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Endothelial lipase and reverse cholesterol
transport in type 2 diabetes mellitus

Sammy WM Shiu, Huali Zhou, Ying Wong, Kathryn CB Tan*

ABSTRACT

Aims/Introduction: Endothelial lipase (EL) plays an important role in high-density lipoprotein (HDL) metabolism and experimental
data suggest that EL might be proatherogenic. We have investigated whether serum EL concentration is associated with changes in
serum capacity to induce cholesterol efflux and arterial stiffness in type 2 diabetes.

Materials and Methods: Serum EL was assayed by ELISA in 172 diabetic patients and 175 controls. The ability of serum to induce
cholesterol efflux was measured using a cell culture system and arterial stiffness was determined by measuring pulse wave velocity

(PWV) between carotid and femoral arteries.

Results: Diabetic patients had significantly higher C-reactive protein (CRP) and EL (27.7 + 166 ng/mL vs 240 + 113, P < 0.05).
Cholesterol efflux to serum mediated through scavenger receptor class B type | was impaired (15.1 + 2.5% vs 16.7 + 3.1, respectively,
P < 001). In controls, serum EL correlated with cholesterol efflux to serum (r = =0.16, P = 0.025), but only a trend was seen in the
diabetic patients. Linear regression showed that in controls, HDL, serum EL and waist circumference were major independent deter-
minants of cholesterol efflux; whereas in the diabetic cohort, the major independent determinants of cholesterol efflux were HDL,
CRP and age. PWV was increased in the diabetic patients (P < 0.01), but no association between serum EL and PWV was seen in

either groups.

Conclusions: Serum EL was increased in diabetic patients, but impaired serum capacity to induce cholesterol efflux in these patients
was mainly related to low HDL and subclinical inflammation. (J Diabetes Invest, doi: 10.1111/j.2040-1124.2010.00016.x, 2010)
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INTRODUCTION

Endothelial lipase (EL) is a new member of the triacylglycerol
lipase family. It is a phospholipase with little triacylglycerol
lipase activity and plays a significant role in the metabolism of
high-density lipoprotein (HDL)". Decreased HDL cholesterol
and phospholipid levels have been shown in mouse models
over-expressing EL, whereas inhibition of EL activity by anti-
bodies or gene knock-out leads to an increase in HDL choles-
terol and phospholipid levels*. In humans, increased plasma
EL concentration has been associated with a less favorable lipid
profile with elevated plasma triglyceride and apolipoprotein
(APO) B as well as smaller low-density lipoprotein (LDL) parti-
cles size, and not all studies have shown an association with
HDL®®. There are data suggesting that EL might be proathero-
genic. An increased level of plasma EL has been associated with
visceral obesity, metabolic syndrome, type 2 diabetes mellitus
and inflammation®”. It has been shown that EL is expressed in
endothelial cells, macrophages and smooth muscle cells in
atherosclerotic lesions of human coronary arteries'®, and an
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association between plasma EL concentration and coronary
artery calcification score has been reported in a large cross-
sectional study®.

EL is involved in the remodeling and catabolism of HDL par-
ticles in the plasma compartment and EL efficiently cleaves
phospholipids in HDL and releases fatty acids. In addition to its
lipase activity, Strauss et al. have shown that EL also facilitates
HDL particle binding and uptake as well as selective uptake of
HDL cholesteryl ester in HepG2 cells by its bridging function'".
Modulation of HDL by EL might affect the capacity of HDL to
act as extracellular acceptors of free cholesterol in reverse choles-
terol transport. Gauster et al. have shown that EL modification
alters chemical composition and physical properties of HDL,
resulting in its decreased binding capacity to scavenger receptor
class B type I (SR-BI) and a diminished ability to mediate SR-
Bl-dependent cholesterol efflux'?2. In contrast, Qiu et al. have
reported that EL promotes apolipoprotein (APO) Al-mediated
cholesterol efflux in THP-1 macrophages'®. Overexpression of
EL in human APOALI transgenic mice led to a large reduction
in HDL cholesterol and in serum phospholipids/APOAL1 ratio'*.
As a result, the efflux potential of serum through SR-BI
decreased by 90% and adenosine triphosphate (ATP)-binding
cassette transporter Al (ABCAIl)-mediated efflux increased by
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63%. ATP-binding cassette transporter Al mainly mediates cho-
lesterol efflux to APOAL1 and pre-B-HDL, whereas SR-BI mainly
mediates cholesterol efflux to mature HDL. Because serum EL
concentration is increased in patients with type 2 diabetes, we
have investigated whether increased EL is associated with
changes in the serum capacity to induce cholesterol efflux and
cardiovascular risk in diabetic patients. Cardiovascular risk was
assessed non-invasively by measuring arterial stiffness, which
provides useful information on vascular health and serves as a
surrogate for cardiovascular morbidity and mortality risk'>'.

METHODS

Patients with type 2 diabetes mellitus according to World
Health Organization criteria were recruited from the diabetes
clinics at Queen Mary Hospital. Because we have previously
shown that cellular cholesterol efflux to serum was impaired in
diabetic patients with incipient or overt nephropathy'’, only
diabetic patients with normoalbuminuria (urinary albumin
excretion rate <30 mg/day) were recruited for the present study
to avoid the potential confounding effect of nephropathy.
Patients on insulin therapy or lipid lowering agents, or had a
history of cardiovascular disease were also excluded. All sub-
jects must have had stable glycaemic control with no change in
anti-diabetic therapy for the preceding 3 months. Healthy age-
matched controls were recruited from the community. Fasting
blood samples were taken for the measurement of glucose, gly-
cated hemoglobin (HbA,.), lipids, high sensitivity C-reactive
protein (CRP), cholesterol efflux and EL. Arterial stiffness was
assessed non-invasively by measuring aortic pulse wave velocity
(PWV) using SphygmoCor Vx PWYV system (version 7.0;
AtCor Medical, Sydney, Australia). Pulse wave velocity was
determined by measuring the velocity of the blood pressure
waveform between the carotid and femoral artery sites using a
single-lead electrocardiogram and a tonometer to measure the
pressure pulse waveform sequentially in the two artery sites.
The present study was approved by the Ethics Committee of
the University of Hong Kong and informed consent was
obtained from all subjects.

Plasma total cholesterol and triglyceride were determined
enzymatically on a Hitachi 912 analyzer (Roche Diagnostics,
Mannheim, Germany). HDL cholesterol was measured using a
homogenous method with polyethylene glycol-modified
enzymes and alpha-cyclodextrin. LDL cholesterol was calculated
by the Friedewald equation or measured directly if plasma tri-
glyceride was >4.5 mmol/L. Plasma APOAIl and APOB were
measured by rate nephelometry using the Beckman Array Sys-
tem (Beckman Instruments, Fullerton, CA, USA). HbA,. was
measured in whole blood using ion-exchange high performance
liquid chromatography with the Bio-Rad Variant Haemoglobin
Testing System (Bio-Rad Laboratories, Hercules, CA, USA).
Plasma high sensitivity CRP was measured by a particle-
enhanced immunoturbidimetric assay (Roche Diagnostics) using
anti-CRP mouse monoclonal antibodies coupled to latex micro-
particles.
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Serum EL was measured by competitive ELISA using a rabbit
polycloncal antibody specific to human EL (Novus Biologicals,
Littleton, CO, USA) as described’. The immunogen used for
raising the antibody was an N-terminal synthetic peptide made
to the human EL protein sequence. The anti-EL antibody was
highly specific and there was no cross-reactivity with hepatic
lipase or lipoprotein lipase. Briefly, a 96-well EIA microtiter
plate (Costar, Corning, NY, USA) was coated with antigen, the
N-terminal synthetic peptide of the human endothelial lipase
(Novus Biologicals) in coating buffer overnight at 4°C. The wells
were then washed extensively five times and incubated with
blocking reagent at room temperature for 2 h. After rinsing five
times, equal volume of one-quarter diluted serum samples plus
anti-EL antibody (Novus Biologicals) was added. The plate was
then incubated for 3 h at room temperature. After another five
washes, horseradish peroxidase-conjugated goat-anti-rabbit sec-
ondary antibody was added and incubated for 1 h. The plate
was finally measured at 450 nm by an ELISA reader. The inter-
assay precision was 7.3%.

FuSAH rat hepatoma cells (a generous gift from Dr GH
Rothblat) were used to measure the capacity of serum to induce
cholesterol efflux by SR-BI and ABCAI. Fu5AH rat hepatoma
cells have a high expression level of SR-BI, but they lack func-
tional ATP-binding cassette transporters. We have previously
shown that ABCA1 expression can be specifically induced in
Fu5AH cells by stimulating the cells with 22(R)-hydroxycholes-
terol (22R-HC)/9-cis-retinoic acid (9cRA) and can be used to
assay ABCA1l-mediated cholesterol efflux, and both SR-BI and
ABCAL expression was not affected by incubation with serum'”.
The magnitude of ABCAl-mediated cholesterol efflux in our
assay is similar to the magnitude of ABCAl-mediated choles-
terol efflux reported in efflux assays using RAW264.7 cells stim-
ulated with cyclic adenosine monophosphate (cAMP) to induce
ABCA1 expression'®. To measure cellular cholesterol efflux to
serum, Fu5AH cells were cultured in minimal essential medium
(MEM) containing 5% calf serum and labeled with [*H]choles-
terol for 48 h (1 pCi/well; GE Healthcare Biosciences, Piscata-
way, NJ, USA). ABCAl-mediated cholesterol efflux was
measured using [*H]cholesterol-labeled FuSAH cells treated with
22R-HC (5 pg/mL) and 9cRA (10 pmol/L) and SR-BI-mediated
cholesterol efflux was measured in untreated cells. 5% diluted
serum in MEM was added and incubated at 37°C for 4 h.
Radioactivity was measured in both medium and cells, and the
radioactivity released to the medium was expressed as the frac-
tion of the total radioactive cholesterol present in the well.
Cholesterol efflux mediated by SR-BI, expressed as percent, was
calculated as the amount of label recovered in the medium
divided by the total label in each well in untreated cells. Choles-
terol efflux mediated by ABCA1 was calculated as fractional
cholesterol efflux from 22R-HC/9cRA-treated cells minus frac-
tional cholesterol efflux from untreated control cells. Each assay
of cholesterol efflux was carried out in triplicate. The interassay
coefficient of variations for SR-BI mediated and ABCA1-medi-
ated cholesterol efflux were 8.0% and 4.5%, respectively.
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Results are expressed as means + SD or as median and inter-
quartile range if the data were not normally distributed. Com-
parisons between two different groups were carried out using an
independent samples t-test, and skewed data were logarithmi-
cally transformed before analysis. Pearson’s correlations were
used to test the relationship among variables. Multiple linear
regression analysis was used to simultaneously assess the rela-
tionship between EL and various variables.

RESULTS

The clinical characteristics of the subjects are shown in Table 1.
Age, sex and smoking status were not significantly different
between the two groups, but body mass index (BMI) and waist
circumference were significantly higher in the diabetic patients
than controls. In the present study, 32 patients were taking met-
formin, 23 were taking sulphonylurea and the rest were taking a
combination of metformin and sulphonylurea. The mean dura-
tion of diabetes was 9.7 4.9 years. Forty-nine percent of
patients were on anti-hypertensive agents and 27% had evidence
of retinopathy. Fasting glucose, HbA;. and CRP were signifi-
cantly higher in the diabetic patients than the controls. Pulse
wave velocity was also elevated in the diabetic patients.

Plasma levels of lipids and apolipoproteins are shown in
Table 2. Plasma HDL cholesterol and APOA1 were reduced
and triglyceride was higher in the diabetic group. SR-BI medi-
ated cholesterol efflux to serum was impaired in the diabetic
patients, whereas no significant difference in ABCA1 mediated
cholesterol efflux to serum was found. Because plasma HDL lev-
els differed significantly between diabetic patients and controls,
data were also analyzed after adjusting for HDL cholesterol level,
and SR-BI mediated cholesterol efflux to serum remained
impaired in the diabetic patients (P < 0.01). Serum EL was sig-
nificantly increased in the diabetic patients (Table 2). There was
no significant correlation between serum EL and HDL in con-
trols (r = —0.08) or diabetic patients (r = —0.05), whilst there

Table 1 | Clinical characteristic of controls and diabetic patients

Controls (n = 175) DM (n = 172)
Male/female (%) 51/49 53/47
Age (years) 496 + 66 513 + 84
Smokers (%) 14 128
BMI (kg/m?) 245 + 3.1 261 + 42%
Waist circumference (cm) 809 + 92 876 + 119**
Systolic BP (mmHg) 114 +17 128 + 18**
Diastolic BP (mmHg) 74+ 10 77 £ 9*
PWV (m/s) 71 £ 1.1 90 £ 15*
Fasting glucose (mmol/L) 484 + 082 860 £ 2.22%*
HbA . (%) 567 + 080 821 + 1.35%*
CRP (mg/L) 0.75 (041-1.70) 1.35 (0.63-249)**

Values are mean + SD or median (interquartile range). *P < 0.05,

P < 001 vs controls. BMI, body mass index; BP, blood pressure; CRP,
C-reactive protein; DM, diabetes mellitus; HbA,, glycated hemoglobin;
PWV, pulse wave velocity.
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Table 2 | Plasma lipids, endothelial lipase and serum cholesterol efflux
capacity

Controls DM

Total cholesterol (mmol/L) 506 + 08 506 + 097
Triglyceride (mmol/L) 1.00 (0.80-1.60) 140 (0.90-2.10)**
LDL cholesterol (mmol/L) 304+ 076 306 +£ 088

HDL cholesterol (mmol/L) 142 + 038 1.14 + 0.26**
APOAT(g/L) 144 + 027 129 + 0.23**
APOB (g/L) 088 + 0.20 093 + 0.23*

EL (ng/mL) 240 £ 113 277 £ 166*
SR-BI mediated cholesterol 1668 + 3.14 1513 + 246**

efflux to serum (%)
ABCA1 mediated cholesterol
efflux to serum (%)

160 + 049 1.56 = 0.50

Values are mean + SD or median (interquartile range). *P < 0.05,

P < 001 vs controls. ABCA1, adenosine triphosphate-binding cassette
transporter A1; APOAT, apolipoprotein AT1; APOB, apolipoprotein B;

DM, diabetes mellitus EL, endothelial lipase; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; SR-BI, scavenger receptor class B type I.

was a weak trend between serum EL and logCRP (controls
r = 0.13, P = 0.08; diabetics r = 0.14, P = 0.07). No association
between serum EL and PWV was observed in either the diabetic
patients or controls. In the diabetic patients, PWV correlated
with logCRP (r = 0.20, P < 0.05) and SR-BI mediated choles-
terol efflux (r=-0.17, P <0.05) in addition to its strong
correlation with systolic BP (r = 0.54, P < 0.01). Neither the
association between PWV and logCRP nor SR-BI mediated
cholesterol efflux remained significant after adjusting for blood
pressure.

Univariate analysis was carried out to investigate which clini-
cal parameters were associated with cholesterol efflux. In the
control subjects, serum EL correlated inversely with SR-BI medi-
ated cholesterol efflux (Figure la) but not with ABCAl medi-
ated cholesterol efflux. SR-BI mediated cholesterol efflux to
serum also correlated with HDL (r = 0.59, P < 0.001), APOAI
(r = 0.60, P < 0.001), waist circumference (r = —0.16, P < 0.05),
but not with logCRP. However, in the diabetic patients, there
was only a trend towards an association between serum EL and
SR-BI mediated cholesterol efflux (Figure 1b) and there was no
correlation with ABCA1 mediated cholesterol efflux. In the
diabetic cohort, SR-BI mediated cholesterol efflux to serum
correlated with HDL (r = 0.62, P < 0.001), APOAI (r = 0.51,
P < 0.001), waist circumference (r =-0.19, P < 0.05) and
logCRP (r = —0.32, P < 0.001), whereas ABCA1 mediated cho-
lesterol efflux to serum correlated only with HDL (r = 0.23,
P < 0.01).

To determine whether serum EL was an independent deter-
minant of SR-BI mediated cholesterol efflux to serum, multiple
linear regression analysis was carried out including variables that
had significant associations. In controls, age, sex, waist circum-
ference, smoking status, HDL and serum EL were entered into
the model, and the results are shown in Table 3. Plasma HDL,
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Figure 1 | Correlation between serum endothelial lipase and scavenger
receptor class B type | mediated cholesterol efflux to serum in (a) con-
trols and (b) diabetic patients. SR-BI, scavenger receptor class B type I.

Table 3 | Multiple regression analysis with scavenger receptor class B
type | mediated cholesterol efflux to serum as the dependent variable
in control subjects

Regression SE of regression P-value

coefficient coefficient
Intercept 6.103 3142 <0.001
Age 0.005 0028 0054
Sex 0.099 0515 0.849
Waist circumference 0.063 0029 0031
Smoker, yes/no —-0.021 0409 0.960
HDL 5222 0647 <0001
EL -0.196 0022 <0.001

Adjusted R? of model = 36%. EL, endothelial lipase; HDL, high-density
lipoprotein.
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Table 4 | Multiple regression analysis with scavenger receptor class B
type | mediated cholesterol efflux to serum as the dependent variable
in diabetic subjects

Regression SE of regression P-value

coefficient coefficient
Intercept 12.188 1910 <0.001
Age —-0.049 0019 0012
Sex 0295 0353 0404
Waist circumference 0.005 0015 0.736
Smoker, yes/no 0431 0.266 0.108
HDL 3690 0526 <0001
Log (CRP) —1.061 0412 0010

Adjusted R* of model = 34%. CRP, C-reactive protein; HDL, high-density
lipoprotein.

serum EL and waist circumference were the independent deter-
minants of SR-BI mediated cholesterol efflux to serum in con-
trols, accounting for 24%, 10% and 2% of the variability of
cholesterol efflux respectively. In contrast, the major indepen-
dent determinants of SR-BI mediated cholesterol efflux in the
diabetic patients were HDL, logCRP and age (Table 4), account-
ing for 26%, 6% and 2% of the variability of cholesterol efflux,
respectively. Forcing serum EL and/or HbA,. into the model
did not change the results.

DISCUSSION
Efflux of free cholesterol from cells is an early step of reverse
cholesterol transport and the efficiency of cellular cholesterol
efflux is influenced by the concentrations of lipoproteins that act
as cholesterol acceptors and the activities of serum proteins,
such as lipases and lipid transfer proteins involved in the
remodeling of lipoproteins'®. The capacity of whole serum or
plasma to stimulate cholesterol efflux from cells has been used
by a number of laboratories as a means to investigate reverse
cholesterol transport, as whole serum provides integrated infor-
mation on lipoproteins and serum components involved in pro-
moting cholesterol efflux from cells*®>*. The capacity of serum
to induce cholesterol efflux has been shown to be an indepen-
dent predictor of coronary artery atherosclerosis in clinical stud-
ies”. Serum capacity to induce SR-Bl-mediated cellular
cholesterol efflux is reduced in type 2 diabetic patients with or
without diabetic complications'”** and ABCA1l-mediated cho-
lesterol efflux is also impaired in patients with nephropathy"”.
Similar to previous studies, we have shown that serum capacity
to induce SR-Bl-mediated cellular cholesterol efflux is decreased
in diabetic patients, whereas no significant reduction was seen
in serum capacity to induce ABCA1-mediated cholesterol efflux.
In the present study, we have determined whether serum
capacity to induce cellular cholesterol efflux was related to
serum EL level. As expected, plasma HDL level was the major
determinant of serum capacity to induce cellular cholesterol
efflux, be it mediated by SR-BI or ABCAL. In healthy control
subjects, there was a weak but significant inverse correlation
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between EL and serum capacity to induce SR-BI-mediated cellu-
lar cholesterol efflux. This is consistent with animal studies
showing that increased EL was associated with a decrease in
efflux potential of serum through SR-B1'*'*, EL can reduce
SR-Bl-dependent cholesterol efflux partly by altering the chemi-
cal composition and physical properties of HDL'?. EL has both
catalytic and non-catalytic functions and can mediate binding of
lipoproteins independent of its enzymatic activity”. Because
the association between EL and serum capacity to induce
SR-Bl-mediated cellular cholesterol efflux remains independent
of HDL on analysis, whether this might be related to the non-
catalytic function of EL warrants further investigation.

In contrast to the findings in healthy controls, only a trend
towards an association between serum EL and serum capacity
to induce cellular cholesterol efflux was seen in type 2 diabetic
patients. In these patients, CRP turned out to be an important
determinant of serum capacity to induce SR-BI-mediated cellu-
lar cholesterol efflux. Inflammation has a major effect on reverse
cholesterol transport”® and our data would suggest that the
influence of inflammation on serum capacity to induce SR-BI-
mediated cellular cholesterol efflux might override that of EL in
diabetic subjects. Chronic subclinical inflammation has been
shown in patients with type 2 diabetes mellitus®’. Although
inflammation has been shown to activate EL?, this is unlikely
to be the main mechanism whereby inflammation impairs
serum capacity to induce cholesterol efflux in our diabetic
patients, because we did not find any significant correlation
between EL and cholesterol efflux. Inflammation can influence
serum capacity to induce cholesterol efflux by a number of
mechanisms independent of EL. Inflammation also activates
secretory phospholipase A, and inflammatory remodeling of
HDL impairs its capacity to serve as cholesterol acceptor ex vivo
and in vivo***>. In addition, inflammation also affects serum
proteins that are involved in promoting cholesterol efflux from
cells. In human subjects, attenuation of lecithin cholesterol acyl-
transferase and cholesterol ester transfer protein activity has
been reported during infection and inflammation®'*. Taken
together, subclinical inflammation might play a role in reducing
serum capacity to induce cellular cholesterol efflux in type 2 dia-
betes mellitus. However, the present study was limited by its
cross-sectional nature, and we could only show an association
and not a causal relationship.

Because EL might be proatherogenic and plasma EL has been
associated with coronary artery calcification score in healthy
individuals with a family history of premature coronary heart
disease®, we have also determined in the present study whether
plasma EL is correlated with arterial stiffness in diabetic patients.
Vascular stiffness reflects both functional and structural changes
in the artery wall that precede and accompany atherosclerosis.
Pulse wave velocity reflects arterial stiffness and is regarded as a
surrogate marker of severity of atherosclerosis®. Experimental
studies have shown that aortic PWV increases with the develop-
ment of atherosclerosis in primates* and there is a strong asso-
ciation between aortic PWV with intima-media thickness and
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severity of plaques evaluated by ultrasonographic images'”. We
have shown that arterial stiffness is increased in diabetic patients
without overt cardiovascular disease, but we did not find an
association between EL and PWV in our diabetic patients.

In conclusion, in patients with type 2 diabetes, serum EL con-
centration was increased, but impaired serum capacity to induce
cholesterol efflux in these patients was mainly related to low
HDL and subclinical inflammation.
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