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Abstract Cyclophosphamide injection into the fasted rabbit 
induces a hypertriglyceridemia (4.6 mM vs. 0.8 mM in controls) 
and a defect of lipoprotein lipase (LPL), as measured in post- 
heparin plasma (PHP). In contrast, administration of the drug 
into fed animals tends to increase PHP-LPL. The effects of 
cyclophosphamide on LPL activity and synthesis, depending on 
the nutritional state, were thus studied in two sites: peri- 
epididymal adipose tissue and heart. In adipose tissue, fasting 
decreased LPL activity to 45.2 mIU/g (P < 0,001) compared to 
667.9 mIU/g in fed animals. PHP-LPL activity was also 
decreased by 45% upon starvation. These modulations ap- 
peared to be related to plasma insulin levels. The relative rate 
of synthesis of fat tissue LPL was decreased from 0.32% total 
protein synthesis in fed animals to 0.10% in fasted rabbits, con- 
cordant with a reduction in the expression of LPL specific 
mRNA. Cyclophosphamide administration to the fed rabbit led 
to decreases of LPL activity and synthesis in the adipose tissue, 
similar to those observed upon starvation. However, when in- 
jected into fasted animals, the drug did not further depress fat 
tissue LPL. Fasting did not change heart LPL activity (288.3 
mIU/g vs. 239.3 in fed animals) nor its relative rate of synthesis 
(0.21% of total protein synthesis). However, cyclophosphamide 
induced opposite effects, depending on the nutritional state: 
after injection into fed animals, heart LPL activity increased up 
to 477.2 mIU/g (P < 0.01) with a concomitant increase in the 
LPL synthesis rate. Conversely, drug administration into fasted 
rabbits led to a decrease of heart LPL activity to 133.9 mIU/g. 
Similar qualitative variations were recorded in postheparin 
plasma. Hence, although insensitive to nutritional modulations, 
heart LPL responded differently to cyclophosphamide, depend- 
ing on the nutritional state. In spite of those different modula- 
tions of heart and adipose tissue LPL, the enzyme isolated from 
these two sources displayed similar molecular mass, immuno- 
reactivity, and catalytic properties. The effects of cyclophospha- 
mide injection on very low density lipoprotein (VLDL)-triacyl- 
glycerol (TG) synthesis were also investigated, as a possible 
determinant of hypertriglyceridemia. The drug stimulated TG 
synthesis in both nutritional states, and maximally by 45% in 
fed animals. Hence, a defect of heart and postheparin plasma 
LPL appears as a major determinant of hypertriglyceridemia in 
cyclophosphamide-treated fasted rabbits. The opposite varia- 
tions of heart LPL towards cyclophosphamide suggest that the 
drug may unveil some effects of insulin on heart LPL. 

-Lespine, A., C. Azema, M. Gafvels, J. Manent, N. Dousset, 
H. Chap, and B. Perret. Lipoprotein lipase regulation in the 
cyclophosphamide-treated rabbit: dependence on nutritional 
status. J Lipid Res. 1993. 34: 23-36. 
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Lipoprotein lipase (LPL) plays a major role in the 
hydrolysis of triacylglycerol in VLDL and chylomicrons, 
thus providing free fatty acids for energy metabolism or 
storage (1, 2). The enzyme is present in a variety of tissue, 
notably in adipose tissue, heart, and skeletal muscle (3-5), 
where it has been detected both in terms of activity and 
as immunoreactive protein (5, 6). Isolation of the LPL 
cDNA has provided the primary sequence of the enzyme 
and of its functional domains in various species, and has 
enabled investigators to follow its synthesis, mostly in adi- 
pose tissue (7-lo), heart, adrenals, and in the mammary 
gland (10-12). 

Lipoprotein lipase activity and synthesis are under hor- 
monal control. Insulin can induce LPL activity and syn- 
thesis of LPL mRNA in cultured adipocytes (13, 14), and 
this may explain the nutritional modulations of adipose 
tissue LPL observed in humans (15), guinea pigs, or rats 
(16). By contrast, conflicting observations have been 
reported concerning the modulation of heart LPL by in- 

Abbreviations: A.U., arbitrary units; BSA, bovine serum albumin; 
CHAPS, 3-[(3-cholamidopropyl)dimethyla"onio]-l-propane-sulfonate 
dihydrate; EDTA, [ethylene-bis(oxyethylenenitrilo)]-tetraacetic acid; FFA, 
free fatty acids; IDL, intermediate density lipoprotein; IgG, immuno- 
globulin G; LPL, lipoprotein lipase; PAGE, polyacrylamide gel electro- 
phoresis; PHP, postheparin plasma; mRNA, messengw RNA; SDS, 
sodium dodecyl sulfate; SE, standard error; TG, triacylglycerol; TNF, 
tumor necrosis factor; VLDL, very low density lipoprotein. 
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sulin, depending on the animal of investigation (16). Fur- 
ther differences between heart and adipose LPL come 
from the observation that, in the rat, the two enzyme 
sources display different kinetic parameters and molecu- 
lar mass (17). Little is known, so far, about LPL regula- 
tion in the rabbit, an animal model widely used in lipo- 
protein metabolism. 

Massive hypertriglyceridemia is observed in animals 
developing severe infectious or invasive processes (18). 
Various mediators secreted by the activated macrophages 
appear to be involved in this process, such as interferon, 
tumor necrosis factor (TNF), and interleukins (19). Ex- 
perimentally, injection of TNF or endotoxin treatment 
can induce a defect in LPL activity and synthesis, either 
in the adipose tissue or in the heart, depending on the 
animal model studied (5, 20-22). These effects were 
reproduced in vitro on preadipocytes (23), and in mesen- 
chymal heart cells (24). 

We have previously reported that irradiation or antimi- 
totic administration to the rabbit leads to an accumula- 
tion of large, triacylglycerol-rich VLDL and to a defect in 
LPL activity, as measured in postheparin plasma (25-27). 
The abnormal VLDL also contain new apolipoprotein 
determinants of low molecular mass called apolipoprotein 
X (25-27). In spite of these structural peculiarities, those 
abnormal VLDL undergo the normal catabolic cascade 
in the presence of added LPL (27). This prompted us to 
focus on the LPL defect itself. Because cyclophosphamide 
has to be cleaved in the liver to release active antimetabo- 
lites, only an in vivo investigation could be emphasized. 
Furthermore, as the hypertriglyceridemia induced by cy- 
clophosphamide was observed only in fasted animals, we 
suspected that the drug could interfere with the nutri- 
tional modulations of LPL or exert different effects, de- 
pending on the levels of insulin. 

In the present study, we have investigated the effects of 
cyclophosphamide on LPL activity and synthesis in the 
rabbit major productor sites, heart and adipose tissue, 
and on its expression in the vascular compartment. This 
was done in both fed and fasted animals. Moreover, the 
effects of the drug on VLDL secretion were followed, as 
another possible determinant of antimitotic-induced 
hyperlipemia. 

MATERIALS AND METHODS 

Materials 

Cyclophosphamide, Endoxan Asta 500, Paris, France, 
was kindly provided by Professeur M. Carton, Centre 
Claudius RGgaud, Toulouse, France. Heparin was from 
Roche, Basel, Switzerland and heparin-Sepharose CL-6B 
was from Pharmacia-LKB, Bromma, Sweden. The scin- 
tillation cocktails, Aqualuma and Lumasolv, were from 
Packard. The following compounds were purchased from 
Sigma, St. Louis, MO: alkaline phosphatase-conjugated 

anti-chicken IgG, bovine serum albumin (essentially fatty 
acid-free), CHAPS, lysophosphatidylcholine from egg 
yolk, leupeptin, pepstatin, trasylol, and trioleoylglycerol. 
The Hank's medium and the antibiotics, penicillin and 
streptomycin, came from Seromed, Munich, Germany. 
The methionine-free EMEM medium was obtained from 
Flow Laboratories, Les Ulis, France. Glycerol tri[g-lO(n)- 
3HIoleate (18.5-37 GBq/mmol, 2-10 Ci/mmol), and 
deoxy-cytidine-tri-[5'-~~-~2P]phosphate (110 TBq/mmol, 
3000 Ci/mmol) were from the Radiochemical Center, 
Amersham, United Kingdom. L-[35S]methionine was ob- 
tained from NEN-DuPont de Nemours, France. 

Animals and treatments 

Male New Zealand rabbits weighing between 2.5 and 
3.0 kg received a control diet (Usine &Alimentation 
Rationnelle, Epinay-sur-Orge, France). Fasted animals 
were starved 40 h before being killed. Cyclophosphamide- 
treated rabbits received a single dose, representing 1/2 of 
the half lethal dose (65 mg/kg) of Endoxan ASTA 500, 
into an ear marginal vein. The lethal dose has been deter- 
mined by Brock (28). When fasted rabbits were treated, 
the drug injection was performed after 24 h fasting. No 
additional food was given to the animals, and they were 
killed 16 h thereafter. In order to estimate the secretion 
rate of triglyceride-rich lipoproteins, animals were in- 
jected intravenously with Triton WR-1339 4 h before the 
end of the experiment; this detergent blocks the catabo- 
lism of these lipoproteins (29). Blood samples were taken 
before injection and again after 2 and 4 h, and animals 
were killed thereafter. Triacylglycerols were measured in 
all plasma samples. Eventually, triglyceride-rich lipopro- 
teins were separated as the d < 1.006 g/ml ultracentrifugal 
plasma fraction and the triacylglycerol measurements were 
performed in this fraction. Differences in the measurements 
before and after Triton WR-1339 administration were nor- 
malized as secretion rate per ml and per hour. 

Tissue homogenates 

Animals were killed by exsanguination and pieces of 
tissue were obtained from following sites: periepididymal 
fat pads, heart, and eventually from diaphragm, leg mus- 
cle, lung, and liver. The tissues were weighed and 
homogenized in 9 volumes of ice-cold 0.025 M ammo- 
nium buffer, pH 8.2, containing heparin (5 IU/ml), 
leupeptin (10 pg/ml), pepstatin (1 pglml), Trasylol (25 
KIE/ml), EDTA (5 mM) and CHAPS (4 mM). 

The samples were centrifuged for 10 min at 3,000 g and 
20 pl of the clear phase containing the solubilized enzyme 
was assayed for LPL activity (16). Postheparin blood was 
collected onto 2.5 mM EDTA from the ear vein of other 
rabbits 10 min after injection of 175 IU heparin per kg 
body weight. Postheparin plasma was obtained by a 
15-min centrifugation at 1,000 g. Preheparin plasma was 
also sampled. 
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Measurement of LPL activity 

The samples (20-100 p1) were incubated 20 min at 
37OC with 100 p1 substrate (2.67 mM triacylglycerol). 
LPL was assayed according to Nilsson-Ehle and Eckman 
(30) using a sonicated [3H]trioleoylglycero1 emulsion 
stabilized with lysophosphatidylcholine, as a substrate, 
and heat-inactivated rabbit serum, as a source of apoC-11. 
Incubations were carried out in the presence of BSA 2 %  
(w/v). When LPL was assayed in postheparin plasma, 
duplicate measurements were run in the presence of a 
specific anti-LPL 1 6 ,  and results were corrected accord- 
ingly. In the case of tissue homogenates, the antibody in- 
hibited more than 90% of the measured lipase activity, 
and a comparable inhibition was found in the absence of 
apoC-11. Free fatty acids were extracted according to Bel- 
frage and Vaughan (31). One mU is defined as one nano- 
mole of free fatty acid released per min. 

Labeling with [35S]methionine and LPL 
immunoprecipitation 

Periepidydimal fat pad pieces, 2 g, were incubated for 
90 min at 37OC with [35S]methionine, 40 pCi/ml, in 4 ml 
methionine-free EMEM, containing 1.25 mM HEPES, 
1 mM glutamine, and 4% (w/v) BSA. When the tissue 
was taken from normally fed animals, the labeling was 
performed in presence of 10-7 M insulin. The radio- 
labeled medium was then removed, and the tissue was 
homogenized in 4 mlO.025 M ammonium buffer, pH 8.2, 
containing heparin (5 IU/ml), leupeptin (10 pglml), pep- 
statin (1 pg/ml), Trasylol (25 KIE/ml), EDTA (5 mM), 
Triton X-100 (0.876, vi.), and SDS (0.04%, w/v). 

In order to label heart LPL, the heart was pulse-labeled 
during a recycling perfusion of 20 min with 50-80 pCi of 
[35S]methionine per ml of methionine-free EMEM sup- 
plemented as above. The organ was then perfused with an 
EMEM chase-medium containing 1.42 m g / d  methionine 
for another 20 min. Finally, this medium was renewed 
and heparin, 5 IU/ml, was added for an additional recy- 
cling perfusion of 30 min. The heart was then dissected 
and pieces (1-2 g) were homogenized as described above 
for adipose tissue. 

Tissue homogenates were centrifuged 20 min at 1,500 g 
and the supernatant was used for LPL immunoprecipita- 
tion. Radiolabeled proteins were quantified by trichloro- 
acetic acid ( E A )  precipitation. Briefly, 10 p1 sample was 
spotted onto a Whatman GF/C filter. The filter was then 
incubated alternatively at 4OC, then at 100°C, and again 
at 4°C in a 10% (w/v) E A  solution. After washing with 
methanol and acetone, the filter was counted for radioac- 
tivity in 4 ml of a scintillation mixture, made of 
Aqualuma-Lumasolve-water 80:18:2. Under these condi- 
tions, between 5 and 13% of the initial radioactivity was 
recovered in tissue proteins. 

For the immunoprecipitation of tissue LPL, the super- 
natant obtained after centrifugation of the homogentate 

was brought to an SDS concentration of 1% (w/v) and 
heated at 100°C for 5 min. Aliquots corresponding to lo6 
dpm were diluted to 4 ml with 0.02 M sodium phosphate, 
pH 7.4, containing 0.15 M NaC1, 0.02 M EDTA, 10% 
Triton X-100 (v/v), 0.1% SDS (w/v), 0.1 mM PMSF, and 
0.73 mM NaN3. Incubation with 4 pl anti-LPL I& was 
carried out at 4OC for 18 h. Preliminary experiments with 
variable concentrations of antibody had shown that im- 
munoprecipitation was maximal under those conditions. 
This anti-LPL antibody, kindly provided by Prof. G.  
Bengtsson-Olivecrona, was raised in chicken against 
bovine milk LPL (32), and was shown to react with the 
rabbit enzyme. IgG were purified from egg yolk. A second 
incubation was performed for 2 h at room temperature 
with goat anti-chicken IgG coupled to Sepharose beads. 
The complex formed was then precipitated by 1,500 g cen- 
trifugation, and washed three times in the incubation 
medium. The immunoprecipitate was then electrophoresed 
on 12% (w/v) polyacrylamide/ 0.2% (w/v) SDS. Radio- 
labeled LPL was located by autoradiography on a Kodak 
XAR-5n X-ray film and was quantified by cutting the gel 
and counting, using the same scintillation cocktail as 
above. Negative controls of immunoprecipitation were 
performed using a nonimmune chicken IgG. 

RNA analysis and quantification: the cDNA probe 

The cDNA coding for human lipoprotein lipase was 
obtained from Genentech (San Francisco, CA), and was 
carried out in the Department of Biophysics and Bio- 
chemistry (Prof. T. Olivecrona), University of Umea, 
Sweden. The cDNA spanned from nucleotide 1 to nucleo- 
tide 2413, including the sequence coding for the 448 
amino acid LPL and a 3' flanking region. The cDNA was 
provided as an insert in the E. coli pUC 18 plasmid. The 
liberated probe was labeled with [3*P]dCTP by the ran- 
dom primed labeling technique using a commercial kit 
(Boehringer-Mannheim, Germany). 

Total RNA was extracted from adipose tissue and heart 
following the method of Chirgwinn et al. (33). Briefly, the 
tissues were homogenized in 4 M guanidium thiocyanate 
and were layered onto a 5.7 M CsCl cushion. RNA was 
pelleted by ultracentrifugation at 94,000 g for 18 h, and 
denatured in glyoxal for 1 h at 5OOC. 

For Northern blot analysis, 20 pg total RNA was sepa- 
rated by electrophoresis on agarose 1% (w/v), in 0.01 M 
sodium phosphate buffer, pH 7.0, and then transferred 
onto nylon membranes. 

For slot-blot quantification, serial dilutions of dena- 
tured RNA (between 10 and 0.612 pg) were spotted onto 
nitrocellulose filters, using a Bio-Rad dot-blot apparatus. 

Prehybridization was performed for 18 h at 42OC in 
50% (w/v) formamide. Hybridization was performed under 
similar conditions using 2 x lo6 dpm/ml 32P-labeled 
cDNA probe. Positive hybridization was revealed by auto- 
radiography, and relative intensity of the spots was as- 
sessed by optical integration. 
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Partial purification of LPL, kinetic studies, and 
enzyme staHlity 

Postheparin plasma or tissue homogenates obtained as 
described above from fed rabbits were diluted 2:l with 
0.2 M Tris-HC1, pH 7.4, 0.65 M NaC1, in presence of 
20% glycerol (v/v) and Trasylol (25 K.I.U./ml). The mix- 
ture was incubated for 2 h at 4OC with heparin- 
Sepharose. The gel was then washed with buffers of in- 
creasing molarity and LPL was eluted at 1.5 M NaCl in 
presence of 20% glycerol (v/v). The enzyme was stabilized 
by addition of BSA 4% (w/v) and heparin (5 IU/ml). 
Heart perfusates containing heparin were used as another 
source of enzyme and treated identically. 

In kinetic studies, increasing concentrations of [ 3H]TG- 
labeled VLDL were incubated in Tris-HC1 buffer, 0.2 M, 
pH 8.2, containing BSA 4% (w/v), and with or without 
an LPL preparation (12.5 mU/ml). Incubations were car- 
ried out at 37OC for 30 min and lipids were extracted. 

To follow the enzyme stability, LPL preparations were 
kept at 37OC for 0-180 min in a medium containing hepa- 
rin (5 IU/ml) and BSA 4% (w/v). 

Immunoinhibition and immunoblotting 
The IgG antibody was kindly provided by T. Olivecrona 

(Umea, Sweden). It was raised in chicken against LPL 
purified from guinea pig milk (32). This IgG cross-reacted 
with the partially purified LPL from rabbit postheparin 
plasma in immunoblot assays. Half inhibition of the LPL 
activity in postheparin plasma occurred at a 1:64 dilution. 

To follow the immunoinhibition of the enzymatic activ- 
ity, 50 pl of LPL source was preincubated with 50 pl of 
serial dilutions of IgG for 2 h at 4OC. Then 50-pl dupli- 
cate samples of this mixture were assayed for LPL activ- 
ity, as above. 

To determine the enzyme molecular mass, partially 
purified enzyme from different sources was run on SDS/ 
PAGE (0.01%/12.5%). Proteins were transferred to nitro- 
cellulose and LPL was revealed using the specific IgG 
against LPL. An anti-chicken IgG from goat, conjugated 
to alkaline phosphatase, was used as a second antibody. 

Analytical procedures 
Cholesterol was measured with the cholesterol esterase/ 

cholesterol oxidase technique (34) using commercial kits 
(Boehringer, Mannheim, Germany). Triacylglycerols were 
assayed enzymatically (35) in an automatic analyzer 
(Boehringer, as above). Proteins were estimated according 
to Lowry et al. (36) using BSA as a standard. ApoB-100 
was determined by immunoelectrodiffusion with an anti- 
human apoB antibody, cross-reacting with rabbit apoB. 
Insulin was measured using a specific radioimmunoassay 
(CIS, Paris, France). Creatine kinase and lactate de- 
hydrogenase were measured using routine standard 
methods (37, 38). Tumor necrosis factor (TNF) was mea- 
sured in rabbit plasma by an immunoradiometric assay 

using antibodies raised against human recombinant TNF 
(Medgenix, Brussels, Belgium). Cross-reactivity with 
rabbit TNF was indicated by the measurement of sub- 
stantial immunoreactive material in the media recovered 
from rabbit cultured (monocyte-derived) macrophages. 

VLDL or heart lipids were extracted by the Bligh and 
Dyer procedure (39) after acidification with 0.014 ml for- 
mic acid per ml medium. Neutral lipids were separated by 
thin-layer chromatography using petroleum ether-diethyl 
ether-acetic acid 165:35:2 (v/v/v). Radioactivity was 
measured in a Packard Tricarb apparatus (Zurich, Swit- 
zerland) with automatic quenching correction. Data were 
expressed as means f SE. Statistical significance was 
assessed by the Student's t test for unpaired samples. 

RESULTS 

Lipids, lipoprotein lipase, insulin, and TNF levels 
in rabbit plasma 

Occurrence of hypertriglyceridemia in the rabbit upon 
antimitotic treatment has already been reported in our 
laboratory. To better define the conditions under which 
the animals develop the increase in triacylglycerol, differ- 
ent protocols were checked (Table 1). The effects of cyclo- 
phosphamide treatment were studied in normally fed or 
in 40-h fasted animals. The levels of triacylglycerol and 
cholesterol were not significantly changed after a 40-h 
fast, although a 45% decrease of LPL activity was noted 
in postheparin plasma. Those nutritional modulations of 
LPL activity appear correlated with the insulin variations 
(13.6 vs. 0.42, P < 0.01, Table l), and this hormone is 
known to regulate LPL synthesis. Indeed, in control 
animals, a linear relationship ( r  = 0.85, P < 0.01) was 
observed between the levels of (preheparin) plasma insu- 
lin and the lipoprotein lipase activity measured in post- 
heparin plasma (Fig. I), 

Injection of cyclophosphamide to fasted animals led to 
a massive accumulation of plasma triacylglycerol (4.6 
mmol/l) while LPL activity was found to be further de- 
pressed (24.4 vs. 51.2, P < 0.05). An inverse linear rela- 
tionship (7 = 0.64, P < 0.05) was observed between the 
levels of plasma TG and the LPL activity in postheparin 
plasma of the fasted rabbits (data not shown). The hyper- 
triglyceridemia was associated with a slight increase in 
plasma cholesterol, which might reflect the impaired 
catabolism of cholesterol-enriched VLDL. 

When cyclophosphamide was administered to normally 
fed rabbits, no hypertriglyceridemia occurred, yet a slight 
increase in plasma cholesterol was again observed. LPL 
activity in postheparin plasma was somewhat increased, 
although not significantly, because of large interexperi- 
ment variations (Table 1). 

Measurements of TNF in rabbit plasma gave the fol- 
lowing average values: 8.6 k 1.6 pg/ml in control fed rab- 
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TABLE 1. Lipid, insulin levels, and lipoprotein lipase activity in rabbit plasma 

Fed Fasted 

Variable Control Treated Control Treated 

Triacylglycerol (mM) 0.91 r 0.07 0.96 0.11 0.82 * 0.07 4.56 t 0.93' 
Cholesterol (mM) 1.20 + 0.06 1.69 + 0.18" 1.54 * 0.20 2.20 f 0.19" 
Insulin (fiU/ml) 13.60 i 2.70d 9.10 3.82 0.42 * 0.40 1.05 f 0.61 
LPL activity in PHP (mUlml) 93.7 f 15.4' 146.5 + 30.2 51.2 + 6.2 24.4 8.8" 

Animals were either fed ad libitum or fasted for 40 h. Cyclophosphamide-treated rabbits received a single dose 
of the drug (65 mg/kg intravenously) 16 h before blood samples were taken. Blood was collected in EDTA (0.25 mM) 
and plasma was assayed for triacylglycerol, cholesterol, and insulin content. Animals were then injected intravenously 
with heparin (175 IUtkg) and postheparin plasma (PHP) was obtained 8 min thereafter to measure LPL activity. 
Statistical significance was assessed by Student's 6 test for unpaired samples (1 1-16 measurements). 

n ,  P < 0.05; ', P < 0.01: treated versus control. 
', P < 0.05; ', P < 0.01: fasted control versus fed control. 

bits and 9.0 f 1.0 pg/ml in fed and cyclophosphamide- 
treated animals. In the fasted state, the values were 
14.7 * 3.3 pg/ml in control animals and 14.6 4.0 pg/ml 
after treatment. The differences among the four groups 
were not significant, and ail values were in the low range 
of the assay. Hence, cyclophosphamide administration 
was not associated with a higher level of TNF in plasma. 

Lipoprotein lipase activity in adipose tissue and heart: 
nutritional and cyclophosphamide-induced modulations 

LPL activity was assayed in the main production sites 
after enzyme solubilization and stabilization in presence 
of heparin plus detergents (Table 2). In normally fed con- 
trol rabbits, the highest levels of LPL activity were found 
in adipose tissue (668 k 66 mU/g) and then in heart 
(239 f 41 mU/g), compared to other tissues such as lung 
(190 + 45 mU/g), liver (24.7 k 17.7 mU/g), diaphragm 
(233 42 mU/g), or leg quadriceps (42.5 -+ 5.7 mU/g) 
(data not shown). Adipose tissue LPL was reduced more 
than 90% in fasted rabbits compared to their fed counter- 
parts (P < 0.001, Table 2). By contrast, the activity in 
heart remained constant. Thus, upon fasting, it was no 
longer the adipose tissue but the heart that displayed the 
highest level of LPL activity per gram. 

The effects of cyclophosphamide treatment on the level 
of LPL activity in the two major production sites were 
found to be dependent on the nutritional status. In fed 
animals, antimitotic administration led to a 75% reduc- 
tion in fat pad LPL, whereas heart LPL was doubled 
(P < 0.01). By contrast, when cyclophosphamide was ad- 
ministered to 40-h fasted animals, heart LPL activity 
declined by 5576, whereas adipose tissue LPL, already at 
a low level upon fasting, was not further depressed. The 
occurrence of hypertriglyceridemia under these condi- 
tions suggests that clearance of plasma triacylg1ycerol in 
fasted animals may depend on the levels of heart LPL ac- 
tivity. Indeed, an inverse exponential relationship 
( T  = 0.69, P < 0.01) was observed between LPL activity 
in heart homogenates and triglyceridemia as measured in 

Lespine et ~l 

fasted rabbits (Fig. 2). All the variations in tissue LPL ac- 
tivity were reproducibly observed and reached statistical 
significance (Table 2). 

Lipoprotein lipase synthesis in rabbit heart and 
adipose tissue 
In order to investigate whether the changes in LPL activ- 
ity, among the various conditions tested, reflected modu- 
lations in the rate of synthesis of the enzymatic protein, 
the incorporation of [ 35S]methionine into immunopre- 
cipitable LPL was followed in both adipose tissue and 
heart. In the first case, 1-2 g fat pad pieces were incubated 
in presence of 4.8-8.8 x lo8 dpm radiolabeled methio- 
nine per g. For heart LPL, labeling was achieved through 
pulse/chase experiments during a perfusion, using 2.2- 
3.1 x 108 dpm of [35S]methionine per g of organ, and 

0 1 0  20 30 
Plasma Insulin, pU/ml 

Fig. 1. Correlation between plasma insulin and lipoprotein lipase 
activity measured in postheparin plasma. LPL activity was measured in 
P H P  from control rabbits, either fed normally or fasted for 40 h. Blood 
was taken 8 min after heparin injection. Insulin levels were measured 
with a specific radioimmunoassay in the preheparin plasma. Values are 
from 11 individual experiments. The linear regression factor between 
both parameters was 0.855 (P < 0.01). 
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TABLE 2. Lipoprotein lipase activity in rabbit adipose tissue and heart 

Fed Rabbits Fasted Rabbits 

Tissue Untreated Treated Untreatcd Treated 

mu(< tissue 

Adipose tissue 667.9 T 66.0 146.8 & 17.6" 45.2 c 9.5" 48.9 +_ 15.0 
Heart 239.3 41.1 477.2 c 48.4b 288.3 i- 56.3 133.9 i: 29.8  

Rabbits (2.5-3.2 kg) were either fed ad libitum or fasted for 40 h prior to being killed. Cyclophosphamide treat- 
ment was performed 16 h before killing as described in Table 1. Tissue pieces were homogenized in 0.025 M am- 
monium buffer, pH 8.2, containing 4 mM CHAPS, heparin (5 U/ml), and protease inhibitors. LPL activity was 
measured and is expressed as mU/g tissue. Data from 10 experiments. 

', P < 0,001; *, P < 0.01: statistical significance referred to fed untreated controls. 
', P < 0.05: referred to fasted untreated animals. 

excess unlabeled methionine during the chase period. Im- 
munoprecipitation of 35S-labeled LPL was performed 
with a chicken antibody against human LPL, cross- 
reacting with the rabbit enzyme. The 35S radioactivity in- 
corporated into LPL is expressed as both percent of tissue 
radiolabeled total protein, and as dpm in immunoprecipi- 
tated LPL, normalized to 5 x 108 dpm initial radioactivity 
incubated per g tissue. As shown in Fig. 3, a single radio- 
active band with the expected molecular weight of LPL was 
obtained after polyacrylamide electrophoresis of the im- 
munoprecipitated adipose tissue. LPL accounted for 0.32 YJ 
of the newly synthesized proteins in adipocytes from fed 
animals. Upon fasting, incorporation of [ 35S]methionine 
into adipose tissue total protein was slightly decreased 
compared to the fed state (5.9% vs. 8.7%, NS), and the 
relative rate of synthesis of LPL was twice as low (Table 3). 
The combination of both effects resulted in a threefold 
reduction in the radioactivity recovered with the im- 
munoprecipitated [35S]LPL. Administration of cyclo- 
phosphamide to fed animals also significantly decreased - 
and in similar proportions - the amount of newly synthe- 
sized LPL. However, the drug did not further reduce the 
rate of synthesis of the enzyme when given to fasted 
animals. 

With regard to the heart tissue (Table 4), the incorpo- 
ration of [35S]methionine into both total protein and im- 
munoprecipitable LPL was not different in fed or fasted 
animals. LPL accounted for 0.22% of the newly synthe- 
sized proteins. As observed earlier for the enzymatic ac- 
tivity, the effects of cyclophosphamide on LPL synthesis 
appeared dependent on the nutritional state. With ad 
libitum-fed rabbits, the radioactivity recovered in newly 
synthesized LPL was found to be significantly higher in 

In order to follow the modulations of LPL synthesis at 
the transcriptional level, the variations in mRNA specific 
for LPL were estimated by slot-blot hybridization 
(Fig. 4), using a cDNA probe for human LPL, cross- 
hybridizing with rabbit RNA. The intensity of mRNA 
hybridization, as followed by optical integration of the 
autoradiograms, appeared to vary in parallel to changes 
in the synthesis of new [35S]LPL. Indeed, in the adipose 
tissue from fed and cyclophosphamide-treated animals, 
the signal of mRNA-cDNA hybridization was only 
19% f 2% of that recorded in the tissue from control 
animals. Fasting induced a similar decrease. However, the 
drug was still effective in reducing the levels of LPL- 
mRNA in the fasted state, leading to a further 70% 
decrease in the intensity of the hybridization signal. In 
heart, LPL-mRNA was higher after cyclophosphamide 
treatment of the fed animal (signal ratio of 240% 18% 
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antimitotic-treated animals due to an increase in both the 

and in the relative rate Of synthesis Of LPL (0.39%). 

Fig. 2. Correlation between plasma triacylglycerol and heart lipopro- 
tein lipase activity in fasted rabbits, Heart LPL activity was measured incorporation Of [35Simethionine in tissue protein 
after solubilization by detergents, as described in Table 2. Data are from 

When administered into 40-h-fasted animals, cyclophos- fasted rabbits either treated or not treated with 65 mg/kg cyclophospha- 

phamide induced no significant change in the amount of mide. Plasma was taken from the same animals before they were killed 
and triacylglycerol was measured. Values are from 17 individual experi- 

immunoprecipitated 135s]LpL, despite a tendency ments. An inverse relationship between both parameters was observed - -  - -  
towards a lower relative rate of synthesis. with an exponential regression factor of 0.687 ( P  < 0.01) 
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1 2 3 4 5 6 7 8 9 10 

Fig. 3. Immunoprecipitation of lipoprotein lipase from rabbit adipose tissue. Pieces of periepididymal fat pads 
(1-2 g) were incubated with 20-40 pCi [35S]methionine for 90 min. Adipose tissue was then homogenized with deter- 
gents and then incubated with either a specific chicken anti-LPL IgG or with a nonimmune I& (lane 1). Immuno- 
precipitated LPL was then separated by SDS-polyacrylamide gel electrophoresis and detected by autoradiography. 
Lane 1: fed rabbit (nonimmune I&); lanes 2-5: fasted rabbits (anti-LPL I$): lanes 6-9: fed rabbits; lane 10: fed 
rabbit treated with cyclophosphamide. 

compared to control fed animals). Conversely, fasting did 
not regulate the amount of heart LPL-mRNA, and the 
antimitotic treatment in fasted animals had no effect on 
the intensity of hybridization (signal ratio of 99% 6%, 
comparing treated hearts and controls). 

Effects of cyclophosphamide on VLDL-triacylglycerol 
secretion 

From the experiments described above, it was con- 
cluded that down-regulation of adipose tissue LPL upon 
fasting, combined with the effect of cyclophosphamide on 
heart LPL, result in a significant decrease of lipoprotein 

lipase, as expressed in the vascular compartment. How- 
ever, this decrease may not be the sole determinant of the 
hypertriglyceridemia observed under those conditions. 
We wondered whether the drug might affect the rate of 
secretion of triglyceride-rich lipoproteins. To test this 
hypothesis, four groups of animals were studied as de- 
scribed above, i.e., with or without cyclophosphamide, in 
fed and fasted states. Four hours before the end of the ex- 
periment, blood samples were taken and animals were 
then injected intravenously with Triton WR-1339, 350 
mg/kg, in order to block the catabolism of triglyceride- 
rich lipoproteins. Blood samples were taken again after 2 
and 4 h, triacylglycerols were measured, and the differ- 

TABLE 3. Synthesis of lipoprotein lipase in fat pad adipose tissue 

Fed Rabbits Fasted Rabbits 

Variable 
Cyclophosphamide- Cyclophosphamide- 

Untreated Treated Untreated Treated 

[35S]methionine incorporation in tissue protein (70) 8.7 f 1.7 13.5 f 6.5 5.9 f 1.1 7.3 f 1.5 
LPL relative synthesis rate (%) 0.32 0.06 0.10 f 0.02" 0.15 i 0.04' 0.17 f 0.06 
LPL-associated 3 5 s  radioactivity (dpm) 158000 f 46500 69500 f 13500' 52900 f 19000' 75000 f 36000 

Fat pad pieces (1-2 9) were incubated with 20-40 pCi [-YS]methionine and were then homogenized. Incorporation of the radiolabel into tissue 
total protein was determined by TCA precipitation and is expressed as percent of the incubated [35S]methionine. Relative rate of LPL synthesis (as 
7'0 total 35S-labeled protein) was assessed after immunoprecipitation of 106 dpm of incorporated protein radioactivity with 4 pI of a specific chicken 
anti-LPL antibody. Detection of radioactive LPL was performed by polyacrylamide gel electrophoresis, and the band was cut and counted for radioac- 
tivity. Radioactivity recovered in immunoprecipitated LPL was normalized to 5 x 108 dpm [35S]methionine initially added per g tissue. Data are 
from four experiments and are means f SE. 

', P < 0.01; ', P < 0.05: statistical significance referred to fed untreated animals. 
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TABLE 4. Synthesis of lipoprotein lipase in the perfused rabbit heart 

Variable 

Fed Rabbits Fasted Rabbits 

Cyclophosphamide- Cyclophosphamide- 
Untreated Treated Untreated Treated 

[35S]methionine incorporation in tissue protein (%) 5.6 f 2.0 10.6 f 3.9 6.3 + 0.2 10.5 f 4.5 

LPL-associated 35S radioactivity (dpm) 77500 f 46500 261000 * 173000" 68500 f 17000 73500 f 47000 
LPL relative synthesis rate (a) 0.21 f 0.04 0.39 f 0.28 0.22 f 0.05 0.12 * 0.01 

Hearts were pulse-labeled for 10 min with 50-70 pCi ['5S]methionine per ml, and then were chased with excess unlabeled methionine and further 
perfused in the presence of heparin. After homogenization, incorporation of the radiolabel into total tissue protein was determined by TCA precipita- 
tion and is expressed as percent of the incubated [%]methionine. Relative rate of LPL synthesis (as % total 35S-labeled protein) was assessed after 
immunoprecipitation of 106 dpm incorporated protein radioactivity with 4 pl of a specific chicken anti-LPL antibody. Detection of radioactive LPL 
was performed by polyacrylamide gel electrophoresis, and the band was cut and counted. Radioactivity recovered in immunoprecipitated LPL was 
normalized to 5 x lo8 dpm [35S]methionine initially added per g tissue. Data are from four experiments and are means f SE. 

', P < 0.05: statistical significance referred to fed untreated animals. 
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Fig. 4. Expression of lipoprotein lipase mRNA in rabbit adipose tissue and heart. Nutritional modulation and 
effects of cyclophosphamide. Rabbits were either fed ad libitum or  fasted for 40 h and treated or not treated with 
cyclophosphamide, as described in Table 1. Total RNA was extracted from heart and adipose tissue. Various concen- 
trations of total RNA were spotted onto a nitrocellulose film and hybridized with a [3zP]dCTP-labeled cDNA probe 
coding for (human) lipoprotein lipase. Positive hybridization was detected by autoradiography. The spots obtained 
for the concentrations of 10 and 5 pg are shown in the upper part of the figure. Lanes 1-6: slot-blot hybridization 
of adipose tissue RNA, lane 1: control fed rabbit; lane 2: fed and cyclophosphamide-treated rabbit; lanes 3 and 5: 
fasted control rabbits; lanes 4 and 6: fasted and cyclophosphamide-treated rabbits; lanes 7-10: slot-blot hybridization 
of heart RNA; lane 7: control fed rabbit; lane 8: control and cyclophosphamide-treated rabbit; lane 9: control fasted 
rabbit; and lane 10: fasted and cyclophosphamide-treated rabbit. Lower part of figure: A: relative optical integration 
of the slot-blot for adipose tissue LPL-mRNA as a function of RNA concentrations under two conditions, fed con- 
trols and fed + cyclophosphamide-treated animals. B: relative optical integration of the slot-blot for heart LPL- 
mRNA. Legends as in A. 
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ences observed after Triton administration were normal- TABLE 5. Effects of cvclophosphamide on the secretion of 
ized as secretion rate per hour (Table 5). The values ob- 
tained in two experiments were quite different, yet similar 
qualitative variations were observed between the different 
treatments. Secretion rates of triacylglycerol were higher 
in fed than in fasted control animals. Cyclophosphamide 
induced an increase in TG secretion (36%, on average) in 
both nutritional states. When triglyceride-rich lipopro- 
teins were isolated as the d < 1.006 g/ml ultracentrifugal 
fraction, the same differences were registered (data not 
shown). The TG secretion rate in this fraction was 
57 nmol/ml per h in fasted controls and 138 nmol/ml per h 
in treated animals. In normally fed rabbits, the cor- 
responding values were 112 nmol/ml per h and 181 nmol/ 
ml per h for control and cyclophosphamide-treated rab- 
bits, respectively. 

Hence, cyclophosphamide appears to increase moder- 
ately the rate of triacylglycerol secretion, an effect that 

I . .  

triglyceride-rich lipoproteins 

Triglyceride 
Secretion Rate 

Nutritional 
State Cvclouhosuhamide Exu. 1 Exp. 2 

Fasted 
Fasted 
Fed 
Fed 

nmol/ml/h 

280 170 
200 

1100 220 
1600 320 

Rabbits either fed normally or fasted 40 h were treated with 65 mg/kg 
cyclophosphamide ( + ) or with vehicle only ( - ) during the last 16 h. Four 
h before the end of the experiment, blood samples were taken and animals 
were then injected intravenously with Triton WR-1339, 350 mg/kg, in 
order to block the catabolism of triglyceride-rich lipoproteins. Blood sam- 
ples were taken again after 2 and 4 h and the animals were then killed. 
Triacylglycerol was measured in all plasma samples and the secretion rate 
was calculated per h and per ml plasma. Data are from two experiments. 

may contribute to the occurrence of hypertriglyceridemia 
in fasted and cyclophosphamide-treated animals. 

heart homogenates by heparin affinity chromatography, 
and also from heart perfusates after heparin infusion. The 
enzymes from heart, adipose tissue, and postheparin 
plasma were identically inhibited by a specific chicken 
antiserum against LPL. Half inhibition was observed at 
a dilution of 1:64 (Fig. 5). The LPL activity from both fat 
tissue and heart proved to be stable up to 3 h at 37OC in 
a medium containing albumin and heparin. The same be- 
havior was observed with LPL present in adipocyte cul- 
ture media or in heart perfusates (data not shown). 

Characteristics of lipoprotein lipase isolated from 
rabbit adipose tissue, heart, and postheparin plasma 

The experiments described above have shown that, in 
the rabbit, adipose LPL and heart LPL respond differ- 
ently to nutritional modulation or to antimitotic adminis- 
tration. To check whether LPL originating from those two 
organs have similar or different properties, the enzyme 
was isolated from postheparin plasma, adipose tissue, or 

v 
h 
Y 50 

0 Adipose tissue LPL 

Heart LPL 
Post-htparin plasma LPL 

O f  
1 :2 1:8 1 : 3 2  1 : 1 2 8  1 :512  

IgC dilutions 
Fig. 5. Immunoinhibition of the activity of LPL isolated from different rabbit sources. Lipoprotein lipase isolated 
from heart, adipose tissue, or postheparin plasma was preincubated for 60 min at 4OC with an identical volume 
of a dilution of IgG, directed against LPL. Then, 25 hl of the mixture was assayed for LPL activity Control pre- 
incubations were performed with nonimmune chicken IgG. Results are expressed as percent remaining activity, 
relative to samples preincubated with nonimmune IgG. The 100% activity represented 47 mIU/ml for adipose tissue 
LPL (0), 33 mIU/ml for heart LPL (O), and 70 mIU/ml for the enzyme isolated from postheparin plasma (+). 
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Fig. 6 .  Concentration kinetics for the hydrolysis of VLDL-[3H]TG, as induced by adipose tissue LPL (A) and heart LPL (B). Lipoprotein lipase 
was partially purified from adipose tissue and heart homogenates by heparin-Sepharose chromatography. All enzyme preparations were kept in a Tris- 
HCI buffer, 0.2 M,  pH 7.4, containing 0.15 M NaCI, 4% (wiv) BSA, 20% (vh)  glycerol, and heparin (5 IU/ml). Increasing concentrations of 
[3H]trioleoylglycerol-labeled VLDL were incubated with adipose tissue LPL (12.5 mIU/ml) or heart LPL (13.3 mIU/ml) in Tris-HCI, 0.2 M, pH 7.4, 
containing 0.15 M NaCl and BSA 4% (wiv). Incubations were carried out for 45 min at 37OC. Lipids were extracted, analyzed by thin-layer chro- 
matography, and the TG hydrolysis was calculated (pM/30 min). One experiment representative of two identical studies. Inserts show the V/S = f(V) 
expression. 

The affinity and catalytic efficiency of the different LPL 
preparations towards VLDL-triacylglycerol were com- 
pared in hydrolysis kinetic experiments. Saturable profiles 
were evident in all cases (see Fig. 6A and 6B, for adipose 
tissue and heart LPL, respectively). The estimated kinetic 
parameters were almost similar for the lipoprotein lipase 
isolated from either fat or heart tissues (K ,  around 
0.07 mM). Values of the same order of magnitude were 
also obtained with the LPL partially purified from post- 
heparin plasma or present in heparin-containing heart 
perfusates (Table 6). 

Heart and adipose LPL were also analyzed by SDS- 
PAGE, transferred, and immunoblotted using the specific 
anti-LPL IgG. In both cases one major band with an ap- 
parent molecular mass of 54.7 k 1.8 and 52.4 f 0.9 kDa, 
respectively, was detected (Table 6) with no appearance of 
smaller fragments. 

In order to confirm the identity of the LPL isolated 
from heart and adipose tissue, the extracted RNAs were 
separated by agarose electrophoresis, transferred, and 
hybridized with a cDNA probe coding for human LPL. 
For comparison, the Northern blot analysis of guinea pig 
tissue RNAs was run in parallel, and indicated the 
presence of three different sizes of mRNA for LPL, ac- 
cording to previous reports: 3.8, 3.3, and 2.1 kB. In rabbit 

tissues, a single transcript of 3.8 kB was detected in both 
heart and adipose tissue (not shown). 

Hence, the different LPL preparations likely derive 
from the same transcript and display similar molecular 
mass and catalytic properties. 

TABLE 6. Kinetic parameters and molecular mass of LPL purified 
from heart, adipose tissue, and postheparin plasma 

Variable 
Molecular 

Km vma? Mass 

m M  m ~ / 3 0  min kDa 

Postheparin plasma 0.046 
Tissue homogenate 

Adipose tissue 0.069 

Heart 0.070 

Heart perfusate 0.085 

(0.056-0.081) 

(0.055-0.085) 

(0.075-0.096) 

0.032 

0.038 54.7 + 1.8 

0.038 52.4 + 0.9 

0.056 

(0.032-0.043) 

(0.035-0.041) 

(0.065-0.047) 

LPL, partially purified from different sources as described in Materials 
and Methods, was incubated with increasing concentrations of (3HI-TG- 
VLDL as in Fig. 5. Kinetic parameters were assessed by the two reciprocal 
and the V = f(V/S) methods. V,, is expressed for 12.5 mIU per ml. 
Results are from one or two experiments. The molecular mass of LPL 
partially purified from adipose tissue and heart was estimated after poly- 
acrylamide gel electrophoresis followed by immunoblotting with a spe- 
cific antibody against LPL (three determinations). 
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DISCUSSION 

Lipoprotein lipase activity in rabbit tissues appears to be 
differentially modulated by the nutritional status or by 
antimitotic administration. In agreement with previous 
reports from this laboratory, cyclophosphamide injection 
into fasted rabbits induced a massive hypertriglyceride- 
mia associated with a defect of LPL as measured in post- 
heparin plasma (25). In the present study, heart LPL ac- 
tivity was found to be most sensitive to the depressing 
effect of the drug in fasted animals. On  the other hand, 
starvation down-regulated the level of LPL synthesis and 
activity in the adipose tissue. The combination of both 
effects may probably account for the enzyme deficiency in 
the vascular compartment, as observed in fasted and 
cyclophosphamide-treated animals. Moreover, the in- 
creased VLDL-' secretion induced by the drug might 
also contribute to the observed hyperlipemia. Conversely, 
administration of cyclophosphamide to normally fed 
animals resulted in a stimulation of LPL synthesis and ac- 
tivity in the heart, associated with an increase in the ac- 
tivity measured in postheparin plasma. 

The present observations emphasize the role of LPL 
deficiency in triggering hypertriglyceridemia in cyclo- 
phosphamide-treated fasted rabbits. The arguments in 
favor of this evidence are the following. The drug treat- 
ment leads to an accumulation of plasma triacylglycerol 
only in the fasted state, a situation where adipose tissue 
LPL is at its lowest level and where the drug depresses 
heart LPL activity. This results in a 75% decrease in the 
LPL activity measured in the vascular compartment and, 
as illustrated in Fig. 2, there might be a threshold of heart 
LPL activity under which hypertriglyceridemia will 
occur. The stimulation of (VLDL) triacylglycerol synthe- 
sis by cyclophosphamide is unlikely to play a major role 
since it did not exceed 5076, whereas accumulation of 
plasma triacylglycerol was increased more than fourfold 
in fasted and cyclophosphamide-treated rabbits. Further- 
more, stimulation of triglyceride synthesis with the drug 
was observed in both fed and fasted animals, whereas the 
effects on heart LPL were dependent on the nutritional 
state, as was the occurrence of hypertriglyceridemia. This 
strengthens the hypothesis that lowering LPL activity in 
two major sites of its synthesis is a major determinant of 
the observed hypertriglyceridemia. 

This experimental model allows a study of the respec- 
tive contributions of heart and periepididymal adipose tis- 
sue to postheparin plasma LPL activity (PHP-LPL), and 
emphasizes the role of the heart LPL in the fasted state. 
For instance, in fed animals, 3 g of periepididymal fat pad 
tissue and 8 g of heart tissue would contribute about 40% 
of the PHP-LPL, considering 100 ml as the plasma 
volume per rabbit. Upon starvation, heart LPL itself 
would contribute more than 45%, and thus is likely to be 

of importance, together with LPL in skeletal muscle, in 
the clearance of plasma triacylglycerol. 

The nutritional regulations of adipose LPL in the rab- 
bit are concordant with similar observations in other spe- 
cies and particularly in humans (15), guinea pigs (5, 10, 
IS), and chickens (40). These nutritional modulations are 
likely explained by the long-term regulation by insulin on 
LPL synthesis in adipocytes (13). Indeed, in isolated hu- 
man adipocytes, insulin was reported to increase by two- 
to threefold the relative synthesis of LPL and the expres- 
sion of specific LPL mRNA (13). Conflicting observations 
have been reported on the regulation of rat adipose LPL 
(41). Fasting would little affect the rate of synthesis but 
would rather channel LPL to a degradation pathway and 
not towards secretion in an active form. In our experi- 
ments with the rabbit, the parallel decreases in LPL ac- 
tivity, rate of synthesis, and specific mRNA do not sup- 
port this scheme, and species differences may be invoked 
regarding the trigger points of insulin regulation of adi- 
pose tissue LPL. 

However, some discrepancy is noted if one compares 
the amplitude of nutritional modulation in terms of ac- 
tivity (- 94% upon fasting) and in terms of rate of synthe- 
sis (- 66%) suggesting that insulin would also be involved 
in LPL activation. Insulin, by stimulating the entry of 
glucose into the cell may stimulate the glycosylation steps 
of the enzymatic protein during the intracellular matura- 
tion of LPL (42, 43). 

Another target of insulin regulation might concern the 
secretion processes. As shown in 3T3-Ll cells, addition of 
insulin promotes some release of cellular LPL by a 
process independent of protein synthesis but which may 
involve phospholipase C activation (44, 45). In turn, the 
generated diacylglycerol would activate the cellular pro- 
tein kinase C. In this context, recent studies carried out 
on both a macrophage cell line and on preadipocytes have 
demonstrated that phospholipase C and protein kinase C 
activation can cause induction of LPL mRNA (45, 46). In 
complementary experiments carried out in ex vivo iso- 
lated adipocytes, we observed a proportional decrease in 
LPL activity among the secretory, heparin-releasable, 
and intracellular compartments, in cells isolated from 
fasted rabbits, suggesting that in this species, lack of insu- 
lin has little effect on LPL secretion from adipose tissue 
(A. Lespine, unpublished observation). 

The effects of cyclophosphamide on adipose tissue LPL 
were essentially similar to those of fasting. The drug in- 
duced a 60% reduction in the newly synthesized [35S]LPL 
and a corresponding decrease in the LPL-mRNA, associ- 
ated with a 78% decrease in activity. The effects of cyclo- 
phosphamide administration and of fasting on LPL activ- 
ity were not cumulative, suggesting that they are directed 
towards common mechanisms. Although purely specula- 
tive at this time, cyclophosphamide may inhibit the syn- 
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thesis of specific proteins, LPL for example, or may affect 
the synthesis of an insulin-responsive transcription factor. 

In the rabbit, heart LPL appeared insensitive to nutri- 
tional modulation in terms of activity, synthesis, and ex- 
pression of specific mRNA. Depending on the animal 
model studied, various changes of heart LPL upon feed- 
ing and fasting have been reported (5, 47). Nevertheless, 
no clear relationship has been found between the levels of 
insulin and heart LPL activity. In guinea pigs for in- 
stance, no change is recorded in LPL activity upon star- 
vation or in the level of LPL mRNA in the heart (10). 
However, in alloxan-treated diabetic rats, heart LPL is 
lowered, but it can be restored by perfusing the organ in 
presence of insulin (48), suggesting that certain conditions 
may unveil a stimulatory role of the hormone. In our 
model, although nutritional variations failed to display 
any effect on heart LPL in control animals, cyclophospha- 
mide stimulated LPL synthesis and activity only in fed 
animals, i.e., in presence of insulin but not in its absence, 
Several hypotheses may be open to future research regard- 
ing this observation. First, cyclophosphamide might affect 
the synthesis of an inhibitor of the insulin response of 
heart LPL. Alternatively, cyclophosphamide or its metabo- 
lites (4-cetocyclophosphamide and carboxyphosphamide) 
might interfere with (increase) the cell levels of cyclic 
AMP, a potent modulator of heart LPL (49, 50), either 
directly through the adenylcyclase/phosphodiesterase 
balance or indirectly. It may be recalled that the effects of 
CAMP on adipose tissue LPL and heart LPL are just op- 
posite (50), as were the effects of cyclophosphamide in fed 
animals. 

Cyclophosphamide administration in fasted animals 
did not significantly change the rate of synthesis of heart 
LPL or the level of specific mRNA. However, the LPL ac- 
tivity recovered in heart under these conditions was 
reduced by 50%, and this decline was critical for the oc- 
currence of the LPL defect in the vascular compartment. 
Hence, cyclophosphamide metabolites may have side 
effects on LPL activity. Current perfusion studies carried 
out in our laboratory indicate that the reduction in heart 
LPL activity observed in fastedhreated rabbits mostly 
concerns the secretory and heparin-releasable pools of the 
enzyme (A. Lespine, unpublished studies). Hence a 
defective secretion pathway may target LPL to the degra- 
dation pathway more than in the control situation (51). 

Experimental hypertriglyceridemias, developing in a 
comparable time scale, have been observed in animals 
receiving an in vivo injection of TNF or interferon (5, 19, 
22). Those cytokines are secreted by the activated macro- 
phages in response to invasive or severe infectious pro- 
cesses (52). In the rat, adipose LPL appears specifically 
lowered by TNF, while the activity in heart is either un- 
changed or even increased ( 5 ,  22). Furthermore, the fatty 
acid uptake from chylomicrons was enhanced in hearts 
from TNF-treated rats (22). In this species, when adipose 

LPL was first depressed by induction of diabetes, TNF 
did not further decrease the heart enzyme (53). 

The picture obtained with cyclophosphamide has some 
common features with the modulation by TNF. In the fed 
state, antimitotic treatment reduced LPL synthesis and 
activity in adipose tissue but had opposed effects on heart 
LPL. However, the hyperlipidemia became patent only in 
the fasted state, when both sources of LPL were re- 
pressed. In this case, cyclophosphamide treatment has 
little influence on heart LPL synthesis, but reduces heart 
LPL activity. Finally, measurements of the immunodetec- 
table TNF showed no accumulation of the mediator fol- 
lowing antimitotic treatment. However, considering the 
very rapid catabolism of TNF and the fact that the TNF- 
induced hypertriglyceridemias reported in the literature 
occur in a time interval comparable to that observed with 
cyclophosphamide administration, one cannot rule out a 
transient accumulation of the cytokine during the hours 
preceding the occurrence of an LPL defect. 

VLDL from our irradiated or cyclophosphamide-treated 
rabbits contained new apolipoproteins called apoX 
(25-27). Their presence did not impair the normal con- 
version of VLDL to intermediate density lipoproteins and 
LDL (27), but apoX could eventually modulate the syn- 
thesis of LPL. In the present model, high doses of cyclo- 
phosphamide were used to induce a strong defect in lipo- 
protein lipase. Hence, the observations may have little 
relevance with regard to regular antimitotic therapy. This 
question was recently addressed in our laboratory by 
analyzing the lipoprotein profile of six patients receiving 
therapeutic doses of cyclophosphamide (500 mg/m2). 
Variations in the levels of triglyceride and cholesterol were 
not significant in the course of the perfusion (24 h). How- 
ever, VLDL isolated from the patients accumulated 
apoX. Hence, occurrence of the latter apoX and lipo- 
protein lipase defect may not be related. 

In conclusion, adipose tissue LPL and heart LPL are 
differentially regulated in the rabbit in response to nutri- 
tional modulations and to antimitotic administration. OC- 
currence of hypertriglyceridemia and LPL deficiency in 
the vascular compartment occur when both adipose tissue 
LPL is at its lowest level upon insulin deprivation, and 
when heart LPL is depressed by the drug. Furthermore, 
cyclophosphamide may be used as a tool to unveil nor- 
mally nonexpressed reglation of heart LPL by insu1in.l 

Thanks are due to Professor Gunilla Bengsson-Olivecrona for 
fruitful discussion. 
Manuscript received 23 M a y  1991 and in revised form 7 Jury 1992. 
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