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Tissue-specific expression of human lipoprotein lipase in the
vascular system affects vascular reactivity in transgenic mice
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1 The role of smooth muscle-derived lipoprotein lipase (LPL) that translocates to the endothelium
surface on vascular dysfunction during atherogenesis is unclear. Thus, the role of vascular LPL on
blood vessel reactivity was assessed in transgenic mice that specifically express human LPL in the
circulatory system.

2 Aortic free fatty acids (FFAs) were increased by 69% in the transgenic mice expressing human
LPL in aortic smooth muscle cells (L2LPL) compared with their non-transgenic littermates (L2).
3 Contractility to KCl was increased by 33% in aortae of L2LPL mice. Maximal contraction to
phenylephrine (PE) was comparable in L2 and L2LPL animals, while the frequency of tonus
oscillation to PE increased by 104% in L2LPL mice.

4 In L2LPL animals, eNO mediated relaxation to acetylcholine (ACh) and ATP was reduced by 47
and 32%, respectively. In contrast, endothelium-independent relaxation to sodium nitroprusside
(SNP) was not different in both groups tested.

5 ATP-initiated Ca’* elevation that triggers eNO formation was increased by 41% in single aortic
endothelial cells freshly isolated from L2LPL animals.

6 In aortae from L2LPL mice an increased eO,~ release occurred that was normalized by
removing the endothelium and by the NAD(P)H oxidase inhibitor DPI and the PKC inhibitor
GF109203X.

7 The reduced ACh-induced relaxation in L2LPL animals was normalized in the presence of SOD,
indicating that the reduced relaxation is due, at least in part, to enhanced eéNO scavenging by €O, .
8 These data suggest that despite normal lipoprotein levels increased LPL-mediated FFAs loading
initiates vascular dysfunction via PKC-mediated activation of endothelial NAD(P)H oxidase. Thus,
vascular LPL activity might represent a primary risk factor for atherosclerosis independently from
cholesterol/LDL levels.
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Introduction

Lipoprotein lipase (LPL) is the major enzyme responsible
for the hydrolysis of triglycerides present in circulating
lipoproteins and critical for the generation of HDL particles.
In the vascular wall LPL is produced in smooth muscle cells
(Yld-Herttuala et al., 1989). Following synthesis the enzyme
translocates to the endothelial surface (Goldberg, 1996;
Olivecrona & Olivecrona, 1995). Although LPL is generally
viewed as an antiatherogenic enzyme due to its effect to
improve the plasma lipid profile, convincing experimental
evidence points to a role of LPL in atherogenesis. The view
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of a pro-atherogenic role of the LPL was initiated by the
early findings of Zilversmit who reported that large amount
of LPL activity was found in atherosclerotic vessels
(Zilversmit, 1979). In line with these findings, expression of
LPL was also found in macrophages of atherosclerotic
lesions (Mattsson et al., 1993; Yld-Herttuala et al., 1989)
which suggest that the enzyme might be responsible for
lipoprotein uptake into macrophages (Yld-Herttuala ez al.,
1991) that leads to foam cell formation, an important step in
the atherosclerotic plaque formation (Olivecrona & Olive-
crona, 1995; Zechner, 1997). Recently, experiments with
genetically modified macrophages have clearly demonstrated
the proatherogenic potential of macrophage LPL (Babaev et
al., 1999; Mead et al., 1999).
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In contrast to the large number of reports on the role of
macrophage LPL in atherogenesis, the contribution of smooth
muscle-derived LPL to the development of atherosclerosis
remains unclear. Along this line it is important to note that the
response-to-injury hypothesis originally proposed by Ross
(1986) suggests that the initial step in atherogenesis involves
the development of an endothelial/vascular dysfunction that, in
turn, facilitates lipid oxidation and trans-endothelial macro-
phage movements (Ross, 1986). Since hyperlipoproteinaemia is
one of the main causes of atherosclerosis one might expect
smooth muscle-derived LPL to play a central role in the initial
phase of atherogenesis by facilitating an increased uptake of free
fatty acids (FFAs) by the hydrolysis of lipoprotein associated
triglycerides. In line with this hypothesis, FFAs were found to
impair endothelial cell function and endothelium-dependent
relaxation (Endresen et al., 1994; Niu et al., 1995; Vossen et al.,
1991). This effect on endothelium-dependent relaxation is
independent of the length of the FFA (de Kreutzenberg et al.,
2000). On the other hand, the w-3 fatty acids docosahexaenoate,
eicosapentaenoate and oleic acid were shown to possess anti-
atherogenic properties, due to their inhibitory action on
cytokine-/lipopolysaccharide-initiated endothelial cell activa-
tion (Carluccio et al., 1999; De Caterina et al., 1994; 1995). In
light of the oppositional effects of FFAs on the endothelial
cell function, it is important to investigate how an increased
FFA uptake into the vascular wall that is mediated by
smooth muscle-derived LPL affects vascular function in vivo.
Thus, in this study, the role of vascular smooth muscle-
derived LPL on blood vessel reactivity as an indicator for
early vascular changes that facilitates atherogenesis was
explored in transgenic mice that specifically express human
LPL in the heart and in vascular smooth muscle cells (Levak-
Frank et al., 1999).

Methods
Animals and preparation of mouse aortae

In this study, L2LPL mice that were recently developed by
Levak-Frank et al. (1999) were compared with their non-
transgenic littermates (L2 mice). Briefly, by fusing a human
LPL minigene to 8 kb of the 5-regulatory sequences of the
mouse LPL gene, animals were obtained that express human
LPL in cardiac muscle and vascular smooth muscle cells but
not in adipose tissue or skeletal muscle (Levak-Frank et al.,
1999). If not otherwise stated male and female mice aged 32
to 52 weeks were used for this study. Animals weighing
between 20 to 35 g were sacrificed by cervical dislocation.
The aortae were immediately removed, carefully freed from
adherent tissue and placed into Dulbecco’s minimal essential
medium (DMEM) and were used for experiments within
30 min of isolation. While wall thickness in each group did
not differ, nor vessels with visible plaques were used, in
L2LPL mice there was considerably more adipose tissue
around the abdominal part of the aorta compared with the
non-transgenic littermates.

Reverse-transcriptase-polymerase chain reaction

Total RNAs from mouse aortae were isolated by using RNeasy
kit (Qiagen, Vienna, Austria). One microgram of total RNA

was treated with RNase-free DNase I (Promega, Mannheim,
Germany) and subsequently used as a template for first strand
cDNA synthesis in a 30 ul reaction as described in detail
elsewhere (Barth et al., 2000). Briefly, the reaction mix
contained 0.5 mM dNTPs (Pharmacia Biotech Inc., Vienna,
Austria), 15 units of RNAguard (Pharmacia Biotech Inc.),
3.3 uM random hexamer primers (Pharmacia Biotech Inc.),
10 mM DTT (Life Technologies), 1 x First Strand Buffer (Life
Technologies Inc., Vienna, Austria) and 200 units Moloney
murine leukaemia virus reverse transcriptase (Life Technolo-
gies Inc.). Reactions were incubated for 1 h at 37°C, heated to
75°C for 10 min and 2.5 ul of the completed reactions were
used as template for PCR.

For mouse LPL (mLPL), 50-ul PCR reactions contained
0.2 mM dNTPs, appropriate oligonucleotide primers at 10 uMm,
1 x PCR bulffer (Finnzymes Oy, Vienna, Austria) and 1 unit of
DyNAzyme II DNA polymerase (Finnzymes Oy). Reaction
mix was heated at 94°C for 4 min, and subsequently
amplification was carried out for 35 cycles (30 s at 94°C; 30 s
at 58°C; 1 min at 72°C) using the following primers: mLPLf 5'-
GCCCTAAGGACCCC TGAAGACACA-3" (nucleotides
323-346) and mLPLr 5-CAAACCAGTAATTCT ATTGA
CC-3" (nucleotides 724—-745) (MWG Biotech, Ebersberg,
Germany). Primer sequence were extracted from GenBank
(reference number XM_005191). For human LPL (hLPL), 25-
ul PCR reactions contained 0.4 mM dNTPs, appropriate
oligonucleotide primers at 10 uM, 1 x PCR buffer (Finnzymes
Oy, Vienna, Austria), 1 mM MgCl,, 4% DMSO and 0.5 unit of
DyNAzyme II DNA polymerase (Finnzymes Oy, Vienna,
Austria). Reaction mix was heated at 94°C for 2 min, and
subsequently amplification was carried out for 20 cycles (30 s at
94°C, 60 s at 68°C—0.5°C/cycle, 60 s at 72°C) and 10 cycles
(30 s at 94°C, 60 s at 58°C, 60 s at 72°C) using the following
primers: hLPLf 5-TGC CCA CTT CTA GCT GCC CT-3'
(nucleotides 29—-48) and hLPLr 5-CAC ACG GCC AGA
GTC AGC AC-3' (nucleotides 196—215) (Life Technologies
Inc, Vienna, Austria).

Free fatty acid composition analysis

Free fatty acid (FFA) composition analysis was carried out in
lipid extracts of aortic segments of the L2 and the L2LPL mice
using TLC followed by GC analysis of fatty acid methyl ester as
previously described (Sattler et al., 1996). Concentrations of the
individual free fatty acids were calculated by peak-area
comparison with the internal standard (heptadecanoic acid)
and were normalized to ug FFA per mg tissue (w w).

Lipid analysis

Control and transgenic animals were fed regular mouse chow
(4.5% fat and 21% protein). Blood was taken in the morning
after the animals had free access to food (fed samples) and in
the evening after they had fasted 8 h during the day (fasted
samples). Plasma levels of triglyceride, total cholesterol,
HDL-cholesterol and FFA were determined with commer-
cially available kits.

Immunoblotting

Standard immunoblotting procedures were used. Tissues were
put in lysis buffer containing 2-mercaptoethanol and kept for
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10 min at 95°C. Following electrophoretic transfer nitrocellu-
lose sheets were blocked by 5% nonfat dried milk in
phosphate-buffered saline containing 0.05% Tween-20 and
incubated overnight at 4°C with the antibody for either
endothelial nitric oxide synthase (eNOS) or inducible nitric
oxide synthase (iNOS) followed by a peroxidase-coupled goat
anti-rabbit IgG and immunoreactive bands were detected by
enhanced chemiluminescence (ECL, Amersham Life Science
Ltd., Vienna, Austria).

Organ bath studies

Organ bath experiments were performed as previously
described (Fleischhacker et al., 1999; 2000). Two 2-mm
segments of the thoracic aorta were taken and mounted
separately in a two chamber tissue bath containing 5 ml
Krebs solution (KHS; in mMm): NaCl 118.4, KCI 4.7, KH,PO4
1.2, MgCl, 1.2, NaHCO3 11.9, CaCl, 2.5 and D-glucose 10.1,
pH=7.4. This physiological salt solution was bubbled
continuously with a mixture of 95% O, and 5% CO, at
37°C. For recordings of the mechanical activity, the aortic
segments were mounted on a isometric transducer connected
to a two channel interface (Myograph 410A) and a two pen
recorder. Prior to each experiment an initial tension of 2 g
was applied for calibration followed by an equilibration time
of 90 to 120 min. Blood vessel contraction was initiated by
KCI performing a cumulative-response curve in the range of
10 to 40 mM. After the highest KCl concentration was
washed out the vessels rested for a period of 30 to 40 min,
followed by a cumulative concentration-response curve for
PE in the range of 10~? to 10~* M. For testing endothelium-
dependent relaxation the vessels were precontracted twice
with 1 uM PE in the presence of 10 uM indomethacin. The
stable tension observed in the second contraction (approxi-
mately after 20 min equilibration time) was taken as the
maximum contraction. To achieve endothelium-dependent
relaxation, ACh and ATP were added cumulatively in a
range of 107° to 3x 1077 and 10=° to 2x 10~® M, respec-
tively. To verify endothelial dependency of the observed
relaxation, endothelium denuded vessels were used. To
remove the endothelium, air was blown through the intact
vessel followed with an insertion of a metal probe into the
lumen. The absence of endothelium was confirmed by the
lack of relaxation in response to 1 uM A23187.

Cell isolation

For endothelial cell isolation (Graier et al., 1998b), the
thoracic and abdominal aorta (approximately 1.5 to 2 cm)
was filled for 2h with DMEM (pH=7.4) containing
collagenase (200 u ml~'; type II) plus dilutions of essential
and non-essential amino acids (0.02 v v—!; Gibco BRL, Life
Technologies, Vienna, Austria), vitamins (0.01 v v~'; Gibco
BRL, Life Technologies, Vienna, Austria), donor horse
serum (5%) and bovine serum albumin (2 mg ml~") as
described previously (Fleischhacker et al., 1999). The
isolated cells were stored in DMEM containing dilutions
of essential and non-essential amino acids (0.02 v v~'; Gibco
BRL, Life Technologies, Vienna, Austria), vitamins (0.01 v
v~!; Gibco BRL, Life Technologies, Vienna, Austria), donor
horse serum (5%) and bovine serum albumin (2 mg ml~").
Cells were used for the experiments within 4 h. To ensure

that endothelial cells are tested but not smooth muscle cells,
single endothelial cells were selected under the microscope
by the cell shape. Moreover, the lack of smooth muscle/
fibroblast L-type Ca?" channels was tested by incubation
with 20 mM KCIl containing solution prior to each
experiment.

Ca’™ measurements

Intracellular Ca®* concentrations were examined in single
endothelial cells freshly isolated from mouse aortae using the
microfluorometric setup described previously (Graier et al.,
1995). After cell isolation as described above, the cells were
loaded with fura-2 by incubating the cells in DMEM containing
2 uM fura-2/am. After 45 min at room temperature, cells were
centrifuged, washed twice and resuspended in DMEM. Prior to
the experiments, cells were equilibrated for 20 min in the dark
at room temperature. For experiments, cells were transferred
into an experiment chamber and the DMEM was replaced by
KHS by constant superfusion (1 ml min~"). Maximal fluores-
cence intensities of fura-2 to control differences in dye
accumulation/distribution were measured after each experi-
ment by the addition of 3 umol 17! ionomycin in the presence
of 2.5 mM extracellular Ca®*. In addition, minimal fluorescence
and autofluorescence were monitored in the presence of 3 uMm
ionomycin in nominal Ca®*-free solution containing either
1 mM EGTA or Mn?". Dye distribution was monitored using
digital confocal microscopy as described previously (Fleisch-
hacker et al., 1999).

Data acquisition
Fura-2: Single cell Ca?* was recorded using a microfluo-

rometer (Sturek et al., 1991) which excited with 360 and
380 nm alternatively. Emission light was detected at 510 nm

100 bp Ladder
+ Control

- Control

L2-1

L2-2

L2-3

L2LPL-1
L2LPL-2
L2LPL-3

187 bp

N« 423Dbp

Figure 1 RT-PCR showing expression of human LPL (hLPL; A)
and mouse LPL (mLPL: B) in aortas of control (L2) and transgenic
mice (L2-LPL2). RT-PCR with total RNA from mouse aortas was
performed using primers specific for hLPL and mLPL mRNA as
described in Methods. Total RNA from the cardiac muscle of L2-
LPL mice was used as a positive control for both hLPL and mLPL.
PCR products were separated on a 2% agarose gel. The positions of
423 bp mLPL- and 187 bp hLPL-amplification products are
indicated on the right.
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using photon counting technique. Fluorescence intensity for
each pair of excitation/emission wavelength was converted to
analogue by an optical processor and registered by a PC
running AxoBASIC®1.0 (Axon Instruments, Foster City,
CA, US.A).

Determination of superoxide anion release

The release of O, was determined photometrically by
measuring the SOD-sensitive reduction of ferricytochrome ¢
as previously described (Graier et al., 1996). After the wet
weight of the aorta with or without endothelium was
determined, the aortae were transferred into 1.5 ml
phosphate buffered solution (PBS; in mMm): NaCl 137,
KCl 2.7, Na,HPO, 8, KH,PO, 1.5 and EGTA 0.1; pH
adjusted at 7.4 plus 10 uM ferricytochrome ¢ (horse heart
type III). After 2 min, 1 ml PBS was aspirated and placed
into a photometer, the reduction of ferricytochrome ¢ was
followed photometrically at 550 nm (E,;) and the solution
was readded to the aorta. This procedure was repeated
every 10 min for 1 h (Ep, Ey). After the fourth reading
(i.e. Ey) 500 uml~' superoxide dismutase (SOD) were
added to ensure that the observed reduction of ferricyto-
chrome ¢ was due to O, , and this reduction was
monitored for an additional 20 min. The differences in
absorption between E; and E,», E3 and E4 were calculated
and normalized to 10 min. From the mean increase in the
extinction/10 min the mean extinction increase/min in the

presence of SOD was subtracted to calculate the SOD-
sensitive reduction of ferricytochrome ¢. The concentration
of O, was calculated using the molar extinction coefficient
(e=21.000) of the reduced ferricytochrome ¢ (Steinbrecher,
1988).

Drugs and chemicals

Cell culture chemicals were obtained from Life Technolo-
gies, Vienna, Austria and foetal calf serum (premium
quality) and donor horse serum were from PAA Labora-
tories, Linz, Austria. Petri dishes and cell culture plastic
wear were from Corning, Vienna, Austria. Fura-2/am was
purchased from Molecular Probes, Leiden. GF109203X was
from Tocris, Bristol, U.K. Buffer salts were from Merck,
Vienna, Austria. All other materials were from Sigma,
Vienna, Austria.

Statistics

The given ‘n’ values express the number of mice, whose
aortae and freshly isolated endothelial cells were tested in
quadruplicate (organ bath) and quintuplicate to nonadu-
plicate (Ca®" experiments). ECs, values were calculated of
at least five single concentration response curves from
different mice and were expressed as the mean with 95%
confidential intervals in parenthesis. All other data
represent the means+s.e.mean. Analysis of variance

Table 1 Summary of FFA composition in L2 and L2LPL mouse aortae

FFA composition (ug mg~")

Type of FFA L2 (n=11) L2LPL (n=9) L2LPL vs L2 % Increase
Myristic acid 14:0 24403 4340.7*% 79
Palmitic acid 16:0 27.242.6 44.9+40.7* 62
Palmitoleic acid 16:1 44+0.6 10.242.5* 132
Stearic acid 18:0 9.6+1.0 13.5+1.4* 41
Oleic acid 18:1 38.24+3.6 65.64+11.0* 72
Linoleic acid 18:2 17.6+1.6 27.943.5% 58
Linolenic acid 18:3 0.8+0.10 1.3+0.10* 63
Arachidonic acid 20:4 0.840.04 1.240.09* 50
Docosahexaenoic acid 22.6 0.134+0.01 0.1540.01 15
Total 101.14+8.7 171.7425.0* 69

Female mice with the age of 32 to 52 weeks were sacrificed by cervical dislocation, the aortae were isolated and put into liquid nitrogen
for storage until final analysis was performed. For measurements of FFA composition lipid extracts were pre-separated by TLC

followed by GC analysis as previously described (Sattler ez al., 1996). *P<0.05 vs L2.

Table 2 Plasma lipids of fasted and fed L2 and L2LPL mice

Triglyceride

Genotype n (mg dI~")
Fed

L2 16 109+35

L2LPL 16 39+13*
Fasted

L2 16 75+10

L2LPL 16 35+9*

Total-Chol. HDL-Chol. FFA
(mg di™") (mg dl™") (mm)
81416 65+12 0.50+0.09
92 + 14* 77+ 12% 0.43+0.07
84+12 74+7 0.584+0.46
92413 80+7 0.48+0.31

Blood samples of L2 and L2LPL mice were taken in the morning after the animals had free access to regular mouse food (4.5% fat and
21% protein; fed samples) and in the evening after the mice had fasted 8 h during the day (fasted samples). ¥P<0.05 vs L2.
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(ANOVA) was used for data evaluation including post hoc
Tukey test. Differences were considered to be statistical
significant at P <0.05.
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Figure 2 Effect of a tissue-specific expression of human LPL in the
mice circulatory system on KCl-evoked contractile responses of
mouse aortae. The L2 (n=8) and the L2LPL mice (n=8) were
sacrificed by cervical dislocation and their aortae removed and
immediately preserved in DMEM. The contractile responses to KCl
were measured isometrically using the myograph technique for
investigating resistant vessels. After mounting all vessels were allowed
to equilibrate for 90 min in the organ bath containing KHS that was
constantly bubbled with 95% O, and 5% CO, at 37°C. All
contractile responses were calculated in ‘g’. Each column represents
the mean+s.e.mean. *P <0.05 vs the response obtained in aortae of
the L2 animals.
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Results

Expression of human lipoprotein lipase and mouse
lipoprotein lipase in mouse aortae

RT-PCR with total RNA from mouse aortae of L2 and
L2LPL animals were performed using primers specific for
human LPL and mouse LPL mRNA (Figure 1). Only in the
aortae of L2LPL animals human LPL was detectable (Figure
1A). Expression of mouse LPL (Figure 1B) did not differ
between L2 and L2LPL animals.

FFA composition

Northern blot analysis of mRNA isolated from aortae
obtained from control and transgenic animals revealed the
expression of human LPL (3.6 kb) (Levak-Frank et al.,
1999). As a consequence of the expression of the human
LPL in the aorta the overall FFA content increased by
69% compared with the non-transgenic littermates (Table
1). A detailed analysis of single FFA indicated the largest
increase in myristic (14:0), palmitoleic (16:1) and oleic
(18:1) acids.

Lipid analysis

In L2LPL mice, the plasma triglyceride levels were reduced
by 64 and 53% in fed and fasted animals, respectively (Table
2). In contrast, plasma levels of total cholesterol, HDL-
cholesterol and FFA were slightly decreased in the L2LPL
animals compared with their non-transgenic littermates
(Table 2).
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Figure 3 Effect of the o receptor agonist phenylephrine (PE) on blood vessel tone of aortae that were freshly isolated from L2 and
L2LPL mice. (A) Cumulative concentration response curve for PE was commenced. If oscillatory tone occurred, the mean tension
was taken. Curve fitting and the statistical evaluation was preformed using Prizm GraphPad. All contractile responses were
calculated in ‘g’. Each point represents the mean +s.e.mean (2=9 in each group). (B) Analysis of the frequency in tone oscillation in
response to 1 um PE in aortae from L2 (n=9) and L2LPL (n=9) mice. Each point represents the mean +s.e.mean. *P <0.05 vs

oscillations in tone obtained in aortae from the L2 animals.
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Figure 4 Endothelium-dependent relaxation in response to acetylcholine (ACh) in female (A) and male mice (B). In addition,
endothelium-dependent relaxation to ATP (C) and endothelium-independent relaxation to SNP (D) were tested in aortae from
female L2 and L2LPL mice. In the presence of 10 uM indomethacin the tissue was precontracted with 1 um PE to achieve a stable
contraction. A cumulative concentration response curve was conducted using ACh (female: n=28 each group; male: L2, n=6 and
L2LPL, n="7), ATP (n=14 each group) and SNP (L2, n=9; L2LPL, n=7). Blood vessel relaxation is indicated as the reduction in
tone in ‘g’ achieved by the concentration of the agonist indicated (A,C) and as % relaxation (B,D). Each point represents the
mean+s.e.mean. *P<0.05 vs relaxation obtained in aortae of the non-transgenic littermates (L2).

Vessel contractility

Blood vessel reactivity of mouse aortae was tested by K-
induced membrane depolarization and the inositol 1,4,5-
trisphosphate (IP3;) generating oj-receptor agonist pheny-
lephrine. In L2LPL mice (n=38) the stable, non-oscillatory
contraction in response to various KCl concentration was
increased by 33% compared to that observed in the non-
transgenic littermates (L2, n=8, P<0.05; Figure 2). In
contrast, the absolute aorta contraction in response to
phenylephrine (PE) was not altered significantly in the

L2LPL animals (Figure 3A; L2: EC5=93 (3.2-
26.8)x 10~M, n=9; L2LPL: ECs5=153 (4.53—
51.6) x 1078 M, n=9). However, the Kkinetics of tonus

development of the PE-mediated oscillatory contraction
differed between aortae from L2LPL and L2 mice indicated
by an increase in the frequency by 104% (Figure 3B;

P<0.05) and a decrease in oscillation amplitude of the
changes in tension during oscillation by 23% (data not
shown; P<0.05). The oscillatory tonus evoked by PE was not
affected by endothelium removal or L-nitroarginine.

Endothelium-dependent relaxation

Maximal relaxation in response to ACh was reduced by 47%
in female L2LPL mice in comparison to the L2 animals. The
ECso of ACh was increased from 1.07 (0.2—-6.0) in the L2
(n=8) to 14.2 (4.1-49.1) nM in the L2LPL (n=8; P<0.05;
Figure 4A). In male mice, maximal ACh-induced relaxation
was reduced in the L2LPL animals by 48% compared with
male L2 animals (Figure 4B). ACh-evoked relaxation in male
and female mice were very similar and no significant
differences between the female and male L2LPL could be
observed.
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Figure 5 ATP-initiated Ca’®" signalling in single endothelial cells
freshly isolated from aortae of L2 and L2LPL mice. Cells were
isolated by enzymatic digestion, loaded with fura-2 and resuspended
in KHS containing 2.5 mM CaCl,. In a microflorometer intracellular
Ca®* concentration in single endothelial cells was monitored as the
ratio of 360 and 380 nm excitation at 510 nm emission (Ratio F3go/
F3g0). As indicated, 10 um ATP was added to the superfusion.
Tracings show representative experiments and points indicate the
mean +s.e.mean (L2: n=8; L2LPL: n=16). *P<0.05 vs the effect of
ATP in cells from L2 mice.

In agreement with these findings on ACh-induced relaxa-
tion, the relaxation to ATP was reduced by 32% (Figure 4C;
P<0.05). In contrast to our results with ACh, the ECs
values for ATP to initiate relaxation did not differ in both
mouse types (L2: 1.2 (0.7-2.2) nM (n=14); L2LPL: 1.5 (0.9—
2.4) nM (n=14). Notable, neither ACh nor ATP initiated
relaxation in endothelium-denuded aortic segments or in the
presence of the eNOS inhibitor L-nitroarginine (30 uM data
not shown), thus indicating that the autacoid-evoked
relaxation is due to endothelial eNO formation.

Endothelium-independent relaxation

In contrast to the reduced endothelium-dependent relaxation
in response to ACh and ATP, endothelium-independent
relaxation evoked by SNP did not differ between the L2
and the L2LPL2 (Figure 4D).

Autacoid-stimulated Ca®”" signalling

Endothelial Ca** signalling in response to 10 um ATP was
measured in single endothelial cells freshly isolated from
mouse aortae. As shown in Figure 5, endothelial Ca**
signalling was increased by 41% in cells isolated from aortae
of L2LPL mice (n=16) compared with that from the L2 mice
(n=28). In contrast, basal Ca>* levels did not differ between
endothelial cells from the L2 and the L2LPL mice.

Superoxide anion release

Tissue-specific expression of human LPL in the circulatory
system of the mouse resulted in increased release of
superoxide anions (e0O,7) in the aortic segments. As shown
in Figure 6A, O, release from the intact aortae of L2LPL

animals (n=24) was increased by 21% (P <0.05) compared
with that from L2 mice (z=20). In contrast, in endothelium-
denuded aortae no further difference in O, release was
observed (L2: n=24; L2LPL: n=20; Figure 6B). If the
differences of the @O, release of intact and denuded aortae
is calculated to represent the amount of @0, released by the
endothelium, in L2LPL aortae an elevation of 0O, release
by 79% (P<0.05) was found compared with the non-
transgenic littermates (L2; Figure 6C). In the presence of
the NAD(P)H oxidase inhibitor diphenylene iodonium (DPI,
10 uM) aortic 0, release was reduced compared with
respective solvent control (DMSO) in the L2 and L2LPL
mice by 34 and 48%, respectively (Figure 7A). No further
difference in aortic €O,  release appeared between the L2
and the L2LPL mice in the presence of DPI. Preincubation of
mouse aortae with the protein kinase C (PKC) inhibitor
GF109203X (1 um) for 30 min had no effect on eO,~ release
from aortae of L2 animals, while inhibition of PKC
normalized @0, release in L2LPL animals (Figure 7A). In
order to test changes in the expression of iNOS in the L2LPL
transgenic animals, Western blot analysis for iNOS were
performed in aortae isolated from L2 and L2LPL animals.
As shown in Figure 7B, no induction of iNOS could be
observed in the L2LPL animals. In agreement with these
findings, the eNOS and iNOS inhibitor L-nitroarginine
(30 um) had no effect on 0O, release in L2 and L2LPL
mice (data not shown).

In the presence of 300 u ml~' SOD, endothelial-dependent
relaxation in response to 100 nM ACh was increased in the
L2 and the L2LPL animals as well (Figure 8). Nevertheless,
the effect of SOD to increase vasodilation was much more
pronounced in aortae of the L2LPL animals (+ 164%; n=15)
compared with the effect found in aortae of the non-
transgenic littermates (+27%; n=5). In the presence of
SOD no further difference in ACh-induced relaxation in
aortae of L2 and L2LPL animals was found.

Discussion

The risk of hyperlipoproteinaemia for vascular dysfunction
and atherosclerosis is evident from numerous experimental and
clinical studies. While the role of macrophage-derived LPL in
atherogenesis has been clearly highlighted to be responsible for
macrophage lipoprotein uptake that can lead to the formation
of foam cells, a role of vascular smooth muscle-derived LPL in
atherogenesis and the development of vascular dysfunction has
not been studied so far. During the present study we have used
a transgenic mouse model expressing human LPL in a tissue
specific manner (Levak-Frank et al., 1999). This unique model
enables the selective expression of human LPL in cardiac
myocytes and the vascular system but not in adipose tissue and
skeletal muscles by expressing human LPL under the control
of the mouse LPL promoter by fusing an 8 kb DNA fragment
5’-upstream of the transcriptional start site of the mouse LPL
gene with a human LPL minigene (Levak-Frank et al., 1995;
1997). The high and moderate expression of human LPL in the
cardiac muscle and vascular smooth muscles was associated
with decreased fasting triglycerides and slightly increased
HDL-cholesterol levels. Moreover, the fatty acid composition
of the cardiac myocyte did not differ from that of the non-
transgenic littermates (L2), indicating that in cardiac myocytes
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Figure 6 Release of superoxide anions (0, ) from aortae freshly isolated from L2 and L2LPL mice. Release of the €O, ™ was
measured as the SOD-sensitive reduction of ferricytochrome ¢ that was photometrically monitored at 550 nm as described under
Methods. The release of €O, ~ from intact mouse aortae (A) and endothelium denuded vessels (B) was measured over 30 min and is
indicated as the ymol €0,~ produced within 10 min per mg wet weight (w w~'). Each column represent the mean+s.e.mean (L2:
n=24; L2LPL: n=20). (C) Release of €0, from the endothelium in aortae from L2 and L2LPL mice calculated as the difference in
00, release in intact and endothelium-denuded vessels. *P<0.05 vs results obtained in aortac of L2 animals.

the absorbed FFAs are immediately used for energy consump-
tion (Levak-Frank et al., 1999). In the present study we show
that in the aortic tissue of the human LPL-transgenic animals
(L2LPL) expression of human LPL occurs that does not affect
expression of the mouse LPL. This overall increase in LPL
protein content might account for the increased overall FFA
content in the vascular wall of the human LPL-transgenic
animals (L2LPL) compared with that found in the L2 mice.
These results emphasize that smooth muscle cells, like the
cardiac myocytes absorb FFAs that are generated by the
hydrolysis of triglycerides by LPL bound at the endothelial
cells. However, in contrast to the cardiac myocytes, the FFAs
are, at least in part, stored within the vascular wall.

The effect of FFAs on endothelial cells has been studied
frequently. Particular dietary supplementation with docosa-
hexaenoic acid (DHA; 22:6) was found to provide athero-
protective effects such as a reduction in adhesion molecule
expression (De-Caterina et al., 2000), increase in prostacyclin
formation (De-Caterina et al., 2000), attenuation of prosta-
glandin H synthase (Lagrade et al., 1980) and augmentation of
endothelium-dependent relaxation in pig coronary arteries

(Shimokawa et al., 1988). However, the increase in aortic FFAs
in human LPL transgenic mice (L2LPL) was least pronounced
for DHA (15% increase compared with the L2 animals), while
(on a quantitative basis) the largest increases were found for
16:0, 18:1 and 18:2. These data indicate that despite the
unchanged levels of lipoproteins (Levak-Frank et al., 1999),
expression of human LPL resulted in considerable accumula-
tion of FFAs in the aortic tissue. In contrast to the beneficial
effect of polyunsaturated FFAs, saturated and mono unsatu-
rated FFAs were found to initiate vascular dysfunction and to
contribute to atherogenesis (Egan et al., 1999).

In line with these findings, the data presented herein
indicate clear changes in vascular function as suggested to
appear in the initial steps of atherogenesis: an enhanced
contractile responsiveness of the vascular smooth muscle cells
(Cox et al., 1996; Dam et al., 1997; Kim et al., 1994;
Lamping, 1997; Pfister et al., 1996), that is associated with a
reduced endothelium-dependent relaxation (Flavahan, 1992;
Freiman et al., 1986; Garland et al., 1995; Jayakody et al.,
1987; Ross, 1986; Shimokawa & Vanhoutte., 1989; Zeiher et
al., 1991).
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Figure 7 (A) Release of superoxide anions (eO,”) from aortae
freshly isolated from L2 and L2LPL mice in the absence (solvent: 1%
DMSO) or presence of 10 um diphenylen iodonium (DPI) or after
preincubation for 30 min with 1 um GF109203X. Release of the
00, was measured as the SOD-sensitive reduction of ferricyto-
chrome ¢ that was photometrically monitored at 550 nm. Columns
represent the means+s.e.mean (L2: n=8; L2LPL: n=8). *P<0.05 vs
results obtained in aortae of L2 animals and #P>0.05 vs the
respective solvent control. (B) Western blot analysis on the expression
of iNOS in aortae of female and male L2 and L2LPL mice. As a
positive control, the cell lysate of the mouse macrophage cell line
RAW 264.7 stimulated for 12h IFNy (10 ngml~') and LPS
(1 ug ml~") was used (BD Transduction Laboratories, Life Science
Research, Vienna, Austria).

Notably, we have found an increased contractile response
to an activation of L-type Ca®>" channels by KCl-mediated
membrane depolarization. These findings are in line with
reports of an enhanced contractility of vascular smooth
muscle cells found in hypercholesterolaemic humans (Lamp-
ing, 1997; Fleischhacker ez al., 2000) and animals (Cox &
Cohen., 1996; Dam et al., 1997; Kim et al., 1994; Pfister &
Campbell., 1996). In addition, significant changes in the o;-
agonist- (PE-) mediated oscillatory tonus generation that was
independent from the endothelium, indicate a general
enhancement of contractile properties in the blood vessels
of L2LPL animals, while maximal contraction remained
unchanged. These data are in contrast to our own findings in
uterine arteries of hypercholesterolaemic patients (Fleisch-
hacker et al., 2000) and that found in hypercholesterolaemic
rabbits (Kim et al., 1994). These differences might be related
to the oscillatory tonus development in mouse aortae in
response to the o-agonist, while stable tonus is observed in
the other reports.

Besides the increase in smooth muscle contractility,
endothelium-dependent relaxation was blunted in L2LPL
animals. We have found that the relaxation in response to
ACh and ATP was reduced, suggesting that a down
regulation of certain receptors seems unlikely. These findings
are in line with several reports in animals tissue as well as
increased FFAs (de Kreutzenberg et al, 2000) and

s.e.mean. *P<0.05 vs relaxation in aortae of the L2 mice in the
absence of SOD; #P <0.05 vs relaxation in aortae of L2LPL animals
in the absence of SOD.

hypercholesterolaemia (Liischer et al., 1992; 1993; Liischer
& Noll, 1994; Zeiher et al., 1991; 1993). Since in the presence
of the inhibitor of endothelial nitric oxide synthase (eNOS )
L-nitroarginine no further relaxation was found, these data
indicate that autocoid-induced relaxation in the mouse aorta
is mediated by nitric oxide (eNO). Our findings that the
ACh-induced relaxation was normalized in the presence of
SOD suggest that the reduced endothelium-dependent
relaxation in the L2LPL mice might be due to O, -mediated
scavenging of eNO rather than reduced eNO production.
Furthermore, since the endothelium-independent relaxation
to the eNO donor SNP was not altered in the L2LPL mice, a
non-specific generalized dysfunction of the smooth muscle to
oNO seems unlikely.

The production of eNO in response to both compounds
tested (ACh, ATP) critically depends on an elevation in
endothelial free Ca®>" concentration (Busse ef al., 1991; 1993).
Our data that endothelial Ca** signalling in response to ATP
was even increased in single endothelial cells freshly isolated
from the L2LPL mice compared with that isolated from the
L2 animals clearly excludes a reduction of endothelial Ca**
signalling to be responsible for the reduced endothelium-
dependent relaxation in the transgenic animals. Hence the
increased Ca’" signalling is in agreement with other reports
indicating that some FFAs enhance Ca®" uptake in human
arterial endothelial cells (Kummerow et al., 1999).

Recently, such an increase in autacoid-induced Ca**
signalling was shown to occur after treatment with eO,~
(Graier et al., 1998a) or an enhanced endothelial eO,~
production during hyperglycaemia (Graier et al., 1996). Since
we report here that in L2LPL mice an increased O,
formation takes place, one might suggest that the reported
increased endothelial Ca>* signalling is, at least in part, due
to the formation of this radical.

Our findings that the removal of the endothelium normal-
ized blood vessel o0, release suggest the vascular
endothelium to be responsible for the production of this free
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oxygen species. These findings are in line with the report of
Ohara et al. (1993) who described an increased endothelial
0, formation in rabbits during hypercholesterolaemia. In
contrast, in human arteries the smooth muscle cells were
found to be responsible for the overshooting €O, produc-
tion found in hypercholesterolaemia (Miller et al., 1998;
Fleischhacker et al., 2000). Whether or not these differences
are related to species variation needs to be further elucidated,
but, in any case, the increased 0, production is thought to
be responsible for the reduced bioactivity of eNO (Kimura et
al., 1995; Miller et al., 1998; Miigge et al., 1994). In line with
these previous reports, endothelium-dependent relaxation of
aortae from the L2LPL mice was restored in the presence of
SOD that protects NO from eO, .

Our findings that the NAD(P)H oxidase inhibitor DPI,
but not the eNOS/INOS inhibitor L-nitroarginine prevented
the enhanced 0O, release in the aortae of L2LPL
animals suggests an involvement of the NAD(P)H oxidase
but not eNOS/iNOS in the increased O,  release in the
L2LPL transgenic animals. In line with these findings,
expression of iNOS could not be detected in the L2LPL
animals, thus indicating that, at least in our model, FFA-
loading of the vascular wall did not yield to the induction
of iINOS as a possible additional source of €O, . These
data are consistent with many reports on different models
of hypercholesterolaemia (Boger et al., 1995; Inoue et al.,
1998; Miller et al., 1998; Miigge et al., 1994; Ohara et al.,
1993), which indicate that the enhanced vascular eO,~
release is mainly due to NAD(P)H oxidase in endothelial
and smooth muscle cells (Azzumi et al., 1999; Mohazzab
& Wolin, 1994; Mohazzab et al., 1994; Pagano et al.,
1995). Furthermore, the inhibitory effect of the PKC
inhibitor GF109203X on the enhanced 0O, release in the
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