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Different hydrolytic efficiencies of adipose tissue lipoprotein
lipase on very-low-density lipoprotein subfractions
separated by heparin-Sepharose chromatography
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Human very-low-density lipoproteins (VLDL) were subfractionated by heparin-Sepharose chromatography into an unbound (A!
and three bound (B, C and D) populations at increasing ionic strengths. Subfractions were characterized regarding their chemica!
composition and efficiency of triacylglycerol hydrolysis by rat adipose tissue LPL. The triacylglycerol content decreased, wherca
the cholesterol and protein contents increased from subfractions A and B to subfraction D. VLDL-D showed the highest ape
E/apo C ratio, though all the subfractions contained appreciable apo E. Appearance of VLDL-A resulted from exceeding the
binding capacity of the column, since practically all its particles eluted at positions of bound VLDL under re-chromatography
Subfractions B, C and D stimulated LPL activity on emulsified tri{**Cloleoylglycerol to a similar extent, indicating that their ap¢
C-II content was equally effective activating LPL. Incubation of tri[* Cloleoylglycerol labeled VLDL subfractions with fat pad
pieces in the presence or absence of heparin resulted in greater hydrolysis and fatty acid uptake for VLDL-B and -C than fur
VLDL-D, a pattern observed over a wide range of LPL activities in the media. We conclude: (1) any VLDL particle can interact
with heparin, which is consistent with the presence of apo E in all the subfractions, and (2) triacylglycerols in apo E-rich VLDI
are less efficiently hydrolyzed by LPL than those in apo E-poor particles. We propose that richness in apo E impairs LPL actio?
upon VLLDL and decreases the rate of delivery of fatty acids to peripheral tissues.

of lipoprotein lipase (LPL; EC 3.1.1.34), the rate-lim"
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The plasma very-low-density lipoprotein fraction
(VLDL; d < 1.006 kg/D is a continuum of particles
that are polydispersed and heterogeneous in size, com-
position [1,2] and the expression of certain superficial
epitopes [3]. These characteristics modulate the parti-
cle’s metabolic fate. VLDL mostly transports endoge-
nously synthesized triacylglycerols from the liver to
peripheral tissues in a process that requires the action
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see Ref. 4). Apolipoprotein (apo) E plays a centrd <
in the catabolism of VLDL. Aside from being a liga"
for membrane receptors, it has been postulated that
functional apo E is required for the lipolytic conv¢ "-‘"'"'
of VLDL into LDL to proceed normally [5]. Home?
gotes for the mutant isoform E,, whether normo [o] )
hyperlipidemic (Type I1I) [7], show an impaired mmcr;c
sion pathway when compared to homozygotes f‘"f ( «
commonnest variant: E,. Consistently, B-VLDL _’:
Type 111, E,/E, patients is resistant to LPL'mFd'_;:
hydrolysis and conversion into LDL-like Panlci; ™
vitro, a phenomenon which is overcome by the af’ '..r"
of apo E,, but not apo E, [8]. Moreover: in A
E-deficiency the synthesis of LDL is decrease
these particles are kinetically abnormal [9]. hee®

Heparin-Sepharose chromatography ha* VIO
proven to be a suitable method for separatinf =
into subfractions of different apo E content
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Likewise, these subfractions have been shown



distinct metabolic significance. LPL-mediated Lipolysis
’n~ vitro [15,16] and kinetic studies in hyperlipidemic
1 bjects [11,17] have provided evidences for a partial
’l:ccursor-product relationship between apo E-poor
and apo E-rich VLDL. The latter particles, in turn, are
(mnsformed into IDL [11]. On the other hand, apo
E-rich VLDL is more effective than apo E-poor VLDL
\n competing with LDL for binding to the B/E-recep-
ror of human fibroblasts [12,14]. However, the effi-
cency of LPL-mediated hydrolysis of these subfrac-
tjons has not been addressed. The aim of the present
work was to compare the LPL-mediated hydrolysis of
the triacylglycerols carried by VLDL subfractions with
3 different apo E content. With this purpose human
vLDL have been subfractionated by heparin-Sep-
harose chromatography and characterized for chemical
composition.  After being labeled in vitro with
”g[“C]oleoylglycerol, these subfractions were incu-
pated with rat epididymal fat pads to determine their
hydrolysis by LPL.

Materials and Methods

LDL preparation and subfractionation

Sera from normolipidemic donors who had fasted
overnight were pooled and Na,-EDTA (1 mg/ml),
sodium azide (0.2 mg/ml) and aprotinin (Trasylol, 300
KIU/ml) were added as preservatives. VLDL d<
1.006) was isolated by preparative ultracentrifugation
at 40000 rpm (145500 x g), at 10°C, for 18 h in a
Beckman 50.2 Ti rotor (Beckman Instruments, Palo
Alto, CA, USA). VLDL was recovered from the top by
wube slicing and washed by an additional ultracentrifu-
gation in the same conditions.

VLDL affinity chromatography was performed as
described by Trezzi el al. {12] with minor modifications.
The column (1.6 X 20 ¢cm) was packed with 40 ml of
swollen heparin-Sepharose CL-6B (Pharmacia, Upp-
sala, Sweden) and equilibrated with 0.05 M NaCl/5
mM Tris-HCI (pH 7.4) /0.02% sodium azide containing
0.025 M MnCl, (buffer A). VLDL was dialyzed against
25(x4) 1 of 0.05 M NaCl/5 mM Tris-HCl (pH 7.4)/
0.02% sodium azide, 0.01% Na,-EDTA, for 16 h, omit-
ting Na,-EDTA in the last two changes of medium.
Immediately before loading the sample into the col-
umn, solid MnCl, was added to a final concentration
of 0.025 M. VLDL was loaded in a volume of 10-15 ml
{7-14 mg protein) at a flow rate of 30 mi/h and
allowed to equilibrate for 2 h at 4°C. Elution was
performed at a flow rate of 30 ml/h and 4°C, using a
discontinuous salt gradient. The unretained fraction
was eluted with buffer A and the retained particles
were eluted stepwise by passing 5 mM Tris-HCI buffers
(pH 7.4) containing 0.02% sodium azide and the fol-
lowing NaCl concentrations: 0.12 M (buffer B), 0.2 M
(C), 0.5 M (D). The eluant was monitored at 280 nm.
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The column fractions belonging to the same peak (des-
ignated A, B, C and D, respectively) were pooled,
concentrated against sodium carboxymethyl-cellulose
(Aquacide 11, Calbiochem, San Diego, CA, USA) and
dialyzed against 0.15 M NaCl, 0.01% Na,-EDTA (pH
7.4). Subfractions prepared in this manner were shortly
used for characterization and incubation. Triacyl-
glycerol recovery after chromatography ranged be-
tween 70 and 90%, but the recovery degree did not
significantly affect the proportion of the different
VLDL subfractions. Re-chromatography of the sub-
fractions will be commented in Results.

VLDL characterization

Protein content was determined by the method of
Lowry et al. [18] using bovine serum albumin as stan-
dard; turbidity was removed by adding Triton X-100 to
a final concentration of 0.1% [19). Lipid composition
was determined enzymatically. Triacylglycerols, cho-
line-containing phospholipids and total cholesterol
were measured using commercial kits from Menarini
(Firenze, Italy) and unesterified cholesterol was meas-
ured using a kit from Boehringer-Mannheim (Mann-
heim, Germany). The cholesterol ester content was
calculated by substracting the unesterified cholesterol
from the total cholesterol content. Mean diameter and
mass of VLDL particles were estimated from their
chemical composition as described by Redgrave and
Carlson [20].

The apolipoprotein content of the VLDL subfrac-
tions was analyzed by SDS-polyacrylamide gradient gel
electrophoresis according to the method of Laemmli
{21]. Samples were previously delipidated with subse-
quent washes in acetone/ethanol (1:1, v/v) and di-
ethyl ether. The pellet was redissolved with a Tris-HCI
buffer (pH 6.8) containing 1% SDS (w/v) and 5%
B-mercaptoethanol. Appropriate aliquots (approx. 65
wg of protein) were loaded on slab gels (8 X 10 cm,
0.75 mm thick) consisting of a 3.5% polyacrylamide
(LKB) stacking gel (pH 6.8) and a 5-25% polyacryl-
amide gradient separating gel (pH 8.8), both containing
0.19% SDS. Electrophoresis was carried out at 50 V for
30 min and subsequently at 200 V until the tracking
dye just left the gel. Gels were fixed and then stained
with Coomassie Brilliant Blue R-250 and destained.
The apolipoprotein bands were identified by means of
appropriate molecular weight standards. The relative
amounts of apolipoproteins were determined by den-
sitometry at 560 nm.

The distribution of the apo E and apo C isoforms in
VLDL was determined by isoelectric focussing in 7.5%
polyacrylamide slab gels (7 X 11.5 cm, 0.7 mm thick)
containing 8 M urea and 2% ampholine (pH range
4-6.5; Pharmacia). Samples were delipidated as indi-
cated above and the apolipoproteins were solubilized
in a Tris-HCI buffer (pH 8.6) containing 8 M urea and
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16 mM dithiothreitol. All the reagents were electro-
phoresis grade. The gels were prefocussed at 500 V for
30 min. Aliquots (approx. 80 ug of protein) of the
samples were then applied to the gels and focussed at
500 V for 45 min and 2000 V for 150 min. Once the
gels had been fixed they were stained with Coomassie
Brilliant Blue R-250 and destained. The different iso-
forms were identified according to their isoelectric
point [22] and quantified by scanning the gel at 560 nm.

VLDL labeling

VLDL was labeled in vitro with tri[1-*Cloleoylgly-
cerol or tri[9,10(n)-*Hloleoylglycerol (Amersham, UK;
specific activities = 59 mCi/mmol and 1 Ci/mmol, re-
spectively) by incubation of unfractionated VLDL with
radioactive triacylglycerol-coated Celite (Sigma, St
Louis, MO, USA) according to the procedure of Bren-
neman and Spector [23]. Labeled VLDL was dialyzed
and subfractionated by heparin-Sepharose chromatog-
raphy as described above. Radioactivity coeluted with
the absorbance peaks, suggesting that radioactivity was
specifically associated with the VLDL subfractions.
VLDL-D regularly showed a 3 to 6-fold higher specific
activity (dpm/ug of triacylglycerol) than the rest of
VLDL particles.

Incubation of the VLDL subfractions with rat adipose
tissue

First, the ability of the VLDL subfractions to acti-
vate LPL was determined. The source of LPL con-
sisted of the heparin-releasable enzyme from epididy-
mal fat pads. For this fed male Wistar rats (approx. 200
g of body weight) were killed by cervical fracture and
the epididymal fat pads were immediately excised and
placed in Krebs-Ringer bicarbonate buffer (KRB) with
a suitable salt content [24]. Fat pads from several
animals were pooled and cut with scissors into small
pieces (about 5 mg each). Fat pad pieces (2.6 g) were
incubated in 85 ml of KRB containing 0.75 IU/ml of
heparin, at 37°C for 25 min while gently shaking. After
the incubation, the medium, containing LPL released
from the tissue, was filtered by passing it through a
nylon gauze. To determine LPL activity a tri[l-
14Cloleoylglycerol / phosphatidyl-choline emulsion was
used as substrate [25]. The reaction mixture contained
2 volumes of substrate emulsion and 3 volumes of 6%
bovine serum albumin in 0.15 M NaCl /0.2 M Tris-HCI
buffer (pH 8.2). The assay was performed by incubat-
ing 200 ul of the adipose tissue LPL solution and 100
ul of the reaction mixture (containing 624 nmol of
trioleoylglycerol) in the presence or the absence of 500
ul (34 nmol of triacylglycerol) of whole VLDL or its
subfractions in 0.15 M NaCl for 30 min at 37°C. Blank
assay tubes without enzyme were also incubated to

make proper corrections. After 30 min of incubation
250 pl of the incubation mixture were transferred to
another tube where the reaction was terminated by
adding 3.5 ml of methanol/chloroform/heptane
(141:125:100). '“C-labeled unesterified fatty acids
were extracted in the upper phase for counting after
the addition of 1 ml of 0.1 M K,CO+-K;BO, (pH 10.5)
[26].

In another set of experiments, tri[l1-'*Cloleoyl-
glycerol labeled VLDL subfractions were incubated in
a final volume of 6 ml of KRB [24] containing 5 mM
glucose and 1% bovine serum albumin in the presence
or the absence (blank vials) of approx. 100 mg of fat
pad pieces prepared as previously described. The adi-
pose tissue weights corresponding to three indepen-
dent experiments were: 103.7 + 0.7 (n = 16), 102.3 + 0.4
(n = 20) and 100.9 + 0.5 (n = 20) (mean + S.E.) mg per
vial. Half of the incubation vials were supplemented
with 2.5 IU/ml of heparin [27). This concentration of
heparin produced maximum release of LPL activity to
the media and maximum hydrolysis of VLDL-tri[l-
"Cloleoylglycerol in our conditions. Incubations were
performed for 120 min at 37°C in sealed glass vials
gassed for 5 min with O,/CO, (95:5) and shaken at
100 cycles /min. Incubations were terminated by tran-
ferring the vials to an ice bath and filtering the media
through a nylon gauze to remove the tissue pieces
Immediately after this, 2 ml of the media were placed
in 10 ml of chloroform/methanol (2:1) for lipid ¢V
traction [28] and fractionation in esterified and non
esterified fatty acids [29]. Aliquots of these fraction®
were counted for radioactivity. The fat pad pieces were
processed to determine the tissue uptake of ["Clfat®
acids. For this, the fat pad pieces were thoroughh
washed with saline and placed in a scintillation f“’
where they were treated with 250 w1 of Protosol (New
England Nuclear, Bad Homburg, Germany). When the
tissue was completely digested it was counted for ra
dioactivity in 10 ml of a suitable scintillation cockt!
(Normascint 11, Scharlau, Barcelona, Spain). Trao!
glycerol hydrolysis (disappearance of esterifneq fatty
acids), appearance of unesterified fatty acids if (
media and tissue uptake of fatty acids were csnmi‘"
from the proper dpm values and expressed as peree? _
age of initial triacylglycerols by correcting for the \: .
cific activity (dpm/nmol of triacylg]yCCrols) of the td‘»’
responding VLDL subfraction. An aliquot of the .".):

was used to measure LPL activity as describe - *

Statistical analysis _
Statistical comparisons were done usinE thcunnn*

graphics version 5.0 (Statistical Graphics Cf’f‘"’ o

on an IBM PS/2 computer. The analysi* m:c‘,

Friedman two-way test by ranks and Wilcoxon

ranks.

St



Results

Fig. 1 shows a representative profile of the heparin-
Gepharose chromatography of VLDL from a pool of
izumim sera when 11 to 14 mg of protein were loaded
,nto the column. In these conditions four peaks, A, B,
¢ and D in order of elution, appeared. The chemical
mmposition and size of these particles are shown in
Table L. VLDL-A and B had the highest triacylglycerol
content and the lowest unesterified cholesterol, choles-
rerol ester and protein contents, whereas subfraction D
+howed opposite characteristics. In accordance, the
cstimated particle diameter progressively decreased
from subfractions A and B to subfraction D. The
apolipoprotein content of VLDL subfractions was ana-
zed by SDS gradient gel electrophoresis and subse-
ducnt densitometry. As shown in Fig. 2, Apo E was
present in all the subfractions although, as expected
from its high affinity to heparin, VLDL-D was the
richest in this peptide, a fact made clearly manifest
when the relative intensities of the apo E and apo C
pands and the apo E/apo C ratio were considered
(Fig. 2). However, despite the inability of VLDL-A to
bind to heparin, its apo E content was higher than that
corresponding to subfractions B and C (Fig. 2). To
analyze the distribution of apo E and apo C isoforms,
the VLDL subfractions were subjected to isoelectric
focussing. There were no substantial differences in the
distribution of the apo C-II and apo C-III isoforms
peteween VLDL subfractions (Fig. 3). In agreement
with the diverse source of the sera that were pooled to
isolate VLDL, several apo E isoforms were identified
in total VLDL, E; being the most abundant. Subfrac-
tions A and D displayed this same pattern; however,
apo E was barely detectable in subfractions B and C
{(Fig. 3), which confirms their relatively low content in
this apolipoprotein.

TABLE 1

Percent lipid and protein composition of total VLDL and its subfractions
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o Relative absorbance at 2680 nm

n

100 10 120

0 10 20 30 40 50 60 70 80 90
Fraction number

IAI B ] o] ' D

Fig. 1. A typical elution profile of VLDL from a heparin-Sepharose

CL-6B column when 11-14 mg of protein were loaded. 11.6 mg of

protein were applied and chromatography was performed as indi-

cated in Materials and Methods. Fractions of 2 m! were collected.

Arrows indicate the initiation of the different buffer steps
(A, B, Cand D).

To test whether subfraction A was the result of
saturation of the column binding capacity different
amounts of VLDL were subjected to heparin-Sep-
harose chromatography. When less than 11 mg of pro-
tein were loaded into the column no material was
eluted with the first buffer (0.05 M NaCl/0.025 M
MnCl,) and only peaks B, C and D were obtained.
Presence of peak A was exclusively apparent when 11
mg or more protein were loaded, and its proportion
increased parallel to the amount of VLDL loaded
(results not shown). To ascertain the origin of the
particles in peak A, VLDL were labeled in vitro with
tri[*H]oleoylglycerol, subfractionated in heparin-Sep-
harose columns and the resulting *H-labeled VLDL-A,
-B and -D were extensively dialyzed against 0.05 M

Values (mean + S.E.) were obtained from four independent pools of sera as described in Materials and Methods. Particle diameter and mass
were estimated from their chemical composition and partial specific volumes of the components [20]. Statistical comparisons between each pair
of subfractions were performed using a Wilcoxon test by ranks. Differences are statistically significant (P < 0.05) when subfractions do not share
any superscript letter. Friedman two-way analysis by ranks showed significant differences (P < 0.05) betweeen subfractions for the cholesterol

ester component after excluding VLDL-A from the analysis.

VLDL

A B C D Total
Triacylglycerol 575+23°% 578+6.0°2 541453 52043.6° 57.7+1.7
Cholesterol ester 47+08% 44+10°? 52+409° 62+09° 59403
Unesterified cholesterol 6.0+0.6? 57+1.0% 6.4+0.93 654+05° 57+05
Phospholipid 182412 182+35% 18.0+20°2 192+1.6° 17.8+0.8
Protein 1274217 13.8+14% 16.4+2.7° 16.1+1.7% 130+ 1.1
Estimated diameter (nm) 358+40° 36.3+7.1%® 3264539 305+3.2° 35.6+22
Estimated particle mass

(10° Dalton) 15.1+4.4° 18.1+9.4 2 12.6+5.4 2 9.5+28°% 14.2+2.4
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Fig. 2. SDS-electrophoresis of apolipoproteins from VLDL subfrac-

tions. Apo E/apo C ratios, as calculated by densitometric scanning

of the gel, were: VLDL-A, 0.44; VLDL-B, 0.26; VLDL-C, 0.22; and
VLDL-D, 1.84.

NaCl. Subsequently an aliquot from each of them was
re-chromatographed in smaller columns and the elu-
tion of radioactivity was monitored (Fig. 4). Subfrac-
tions B and D almost completely re-cluted at the same
ionic strength at which they had been initially ob-
tained. In contrast, when subfraction A was subjected
to chromatography almost no radioactivity appeared in
the unbound fraction, being eluted at higher ionic
strengths, mainly at those corresponding to subfrac-
tions B and D. These results indicate that VLDL-A is a
product of overloading the column and contains parti-

VLDL
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Fig. 3. Isoelectric focussing electrophoresis of apolipoproteins from
total VLDL and its subfractions.

14000 dpm/fraction
12000} [3H] VLDL-A
10000+

8000+

6000+

4000+

2000+

ol—=m
0 § 10 16 20 26 30 35 40 4§

Fraction number

tat &t ¢t o

dpm/fraction

35000
300002 H} VLDL-B

25000
200001
156000+
10000}

5000}

0t . L .
0O & 10 15 20 25 30 35 40 45
Fraction number

tat s tct o

N —

30000 dprrfl fraction

25000|12HI VLDL-D

20000}

15000}

10000+

5000+
e o~ =
0 &5 10 15 20 256 30 35 40

Fraction number

tat s t ¢t o

Fig. 4. Elution profiles of tri[*Hloleoylglycerol labeled subf ]
A, B and D from heparin-Sepharose CL-6B columns. Su‘t’ffa" "
from heparin-Sepharose chromatography of total ril HH: "
glycerol labeled VLDL were extensively dialyzed against 0 b
NaCl (pH 7.4) and 0.20-0.32 mg of protein of subfractions A *";“‘mk
(middle) and D (bottom) in 1 mi of buffer A were loade e
separate 1X5 cm heparin-Sepharose CL-6B columns for r.c|: an
matography. Elution was performed as indicated in M‘“"mn .st
Methods. Fractions of 1 ml were collected and 31’*"""1'("“""1 e
measured. Arrows indicate the initiation of the different bufte
(A,B,Cand D).
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As has been pointed out above, all the VLDL sub-
fractions contained substantial amounts of apo C-II
(Fig- 3, the physiological activator of LPL. To deter-
mine if these amounts were sufficient to activate LPL,
the effect of adding a small amount. (34 nmol triacyl-
glycerOl) of the VLDL subfractions as sources of apo
C-11 on the activity of LPL from rat adipose tissue was
tested. A tri[ '*Cloleoylglycerol /phosphatidyl-choline
cmulsion was used as substrate. The addition of total
vLDL produced a 2-fold increase in LPL activity ver-
sus the absence of an apo C-II source (from 6.25 to
12.15 pkat/ml). The stimulatory effect of each VLDL
subfraction separately on LPL activity was similar to
the effect of the total VLDL (12.13, 11.61 and 12.89
pkat/ml for subfractions B, C and D, respectively),
which means that all the subfractions were equally
effective in activating LPL.

To determine the efficiency of LPL hydrolysis of the
triacylglycerols contained in the VLDL subfractions,
trif * Cloleoylglycerol labeled VLDL-B, -C and -D were
incubated in the presence or the absence (blank incu-

TABLE 11

Incubation of trif M Cloleoylglycerol labeled VLDL subfractions in the
presence of rat fat pad pieces

Results correspond to three independent experiments in which
tri{ *Cloleoylglycerol labeled VLDL subfractions at two different
concentrations (I and II) were used. VLDL-triacylglycerol concentra-
tions were: 8.5 and 25.4, 12.3 and 35.3 and 11.3 and 34.1 (I and 11,
respectively) nmol/ml for experiments 1, 2 and 3, respectively. At 2
h of incubation the disappearance of esterified fatty acids (hydroly-
sis), appearance of unesterified fatty acids in the media and uptake
by the tissue were determined and expressed as percent of initial
triacylglycerols by correcting for the specific activity (dpm/nmol of
triacylglycerol) of the corresponding subfraction. LPL activity was
measured in the media at the end of the incubation. Friedman
two-way analysis by ranks showed significant differences between
subfractions for hydrolysis (P < 0.01) and uptake (P < 0.01). Statisti-
cal comparisons between each pair of subfractions using Wilcoxon
analysis by ranks showed the following significant differences (P <
0.05): Hydrolysis, B vs. D and C vs. D; Appearance of unesterified
fatty acids, C vs. D; Uptake, B vs. D and C vs. D.

Exp.? VLDL % of initial triacylglycerols LPL activity
hydrolysis fatty acids uptake ?;‘al::fj;%o

appearance .
ppe mg of tissue)

1 11 1 II 1 H

555 583 183 305 26.7 224
508 534 123 253 234 17.7 2161+357°
240 271 6.1 146 132 11.1

350 389 154 260 164 140

31.8 444 196 346 215 180 652+11.0
301 291 212 210 S8 91
190 186 178 12.7 136 9.2

3 97 118 65 88 42 80 186+ 4.2

UOw gow gow

20 57 10 52 16 38

! Expt. = Experiment;
means + S.E. (n=8).
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Fig. 5. Relationship between hydrolysis of triacylglycerols from the
VLDL subfractions by rat fat pad pieces and LPL activity in the
media. Results correspond to three independent experiments and
include tri[ “Cloleoylglycerol labeled VLDL concentrations I and I1,
both in the absence (Table II) and the presence of 2.5 TU/ml of
heparin. Hydrolysis is expressed as percent of initial triacylglycerols.
Addition of heparin resulted in the following mean LPL activities in
the media: 583.8+23.2, 241.2+8.3 and 112.5+3.7 (+S.E., n=28)
pkat/100 mg tissue/2 h incubation for experiments 1, 2 and 3,
respectively. a, VLDL-B; O, VLDL-C; ®, VLDL-D. Friedman
two-way analysis by ranks showed significant differences between
subfractions for hydrolysis in the presence of heparin (P < 0.05) and
when all data were considered (P < 0.001). Using Wilcoxon analysis
by ranks the following differences between pairs of subfractions
appeared: B vs. D (P < 0.05) and C vs. D (P < 0.05) in the presence
of heparin; B vs. D (P < 0.01) and C vs. D (P < 0.01) when all data
were considered.

bations) of rat fat pad pieces. The results from three
different experiments carried out with independent
pools of VLDL and adipose tissues are compiled in
Table II. Triacylglycerol hydrolysis with subfractions B
and C, as measured from the hydrolysis of tri
[“*Cloleoylglycerol, was consistently greater than with
subfraction D. A certain proportion of the released
[“Clfatty acids were taken up by the adipose tissue
and the rest remained in the medium. The appearance
of unsterified ['*Clfatty acids and their uptake by the
tissue preparations paralleled the hydrolysis of
tri[ 1*Cloleoylglycerol (Table II).

In order to maximally augment the availability of
enzyme in the media, parallel incubations were per-
formed in the presence of optimal amounts of heparin.
Addition of heparin markedly enhanced LPL activity in
the media (2.7, 3.7 and 6-fold on the average for
experiments 1, 2 and 3, respectively) at the end of the
incubation time. In order to analyze the effect of LPL
activity, the data from the hydrolysis of VLDL subfrac-
tions were plotted versus LPL activity in the media,
independently of whether samples were incubated in
the absence or presence of heparin (Fig. 5). A hyper-
bolic relationship appeared in all cases between LPL
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activity and triacylglycerol hydrolysis, but whereas no
difference could be found between the kinetics of
subfractions B and C a clear decreased maximal LPL
efficiency to hydrolyze triacylglycerols was found in
subfraction D. Similar relationships were obtained
when plotting tissue uptake of released unesterified
fatty acids versus LPL activity and the effects of the
three labeled subfractions were compared (data not
shown).

Discussion

In the present study VLDL subfractions with differ-
ent affinities to heparin have been characterized re-
garding their chemical composition and the efficiency
of LPL-mediated triacylglycerol hydrolysis. VLDL were
subfractionated according to the procedure described
by Trezzi et al. [12] to separate an unbound population
(A) plus three subfractions (B, C and D) that were
eluted by gradually increasing the ionic strength. The
unbound particles we isolated are not a true subfrac-
tion as defined by a unique and reproducible affinity to
heparin, but they do correspond to a population of
particles from subfractions B, C and D that are not
retained when the binding capacity of the column has
been surpassed. Recently, Evans et al. [30] have re-
ported that all the S; 60-400 particles from Types IV
and V hyperlipoproteinemic subjects can really bind to
heparin in the presence of 0.05 M NaCl; now we have
extended this concept to the whole VLDL population
{S¢ 20-400) from normolipidemic subjects. The fact
that in our conditions practically all the VLDL are able
to interact with heparin agrees with the presence of
apo E in all the subfractions. Although apo B-100 {31]
and apo E [32] both contain heparin binding sites,
Fielding et al. [16] have shown that apo E, but not apo
B-100, is the ligand that mediates binding of normal
VLDL to heparin.

In agreement with previous reports [10-14], the
VLDL that bound to heparin with the highest affinity,
i.e., subfraction D, was not only the richest in apo E
but also displayed the highest percentages of choles-
terol and protein, the lowest percentage of triacyl-
glycerols and the smallest size, whereas the VLDL that
bound to heparin with the lowest affinity, i.e., subfrac-
tion B, displayed opposite characteristics. These fea-
tures suggest that subfractions B, C and D represent
VLDL at different stages of its metabolism, so that the
extent of degradation increases from subfraction B to
subfraction D. This view is also supported by our
results showing that tri[*Cloleoylglycerol contained in
VLDL-B and -C is more efficiently hydrolyzed by LPL
from rat adipose tissue than that contained in VLDL-D.
Tissue uptake of triacylglycerol fatty acids paralleled
the extent of triacylglycerol breakdown, with subfrac-
tion D being a poorer donor than subfractions B and

C. This agrees with the concept that the rate at which
LPL acts on VLDL-triacylglycerols controls the cellu-
lar uptake of the products [27,33]. Thus, our results on
VLDL hydrolysis and product utilization together with
previous observations suggest that as the LPL-cata-
lyzed lipolysis progresses the particle is enriched in apo
E [15,16] and loses its ability to efficiently interact with
the enzyme and, hence, to deliver triacylglycerol fatty
acids to peripheral tissues. Apo E-rich VLDL particles
are then preferentially driven to interact with hepatic
receptors for clearance [12,14] or to the formation of
d > 1.006 kg/!I lipoproteins [11]. In connection with
this last point, the possibility exists that apo E-rich
VLDL is a better substrate for hepatic lipase. In vitro
[34] and in vivo [35] studies have suggested that this
lipase acts preferentially upon small, apo E-rich VLDL
and IDL, whereas LPL does so upon large, triacyl-
glycerol-rich particles.

The origin of the differences observed in triacyl-
glycerol hydrolysis by LPL between VLDL subfractions
must lie in their chemical and/or physical properties.
Apo C-II did not seem to be limitant in any of the
subfractions, since all of them contained this apolipo-
protein and stimulated LPL activity to a similar extent.
This is consistent with data suggesting that very little
apo C-11 is required to maximally activate LPL [36.37].
Even though the incubations were performed in the
presence of equal amounts of triacylglycerols in all the
subfractions, the absolute amount of triacylglvcerols
per particle may have influenced LPL activity. Re-
cently, Saheki et al. [38] have reported that the param-
eter that best correlated with the LPL-mediated hydro-
lysis of whole VLDL in vitro is the ratio triacyl-
glycerol /total or individual surface components. Theo-
retically, and assuming that the particles have enOl)&‘h
apo C-II to fully activate LPL, the smaller the particle
size the greater the number of particles that are nccd;‘
for LPL to achieve a certain degree of hydrolys.
Although the consequences of this peculiarity ar¢ not
known, we may speculate that the overall hydroly
rate is impaired when LPL must shift from on¢ particlc
to another with a high frequency. The percentual tr"
acylglycerol content of the subfractions studied herain
was not markedly different, but the reduction in partt:
cle size from VLDL-B to VLDL-D accounts forf :’I
considerable decrease in the number of trjaC,VlE’-‘""r_;_
molecules (11900, 7800 and 5600 molecules/part™ ™
for subfractions B, C and D, respectively, oD aw”g:;
as estimated from their particle mass and composm*n;
in Table I). Thus, in order to achieve an equal 3"“‘3“
of triacylglycerols in subfractions B, C and D. parti h
in approximate proportions of 1:1.5:2. rcspcc“\fic;
are required. However, the observation that uf 42
conditions of excess LPL subfraction D still Shv,m .
lower degree of hydrolysis than subfractions B ‘”Trw‘
indicates that the proportion of VLDL particles *¢



LPL molecules did not account for the ditferent tri-
ucylglycerol hydrolysis rates between VLDL subfrac-
tions.

Probably, the compositional characteristic that most
gifferentiated subfractions B and C from subfraction D
was the apo E/apo C ratio. A role for apo E in the
conversion of VLDL into LDL has been proposed [5],
though the underlying mechanism is intriguing. Ho-
mozygosis for apo E, [6,7] and apo E-deficiency [9] are
associated to a low LDL synthetic rate. Consistently,
apo E,/E, B-VLDL interacts deficiently with LPL,
put addition of apo E; allows its conversion into LDL-
like particles [8]. On the other hand, the quantity of
apo E carried in the particle may also be significant,
provided that pre-8 migrating VLDL from apo E,
homozygotes, which are poorer in apo E than 8-VLDL
from the same subjects [39], are normally processed to
LDL [8]. The studies with artificial substrates are far
from conclusive since a suppression [40,41], an activa-
tion [42] or no effect [43] of apo E on LPL activity have
peen reported. Besides, a dual effect, i.e., inhibition or
stimulation, has been found depending on whether apo
E was free in the medium or complexed to the sub-
strate emulsion {44). Here we have observed that apo
E-rich VLDL are less hydrolysed by LPL than apo
E-poor VLDL, which suggests an inhibitory role for
this apolipoprotein on LPL action, although the mech-
anism for this effect and its physiological significance
remain to be clarified.

In summary, we have characterized three VLDL
subfractions from normolipidemic human serum. All
three bound to heparin-Sepharose at an ionic strength
of 0.05 M NaCl/0.025 M MnCl,, an ability probably
conferred by their apo E. The subfraction richest in
apo E and cholesterol and poorest in triacylglycerdls
showed the lowest degree of triacylglycerol hydrolysis
by LPL and, hence, the lowest ability to deliver fatty
acids to the adipose tissue. These differences do not
seem to be due to changes in their apo C-1I or triacyl-
glycerol contents, but rather to their differences in apo
E. Further studies are required to ascertain the precise
mechanism that governs the efficiency of triacylglycerol
hydrolysis by LPL in VLDL subfractions with different
apo E contents.
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