =
0.81,/)< 0.01). In the fed state, a similar change was observed,
although the elevation was quantitatively less significant (r =
0.77, P < 0.01).

Plasma NEFA levels of TBR also increased gradually as
tumor burden increased (Table 3B). NEFA levels and the degree
of tumor burden were highly correlated in the 24-h-fasted state
(r = 0.80, P < 0.01) compared with the fed state (r = 0.62, P <
0.05). These changes were abolished upon tumor removal.

LPL activity in EFP of the fasted TBR decreased with
increasing tumor burden (Table 4). The difference reached
statistical significance at the large tumor burden of 34%, when
the activity was expressed per g of tissue. When the activity was
expressed per whole tissue, however, the difference at 20%
tumor burden level was also significant; it decreased as a func
tion of degree of tumor burden (r = -0.53, P < 0.05) (Fig. 1).
This decreased activity was reversed by tumor removal. In the
fed state, LPL activity in both groups increased over fasted
values except at 39% tumor burden or cachectic stage and there
was no difference in the LPL activity between TBR and CTR
(Table 4).

The plasma TG levels and adipose LPL activity, both of
which are expressed on a logarithmic scale, were negatively
correlated in TBR in the fasted state (r = -0.57, P < 0.05)

(Fig. 2). LPL activity was not correlated with the levels of
plasma TG in the fed state. In the 24-h-fasted state, LPL activity

in cardiac muscle of TBR declined significantly with increasing
tumor burden (Table 4). The difference became significant at a
small tumor burden level of 3%, further increasing with increas
ing tumor burden. The activity was negatively correlated with
tumor burden: r = -0.72, P < 0.01) (Fig. 1). These changes

were abolished with tumor removal. In the fed state, the LPL
activity in both TBR and CTR increased 0.5-2 times more than
the values in the fasted state; consequently the difference be
tween the two groups was not discernible.

LPL activity in diaphragm in the fasted state was not differ
ent (Table 4), except at 21% tumor burden level: 4.7 Â±0.8 for
TBR and 7.4 Â±1.4 units/mg tissue for CTR. However, this
difference was neither persistent nor dependent on degree of
tumor burden. In the fed state, LPL activity in both TBR and
CTR responded equally to food intake, increasing approxi
mately 50% (Table 5). Although the difference at 20% tumor
burden was significant, the values of CTR were lower than the
other control values.

LPL activity in soleus muscle was much lower than in cardiac
864
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Table 1 Experiment I: Body, carcass, tumor, and epididymal fat pad weights in tumor-bearing and pair-fed control rats in the 24-h fasted state

TumorburdenBody
wt (g)

TBRCTRCarcass

wt (g)
Tumor wt (g)
Tumor/body wt(%)Epididymal

fat pad wt (g)
TBR
CTR4%213Â±

10"
(n = 4)c

214Â± 18
<i =4)204

Â±10
8Â±2

41.6

Â±0.4
1.5 Â±0.3Precachetic8%242

Â±14
(1 = 4)

230 Â±15
(1 =4)233

Â±12
18Â±3

81.7

Â±0.3
2.1 Â±0.421%276

Â±13*
(Â«= 4)

245 Â±6
(n =4)213

Â±16*60
Â±14

211.5

Â±0.4*
2.5 Â±0.2Cachetic

(34%)322

Â±10*
(n = 3)

265 Â±6
<"=3)211

Â±20*124
Â±5

341.7

+ 0.3*
2.8 Â±0.6Tumor

removal270

Â±9
(1 = 3)

276 Â±9
(1 =3)2.5

Â±0.2*
3.6 Â±0.5â€¢

Mean Â±SD.
*P < 0.05 versuscontrol.
'' n. numberof animals in each group.

Table 2 Experiment 2: Body, carcass, and tumor weights in tumor-bearing and pair-fed control rats in the fed state

TumorburdenBody
wt(g)TBRCTRCarcass

wt(g)Tumor
wt(g)Tumor/body

wt (%)3%220

Â±T(n
=4)'215Â±8(n

=4)213

Â±77Â±
13Precachetic11%244

Â±4*(1
=4)226

Â±6(i
=4)218Â±626

Â±51120%262

Â±18*(1
=4)232

Â±6(n
=4)212Â±

11*52
Â±1120Cachectic

(39%)310

Â±17*(i
=3)237
Â±11(i
=3)189

Â±11*121
Â±639Tumor

removal270

Â±20(i
=3)255
Â±1(1
= 3)

â€¢Mean Â±SD.
*P < 0.05 versuscontrol.
' n, numberof animals in each group.

Table 3 Plasma triglycÃ©ridesand nonesterified fatty acid

A.TG

TumorburdenFasted

stateTBR

CTRFed

stateTBR

CTRnc4%117Â±

18Â°'*
60Â±63%93

Â±10
76 Â±20

168%130

Â±34*
70 Â±1811%142

Â±31*
86 Â±10

1621%357

Â±101*
67 Â±1320%132

Â±7*
82 Â±26

1634%332

Â±90*
62 Â±1339%207

Â±48*
40 Â±15

12Tumor

removal
(mg/dl)91

Â±26
98 Â±11Tumor

removal94

Â±24
62 Â±16

12
B. NEFA

TumorburdenFasted

stateTBR

CTRFed

stateTBR

CTRn4%0.71

Â±0.28
0.52 Â±0.043%0.78

Â±0.07
0.71 Â±0.08

168%0.74

Â±0.08*
0.48Â±0.1011%1.09

Â±0.17*
0.81 Â±0.11

1621%0.84

Â±0.10*
0.50 Â±0.0420%1.09

Â±0.09*
0.63 Â±0.05

1634%1.04

Â±0.06*
0.60 Â±0.0439%0.88

Â±0.09*
0.48 + 0.12

12Tumor

removal
(mEq/liter)0.62

Â±0.03
0.67 Â±0.07Tumor

removal0.42

Â±0.02
0.37 Â±0.05

12
* Mean Â±SD.
*P < 0.05 versuscontrol.
' n, numberof animals per group in both fed and fasted states.

muscle (Tables 4 and 5). No change was evident in TBR
compared with CTR, except at a very large tumor burden of
34% in the fasted state (Table 4), when LPL activity of TBR
declined significantly: 0.32 Â±0.03 for TBR and 1.23 Â±0.62
units/mg tissue for CTR (P < 0.05). Food intake stimulated
the activity in both TBR and CTR and no difference was
observed.

LPL mRNA was measured in EFP and cardiac muscle at 20
and 34% tumor burden levels in the 24-h-fasted state, when

LPL activity was significantly decreased in TBR. Two repre
sentative autoradiograms of LPL mRNA from adipose tissue
and cardiac muscle, obtained from poly(A)+ RNA preparation,

are shown in Figs. 3 and 4, respectively. Comparison between
TBR and CTR was made on the same blot in each group. LPL
mRNA from both adipose and cardiac muscle was hybridized
to a single 3.6-kilobase band. Actin mRNA levels in the total
RNA preparation did not differ for TBR and CTR and were
used as a reference. Quantitative analysis of LPL actin mRNA
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Table 4 Lipoprotein Upase activity in the fasted state

TumorburdenEpididymal

fat pad
TBR
CTRTBR

CTRCardiac

muscle
TBR

CTRDiaphragm

TBR
CTRSoleus

muscle
TBR
CTR4%3.8

Â±2.6Â°

5.9 Â±0.96.9

Â±3.5
9.0 Â±2.438.7

Â±9.8*

58.5 Â±9.87.3

Â±9.8
9.1 Â±2.60.44

Â±0.11
0.62 Â±0.428%3.5

Â±1.3
3.8 Â±0.86.1

Â±3.48.3
Â±3.536.1

Â±6.8*

51.1Â±7.77.9

Â±2.87.3
Â±0.70.76

Â±0.58
0.63 Â±0.1821%1.7

Â±0.8
3.7 Â±1.32.5

Â±1.1*

9.0 Â±2.524.6

Â±6.3*

67.4 Â±5.34.7

Â±0.8*

7.4 Â±1.41.30

+ 0.67
1.20 Â±0.5234%1.7

+ 0.5*

3.8 Â±1.02.8

Â±0.8*

12.2Â±4.92

1.2 Â±3.2*

56.9 Â±5.26.0

Â±1.36.7
Â±0.70.32

Â±0.03"

1.23 Â±0.62Tumor

removal4.0

Â±1.6
4.3 Â±1.0Units/whole

tissue8.7

Â±4.0
15.6 +5.351.1

Â±6.7*34.7

Â±7.36.8

Â±0.7
7.6 Â±2.40.87

Â±0.85
0.67 Â±0.28

* Mean units/g tissue Â±SD unless specified. Each sample was assayed in duplicate.
* P < 0.05 versus control. Number of animals per group: 16, 16, 16, 12, and 12 for 4, 8, 21, 34%, and tumor removal group, respectively.

EFP LPLa (u/whole tissue) Cardiac LPLa (u/g tissue)

10

I

50

40

30

20

10

10 40 5020 30

Tumor burden (%)

Fig. 1. Linear correlations between LPL activity in EFP ( ) and cardiac
muscle ( ) and degree of tumor burden in the 24-h-fasted state. LPL activity
was expressed as units/whole epididymal tissue in adipose tissue and as units/g
tissue in cardiac muscle. LPLa, lipoprotein lipase activity; â€¢,adipose tissue LPL:
â€¢.cardiac muscle LPL.

1000
TG (mg/dl)

100

10
10

LPLa (u/whole tissue)

Fig. 2. Linear correlation between LPL activity (LPLa) in EFP and TG in the
24-h-fasted state (r = -0.72, P < 0.01). â€¢,TBR; O, CTR.

was performed on the poly(A)+ RNA preparations. LPL mRNA

levels in EFP of TBR were significantly decreased: 0.41 Â±0.07
for TBR and 0.80 Â±0.02 for CTR at 20% tumor burden level.
However, no significant difference was apparent in the levels of
LPL mRNA in cardiac muscle, at either 21 or 34% tumor
burden level despite decreased activity in TBR (Table 6).

DISCUSSION

Profound alterations in host lipid metabolism occur in both
tumor-bearing animals (1) and humans (2, 24) manifested by
hypertriglyceridemia and increased circulating NEFA. Cancer
cachexia, characterized by accelerated mobilization and subse
quent depletion of peripheral protein and lipid storage, is a
unique phenomenon, different from uncomplicated starvation
(3), and cannot be reversed by forced hyperalimentation. We
have previously shown that de novo fatty acid biosynthesis in
liver of tumor-bearing rats is significantly decreased as a func
tion of degree of tumor burden (1). Lipogenesis by adipose
tissue was also shown to be decreased in the tumor-bearing
mouse (7). Augmented supply of NEFA by lipolysis to the liver
(7, 25) is not utilized for oxidation4 but may be preferentially

esterified to form TG which are secreted as very low density
lipoprotein.

LPL, synthesized by parenchymal cells of adipose and muscle
tissue and transported to the vascular endothelium, regulates
the rate at which hydrolysis of circulating TG occurs, delivering
NEFA for metabolic needs of the tissue (26). This enzyme is
unique in that the tissue-specific changes in the catalytic activity
closely reflect alterations in the physiological state. Reciprocal
changes during starvation in LPL activity in muscle, where
LPL provides fatty acids for fuel, and adipose tissue, where the
acyl groups are used for TG storage, are well documented (27,
28). More recent observations have been reported in tumor-
bearing mice (7). This raises the question of whether or not
different tissue might have distinct molecular forms and regu
lation of LPL (29). Although studies on the regulation of muscle
LPL activity have been carried out mainly on cardiac muscle,
not all results obtained with cardiac LPL can be extrapolated
to skeletal muscle (30) which contributes approximately 45%
to the body weight of the rat (31). Therefore we examined LPL
activity not only in EFP and cardiac muscle but also in dia
phragm and skeletal muscle to characterize the topographical
changes in the activity in the tumor-bearing state.

In the present study, decreased LPL activity in TBR was
observed only in the 24-h-fasted state with large tumor burden.
Although there was a trend, the difference did not reach statis
tical significance at smaller tumor burden. These changes were
more apparent when the activity was expressed per whole tissue
instead of per g of tissue, reflecting a relative decline in total
EFP weight, compared to controls. Concomitant enzyme
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Table 5 Lipoprotein Upase activity in the fed state

TumorburdenEpididymal

fat pad
TBR

CTRCardiac

muscle
TBR

CTRDiaphragm

TBR
CTRSoleus

muscle
TBR
CTR4%8.2

Â±1.2Â°

16.0Â±6.075.3

Â±9.2
78.1Â±6.417.0

Â±1.512.0
+3.71.16

Â±0.89
1.60 Â±0.808%7.0

Â±1.7
10.6 +2.881.4

Â±16.8
76.2 +8.119.5

Â±3.1
17.3 Â±4.31.82

+ 0.48
1.58 Â±0.7521%7.9

Â±1.0
9.9 +5.273.6

+ 19.6
71.5 Â±13.920.8

+ 4.9*

13.1 Â±1.91.73

Â±0.59
1.32 + 0.3734%1.0

+ 6.2
7.0 Â±4.954.1

+ 13.9
78.3 Â±20.529.9

Â±19.0
18.8 +5.31.43

+ 0.27
2.16 Â±1.53Tumor

removal10.8

+ 6.4
7.8 Â±3.972.0

+ 8.4
67.2 Â±11.816.9

Â±4.6
16.9 Â±7.82.16

Â±1.19
1.73 Â±0.93

" Mean units g tissue + SD. Each sample was assayed in duplicate.
*/'<0.05 versus control. Number of animals per group: 16, 16, 16, 12, and 12 for 4, 8, 21, 34%, and tumor removal group, respectively.

CTR

1 2

TBR

3 4

LPL
28S-

18S-

CTR

1 2 3

TBR

456

LPL
28S-

18S-

~LPL

AT
AT

28S-

18S- -AT

Fig. 3. LPL mRNA in EFP from poly(A)* RNA preparation. Total RNA was

extracted from approximately l g of fat. Lanes 3 and 4 are from two TBR with
34% tumor burden; Lanes I and 2 are from CTR. The levels of LPL mRNA were
adjusted by the actin levels shown below. LPL, lipoprotein lipase mRNA; AT,
actin mRNA.

changes in the activity with degree of tumor burden and the
reversal of these changes by tumor removal suggest that LPL
activity can be regulated by the presence of tumor qualitatively
as well as quantitatively. Our results in the adipose tissue agree
with those of Thompson et al. (7) and Lanza-Jacoby et al. (32).
Reduction in post-heparin plasma LPL activity in overnight
fasted patients with malignant-associated weight loss was doc
umented by Vlassam et al. (8). The level of total peripheral
LPL correlated well with the percentage of body weight loss in
their patients (r = 0.6, P < 0.01).

In our study, decreased LPL activity, induced by tumor
burden, was negatively, although weakly, related with plasma
TG levels when both were expressed on a logarithmic scale. In
the control rats, the TG levels were independent of adipose
tissue LPL levels. Although LPL hydrolysis activity is critical
to TG clearance, the relationship between adipose tissue en
zyme activity and plasma TG has been reported to be often

28S-

18S-

Fig. 4. LPL mRNA in cardiac muscle. Lanes 4, S, and 6 are from 3 TBR with
20% tumor burden; Lanes I, 2, and 3 are from 3 CTR. The hybridized mRNA
from cardiac muscle with this cDNA probe was at the same location of 3.8
kilobases as the mRNA from adipose tissue. The measurements of LPL were
adjusted to those of actin, the reference standard. / /'/, lipoprotein lipase mRNA;

AT, actin mRNA.

weak or nonexistent, for all tissues which produce LPL are
presumably involved in the removal of TG from circulation
(33). To elucidate the causes of exponential correlation between
serum TG and epididymal fat pad LPL activity shown in our
study, quantitative analysis of LPL activity in other tissues
which produce LPL would be necessary.

The tissue-specific changes in this enzyme in the tumor-
bearing state have not been fully characterized. In our animal
tumor model, LPL activity in cardiac muscle in the fasted state
decreased linearly with increasing tumor burden, a change also
observed in the adipose tissue. However, no alteration in LPL
activity with tumor burden was seen in either diaphragm or
skeletal muscle. The change in cardiac LPL activity in our study
was opposite to that reported by Thompson et al. (7) and Lanza-
Jacoby et al. (32). This discrepancy may be due to differences
in animal species and/or tumor. The utilization of an aug
mented supply of NEFA for energy in the muscle of our tumor-
bearing animals does not appear to be increased; this contrasts
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Table 6 Lipoprotein Upase mRNA in epididymal fat pad and cardiac muscle in
the fasted state

Comparison of LPL mRNA from poly(A)* RNA preparation was made

between TBR and CTR in each tumor burden. LPL mRNA was adjusted by
corresponding actin mRNA levels. Each membrane ofGeneScreen Plus contained
2-3 samples from TBR with same tumor burden and their controls. Because of
different exposure time of LPL and actin mRNA in each tumor burden group,
comparison between different groups is not feasible. Each sample was hybridized
and read by laser densitometer in duplicate.

Tumor burden

EFPTBR

CTR21%0.41

Â±0.07Â°
(n = 3)

0.80 Â±0.02
(n = 3)34%0.65

Â±0.49
(n = 2)

1.81 Â±0.34
(n = 3)Cardiac

muscle21%0.71

Â±0.06
(1 = 3)

0.71 Â±0.42
(1 = 3)34%2.41

Â±0.48
(1 = 3)

2.87 Â±2.47
(n = 3)

â€¢P < 0.05 TBR versus CTR.

with starvation conditions, in which heart and skeletal LPL
activities are increased in both animals (34) and humans (35).
This might contribute to another energy wasteful process in
this tumor model.

Decline in adipose LPL activity, seen in the 24-h-fasted state,
was more significant in TBR. The decreased enzyme activity
responded to food intake more than in CTR. Consequently,
significant differences between TBR and CTR disappeared in
the fed state. We have previously reported a similar response
to food intake of tumor-induced alterations in PEPck, a key
regulatory enzyme in the gluconeogenic pathway (14). This
enzyme in TBR was elevated in the 24-h-fasted state, compared
with CTR. However, no change was seen in the fed state, for
both were down-regulated to the same level by food intake. The
results comparing PEPck mRNA changes in the fasted and fed
states suggested that tumor-bearing rats were in a negative
energy balance, even in the precachectic stage. This condition
would have triggered the induction of PEPck mRNA. This
diurnal change, prolonged suppression of LPL activity in the
tumor-bearing rats alternating with normalization after food
intake, would result in the accumulation of serum TG.

One possible mechanism to explain the decreased LPL in the
fasted TBR is hypoglycemia, induced by the presence of tumor.
The finding that withdrawal of glucose from the media de
creased LPL activity in 3T3-L1 adipocytes (4) suggests that
substrate itself may play an important role in the regulation of
this enzyme. However, Ong and Kern (36) demonstrated that
insulin stimulates LPL by increasing the level of LPL mRNA
whereas glucose stimulates LPL translation and posttransla-
tional processing in cultured rat adipocytes. Decreased adipose
LPL mRNA levels observed in our study suggest that the tumor
effect is less likely mediated by substrate or glucose. The LPL
response to dietary carbohydrate appears to depend largely on
the insulin secretory response to the ingested carbohydrate (33).
The finding that food intake cancelled the tumor-induced
changes might also suggest that the effects of tumor or tumor-
induced mediators might be suppressed by endogenous insulin
secretion in response to food intake.

The tissue-specific regulation of LPL is poorly understood.
Insulin has been shown to be a major regulator of the enzyme
activity (37). Speake et al. (38) raised the possibility that differ
ent tissues might contain distinct molecular forms of LPL for
the various tissue-specific changes in this enzyme activity. The
LPL from rat cardiac muscle separated on SDS gel is smaller
than that from adipose tissue (39). On the other hand, Olivec-
rona et al. (40) and Semb and Olivecrona (41) found that the
enzyme proteins from several tissues had virtually the same

mobility on SDS electrophoresis. The cDNA probe (19) used
in our study reacted equally with mRNA at the same molecular
weight of 3.6 kilobases (42) from both cardiac muscle and EFP
by hybridization study.

The levels of LPL mRNA of TBR with more than 20% tumor
burden diminished in adipose tissue, compared with CTR. In
contrast, LPL mRNA in the cardiac muscle of TBR with the
same tumor burden did not decrease, although the activity
declined significantly to 30% of CTR values. These findings of
decreased LPL activity and LPL mRNA levels in adipose tissue
are similar to the observations that recombinant human cach-
ectin/tumor necrosis factor, which suppresses both LPL activity
and mRNA levels in vitro, regulates gene expression at tran-
scriptional process (43, 44). However, the finding that de
creased cardiac muscle LPL activity was not accompanied by
decreased LPL mRNA levels suggests that the regulation of
this enzyme in cardiac muscle and adipose tissue is different.

Elevated serum TG as well as increased glycerol and NEFA
turnover, seen in patients with tumor necrosis factor infusion
(45), is similar to alterations in cancer patients (2). However,
the mechanisms whereby the LPL activity is decreased appear
to be tissue specific and the tumor-induced effect on LPL in
the rat is different from the effect of the monokine in cardiac
muscle (11). Although the level of tumor necrosis factor was
not measured in our study, it is unlikely that this factor could
mediate all the changes associated with LPL suppression de
scribed above. Furthermore, our recent study on the turnover
of very low density lipoprotein bound triglycÃ©ridessuggests that
the tumor-induced hypertriglyceridemia results not only from
decreased clearance of TG but also from increased production
of very low density triglyceride-TG by the liver (46). This is
another remarkable distinction between the effects of tumor
necrosis factor and the complex changes associated with cancer
cachexia (47).

ACKNOWLEDGMENTS

The authors acknowledge Peter Guidon, Ph.D., Molecular Endocri
nology Department, and Karen M. Manchester, Ph.D., Laboratory of
Peptide Hormones, Memorial Sloan-Kettering Cancer Center, for their
helpful advice on the molecular biology section of this study. We thank
Theresa Menze-Carney and Nicole A. Maurice for their technical
assistance.

REFERENCES

1. Noguchi, Y., Vydelingum, N. A., Conlon, K. C., and Brenna, M. F. Hyper
triglyceridemia in the tumor bearing state is associated with decreased hepatic
malic enzyme activity. Surg. Forum, 39: 462-463, 1988.

2. Legaspi, A., Jeevanandam, M., Starnes, H. F., Jr., and Brenna, M. F. Whole
body lipid metabolism in the cancer patient. Metabolism, 36:958-963, 1987.

3. Brennan, M. F. Uncomplicated starvation versus cancer cachexia. Cancer
Res., 3 7: 2359-2364, 1977.

4. Chernick, S. S., Spooner, P. M., Garrison, M. M., and Scow, R. O. Effect of
epinephrine and other lipolytic agents on intracellular lipolysis and lipopro
tein activity in 3T3-L1 adipocyte. J. Lipid Res., 27: 286-294, 1986.

5. Kralovic, R. C., Andrew, M., Zepp, E., and Cenedella, R. J. Studies of the
mechanism of carcass fat depletion in experimental cancer. I ur. J. Cancer,
13: 1071-1079, 1977.

6. Hahn, P. F. Abolishment of alimentary lipemia following injection of heparin.
Science (Washington DC), 98: 19-20, 1943.

7. Thompson, M. P., Koons, J. E., Tan, E. T. H., and Grigor, M. R. Modified
lipoprotein activities, rates of lipogenesis, and lipolysis as factors to lipid
depletion in C57BL mice bearing the preputial gland tumor, ESR-586.
Cancer Res., 41: 3228-3232. 1981.

8. Vlassara, H., Spiegel, R. J., SanDaval, I).. and Cerami, A. Reduced plasma
lipoprotein lipase activity in patients with malignancy associated with weight
loss. Horm. Metab. Res., 18:698-703, 1986.

9. Beutler, B., and Cerami, A. Cachectin: more than a tumor necrosis factor.
N. Engl. J. Med., 316: 379-385, 1987.

868

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/3/863/2446089/cr0510030863.pdf by guest on 19 M

ay 2023



TISSUE LIPOPROTEIN LIPASE AND CANCER CACHEXIA

10. Price, S. R., Olivecrona, T., and Pekala, P. Regulation of lipoprotein lipase
synthesis by recombinant tumor necrosis factorâ€”the primary regulation of
the hormone in 3T3-L1 adipocytes. Arch. Biochem. Biophys., 251:738-746,
1986.

11. Semb, H., Peterson, J., Tavernier, J., and Olivecrona, T. Multiple effects of
tumor necrosis factor on lipoprotein lipase in vitro. J. Biol. Chem., 262:
8390-8394,1987.

12. Robinson, D. S., and French, J. E. Heparin, the clearing factor lipase, and
fat transport. Pharmacol. Rev., 12: 241-261. 1980.

13. Popp, M. H.. Morrison, S. D., and Brennan, M. F. Total parenteral nutrition
in a methylcholanthrene induced rat sarcoma. Cancer Treat. Rep., 65 (Suppl.
5).-137-143, 1981.

14. Noguchi, Y., Vydelingum, N. A., and Brennan, M. F. The reversal of
increased gluconeogenesis in the tumor-bearing rat by tumor removal and
food intake. Surgery (St. Louis), 106: 423-431, 1989.

15. Bucolo, (.;., and David, H. Quantitative determination of serum triglycÃ©ride
by the use of enzymes. Clin. Chem., 19: 476-482, 1973.

16. Iverius, P. H., and Brunzell, J. D. Human adipose tissue lipoprotein lipase:
changes with feeding and relation to postheparin plasma enzyme. Am. J.
Physiol., 249: E107-E114, 1985.

17. Nilsson-Ehle, P., and Schotz, M. C. A stable radioactive substrate emulsion
for assay of lipoprotein lipase. J. Lipid Res., / 7: 536-541, 1976.

18. Gilson, V., Crkvenjakov, R., and Byus, C. Ribonucleic acid isolation by
cesium chloride centrifugation. Biochemistry, 13: 2633-2637, 1984.

19. Aviv, H., and Leder, R. Purification of biologically active globulin messenger
RNA by chromatography on oligothymidylic acid-cellulose. Proc. Nati. Acad.
Sci. USA, 69: 1408-1412, 1972.

20. Feinberg, A., and Vogelstein, B. Addendum: a technique for labeling DNA
restriction endonuclease fragments to high specific activity. Anal. Biochem.,
137: 266-267, 1984.

21. Wion, K. L., Kirchgessner, T. G., Lusis, A. J., Schotz, M. C., and Lawn, R.
M. Human lipoprotein lipase complementary DNA sequence. Science (Wash
ington DC), 235: 1638-1641, 1987.

22. Hamada H., Petrino, M. G., and Kakunaga, T. Molecular structure and
evolutionary origin of human cardiac muscle actin gene. Proc. Nati. Acad.
Sci. USA, 79:5901-5905, 1982.

23. Feinberg A., and Vogelstein, B. A technique for labeling DNA restriction
endonuclease fragments to high specific activity. Anal. Biochem.. 132:6-13,
1983.

24. Oilman, V. M., Berstein, I. M., Ostroumova, M. N., Tsyrlina, Y. V., and
Golubev, A. G. Peculiarities of hyperlipidemia in tumour patients. Br. J.
Cancer, 43:637-643, 1981.

25. Devereux, D. F., and Hollander, D. M. Effects of tumor bearing and removal
on blood levels of lipids, lipolytic activity, and glycerol and on carcass weight
in the rat. Surgery (St. Louis), 101: 228-233, 1987.

26. Kompiang, I. P., Bensadoun, A., and Yang, M. W. W. The effect of an anti-
lipoprotein lipase serum on plasma triglycÃ©rideremoval. J. Lipid Res., 17:
498-505, 1976.

27. Alousi, A. A., and Mellov, S. Effect of hyperthyroidism, epinephrine, and
diet on heart lipoprotein lipase activity. Am. J. Physiol., 206:603-609,1964.

28. Hollenberg, C. H. The effect of fasting on the lipoprotein lipase activity of
rat heart and diaphragm. J. Clin. Invest., 39: 1282-1287, 1960.

29. Nilsson-Ehle, P., Garfinkel, A. S., and Schotz, M. C. Lipolytic enzymes and
plasma lipoprotein metabolism. Annu. Rev. Biochem., 49:667-693, 1980.

30. Borensztajn, J. Heart and skeletal muscle lipoprotein lipase. In: J. Borensz-
tajn (ed.), Lipoprotein Lipase, pp. 133-148. Chicago, IL: Evener Publishers,
1987.

31. Caster, W. O., Poncelet, J., Simon, A. B., and Armstrong, W. O. Tissue
weight of the rats. I. Normal values determined by dissection and chemical
methods (22186). Proc. Soc. Exp. Biol. Med., 91: 122-126, 1956.

32. Lanza-Jacoby, S., Lansey, S. C.. Miller, E. E., and Cleary, M. P. Sequential
changes in the activities of lipoprotein lipase and lipogenic enzymes during
tumor growth in rats. Cancer Res., 44: 5062-5067, 1984.

33. Eckel, R. H. Adipose tissue lipoprotein lipase. In: 3. Borensztajn (ed.).
Lipoprotein Lipase, pp. 79-132. Chicago, IL: Evener Publishers. 1987.

34. Kotlar, T. J., and Borensztajn, J. Oscillatory changes in muscle lipoprotein
lipase activity of fed and starved rats. Am. J. Physiol., 233: 316-319, 1977.

35. Lithell, H., Boberg, J., Hollsing, K., Lundqvist, G., and Vessby, B. Lipopro-
tein-lipase activity in human skeletal muscle and adipose tissue in the fasting
and the fed states. Atherosclerosis, 30: 89-94, 1978.

36. Ong, J. M., and Kern, P. A. The role of glucose and glycosylation in the
regulation of lipoprotein lipase synthesis and secretion in rat adipocytes. J.
Biol. Chem., 264: 3177-3182. 1989.

37. Vydelingum, N. A., Drake, R. L., Etienne, J., and Kissebah, A. H. Insulin
regulation of fat cell ribosomes, protein synthesis, and lipoprotein lipase.
Am. J. Physiol., 245: 121-131, 1983.

38. Speake, B. K.. Parkin, S. M., and Robinson, D. S. Lipoprotein lipase in the
physiological system. Biochem. Soc. Trans., 13: 29-31, 1985.

39. Slain. H., and Hulsmann, W. C. Effects on hormones, amino acids and
specific inhibition on rat heart heparin-releasable lipoprotein lipase and tissue
neutral lipase activities during long-term perfusion. Biochim. Biophys. Acta,
794:72-82, 1984.

40. Olivecrona, T., Chernick, S. S., Bengtsson-Olivecrona, G., Paterniti, J. R.,
Jr., Brown, M. V., and Scow, R. O. Combined lipase deficiency (eld/eld) in
mice. Demonstration that an inactive form of lipoprotein lipase is synthe
sized. J. Biol. Chem., 260: 2552-2557, 1985.

41. Semb, H., and Olivecrona, T. Lipoprotein lipase in guinea pig tissues:
molecular size and rates of synthesis. Biochim. Biophys. Acta, 878:330-337,
1986.

42. Kirchgessner, T. G., Svenson, K. L., Lusis, A. J., and Schotz, M. C. The
sequence of cDNA encoding lipoprotein lipase. J. Biol. Chem., 262: 8463-
8466, 1987.

43. Zechner, R., Newman, T.. Sherry. B.. Cerami, A., and Breslow. J. L.
Recombinant human cachectin/tumor necrosis factor but not interleukin-1
alpha downregulates lipoprotein lipase gene expression at the transcriptional
level in mouse 3T3-L1 adipocytes. Mol. Cell. Biol., 8: 2394-2401, 1988.

44. Cornelius, P., Enerback, S., Bjursell. G., Olivecrona, T., and Pekala, P. H.
Regulation of lipoprotein lipase mRNA content and 3T3-L1 cells by tumor
necrosis factor. Biochem. J., 249: 765-769, 1988.

45. Starnes, H. F., Jr., Warren, R. S., Gabrilove, J., Larchian, W., McHugh, N.,
Jeevanandam, M., Oettgen, H. F., and Brennan, M. F. Tumor necrosis factor
and the acute metabolic response to tissue injury in man. J. Clin. Invest., 82:
1321-1325, 1988.

46. Younes, R. N., Vydelingum, N. A., Nouguchi, Y., and Brennan, M. F. Lipid
alterations in tumor-bearing rats: reversal by tumor excision. Surgery (St.
Louis), 48: 324-328, 1990.

47. Mahony, S. M., Beck, S. A., and Tisdale, M. J. Comparison of weight loss
induced by recombinant tumor necrosis factor with that produced by a
cachexia-inducing tumor. Br. J. Cancer, 57: 385-389, 1988.

869

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/3/863/2446089/cr0510030863.pdf by guest on 19 M

ay 2023




