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High density lipoproteins (HDLs) have a number of properties that have the potential to inhibit the development of atherosclero-
sis and thus reduce the risk of having a cardiovascular event. These protective effects of HDLs may be reduced in patients with
type 2 diabetes, a condition in which the concentration of HDL cholesterol is frequently low. In addition to their potential cardio-
protective properties, HDLs also increase the uptake of glucose by skeletal muscle and stimulate the synthesis and secretion of
insulin from pancreatic  cells and may thus have a beneficial effect on glycemic control. This raises the possibility that a low HDL
concentration in type 2 diabetes may contribute to a worsening of diabetic control. Thus, there is a double case for targeting HDLs
in patients with type 2 diabetes: to reduce cardiovascular risk and also to improve glycemic control. Approaches to raising HDL
levels include lifestyle factors such as weight reduction, increased physical activity and stopping smoking. There is an ongoing
search for HDL-raising drugs as agents to use in patients with type 2 diabetes in whom the HDL level remains low despite lifestyle
interventions.
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INTRODUCTION

Patients with type 2 diabetes frequently have a dyslipidemia
that includes a low concentration of high density lipoprotein
cholesterol (HDL-C) [1]. There is also evidence that the func-
tionality of HDL particles is impaired in people with diabetes
[2]. Given that that there are several known functions of HDLs
with the potential to inhibit the development of atherosclerotic
cardiovascular disease, it is highly likely that a reduced HDL
concentration in patients with type 2 diabetes, combined with
a reduction in HDL functionality, will result in a reduced level
of HDL-mediated protection and thus an increased cardiovas-
cular risk in such patients.

In addition to their antiatherogenic properties, HDLs have

also been shown to have antidiabetic effects. HDLs enhance
the uptake of glucose by skeletal muscle [3] and stimulate the
synthesis and secretion of insulin from pancreatic  cells [4].
Furthermore, glycemic control has been shown to be improved
in patients with type 2 diabetes when their HDL concentration
is increased by treatment with a cholesteryl ester transfer pro-
tein (CETP) inhibitor [5]. These observations raise the possi-
bility that a low concentration of HDLs may not only be a con-
sequence of the diabetic state and a contributor to the increased
cardiovascular risk in patients with diabetes but may also lead
to a worsening of glycemic control. Collectively, these find-
ings provide a compelling case for considering HDLs as a ther-
apeutic target designed both to improve glycemic control and
to reduce cardiovascular risk in people with type 2 diabetes.
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MECHANISMS RESPONSIBLE FOR A LOW
HDL-C IN DIABETES

The typical dyslipidemia in type 2 diabetes includes an elevat-
ed level of plasma triglyceride, a low level of HDL-C and a low
density lipoprotein (LDL) fraction that is characterized by small
dense particles [1]. The low level of HDL-C in these patients
is associated with the presence of HDL particles are also small-
er and denser than normal. The precise mechanism responsible
for a low HDL concentration in diabetes is no known, although
there is evidence that the interaction of an increased concentra-
tion of triglyceride-rich lipoproteins (TRLs) with activities of
CETP and hepatic lipase plays a part [6]. As outlined in Fig. 1,
CETP promotes the transfer of cholesteryl esters from HDLs to
TRLs in exchange for triglyceride. This generates HDL parti-
cles that are depleted of cholesteryl esters and enriched in tri-
glyceride. This triglyceride enrichment provides HDLs with
the preferred substrate for hepatic lipase that hydrolyses the
newly acquired HDL TG. The resulting reduction in volume

TGR-LP
ApoA-1
TG <€ TG
CE_ |  CETP > o
Lipid-poor
apoA- l

—> Excretion in urine

TG —> FFA @
HL

Small, dense HDL
(Depleted of CE, TG and apoA-I)

HDL
(Depleted of CE, enriched with TG)

Fig. 1. Low concentration of high density lipoprotein cholesterol
(HDL-C) and apoA-I in patients with hypertriglyceridemia. Cho-
lesteryl ester transfer protein (CETP) promotes the transfer of
cholesteryl esters (CE) from high density lipoproteins (HDLs) to
triglyceride-rich lipoproteins in exchange for triglyceride (TG).
This generates HDL particles that are depleted of cholesteryl es-
ters and enriched in triglyceride. This triglyceride enrichment
provides HDLs with the preferred substrate for hepatic lipase that
hydrolyses the newly acquired HDL TG. The resulting reduction
in volume of the HDL particle core and consequent decrease in
HDL particle size leads to the dissociation apolipoprotein (apo)
A-I (the main HDL protein) from the HDL particle surface. The
dissociated apoA-I may then be excreted in the urine and thus lost
from the body. TGR-LP, triglyceride-rich lipoproteins; HL, hepat-
ic lipase; FFA, free fatty acid.

170 www.e-enm.org

of the HDL particle core and consequent decrease in HDL par-
ticle size leads to the dissociation apolipoprotein (apo) A-I (the
main HDL protein) from the HDL particle surface. The disso-
ciated apoA-I may then be excreted in the urine and thus lost
from the body. This dissociation of apoA-I from HDLs and
subsequent excretion in urine provides an explanation for why,
in addition to the reduced level of HDL-C, the concentration
of apoA-I also tends to be low in conditions of hypertriglyceri-
demia such as occur in type 2 diabetes.

CARDIOPROTECTIVE PROPERTIES OF
HDLs

HDLSs have a number of properties with the potential to protect
against cardiovascular disease (Table 1) [7]. The best known of
these relates to the ability of HDLs to promote the efflux of
cholesterol from macrophages in the artery wall. However,
HDLs have several additional properties with the potential to
protect against atherosclerotic cardiovascular disease. These
include antioxidant, antithrombotic, and anti-inflammatory

Table 1. Known Potentially Protective Properties of High Den-
sity Lipoproteins

Promote cholesterol efflux from macrophages in artery wall
Antioxidant properties

Antithrombotic properties

Inhibit vascular inflammation

Improve endothelial function

Promote endothelial repair

Promote angiogenesis

Inhibit cell apoptosis

Enhance glucose uptake by skeletal muscle

Stimulate synthesis and secretion of insulin from pancreatic f cells

Table 2. Therapeutic Strategies to Increase High Density Lipo-
protein Levels

Lifestyle
Become lean
Increase physical activity
Smoking cessation
Drugs
Fibrates
Statins
Niacin
Cholesteryl ester transfer protein inhibitors (anacetrapib, evace-
trapib)
Agents to increase the synthesis of apolipoprotein A-I (RVX-208)
High density lipoprotein infusions
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properties. HDLs have also been shown to enhance endotheli-
al function and promote both the repair of damaged endotheli-
um and the formation of new blood vessels. And finally, there
is now compelling evidence that HDLs have the ability to im-
prove diabetic control [3-5].

HDL FUNCTION MAY BE ABNORMAL IN
PATIENTS WITH DIABETES

Some of the potentially protective functions of HDLs are re-
duced in patients with diabetes. For example, apoA-I may be-
come glycated in people with diabetes. Such glycation impairs
both the ability of HDLs to promote cholesterol efflux from
macrophages [8] and their ability to inhibit vascular inflam-
mation [9] and highlights the importance of maintaining good
glycemic control in people with diabetes. There is also evidence
that the ability of HDLs to stimulate endothelial production of
nitric oxide and thus to enhance endothelial function is impaired
in patients with diabetes [2].

EFFECTS OF HDLs ON GLUCOSE
HOMEOSTASIS

There is robust experimental evidence showing that HDLs im-
pact beneficially on glucose homeostasis both by increasing
pancreatic B cell function and by enhancing plasma glucose
disposal.

HDLs and pancreatic f cell function

The ATP binding cassette transporter A1 (ABCA1) promotes
efflux of cholesterol from cells to lipid-free/lipid-poor apoA-I
in the extracellular space. It has been reported that ABCAL1
deletion results in cholesterol accumulation in the cell mem-
brane of pancreatic B cells, with a subsequent inhibition of the
exocytosis of insulin from secretory granules and thus an inhi-
bition of insulin secretion [10]. In addition to their role as ac-
ceptors of the cholesterol released from cells by ABCA1, HDLs
have beneficial effects on B cells by inhibiting apoptosis [11].
It has also been shown in studies conducted in vitro using both
Min6 cells and primary pancreatic islets that HDLs isolated
from human plasma (and also the two major HDL apos, apo
A-I, and apoA-II) increase insulin synthesis and secretion up
to 5-fold [4].

HDL and muscle glucose uptake
The observation that HDLs increase cellular glucose uptake in
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cultures of primary human skeletal muscle cells isolated from
patients with type 2 diabetes mellitus [3] provides another
mechanism by which HDLs may improve diabetic control
(and possibly delay the development of new onset diabetes).

STRATEGIES FOR RAISING HDL-C IN
PATIENTS WITH TYPE 2 DIABETES

Lifestyle

Weight reduction

Most overweight people, especially those with type 2 diabetes,
have a low concentration of HDL-C [1]. Weight reduction in
such people is usually accompanied by an increase in the HDL-
C level, although to be effective, the weight loss needs to be
sustained long term (Table 2). The precise mechanism under-
lying the relationship between body weight and HDL-C con-
centration is uncertain.

Physical activity

High levels of aerobic activity are associated with high levels
of HDL-C [12] (Table 2). There is evidence that increasing the
level of physical activity in people with low levels of HDL-C,
especially in those who are overweight, increases the HDL-C
concentration, possibly secondary to an increased activity of
lipoprotein lipase and the consequent decrease in the concen-
tration of plasma triglyceride [13]. It may be argued that the
single most important preventable cause of low HDL-C in the
modern world is a low level of physical activity.

A recent meta-analysis has confirmed the benefit of regular
aerobic exercise on raising HDL-C levels and provided some
insights into how much exercise is required [14]. The analysis
included 25 randomized controlled studies that were designed
to evaluate the effect of exercise training on HDL-C levels.
Overall, the mean exercise-induced increase in HDL-C was
2.53 mg/dL (P<0.001). Importantly, an increase in HDL-C
concentration was apparent only in people who expended at
least 900 kcal or exercised for at least 120 minutes each week.
In these people, every 10 minutes prolongation of exercise per
session was associated with a 1.4 mg/dL increase in HDL-C.
In further analyses it was found that the increase in HDL-C was
greatest in people whose body mass index was <28 kg/m’.
Another meta-analysis of the effects of physical activity on
plasma lipids concluded that supervised exercise is also effec-
tive in elevating HDL-C levels in people with diabetes [15].

These findings emphasise the importance of recommending
an increase in physical activity as a strategy to increase HDL-C
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levels and to reduce cardiovascular risk in people with type 2
diabetes.

Alcohol consumption

Alcohol consumption increases the level of HDL-C, possibly
secondary to an inhibition of CETP [15]. However, it should
be emphasized that it is not known whether the HDL-C eleva-
tion associated with alcohol consumption is cardioprotective.
It should also be emphasised that a possible alcohol-induced
reduction in cardiovascular risk may be counter-balanced by a
wide range of adverse effects known to be associated with al-
cohol consumption. Thus, alcohol should not be recommended
as a strategy to raise the concentration of HDL-C.

Smoking cessation

Smoking reduces the concentration of HDL-C and smoking
cessation is associated with an increase in HDL-C level [16]
(Table 2). While the mechanism by which smoking reduces
the level of HDL-C is not known, the fact that it occurs and can
be reversed by stopping smoking highlights the importance of
smoking cessation in people with diabetes.

Pharmacological management

While lifestyle modification has the ability to return HDL-C
levels to normal in most people, a disturbingly large number
of people (especially those with diabetes) do not sustain the
lifestyle required to keep HDL-C at acceptable levels. Under
these circumstances, consideration should be given to raising
the level of HDL-C by the use of pharmacological agents. In
contrast to the availability of agents such as statins that are
highly effective in reducing levels of LDL cholesterol (LDL-C),
currently available HDL-raising agents are relatively ineffec-
tive. Furthermore, there is still no evidence from cardiovascu-
lar clinica outcome trials that the risk of having a major cardio-
vascular event is reduced by treatment with HDL-raising agents
in people whose LDL-C levels have been reduced to low lev-
els by treatment with a statin.

Currently available HDL-raising agents include fibrates,
statins, and niacin (Table 2). Additional HDL-raising agents in
development include inhibitors of CETP and agents that in-
duce the synthesis of the main protein of HDL, apoA-I. Infus-
ible forms of HDL are also under investigation.

Fibrates
The ability of fibrates to increase the concentration of HDL-C
in patients with type 2 diabetes is rather modest, with increas-
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es of only 2% to 3% reported in two large clinical trials [17,18].
It should be noted, however, that treatment with fibrates (in-
cluding gemfibrozil, bezafibrate, and fenofibrate) is highly ef-
fective in reducing cardiovascular risk in patients who have
the combination of low HDL-C and elevated triglyceride [19].
Such results have been observed in both diabetic [17,18] and
nondiabetic [20,21] subjects. However, the cardiovascular ben-
efits of fibrates in people with low HDL-C and high triglycer-
ide appear to be largely unrelated to fibrate-induced changes
in levels of either HDL-C or triglyceride [19]. This suggests
that a dyslipidemia characterized by a low HDL-C and high
triglyceride identifies a group of people who derive substantial
cardiovascular benefit from treatment with a fibrate but that
the benefit is by mechanisms other than increases in HDL con-
centration.

Statins

Statins are very effective LDL-lowering agents. However, they
also have a modest effect on the level of HDL-C, with report-
ed increases in the range of 3% to 15% [22]. The increase is
greatest in those in whom the baseline level of HDL-C is low
[22]. Given that the level of HDL-C tends to be low in patients
with type 2 diabetes, it might be expected that the HDL-C in-
crease induced by a statin would be greater in diabetics than in
nondiabetics. However, the reality is the opposite, with evi-
dence that the increase in level of HDL-C following treatment
with a statin is much smaller in diabetic than in nondiabetic
patients [22]. The explanation and the clinical implications of
a reduced HDL-C response to statins in people with diabetes
are not known.

Statins have an adverse effect on glucose homeostasis, with
documented evidence that they increase the risk of developing
new onset diabetes [23]. The mechanism is not known. The
cholesterol content of pancreatic P islet cells does impact of
insulin synthesis and secretion, with evidence that an increase
in cell cholesterol content decreases insulin secretion [24].
However, given that statin treatment will, if anything, decrease
cell cholesterol levels, this is an unlikely explanation for the
observed increase in new onset diabetes in people treated with
statins. It is more likely that statins decrease insulin sensitivity
in the liver or muscle, although there is no direct experimental
evidence to support this. Thus, it is currently not known why
statins impact adversely on glucose homeostasis. However,
given the strong evidence that statins markedly reduce cardio-
vascular risk patients with type 2 diabetes [25], the clinical
impact of a small increase in new onset diabetes is probably
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very small.

Niacin

Niacin increases HDL-C by up to 35% [26]. In addition, treat-
ment with niacin is associated with a change in the subpopula-
tion distribution of HDLs towards larger particles [27], a change
predictive of both a slowing of coronary disease progression
and a reduction in CV events.

The precise mechanism by which niacin increases the con-
centration of HDL-C is not known, although there is evidence
that It delays the catabolism of HDL particles, possibly by de-
creasing activity of CETP. There is also evidence that niacin
increases the synthesis of apoA-I.

In addition to increasing the plasma concentration of HDL-
C and apoA-I, niacin has the capacity to modify HDLs in such
a way that their function is enhanced. In one study HDLs were
isolated from patients with type 2 diabetes and compared with
HDLs isolated from healthy subjects [2]. Effects of the isolat-
ed HDLs on endothelium-dependent vasodilation and early
endothelial progenitor cell-mediated endothelial repair were
measured. Whereas the HDLs from healthy subjects stimulat-
ed endothelial nitric oxide production, reduced endothelial ox-
idant stress and improved both endothelium-dependent vaso-
dilation and early endothelial progenitor cell-mediated endo-
thelial repair, these beneficial endothelial effects of HDL were
not observed in the HDLs isolated from diabetic patients. How-
ever, after the diabetic patients had been treated for 3 months
with niacin, the ability of the isolated HDLs to stimulate endo-
thelial nitric oxide, to reduce superoxide production and to
promote endothelial progenitor cell-mediated endothelial re-
pair were greatly improved [2]. Niacin has also been reported
both to enhance the anti-inflammatory effects of HDLs [28]
and to inhibit vascular inflammation by a mechanism that ap-
pears to be unrelated to changes in plasma lipids [29].

There is evidence that treatment with niacin reduces cardio-
vascular events [30] and promotes regression of atherosclero-
sis [31] as revealed by imaging studies in human. However, in
recent clinical outcome trials [32], the addition of niacin to ef-
fective statin therapy did not reduce cardiovascular events and,
in one study [33], was associated with a significant increase in
serious adverse events. These findings, combined with the fact
that niacin adversely impacts on glucose homeostasis by de-
creasing insulin sensitivity and worsening diabetic control,
suggest that niacin does not have a place as an HDL-raising
agent in people with type2 diabetes.

Copyright © 2013 Korean Endocrine Society

CETP inhibitors

CETP promotes net mass transfers of cholesteryl esters from
HDLs to other plasma lipoprotein fractions [34]. As predicted,
inhibition of CETP increases the concentration of cholesterol
in the potentially protective HDL fraction, while decreasing it
in potentially proatherogenic non-HDL fractions. Inhibition of
CETP in rabbits has been shown to inhibit the development of
diet-induced atherosclerosis [34].

However, use of the CETP inhibitor, torcetrapib, in humans
did not reduce atheroma in three imaging trials [35-37] and
caused an excess of deaths and cardiovascular events in a large
clinical outcome trial [38]. The precise explanation for the harm
caused by torcetrapib is unknown, but may relate to document-
ed, harmful effects unrelated to inhibition of CETP [34].

There was one unexpected beneficial effect of torcetrapib
that was observed in the 6,000 patients with type 2 diabetes
who participated in the clinical outcome trial; the patients with
diabetes who received the drug had a highly significant im-
provement in diabetic control [5]. It will be of great interest to
see whether this result is confirmed in large, ongoing trials
with other CETP inhibitors.

Another CETP inhibitor trial [39] was conducted using dal-
cetrapib, a weak CETP inhibitor that raises HDL levels less than
torcetrapib, and which does not lower non-HDL lipoprotein
levels. This trial was terminated early for reasons of futility.
There was no evidence that dalcetrapib caused harm in that
trial. The explanation for the failure of this trial is not known,
although it was observed that the level of HDL-C in the place-
bo group was not predictive of cardiovascular events [39]. This
may reflect the acute coronary syndrome population studied in
this trial as it has been shown that HDL function is abnormal
for some time after an acute coronary event [40].

Despite these setbacks, the hypothesis that CETP inhibitors
will be antiatherogenic in humans is currently being tested in
very large clinical outcome trials with anacetrapib and evace-
trapib, two CETP inhibitors that are much more potent than
dalcetrapib and which do not share the off target adverse effects
of torcetrapib.

ApoA-1 synthesis inducing agents

RVX-208 is a small molecule that increases production of
apoA-1 by stimulating its gene transcription [41]. It increases
the concentrations of bot HDL-C and apoA-1 in humans [42],
with evidence of an increase in the pre-f§ HDL particles that
are known to be the preferred acceptors of cholesterol released
from cells by the ABCA1 transporter. The effects of RVX-208
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on human coronary atherosclerosis is currently being investi-
gated.

HDL infusions

Reconstituted HDLs (rHDLs) consist of complexes of phos-
pholipids with the main HDL apo, apoA-I. Intravenous infu-
sions of rHDLs have been shown consistently in a variety of
animal models to inhibit experimental atherosclerosis [43,44].
There are also two proof of concept studies suggesting a simi-
lar antiatherogenic effect of infusing rHDLs into humans [45,46].
Infusions of rHDLs have been shown to improve diabetic control
[3].

Another novel technique related to the concept of rHDL in-
fusion involves the collection of plasma that is subsequently
subjected to a process that selectively remove lipid from HDLs.
The resulting lipid poor HDLs resemble the apoA-I/phospho-
lipid rHDLs described above. They are then reinfused back
into the patient. In one small human trial involving 28 patients
with acute coronary syndrome, seven once weekly treatments
resulted in a numerical trend towards a decrease in atheroma
volume compared to baseline [47].

The place of HDL infusions as an approach to increasing
HDL levels and reducing cardiovascular risk in patients with
diabetes has not yet been addressed.

CONCLUSIONS

Many patients with type 2 diabetes have a low plasma concen-
tration of HDL-C that may contribute to an increased risk of
developing cardiovascular disease. The observation that HDLs
have beneficial effects on pancreatic 3 cell function and glu-
cose uptake by skeletal muscle, adds support to the proposi-
tion that HDL-raising in people with type 2 diabetes may be
antiatherogenic as a consequence of both direct effects on the
artery wall and also by improving diabetic control. It will be
of great interest to see whether ongoing studies with new HDL
raising agents have beneficial effects on diabetic control.
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