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  “Success” by Alexandra Alaupovic (nee Vrbanic—born 
December 21, 1921, Podravska Slatina, Croatia—died 
January 2, 2013, Oklahoma City, OK, USA). 
 The artist created this work in recognition of the 
lipoprotein- related research by her husband Petar Alaupovic. 
Alexandra Alaupovic trained at the Academy of Visual Arts in 
Zagreb, University of Illinois and the University of Oklahoma, 
and was a Professor of Sculpture at the Oklahoma City 
University. Her work is exhibited in many public and private 
collections around the world. She is survived by her husband, 
daughter Betsy and grandsons Robert and Homer Clark. 
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 Diabetes mellitus (DM) is becoming increasingly epidemic globally. The 
World Health Organization (WHO) estimates that the prevalence of DM var-
ies between 8 and 10 % in all regions of the globe. Millions of new cases are 
diagnosed every year, and a substantial percentage of people with DM are 
undiagnosed either because they are not screened for the condition or because 
of inadequate access to healthcare. The epidemics of obesity, increased 
mechanization and reduced physical activity, cigarette smoking, and the fact 
that people are living longer have all contributed to the rise in Type 2 DM 
incidence. The incidence and prevalence of Type 1 DM is also increasing, 
perhaps also related to changes in the environment. Obesity, sedentary life-
style, and cigarette smoking potentiate insulin resistance, which also promote 
atherosclerosis and the vascular complications of DM, as well as of Type 2 
DM itself. Longer lifespan is associated with increased weight, lower levels 
of physical activity, and progressive loss of pancreatic islet cell mass. The US 
Centers for Disease Control estimates that 26.5 % of Americans 65 years of 
age or older have DM. According to the American Heart Association, in 
2008, 18 million Americans had diagnosed DM, with another 7.1 million 
having undiagnosed DM; it is estimated that the prevalence of pre-diabetes in 
the US is 81.5 million. These staggering numbers are not unique to the United 
States. The worldwide rate of rise in DM is just as alarming. It is estimated 
that by the year 2030, 340 million people around the world will have DM and 
the fi gure is likely to be higher. 

 The risk for DM is strongly infl uenced by genetic and environmental fac-
tors. Risk for new onset DM is strongly infl uenced by race and ethnicity. 
Insulin resistance (IR) is the hallmark of pre-diabetes and Type 2 DM and is 
characterized by impaired transduction of insulin signaling pathways. Insulin 
resistance, which also occurs in Type 1 DM, results in hyperglycemia and is 
also associated with visceral organ steatosis, endothelial dysfunction, hyper-
tension, increased systemic infl ammatory and oxidative tone, a prothrom-
botic state, intracellular accumulation of toxic lipid intermediates 
(diacylglycerol, ceramide), as well as atherogenic dyslipidemia, among other 
changes. These metabolic disturbances greatly augment risk for the develop-
ment of microvascular and macrovascular disease. The epidemic of DM is 
expected to result in one of the steepest rises in human morbidity and mortal-
ity ever observed outside of wartime. DM is the leading cause of proliferative 
retinopathy and adult onset blindness in working age adults, peripheral 
 vascular disease and lower extremity amputation, end-stage renal disease and 
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need for dialysis and renal transplantation, peripheral and autonomic 
neuropathy, and it magnifi es the risk of myocardial infarction, stroke, and 
sudden death at least two- to four-fold. In addition to the human cost of this 
disease, there is an enormous economic burden associated with the clinical 
management and treatment of complications associated with DM. 

  Lipoprotein in Diabetes Mellitus  is meant to be an authoritative and com-
prehensive reference on the many changes wrought by IR and DM on lipid 
and lipoprotein metabolism. Reducing the burden of atherogenic lipoproteins 
in serum is unequivocally associated with reductions in risk for cardiovascu-
lar events and may also ameliorate microvascular damage. The book begins 
by summarizing the various techniques to measure lipoproteins and their sub-
classes. In addition to delineating the molecular basis for how IR and DM 
alter lipid and lipoprotein handling in the gut, adipose tissue, liver, blood, and 
blood vessel wall, this volume explores how IR induces dyslipidemia, the 
glycation and oxidation of lipoproteins, and how alterations in immunity and 
cell surface receptor expression can impact lipoprotein metabolism. The 
mechanistic basis for why IR and DM increase risk for atherosclerosis as well 
as diabetic retinopathy and nephropathy are explored in detail. The design of 
clinical trials and the impact of lifestyle modifi cation and of specifi c approved 
and investigational drug classes on diabetic dyslipidemia and risk for 
diabetes- related complications comprise the latter third of this volume. We 
thank our international panel of contributors for their clinical and basic scien-
tifi c expertise and many insights. It is our sincerest hope that the clinicians 
who care for patients with IR and DM and the basic science researchers who 
explore mechanisms of vascular damage and protection will fi nd this treat-
ment of the issues covered herein timely and relevant and that it will signifi -
cantly impact patient care in a positive and lasting way.  

         Oklahoma City ,  OK, USA         Alicia       J.       Jenkins ,  MD, FRACP   
   Peoria ,  IL, USA         Peter       P.       Toth  ,  MD, PhD  
   Oklahoma City ,  OK, USA         Timothy       J.       Lyons ,  MD, FRCP      
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     Abbreviations 

   Apo B    Apolipoprotein B   
  CETP    Cholesteryl ester transfer protein   
  CVD    Cardiovascular disease   
  HDL-C    High-density lipoprotein cholesterol   
  LDL-C    Low-density lipoprotein cholesterol   
  NHDL-C    Non-high-density lipoprotein 

cholesterol   
  TC    Total cholesterol   
  TG    Triglycerides   
  TRL    Triglyceride-rich lipoproteins   

          Introduction 

    Lipids, Lipoproteins and Other 
Analytes in Diabetes 

 Type 1 and Type 2 diabetes mellitus are often 
regarded as abnormalities of insulin and glucose 
metabolism, but it is more appropriate to recog-
nise that they disrupt the pathophysiology of 
macronutrient metabolism as a whole.    Accord-
ingly, it is essential to recognize the effects of 

diabetes on another major class of  macronutrients, 
namely, lipids. The fundamental differences in 
the pathophysiology and treatment of Type 1 and 
Type 2 diabetes are manifest in the changes in 
lipoprotein metabolism that accompany these 
two common forms of diabetes. Consequently, 
the role of altered lipoprotein metabolism in the 
atherosclerotic process that underlies macrovas-
cular complications may differ. Fully treated 
Type 1 diabetes often causes minimal distur-
bance to the lipoprotein profi le, in fact the level 
of HDL-C may be slightly increased in insulin-
treated patients [ 1 ,  2 ]. Nevertheless, glycation of 
the protein component of lipoproteins [ 3 ], as 
well as other modifi cations such as oxidation 
and immune complex formation (discussed in 
other chapters), may render lipoproteins dys-
functional in Type 1 diabetes. Consequently, the 
atherogenicity of the diabetic state in Type 1 dia-
betes, combined with the early age of onset, 
results in an increased lifelong risk of CVD that 
demands efforts to maintain lipoproteins at 
 target levels or better [ 4 ]. This may be diffi cult 
to achieve in the face of complications of Type 1 
diabetes such as renal impairment or the need for 
immune-suppressive therapy subsequent to 
renal, pancreas or islet cell transplantation. 
Hypercholesterolemia may occur in Type 1 dia-
betes in association with severe chronic hyper-
glycemia. Furthermore, insulin is required for 
the action of lipoprotein lipase, so early use of 
insulin therapy may be necessary in the massive 
hypertriglyceridemia associated with both forms 
of diabetes [ 5 ]. 

        D.  R.   Sullivan      (*) 
  Department of Clinical Biochemistry , 
 Royal Prince Alfred Hospital ,   Missenden Rd, 
Camperdown ,  Sydney ,  NSW   2050 ,  Australia   
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 On the other hand, Type 2 diabetes is  associated 
with a well-characterized disturbance of the lipo-
protein profi le which features mild to moderate 
increase in triglyceride-rich lipoproteins (TRL), 
reduced HDL-C, smaller LDL size and modifi ca-
tion of LDL particle composition, hence increased 
cardiovascular risk. Type 2 diabetes is by far the 
commoner variety and is becoming increasingly 
prevalent in the setting of increased dietary energy 
intakes and reduced activity levels both in affl uent 
and developing societies; it will be the major focus 
of attention of this chapter. 

 Lipid abnormalities manifest as disturbances 
of the levels of the lipoproteins that transport lip-
ids in the bloodstream. These disturbances con-
tribute to the macrovascular complications of 
diabetes by infl uencing the processes that under-
lie atherosclerosis and thrombosis. Less fre-
quently, they lead to massive increases in TG that 
greatly increase the risk of acute pancreatitis with 
associated loss of beta cell function. Recent evi-
dence also suggests that disturbances in lipopro-
tein metabolism may contribute to some forms of 
microvascular complications of diabetes such as 
renal impairment, which is discussed in other 
chapters; however the relevant mechanisms are 
yet to be fully elucidated [ 6 ]. 

 The laboratory assessment of lipoprotein 
 status in diabetes relies on minimization of the 
effect of potential confounding factors which are 
summarised in Table  1.1 . Sample collection 

 procedures are designed to reduce preanalytical 
sources of error [ 7 ]. Sustained attention to stan-
dardisation and quality assurance has established 
a high level of reliability for routine lipid mea-
surements which is maintained by a well- 
established system of internal and external 
quality assurance programmes [ 8 ,  9 ]. This pro-
cess has been extended to include Apolipoproteins, 
most importantly Apo B [ 10 ] and Apo (a) [ 11 ].

   One    of the most clinically relevant sources of 
variability is the presence of intercurrent illness 
because the associated infl ammatory response 
modifi es the lipid and lipoprotein profi le. It is 
important to note that the lipoprotein response to 
intercurrent illness shares some of the features of 
that associated with Type 2 diabetes, as will be 
described later. The magnitude of modifi cations 
associated with an infl ammatory response is usu-
ally proportional to the severity of the underlying 
illness [ 12 ], but proportionately smaller responses 
should also be anticipated in association with 
minor intercurrent illnesses [ 13 ].   

    Routine Lipoprotein Assessment 

 Clinical evaluation of lipoprotein metabolism in 
diabetes usually involves the measurement of 
total cholesterol, HDL-C and TG following a 
12-h fast. LDL-C is derived from the fasting 
results by application of the Friedewald equation 

   Table 1.1    Potential confounding factors that may affect lipoprotein assessment in Type 2 diabetes   

 Intercurrent illness (with acute phase infl ammation)  Increased VLDL (TG), reduced HDL-C, LDL-C 

 Hemoconcentration (dehydration, upright posture, 
prolonged tourniquet, squeezing to obtain fi ngerprick sample) 

 Proportionate increase in most analytes, including 
lipoproteins 

 Medications, menstrual cycle  Variable 
 Winter/summer  LDL-C lower in summer 
 Stress  Small unexplained increase is LDL-C reported 
 Food or caloric intake  Increased chylomicrons (TG) suffi cient to undermine 

standardisation for purposes of classifi cation and 
LDL-C calculation 

 Hemolysis or analytical delay  Predominantly affects other analytes (e.g. glucose 
and potassium levels) rather than lipids 

 Lipaemia  May require dilution 
 May interfere with turbidimetric analysis of 
Apolipoproteins 

 Presence and type of anticoagulant  Direct HDL-C now less likely to be affected 

D.R. Sullivan and B. Lewis
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[ 14 ] [LDL-C in mg/dl = TC−HDL-C−(TG/5), 
LDL-C in mmol/l = TC−HDL-C−(TG/2.2)], but 
this calculation becomes less reliable as TG lev-
els increase beyond approximately 4 mmol/l 
(350 mg/dl). Non-fasting samples have been 
shown to be a more sensitive marker for the 
detection of individuals with increased risk of 
CVD [ 15 ], but the unstandardized nature of non- 
fasting samples [ 16 ] makes them unsuitable for 
the characterization or serial monitoring of lipid 
status in diabetes. Indeed, even fasting levels of 
TG and other lipids show considerable within- 
individual variability [ 17 ]. This has implications 
for the serial measurement of LDL-C and 
the fasting TG from which it was calculated. 
A change in a serial measurement can only be 
attributed to clinical factors if it is greater than 
would be expected due to other sources of vari-
ability [ 18 ]. The considerable biological variabil-
ity of fasting TG will increase the proportion by 
which a serial measurement of fasting TG (and 
hence LDL-C) must differ in order to indicate a 
clinically signifi cant alteration. 

 Increased levels of TRL may also cause vari-
able interference with automated “direct” HDL-C 
measurements due to TRL cholesterol content. 
This may have resulted in a positive bias in the 
past. Method comparison studies prior to 2000 
suggested good agreement between “separation” 
HDL-C methods and the reference method [ 19 ], 
even in the presence of Intralipid [ 20 ] or TRL [ 21 ]. 
Where positive bias occurred, it was attributed to 
incomplete precipitation with the comparator 
method [ 22 – 24 ] or the presence of Apolipoprotein 
E-containing HDL [ 25 ], but the sources of TG 
used in these studies had a relatively low choles-
terol content. “Direct” HDL methods initially 
involved the use of α-cyclodextrin, and positive 
interference from TRL was described in some 
[ 26 ], but not all [ 23 ] studies. Since methods 
involving α-cyclodextrin have been superseded, 
several recent studies of “direct” HDL methods 
have reported positive biases which were attrib-
uted to TRL [ 27 ] or the presence of diabetes [ 28 ]. 
This is an important issue because any overesti-
mation of HDL-C leads to a risk of under-diagno-
sis of the metabolic syndrome and insulin 
resistance, as well as under-calculation of LDL-C 

and NHDL-C. These combined effects would 
result in a substantial underestimation of absolute 
risk of CVD, leading to loss of opportunity to 
effectively identify and treat patients on the basis 
of their metabolic risk factors. It is possible that 
TRL may also interfere with “direct” LDL-C 
assays that utilize a similar strategy based on 
selective effect of detergents [ 29 ]. 

 The accuracy of standard lipid measurements is 
extremely important because this quantitative 
information is applied directly to patient manage-
ment. The atherogenic effect of LDL-C and other 
Apo B-containing lipoproteins and the probable 
anti-atherosclerotic effects of HDL-C represent 
independent risk factors for CVD. Whereas 
LDL-C (or TC) originally provided thresholds for 
initiation of treatment and targets for management, 
management decisions are now seen in a wider 
context that encompasses the overall (absolute) 
CVD risk of the patient. This incorporates the clas-
sic modifi able and non-modifi able risk factors to 
varying extents. The predominance of age is one of 
several inevitable limitations to the performance of 
the absolute risk calculation algorithms. Diabetes 
is no longer regarded as “coronary risk equiva-
lent”, but rather the presence or absence of diabe-
tes is treated as a categorical variable, usually 
without adjustment for severity. Clinical uncer-
tainty associated with intermediate levels of CVD 
risk has led to efforts to “reclassify” patients in this 
category by a variety of methods. Consequently, 
some algorithms allow adjustment for factors such 
as ethnicity, duration of diabetes, HbA1C    level and 
the presence or absence of microalbuminuria (e.g. 
  www.yourheartforecast.co.nz/    ). Whilst the addi-
tional CVD risk posed by the presence of diabetes 
often justifi es active management of the lipid pro-
fi le, clinicians need to remember that the presence 
of massive hypertriglyceridemia poses the more 
immediate risk of acute pancreatitis.  

    LDL Composition and Particle 
Number 

 Clinical decision-making based purely on quanti-
tative assessment of LDL-C and HDL-C is no lon-
ger appropriate, particularly in the presence of 
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elevated TG, which is often the case in Type 2 dia-
betes. Increased levels of TRL promote the action 
of cholesteryl ester transfer protein (CETP), which 
leads to a reduction in HDL-C levels and a deple-
tion in the amount of cholesterol carried per LDL 
particle. The extent of this process may depend on 
the severity of postprandial lipemia [ 30 ] such that 
these changes in HDL-C and LDL composition 
[ 31 ] are not completely refl ected by the accompa-
nying fasting TG level. Furthermore, the relation-
ship between LDL-C and CVD risk becomes 
confounded [ 32 ] because the formation of “small 
dense LDL” results in an LDL-C concentration 
that is low relative to the number of LDL particles. 
This is illustrated by the superiority of other risk 
markers [ 33 ] such as NHDL-C (calculated as the 
difference between TC and HDL-C levels) which 
refl ects the full range of potentially atherogenic 
lipoproteins. This superiority is thought to refl ect 
the greater atherogenicity of the “small dense 
LDL” and hence the pre-eminence of particle 
number as the main determinant of the pro- 
atherogenic effect on non-HDL lipoproteins [ 34 ]. 
This conclusion is based on quantitative ultracen-
trifuge studies which are usually too tedious to 
perform for clinical purposes. Electrophoresis 
based on sizing gel techniques has attempted to 
circumvent this problem, leading to designation of 
so- called “pattern A” and “pattern B” profi les or 
estimations of LDL diameter. These methods are 
non-quantitative with respect to the number of 
atherogenic lipoprotein particles, so their clinical 
value may be marginal. 

 A more promising approach is based on the 
measurement of serum Apo B level [ 35 ]. All par-
ticles that contain Apo B (including chylomi-
crons, which contain Apo B48, and VLDL, LDL 
IDL and Lp(a), which contain Apo B 100) are 
capable of transporting lipid to peripheral sites 
and, as such, might be considered potentially ath-
erogenic. All such particles contain a single mol-
ecule of Apo B, so Apo B provides a direct 
measurement of the number of particles. Human 
Apo B derived from the intestine is the product of 
post-translational modifi cation (m-RNA editing) 
that yields a product that consists of the N-terminal 

fragment that represents 48 % of the complete 
Apo B protein. These two products are desig-
nated Apo B 48 and Apo B 100, respectively. 
Polyclonal antibodies, or monoclonals targeting 
the fi rst half of the molecule, can be used to quan-
tify both forms. Apo B levels do not change very 
much after a meal because the transport of dietary 
fat is largely accommodated by an increase in TG 
content, rather than an increase in total Apo B. 
This also refl ects the fact that the number of Apo 
B 100 particles is large relative to the number of 
Apo B 48 particles. Hence Apo B measurement 
need not depend on fasting [ 36 ] or the ability to 
differentiate the Apo B 100 isoform. 

 The degree to which large TG-rich Apo 
B-containing particles can directly damage the 
artery wall is debateable, but all apo B 100-con-
taiining particles (with the exception of Lp(a)) are 
potential precursors of LDL. As a result, Apo B 
100, which is largely refl ected by total Apo B lev-
els, quantitatively represents the pro-atherogenic 
potential of the lipoprotein profi le. Furthermore, 
the predominance of LDL particles means that 
Apo B largely refl ects LDL particle number. 
Evidence suggests that Apo B measurement is 
superior to LDL-C or NHDL-C for CVD risk 
assessment [ 37 ]. When combined with LDL-C 
measurement, the LDL-C:Apo B ratio can refl ect 
the degree to which cholesterol depletion of LDL 
has led to the formation of “small, dense LDL”. 

 Nuclear magnetic resonance (NMR) spectros-
copy is a non-destructive analytical technique 
applied to plasma or serum that may be used to 
refl ect the physical composition of lipoprotein 
particles, particularly their size and number. 
Consequently, NMR spectroscopy has been used 
to provide a more detailed picture of lipoprotein 
size distributions, including HDL species. The 
technique is unable to distinguish between LDL 
and Lp(a). Nevertheless studies suggest that 
NMR spectroscopy may provide additional ben-
efi t in terms of the clinical assessment of 
lipoprotein- associated CVD risk [ 38 ]. 

 Tables  1.2 ,  1.3 , and  1.4  are provided as a 
means of extending the benefi ts of Apo B mea-
surement to include diagnosis.
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       Table 1.2    An algorithm for the prediction of the likely class of lipoproteins responsible for dyslipidemia in approximate 
order of prevalence in Type 2 diabetes (adapted from de Graaf et al.) [ 23 ]   

 Apolipoprotein B level  TG > 1.5 mg/dl (Y/N)  TG:ApoB ≥10 (Y/N) 
 TC (mg/dl):
ApoB ≥6.2 (Y/N)  Lipoprotein 

 Apo B <1.2 g/l  N  N  N  Normal 
 Apo B <1.2 g/l  Y  N  N  VLDL a  
 Apo B ≥ 1.2 g/l  Y  N/A  N/A  LDL and VLDL a, b  
 Apo B ≥ 1.2 g/l  N  N/A  N/A  LDL b  
 Apo B = 0.75–1.2 g/l  Y  Y  N  Chylomicron and VLDL a  
 Apo B <1.2 g/l  Y  N  Y  IDL or “remnants” 
 Apo B <0.75 g/l  Y  Y  N  Chylomicrons alone a  

   a LDL particle size (diameter) may be reduced, as in “small, dense LDL” 
  b LDL particle number may be increased, as in increased Apo B level  

         Etiological Assessment 

 The clinical implications of dyslipidemia           
depend on the type of lipoprotein responsible for 
the alteration in lipid levels and the etiological rea-
son for its accumulation. The atherogenic effect of 
various lipoproteins may differ depending on the 
etiological context in which they arise, and it 
should not be assumed that the lipoprotein profi le 
in Type 1 or Type 2 diabetes is solely and neces-
sarily based on that condition alone. Other sec-
ondary causes may modify the lipoprotein 
abnormality, whilst intercurrent primary lipopro-
tein disorders may infl uence or even dictate the 
lipoprotein profi le. Tables  1.2 ,  1.3 , and  1.4  pro-
vide a framework for diagnostic considerations 
that may modify clinical management. The fi rst 
step in this process is the consideration of which 
lipoprotein class is responsible for any dyslipid-
emia in a person with diabetes. Though this may 
be inferred from the results of the automated labo-
ratory tests, it cannot be relied upon. Traditionally, 
identifi cation of the excess lipoproteins was 
achieved by lipid electrophoresis, but this non-
quantitative method does little to enhance prog-
nostic information. Tables  1.2 ,  1.3 , and  1.4  present 
an extension of the use of Apo B levels to provide 
this information in an alternative and potentially 
more useful format [ 35 ]. The different lipoprotein 
patterns are presented in approximate order of 
their prevalence in Type 2 diabetes, but as will be 
explained, the fi rst four are somewhat interchange-
able. The last two are substantially less common.  

    Predominant Hypertriglyceridemia 
and Hyperbetalipoproteinemia 

 Predominant hypertriglyceridemia due to 
increased VLDL (accompanied by low HDL-C) 
is the most common form of dyslipidaemia in 
people with Type 2 diabetes, but it is by no means 
universal. It may occur with or without an associ-
ated increase in cholesterol due to increased 
LDL. As a result, the fi rst four profi les listed in 
Table  1.2  are relatively common in people with 
Type 2 diabetes. This is supported by the obser-
vation that Type 2 diabetes is a common second-
ary cause of the fi rst three lipoprotein patterns in 
Table  1.3 . Nevertheless, it is also important to 
note that other diseases may cause or contribute 
to such patterns of dyslipidaemia, and indeed 
several, such as renal impairment and medica-
tions, are common accompaniments of Type 2 
diabetes, whilst others, such as obesity and corti-
costeroid use, represent secondary causes of 
Type 2 diabetes itself. Furthermore, the mere 
presence of diabetes does not exclude the possi-
bility of intercurrent primary causes of dyslipi-
daemia. It has been argued that LDL-C levels in 
western society are pathologically high due to 
gene/environment interactions (referred to as 
“polygenic hypercholesterolemia”), and hence 
this pattern, the fourth in Table  1.4 , may fre-
quently  accompany Type 2 diabetes. 

 Indeed, the fi rst four patterns in Tables  1.2 , 
 1.3 , and  1.4  must be regarded as potentially inter-
changeable. This is highlighted by the condition 
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hyperbetalipoproteinemia, which is listed as a 
primary dyslipidaemia in Table  1.4 . Hyperbetali-
poproteinemia was previously referred to as 
familial combined hyperlipidaemia. It featured a 
variable lipoprotein picture that ranged from 
 normal levels of LDL-C and TG to elevated 

 levels of either or both. This variability was man-
ifest within individuals and between individuals 
of affected families. It was regarded as a domi-
nant monogenic condition and was more reliably 
identifi ed by the overproduction of Apo 
B-containing particles, manifest as increased 
Apo B levels, even in normolipidemic cases. 
Whilst strong genetic predisposition remains evi-
dent, it is now clear that expression of the abnor-
mality is highly dependent on other factors, most 
notably age and central adiposity [ 39 ]. As such, it 
has come to be regarded as one form of the spec-
trum of insulin resistance [ 40 ]. This implies that 
many subjects with Type 2 diabetes may have a 
genetic predisposition towards overproduction of 
Apo B-containing lipoproteins which might man-
ifest as normolipemia, isolated elevation of 
LDL-C or TG levels or combined elevation of 
both. As explained previously, any tendency 
towards increased TG levels would trigger a 
decline in HDL-C due to the action of CETP. At 
the other end of the scale, if Type 2 diabetes is the 
result of non-genetic factors, those factors may 
also be suffi cient to lead to hyperbetalipoprotein-
emia. It will be appreciated that even polygenic 
hypercholesterolemia can be regarded as a form 
of hyperbetalipoproteinemia.  

    Saturation of Catabolic Pathways 

 Type 2 diabetes implies a tendency towards positive 
energy balance that favours excess serum levels of 
markers of macronutrient metabolism, most nota-
bly glucose, free fatty acids and TG. Furthermore, 
the previous sections highlight the association 
between Type 2 diabetes and the overproduction of 
serum lipoproteins. Consequently, Type 2 diabetes 
places increased demands on the catabolic path-
ways for TG and Apo B-containing lipoproteins, 
respectively. Most Apo B-containing particles 
undergo fi nal catabolism via the LDL receptor. 
Competition for this receptor will increase LDL-C 
levels, and this is thought to  contribute to increases 
in LDL-C and Apo B that are commonly associated 
with Type 2 diabetes. The LDL receptor also medi-
ates the hepatic removal of catabolised TRL, known 
as “remnant particles”; in this case the receptor 

        Table 1.3    Causes of secondary dyslipidemia, including 
diabetes   

 Excess lipoprotein 
accumulation  Causes 

 VLDL  Type 2 diabetes 
 Obesity/insulin resistance 
 Chronic renal impairment 
 Hemodialysis 
 Alcohol excess 
 Estrogen use 
 Glucocorticoid use 
 Retinol analogues 
 Other 

 LDL and VLDL  Type 2 diabetes 
 Obesity/insulin resistance 
 Cholestasis 
 Nephrotic syndrome 
 Peritoneal dialysis 
 Systemic lupus erythematosus 
 Polycystic ovary syndrome 
 Glucocorticoid use 
 HIV and highly active 
antiretroviral therapy 
 Antipsychotic drug use 
 Pregnancy 
 Other 

 LDL  Nephrotic syndrome 
 Hypothyroidism 
 Anabolic steroids 
 Other 

 Chylomicron and 
VLDL 

 Type 2 diabetes 
 Obesity/insulin resistance 
 Chronic renal impairment 
 Alcohol excess 
 Oestrogen use 
 Glucocorticoid use 
 Pregnancy 
 Other 

 IDL or “remnants”  Triggered or exacerbated by 
 Type 2 diabetes 
 Obesity/insulin resistance 
 Chronic renal impairment 
 Alcohol excess 
 Oestrogen use 
 Glucocorticoid use 
 Other 

 Chylomicrons alone  Acquired Apo C2 defi ciency in 
systemic lupus erythematosus 

D.R. Sullivan and B. Lewis



7

         Table 1.4    Causes of primary dyslipidemia which may coexist with diabetes   

 Excess lipoprotein accumulation  Primary causes 

 VLDL  Polygenic gene/environment interactions 
 Familial hypertriglyceridemia 

 LDL and VLDL  Polygenic gene/environment interactions 
 HyperApobetalipoproteinaemia    preferred instead of “familial combined hyperlipidemia” 

 LDL  Polygenic gene/environment interactions 
 Familial hypercholesterolaemia 

 Chylomicron and VLDL  Polygenic gene/environment interactions 
 Exacerbation of familial hypertriglyceridemia or familial hyperchylomicronaemia 

 IDL or “remnants”  Dysbetalipoproteinaemia 
 Chylomicron  Familial hyperchylomicronaemia 

interacts with the Apolipoprotein E of these lipo-
proteins. The affi nity of Apo E for the LDL recep-
tor varies according to a genetically determined 
polymorphism: the E2:E2 genotype has the least 
affi nity which causes mild impairment of remnant 
clearance, mild increase in TG and a mildly reduced 
LDL-C [ 41 ]. This polymorphism has a prevalence 
of about 1 %. If any cause of lipoprotein overpro-
duction is also present, this “second hit” may satu-
rate Apo E-mediated catabolism of “remnants” 
[ 42 ]. Massive accumulation of remnant particles, as 
refl ected by an increase in TG and TC that is out of 
proportion to any increase in Apo B, is strongly 
 atherogenic, and the severity may even be suffi cient 
to saturate the removal of TG, as discussed below. 

 The catabolism of TG takes place on the endo-
thelial surface of peripheral tissues due to the 
action of lipoprotein lipase. There are a number 
of genetic infl uences that affect the activity of 
lipoprotein lipase [ 43 ]. The rarest and severest 
impairments result in lipoprotein lipase defi -
ciency, the last condition in Table  1.4 . 
Nevertheless, individuals with Type 2 diabetes 
and less severely limited lipoprotein lipase activ-
ity may accumulate enough TG to fully saturate 
their lipolytic activity, particularly if they adopt a 
high-fat diet or deteriorates if their glycemic 
control (second last condition in Table  1.3 ). This 
may rapidly exacerbate TG levels, causing 
massive hypertriglyceridemia with attendant risk 
of acute pancreatitis. As mentioned above, the 
hypertriglyceridemia associated with accumula-
tion of remnant particles may also saturate the 
activity of lipoprotein lipase.  

    Apolipoprotein Measurement 

 Data supporting the use of Apo B measurement in 
appropriate circumstances has already been pre-
sented. Relatively inexpensive light-scattering 
methods are suitable for routine samples, but 
immuno-enzymatic or immuno-radiometric    meth-
ods should be considered when lipemia is present 
because this may confound light- scattering tech-
niques. The same considerations apply to the 
measurement of other Apolipoproteins. 

 Results of Apo A1 measurement carry the 
same implications as HDL-C, but evidence of 
clear-cut superiority is lacking [ 44 ]. Apo A1 can-
not be incorporated in risk algorithms, and its 
widespread adoption is unlikely unless practical 
considerations lead to utilization in combination 
with Apo B. Apo E and Apo C3 are associated 
with both HDL and VLDL, but the VLDL fraction 
predominates, so the levels of these Apolipoproteins 
largely refl ect the concentration of VLDL and TG. 
Apo C3 has demonstrated independent prognostic 
value in some studies [ 45 ], but its use is limited 
and standardisation of its measurement is at an 
early stage. Apo C2 plays a reciprocal role to Apo 
C3, but it is not measured as frequently. Apo A5 
activity in the liver is a major determinant of 
plasma TG levels, but it is diffi cult to measure in 
the circulation [ 46 ]. Measurements of Apo A4, A2 
and other minor apolipoproteins have yet to fi nd 
major clinical applications. 

 Apolipoprotein (a) is an enigmatic 
Apolipoprotein that is covalently linked to 
LDL to form lipoprotein (a). Its homology with 
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plasminogen makes it a putative inhibitor of 
thrombolysis, whilst its high degree of glycosyl-
ation renders it adherent to vessel wall matrix. 
Epidemiological studies supported by genome-
wide association evidence conclude that it is an 
independent risk factor for cardiovascular dis-
ease [ 47 ]. It is largely under genetic control, but 
it may increase in the presence of renal impair-
ment [ 48 ]. It can be measured by the methods 
mentioned above, but care must be taken with 
the standardization of the assay because the 
molecular size of the protein, which has a strong 
inverse relationship to its plasma level, shows 
remarkable variation between individuals [ 49 ].  

    Other Laboratory Markers 

 One must not assume that abnormal lipoprotein 
status in people with Type 2 diabetes is solely 
due to the diabetic state. Consideration of addi-
tional primary and secondary causes provides 
additional prognostic information [ 50 ]. It is dif-
fi cult, but plausible, to factor these consider-
ations into clinical management decisions that 
are largely based on quantifi cation and assess-
ment of the absolute CVD (or other) risk of the 
individual patient. The greatest problem is the 
need to reclassify patients with intermediate lev-
els of risk, so it is in this category that lipopro-
tein pattern and underlying etiology can be most 
helpful. Other forms of laboratory assessment 
also play a role in this regard. Detection, quanti-
fi cation and monitoring of pro-atherogenic dia-
betic complications, particularly renal 
impairment, warrant the measurement of urinary 
microalbumin, eGFR via creatinine and possi-
bly, in future, cystatin C and/or N-gelatinase-
associated lipocalin. The severity of 
hyperglycemia in diabetes, as quantifi ed by 
serum glucose and glycated hemoglobin (usu-
ally as HbA1c) levels, also requires consider-
ation. Biochemical modifi cation of lipoproteins 
is not necessarily proportional to the severity of 
diabetes, so independent measurement of param-
eters such as oxidised LDL may eventually 

become relevant, but the evidence for their rou-
tine use has yet to accumulate [ 51 ]. Markers of 
other potentially atherosclerotic processes, such 
as infl ammation, may also be relevant. It needs 
to be remembered that excess central adipose 
tissue, commonly associated with Type 2 diabe-
tes, may be a source of adipokines, that include 
infl ammatory markers such as C-reactive protein 
(measurable with a high- sensitivity assay) or 
lipoprotein-associated phospholipase A2. In this 
sense, raised levels of infl ammatory markers 
may represent surrogate markers of Type 2 dia-
betes and pre-diabetes. Nevertheless, some 
guidelines do envisage a role for hs-CRP mea-
surement in the reclassifi cation of intermediate-
risk patients [ 52 ]. Genome-wide association 
studies infer the existence of other independent 
mechanisms, some of which may pertain to both 
diabetes and its complications [ 53 ]. The capa-
bilities of next-generation sequencing may per-
mit the use of genetic techniques for the 
assessment of complex disorders such as diabe-
tes and its complications [ 54 ].  

    Summary 

 Clinical management of diabetes mellitus 
requires effective laboratory assessment of lipo-
protein abnormalities. Diabetes may cause or 
exacerbate quantitative and/or qualitative 
changes in lipoproteins. Furthermore, diabetic 
complications may cause secondary dyslipid-
emia, whilst important forms of primary dyslip-
idemia may coexist with diabetes. The risk of 
macrovascular complications of diabetes can be 
anticipated by consideration of major cardiovas-
cular risk factors including total cholesterol 
(TC), fasting triglyceride (TG) and high-density 
lipoprotein cholesterol (HDL-C), from which 
additional indicators such as low-density lipo-
protein cholesterol (LDL-C) and non-HDL cho-
lesterol (NHDL-C) may be derived. Like 
diabetes, dyslipidemia is a complex chronic 
condition that requires ongoing assessment and 
long-term surveillance.     
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           Insulin Resistance and Type 2 
Diabetes 

 The pathophysiology of type 2 diabetes mellitus 
(T2DM) is characterized by insulin resistance (IR) 
in many tissues, including the liver and muscle, 
accompanied by progressive failure of adequate 
insulin secretion by the pancreatic β-cells [ 28 ]. 
Prior to the emergence of overt T2DM (i.e., fast-
ing hyperglycemia), patients with “pre-diabetes ” 
are seemingly healthy in that they have normal or 
only slightly elevated fasting glucose (impaired 
fasting glucose or IFG), but they have signifi -
cantly impaired glucose tolerance (IGT) and IR. 
In this state there is progressive loss of β-cell 
function manifested as a loss of insulin secretion. 
Once the β-cell function declines 50–80 %, glu-
cose levels cannot be brought to normal, even 
after an overnight fast, and so fasting hyperglyce-
mia occurs and T2DM begins. Additional factors 
contributing to the onset of the T2DM phenotype 

are accelerated intracellular lipolysis in adipose 
tissue, defective incretin secretion by the gastro-
intestinal tract, inappropriate elevation (or lack of 
appropriate suppression) of glucagon secretion by 
pancreatic α-cells, increased glucose reabsorption 
in renal tubules, and IR in portions of the central 
nervous system responsible for regulating glucose 
homeostasis. 

 In both T2DM and in the prediabetes/IR state, 
a characteristic dyslipidemia occurs. The standard 
lipid profi le often shows elevated plasma TG and 
non-HDL-C (defi ned as total cholesterol minus 
HDL-C) levels and reduced HDL-C [ 13 ,  15 ,  32 , 
 88 ,  123 ]. In these cases, comprehensive lipid test-
ing is likely to reveal additional abnormalities, 
including increased levels of remnant particles and 
a shift towards LDL particles which are smaller 
and denser on average. The shift towards small, 
dense LDL-C, called “Pattern B,” is generally due 
primarily to an absolute increase in small, dense 
LDL and so is related to increased plasma concen-
trations of LDL particles and apoprotein B (apo 
B). This change can be assessed by measurement 
of (1) average or peak LDL size, (2) LDL particle 
concentrations, and (3) total plasma apo B levels. 

 The mechanisms by which insulin resistance 
could cause these changes may largely start with 
a lack of suppression of hormone-sensitive lipase 
by insulin in visceral adipocytes. This causes 
increased mobilization of free fatty acids from 
adipose tissue, which in turn leads to hepatic TG 
overload. Excess hepatic fatty acids and TG leads 
to increased hepatic secretion of VLDL particles, 
which results in elevated plasma TG levels. 
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Further, insulin resistance is associated with 
reduced activity of lipoprotein lipase, which, by 
decreasing clearance of TG-rich lipoproteins 
from plasma, exacerbates the increase in plasma 
TG due to oversecretion of VLDL. Since TG-rich 
lipoproteins are the substrate which drives activ-
ity of cholesteryl ester transfer protein (CETP), 
high plasma TG levels result in a net increase in 
the core-lipid exchange between lipoproteins 
catalyzed by this enzyme. This results in TG 
loading of LDL and HDL particles, which in turn 
leads to relatively rapid TG lipolysis by hepatic 
lipase and reduced overall core-lipid content, 
which fi nally results in decreased particle size 
and increased particle density. Small, dense LDL 
appears to be more atherogenic than larger LDL 
for several reasons: (1) impaired binding to the 
LDL receptor resulting in impaired LDL clear-
ance and prolonged plasma half-life; (2) greater 
entry past the endothelium into the subendothe-
lial space; (3) greater adhesion to the subendo-
thelial matrix, increasing dwell time in the space 
where lipoprotein modifi cation and ingestion by 
macrophages principally occurs; and (4) a greater 
susceptibility to oxidation and other types of 
modifi cation, increasing the likelihood of scav-
enging by macrophages. Since ingestion of modi-
fi ed LDL by macrophages in the artery wall 
appears to be the one of the principal driving 
forces in atherogenesis, excess production of 
small, dense LDL in the presence of elevated 
plasma TG levels may be a major mechanism of 
increased atherosclerosis and CVD in patients 
with high TG. 

 TG loading of the core of HDL also leads to 
relatively rapid TG lipolysis and net loss of core 
volume, similar to LDL. In contrast, however, it 
is not clear that increased production of small, 
dense HDL increases atherosclerosis or CVD. 
Instead, the loss of HDL core triglyceride results 
in the release of apo A-I from HDL. Once shed 
from HDL, apo A-I undergoes rapid glomerular 
fi ltration and catabolic loss. Since a large per-
centage of the anti-atherosclerotic effects of HDL 
are attributable to apo A-I, reductions in apo A-I 
levels appear to increase atherosclerosis and 
CVD. Finally, the enhanced action of CETP in 
the presence of high plasma TG levels results in 

excess transfer of cholesterol back to VLDL and 
IDL, which makes those particles more athero-
genic. Thus, the constellation of dyslipidemic 
changes related to high TG dramatically increases 
the risk of CVD. 

 DeFronzo and colleagues [ 28 ] have reported a 
series of studies demonstrating severe impair-
ment of insulin signal transduction pathways 
(e.g., insulin resistance substrate (IRS)-1 medi-
ated) in lean T2DM patients and obese individu-
als with normal glucose tolerance. These 
insulin-signaling defects lead to abnormalities in 
intramyocellular glucose metabolism and 
decreased glucose by muscle, where it is less 
readily oxidized as fuel. This results in hypergly-
cemia, which appears to be pro-atherogenic via 
several mechanisms including adverse effects on 
lipoproteins and the artery wall. The latter 
includes impaired release of nitric oxide as a sign 
of endothelial dysfunction. In contrast, despite 
these insulin-resistant changes, the MAP kinase 
pathway retains its sensitivity to insulin, resulting 
in excessive stimulation and activation of down-
stream pathways involved in infl ammation and 
atherogenesis. Thiazolidinediones (TZDs) com-
prise a class of antidiabetic drugs that simultane-
ously augment insulin signaling through IRS-1 
and inhibit the MAP kinase pathways. In two 
prominent clinical trials of T2DM patients, 
CHICAGO and the TZD pioglitazone halted the 
progression of carotid and coronary atherosclero-
sis, respectively [ 82 ,  90 ]. Interestingly, these 
anti-atherosclerotic effects were related to 
increases in HDL-C levels. Of greater impor-
tance, pioglitazone also decreased a core com-
posite of CVD events (myocardial infarction, 
stroke, and total or CVD mortality) in T2DM in 
the larger, longer PROactive (the Prospective 
Pioglitazone Clinical Trial in Macrovascular 
Events) study. Thus, effective interventions to 
inhibit the pathophysiological damage associated 
with the IR/DM phenotype are possible, under-
scoring the need for better utilization of diagnos-
tic tools able to identify “at-risk” populations and 
their specifi c lipid disorders. 

 Restoration of glycemic control and allevia-
tion of IR both promote plasma TG reduction, 
primarily by reducing the excess uptake of 
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 glucose and free fatty acids by the liver, which 
fuel excess hepatic TG production [ 28 ]. However, 
direct treatment of hyperglycemia may fail to 
normalize metabolism or the composition of 
LDL and HDL. Further complicating therapeutic 
intervention in T2DM is the deceptively normal 
lipid profi le that frequently occurs with, or even 
without, initial treatment on dyslipidemia medi-
cations [ 13 ,  15 ,  88 ]. Further, reducing LDL-C 
levels, which are the primary target of dyslipid-
emia therapy, with statin monotherapy often fail 
to address the abovementioned lipoprotein abnor-
malities which contribute to excess atherosclero-
sis and CVD events in T2DM and IR [ 123 ]. It is 
critical, therefore, to understand how current 
lipid treatment options can be employed to more 
favorably impact the complex dyslipidemia often 
seen in IR/DM patient and to incorporate this 
knowledge into routine clinical practice. To 
address this therapeutic gap, it fi rst may be neces-
sary to address the diagnostic gap. That is, a stan-
dard lipid panel often provides little or no 
evidence of these abnormalities. 

 Direct measurement of total plasma apo B has 
been proposed, because it counts all potentially 
atherogenic lipoproteins [ 24 ,  115 ]. In addition, 
assessment of LDL particle concentration and 
direct measurement of subclasses of VLDL, 
LDL, and HDL also may help diagnose and 
quantify these derangements in lipoprotein 
metabolism [ 32 ,  56 ,  63 ].  

    The Case for Evaluating Lipoprotein 
Subclasses 

 Standard lipid panels (e.g., total cholesterol, TG, 
LDL-C, and HDL-C) are performed using auto-
mated chemistry analyzers, with LDL-C being 
calculated using the Friedewald equation [ 36 ]. 
Elevated levels of LDL-C and non-HDL-C, and 
reduced HDL-C, have been identifi ed as primary 
CVD risk factors in offi cial lipid guidelines [ 88 ]. 
By reporting single values for lipoprotein choles-
terol concentrations, the traditional lipid panel 
implies that lipoproteins, such as LDL-C and 
HDL-C, are single entities. Instead, lipoprotein 
particles span a continuum of size, density, choles-

terol content, and TG content, with an especially 
large gradient for the TG-rich IDL and VLDL 
lipoproteins, and chylomicrons [ 60 ], as summa-
rized schematically in Fig.  2.1 . Further, over the 
past two decades, evidence has emerged to dem-
onstrate that the standard lipid panel fails to iden-
tify many lipoprotein abnormalities which may 
contribute to elevated risk of CVD events [ 123 ].

   Methods which sort lipoproteins by particle 
size (e.g., gradient gel electrophoresis (GGE) 
and nuclear magnetic resonance spectroscopy 
(NMR)) cannot separate IDL and Lp(a) from 
LDL as these subclasses have overlapping sizes. 
In contrast, differential particle density between 
LDL and Lp(a) allows separation of these related, 
but very different, lipoproteins by density gradi-
ent centrifugation (DGU) [ 60 ,  63 ]. 

 Within each lipoprotein class, there is a wide 
range of lipoprotein sizes, related to considerable 
variability in the total cholesterol content of the 
particle [ 60 ,  88 ].    The fact that LDL-related lipo-
proteins vary substantially in size, density, and 
content of cholesterol and TG appears to explain 
much of the lack of precision in CVD risk esti-
mation by the standard lipid panel, since it only 
provides the LDL-C concentration, and this is 
only as a rough calculation [ 63 ]. 

 A key strategy to better estimate CVD risk is 
to focus on all atherogenic    (apo B) particles. One 
parameter of this is non-HDL-C, which repre-
sents the total cholesterol content of VLDL, IDL, 
LDL, and Lp(a), and is a powerful predictor of 
CVD risk. Because there is one copy of apo B in 
each non-HDL particle, measurement of total 
plasma apo B, generally by immunoassay, 
directly refl ects the total number of atherogenic 
particles. A third method is LDL particle number 
which can be calculated by NMR. 

 In a meta-analysis of clinical reports using 
LDL-C, non-HDL-C, and apo B as CVD markers, 
apo B was found to be the most reliable predictor 
of fatal or non-fatal ischemic cardiovascular events 
[ 115 ]. The mean relative risk ratio for apo B was 
12 % greater than for LDL-C and 6 % higher than 
for non-HDL-C. Thus, over a 10-year period, an 
apo B-based strategy for evaluating and treating 
excess CVD risk might be estimated to prevent 
500,000 more CVD events than a non-HDL- C 
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strategy, while a non-HDL-C-based strategy might 
prevent 300,000 more CVD events than one based 
on calculated LDL-C alone. 

 In some clinical studies, the LDL particle 
number calculated as above by NMR has demon-
strated a stronger correlation with CVD risk than 
has LDL-C. For example, in the Multi-Ethnic 
Study of Atherosclerosis (MESA), a lipoprotein 
subclass analysis in over 5,500 apparently healthy 
adults found a signifi cant correlation between 
higher numbers of total or small LDL particles 
and increased carotid intima-media thickness 
(CIMT), a CVD risk factor [ 86 ]. By contrast, 

higher concentrations of total or large HDL par-
ticles were inversely correlated with CIMT. LDL 
particle subclasses remained signifi cantly associ-
ated with CIMT after adjustment for both LDL-C 
and traditional lipids. LDL-C was also indepen-
dently associated with worsened CIMT. However, 
there was no signifi cant additional contribution 
of LDL-C to CIMT once the two LDL subclasses 
(large and small LDL particles) were included 
in the model. In the subgroup of participants 
with diabetes, both large and small LDL parti-
cle concentrations were signifi cantly associated 
with CIMT. 

  Fig. 2.1    Lipoprotein size-density relationship. Lipid sub-
classes are present in a continuum of size and density, 
with an especially large gradient for the TG-rich lipopro-
teins IDL, VLDL, and chylomicrons. Technologies that 
sort by size (NMR and GGE) cannot separate IDL and 
Lp(a) from LDL-R, as these lipoproteins have overlap-
ping sizes. IDL and Lp(a) differ by density; therefore, 
DGU is the best way to separate total LDL into its three 
components. Total LDL is made up of Lp(a), IDL, and 
real LDL or R-LDL. R-LDL is defi ned as total LDL-C 
minus Lp(a)-C minus IDL-C. Both Lp(a) and IDL are 
more atherogenic than LDL itself. Atherogenic remnant 

lipoproteins include IDL and VLDL3 (small/dense). 
These are elevated in MetSyn and T2DM and respond to 
low-carbohydrate diets. HDL2 is the more mature HDL 
subclass. HDL3 is less lipidated and smaller. The density 
range for IDL is 1.006–1.019 g/ml. Lp(a) and R-LDL are 
typically located in the density range of 1.019–1.063 g/
ml. Lp(a) and small/dense LDL overlap in the density 
range of 1.050–1.063 g/ml. In addition, Lp(a) overlaps 
with IDL and large R-LDL when PAGGE is used, because 
of differences in electrophoretic mobility; however, Lp(a) 
size is actually 21–25 nm. Figure courtesy of Atherotech 
Labs, Inc., Birmingham, AL          
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 The particle-size distribution of LDL varies 
signifi cantly according to genetic factors and cor-
relates inversely with CVD risk [ 60 ]. The pre-
dominance of larger, more buoyant LDL particles 
is termed Pattern A and suggests lower CVD risk. 
In contrast, Pattern B is typifi ed by higher relative 
concentrations of small, dense LDL, which 
increases CVD risk by as much as fourfold, com-
pared to Pattern A. Pattern A/B is the term for 
intermediate LDL particle size and it may roughly 
double CVD risk. In light of these differences in 
risk and the differing underlying pathophysiology 
of these patterns, it is suggested that each pattern 
warrants different therapeutic strategies [ 60 ]. 

 In the process of lipolysis of TG from TG-rich 
lipoproteins, the core of the lipoproteins shrinks 
and the resulting smaller lipoproteins are called 
“remnants.” Remnant lipoproteins tend to be 
more atherogenic than their parent lipoprotein. 
VLDL remnant particles include VLDL 3  and 
IDL. Levels of these VLDL remnant lipoproteins 
are elevated in patients with the metabolic syn-
drome (MetSyn) or IR/T2DM, and this elevation 
can be reduced with a diet low in total carbohy-
drate and especially in sugar content [ 50 ]. 
Interestingly, the IDL remnant particles may be 
more atherogenic, on a per particle basis, than is 
LDL, and it may be lowered less effi ciently by 
statin treatment than are LDL levels. Lp(a) also 
seems especially atherogenic with a strong 
genetic infl uence and does not respond well to 
statin therapy [ 31 ,  107 ]. Elevated levels of IDL 
and Lp(a) usually can be lowered by niacin treat-
ment [ 9 ], though whether this impacts risk for 
CVD events is as yet not established. 

 Lp(a) appears to consist of an LDL particle, to 
which has been added a large glycoprotein 
termed apo(a), attached to the apo B by a cova-
lent bond. Apo(a) has a constant region and a 
variable region in which a peculiar secondary 
“loop” structure, termed a “kringle” due to its 
resemblance to a Dutch pastry by the same name, 
is repeated a variable number of times. Signifi cant 
elevations of Lp(a) levels may double CVD risk 
in isolation [ 109 ], and when present concomi-
tantly with elevated concentrations of small, 
dense LDL, CVD risk may jump by 25-fold [ 91 ]. 
Unfortunately, measurement of Lp(a) by the tra-
ditional protein assay may lack accuracy due to 

sensitivity of immunoassay kits to the number of 
kringle repeats in apo(a) [ 77 ]. Lp(a) can also be 
quantifi ed by measurement of its cholesterol con-
tent by DGUC. Although this parameter of Lp(a) 
concentration is not the traditional one, there is 
evidence that it may be more reproducible than 
that of Lp(a) protein by immunoassay. 

    Among the major HDL subfractions, HDL 2 , 
the larger subspecies, has been reported to be the 
more atheroprotective HDL subfraction [ 129 ], 
whereas HDL 3  has been reported to be less 
 protective or even neutral in its relationship to 
CVD [ 8 ]. The opposite, however, has also been 
reported. Curiously, there appears to be heteroge-
neity in HDL subfraction effects among interven-
tions which raise total HDL levels. For example, 
exercise [ 14 ] and niacin may raise HDL 2  more 
than HDL 3 , whereas some but not all studies 
[ 128 ] [ 83 ] have suggested the opposite pattern of 
size-specifi c increase with ethanol and fi brates. 

    LDL Subclasses 

 Quantifi cation of LDL particle subclasses by 
NMR indicates a signifi cantly stronger predictive 
value for the incidence of CVD events or disease 
progression than LDL-C [ 10 ,  65 ,  75 ,  95 ,  104 , 
 107 ]. This association appeared to be indepen-
dent of the standard lipid panel values. In one 
representative study, determination of LDL par-
ticle concentration and size by NMR found that 
particle concentration was a predictor of future 
CVD events in overtly healthy middle-aged 
women [ 10 ]. In general, the magnitude of LDL- 
particle predictive value was similar to that asso-
ciated with standard lipid measurements, but less 
than the predictive value of measuring the infl am-
matory biomarker C-reactive protein (CRP). 

 In the Women’s Health Study of middle-aged 
women with no history of CVD or cancer, LDL 
particle concentration was the best lipoprotein 
predictor of incident CVD events and stroke and 
was more strongly related to these outcomes than 
was apo B [ 10 ]. The Quebec Cardiovascular 
Study found that the combination of IR/diabetes, 
elevated small dense LDL-C, and elevated apo B 
synergistically confers a 20-fold increased risk 
for CVD events [ 122 ]. Tempering this viewpoint 
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are studies where adjustment for the number of 
LDL particles (apo B or LDL particle concentra-
tion) attenuated the relationship between a 
 predominance of small, dense LDL and athero-
sclerotic CVD [ 10 ,  49 ,  55 ,  65 ,  95 ,  105 ,  123 ]. 
Thus, the question of whether or not apo 
B-containing lipoproteins can develop a steep- 
enough gradient of atherogenicity across sub-
types to achieve clinical relevance remains 
controversial. However, epidemiologic and clini-
cal intervention trials have clearly demonstrated 
a stronger correlation with apo B concentration 
and subsequent CVD events than for LDL-C val-
ues and CVD events [ 114 ]. 

 Small, dense LDL particles comprise an impor-
tant component of the Pattern B pathophysiology 
associated with obesity, the MetSyn, and IR/DM 
(characterized by high TG, low HDL-C, and 
increased LDL particle number) [ 4 ,  12 ,  58 ,  84 , 
 102 ]. Individuals with smaller average LDL size 
(18–21 nm) are more likely to present with IR and 
the metabolic syndrome and are at an increased 
risk for developing T2DM [ 33 ,  39 ,  40 ,  58 ]. 

 Other predictive variables, such as higher con-
centrations of TG-rich lipoproteins or reduced 
HDL-C, might need to be considered. For exam-
ple, Maki et al. [ 76 ] reported a signifi cant asso-
ciation between progressive increases in carotid 
intima-media thickness (CIMT), a surrogate 
marker of early-stage atherosclerosis, and 
increased cholesterol in TG-rich lipoproteins and 
denser LDL lipoprotein subclasses, coupled with 
lower HDL-C concentrations, in normoglycemic 
adults at moderate risk for coronary heart disease 
(CHD). Further, epidemiology studies have con-
sistently supported a stronger role for non-HDL-
 C in predicting subsequent CVD events than for 
LDL-C, independent of elevated TG concentra-
tions [ 12 ,  26 ,  52 ,  72 ,  99 ].  

    Triglyceride-Rich Lipoproteins 

 Increased cholesterol carried by TG-rich lipopro-
teins (VLDL, IDL, chylomicrons) is highly ath-
erogenic and a prominent component of the IR/
DM dyslipidemia phenotype linked to increased 
CVD risk [ 88 ]. Metabolic syndrome (MetSyn) or 
IR/T2DM dyslipidemia is characterized not only 

by high TG and low HDL-C concentrations but 
also by increases in the size of VLDL particles 
and decreases in the size of LDL and HDL [ 39 , 
 125 ]. Larger VLDL lipoproteins/particles are 
strongly associated with TG, IR, and the MetSyn 
[ 39 ,  58 ]. High concentrations are defi ned as more 
than 5 nmol/L (>75th percentile in MESA) and 
confer an increased risk for developing T2DM 
[ 88 ]. In addition, VLDL-C correlates strongly 
with concentrations of TG-rich remnant particles 
[ 88 ]. An alternate view suggests that the superior-
ity of non-HDL-C as a CVD predictor results 
from the association between non-HDL-C and 
LDL particle number, rather than from the ath-
erogenicity of TG-rich lipoprotein remnants [ 25 , 
 96 ]. This theory is based on the fi nding of ele-
vated levels of small, dense LDL particles in indi-
viduals with hypertriglyceridemia, resulting in 
higher-than-expected LDL particle concentra-
tions than predicted from LDL-C concentrations.  

    HDL Subclasses 

 High concentrations of HDL-C are now fi rmly 
established as a benefi cial condition that lowers 
CVD risk, and most published reports attribute 
the cardioprotective properties of HDL to HDL2 
[ 88 ,  129 ]. Reduced concentrations of HDL lipo-
protein subclasses are a prominent component of 
the IR/diabetic/MetSyn dyslipidemia phenotype 
linked to increased CVD risk [ 39 ,  58 ]. Among 
subjects in the MESA trial not treated with lipid- 
lowering medication, total HDL particle number 
was more strongly associated with carotid athero-
sclerosis than was HDL-C [ 86 ]. In the Pravastatin 
Limitation of Atherosclerosis in the Coronary 
Arteries (PLAC-I) statin intervention trial, a key 
fi nding was the negative association between pro-
gression of coronary artery disease and high lev-
els of smaller HDL particle subclasses [ 104 ]. 
This correlation was independent of total HDL-C 
concentrations.    In contrast, in the Veterans 
Affairs HDL Intervention Trial VAHIT total and 
small HDL particle numbers were independent 
predictors of recurrent CVD events [ 95 ]. 

 In a representative group of prospective stud-
ies examining the relationship of HDL-C sub-
classes to CHD events, risk was signifi cantly 
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associated with both HDL2-C and HDL3-C in 
fi ve studies [ 38 ,  68 ,  106 ,  111 ,  118 ], with HDL2-C 
but not HDL3-C in one study [ 67 ] and with 
HDL3-C but not HDL2-C in one study [ 124 ]. In 
another study, HDL-C, HDL2-C, and HDL3-C 
concentrations were all inversely associated with 
CIMT progression, which agreed with results 
reported previously for traditional HDL-C mea-
surements [ 76 ]. The results were similar however 
for total HDL-C, HDL2-C, and HDL3-C. All 
three values correlated with CIMT progression; 
however, HDL-C, HDL2, and HDL3 were not 
superior in their prediction of CIMT progression. 

 In one of the longest prospective studies to 
examine the relationship between lipoprotein 
subclasses and coronary heart disease (CHD), 
1,905 men from the Livermore Radiation 
Laboratory were followed for 29 [ 130 ] and 53 
years [ 129 ]. Between 1954 and 1957, lipoprotein 
mass concentrations were determined using an 
analytic ultracentrifugation technique [ 43 ]. At the 
10-year follow-up, the 38 men who developed 
clinical ischemic heart disease had signifi cantly 
lower HDL2 (32 %), lower HDL3 (8 %), higher 
LDL (13 %), higher IDL (23 %), and higher small 
VLDL (21 %) mass compared to the total sample 
population. At the 29-year follow- up, 179 CHD 
deaths, 182 nonfatal myocardial infarctions, and 
93 revascularization procedures were confi rmed 
in 97 % of the cohort [ 130 ]. Total incident CHD 
was inversely related to HDL2 and HDL3 mass 
and concordantly related to LDL mass, IDL mass, 
and small and large VLDL mass concentrations, 
after adjustment for age. The lowest quartiles of 
both HDL2 mass and HDL3 mass independently 
predicted total incident CHD. Risk for premature 
CHD (≤65 years old) was signifi cantly greater in 
men within the lowest HDL2 and HDL3 quartiles 
plus high LDL mass concentrations. At the 
53-year follow-up, the risk associated with the 
lowest HDL2 quartile increased signifi cantly by 
22 % for all-cause mortality, 63 % for total CHD, 
and 117 % for premature CHD mortality, when 
adjusted for age [ 129 ]. When adjusted for stan-
dard risk factors (age, total cholesterol, blood 
pressure, BMI, smoking) and the lowest HDL3-
quartile, the corresponding risk increases were 
14, 38, and 62 %, respectively. Men with HDL3 
less than or equal to the 25th percentile had 28 % 

greater total CHD risk and 71 % greater risk of 
premature CHD risk. Higher LDL mass concen-
trations signifi cantly increased total CHD risk by 
3.8 % and premature CHD risk by 6.1 % for each 
10 mg/dL rise in concentration. Thus, data from 
the fi rst study to demonstrate an association 
between HDL subclasses and CVD risk support 
the conclusion that lower concentrations of the 
more buoyant HDL2 particle, and to a lesser 
extent HDL3, are associated with increased CVD 
risk. LDL mass as expected predicted risk; how-
ever, TG-rich lipoproteins and subclasses also 
were powerful predictors. Although still contro-
versial, some investigations suggest that HDL2 
particles may offer greater cardioprotective 
effects than HDL3 [ 34 ], though this is now ques-
tioned and being actively re-evaluated.   

    Techniques for Measuring 
Lipoprotein Subclasses 

 There are several methods available to measure 
apolipoproteins and lipoprotein subclasses, includ-
ing chemical analysis and immunoassays, gel 
 electrophoresis (polyacrylamide gradient gel elec-
trophoresis (PAGGE) or GGE), nuclear magnetic 
resonance (NMR), and density gradient ultracen-
trifugation (DGU) [ 11 ,  29 ,  41 ,  42 ,  56 ,  63 ]. The 
most common method is the standard lipid panel 
performed using automated chemistry analyzers. 
This method involves independent measurements 
of total cholesterol, HDL-C, and TG. LDL is 
 estimated using the Friedewald  equation [ 36 ]. 

 [FLDL-C] = [Total Cholesterol] − [HDL-C] −[TG/5] 

 In the Friedewald relationship, the IDL and 
Lp(a) components of LDL are assumed to be 
20 % of the TG concentration. This underscores 
the importance of obtaining a fasting TG 
 measurement, because the elevated TG levels 
found postprandially can cause false-low estima-
tion of Friedewald-calculated LDL (FLDL-C). 
For patients with TG >400 mg/dL, a direct LDL 
measurement should be performed to avoid 
this problem [ 78 ]. In reality, directly measuring 
LDL levels eliminates Friedewald equation 
 inaccuracies caused by higher levels of TG and 
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TG-rich lipoproteins. FLDL-C levels do not cor-
relate well with direct LDL levels in patients with 
diabetes or coronary or other atherosclerotic dis-
eases [ 110 ], because many of these patients have 
high levels of TG-rich lipoproteins even with 
near- normal TG concentrations, the classic hall-
mark of an atherogenic lipoprotein profi le. 

 Lipoprotein subclasses can be measured in 
many cases by direct measurement on chemistry 
analyzers, but measurements of multiple sub-
classes by this method is expensive and all sub-
classes are not captured. Techniques that can 
measure multiple lipoprotein subclasses simulta-
neously have been reviewed and compared [ 123 ]. 
PAGGE/GGE, NMR, and DGU represent widely 
used, practical options that simultaneously mea-
sure all lipoprotein subclasses. 

    Gradient and Modifi ed Nongradient 
Gel Electrophoresis 

 Because of the laborious nature of the original 
DGU technique ( described below ), other meth-
ods were developed to separate and measure lipo-
proteins and their subclasses based on physical 
properties, such as size. One of these techniques 
is nondenaturing gradient gel electrophoresis 
(PAGGE or GGE). Size separation of lipopro-
teins is accomplished by using polyacrylamide 
gradient gels (2–16 % cross-linking) in which the 
gel layers have decreasing pore size due to the 
increasing cross-linking of the polyacrylamide 
gel. Smaller size lipoprotein particles travel far-
ther in the gel matrix while movement of larger 
lipoprotein particles is inhibited. Migration dis-
tance under these conditions is inversely related 
to particle diameter. Also, increasing electropho-
resis time from 24 to 30 h does not signifi cantly 
affect the relative mobility (separation) of the 
LDL peaks. The standard deviation of results 
typically range from 0.2 to 0.28 nm (CV < 1.0 %). 

 After the electrophoresis step is completed, 
the gels are removed from the holder and stained 
with one of a number of dyes (Coomassie 
Brilliant blue R-250 for protein detection, Sudan 
Black or Oil Red O for lipid detection) to reveal 
the shape and size of the separated lipoprotein 

fractions. Lipoprotein particle size is roughly 
inversely proportional to the particle density. The 
amount of the lipoprotein in each stained fraction 
is determined through the use of a densitometer, 
and a computer deconvolution program is used to 
convert the color density of each peak into a lipid 
concentration (mg/dL). Typical LDL profi les for 
Pattern A and B individuals are shown in Fig.  2.2 .

   Application of this technique reveals multiple 
bands within the total LDL fraction of different 
subjects. The range of particle diameters comprised 
by LDL separated by this method is 21.8–27.8 nm, 
corresponding closely to the ranges determined by 
negative-staining electron microscopy [ 112 ]. 
Sodium dodecyl sulfate (SDS) polyacrylamide gel 

  Fig. 2.2    Representative LDL subclass analyses gener-
ated using PAGGE/GGE. The  black profi le lines  are repre-
sentative of the optical density of the gels containing the 
stained lipoproteins. These profi les are deconvoluted to 
yield the concentration of the individual LDL lipid sub-
classes. The Pattern A profi le shows a predominance of 
large buoyant LDl particles skewing to the right with an 
absence of IDL or VLDL particles. The Pattern B profi le 
with peak particle diameters less than 255 Å and the pat-
tern skewed to the left with large amounts of IDl and 
VLDL particles. This lipid profi le is for a patient with an 
atherogenic phenotype. Two gradient gels are necessary to 
size separate all lipoproteins (HDL and non-HDL). 
Reprinted with permission from Austin [ 4 ]       
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electrophoresis of the above fractions reveals only 
apo B. Importantly, similar- size lipoproteins sepa-
rated by PAGGE/GGE have heterogeneous densi-
ties, while similar-density lipoproteins separated 
by DGU display multiple- size heterogeneity. 
Therefore, the output from these two techniques is 
complementary, but not necessarily identical [ 17 ]. 
One example of the use of PAGGE/GGE to charac-
terize lipoprotein subclasses within a large popula-
tion was reported for the Quebec Heart Study [ 121 , 
 122 ]. Cholesterol in small, dense LDL (<25.5 nm) 
conferred a risk of four- to six-fold greater risk of 
ischemic heart disease than did cholesterol located 
within larger, more buoyant LDL particles.  

    Nuclear Magnetic Resonance 
Spectroscopy 

 Both the PAGGE/GGE and DGU techniques rely 
on a physical separation of the lipoproteins, 
either by density or by size, before cholesterol 
analysis. Another method has been developed 
using nuclear magnetic resonance spectroscopy 
(NMR) to estimate lipoprotein particle number, 
size, and concentration without a separation step 
[ 92 ,  93 ]. This technique provides quantitative 
measurement of size fractions throughout the 
lipoprotein particle spectrum. 

 Lipoprotein particles are composed of an apo-
protein and a mixture of cholesterol, phospholip-
ids, cholesteryl esters, and triglycerides [ 56 ,  94 ]. 
The aggregate number of terminal methyl groups 
of these lipids yields a set of characteristic reso-
nance signals over a defi ned part of the NMR 
spectrum. NMR uses these characteristic signals 
broadcast by lipoprotein subclasses of different 
sizes. Each subclass of VLDL, LDL, and HDL 
has a distinct spectral pattern, or a bulk particle 
signal, that is slightly shifted due to the different 
sizes of the VLDL, LDL, and HDL particles. 
This signal envelope contains the signals emitted 
by the terminal methyl group protons of the four 
types of lipid in the lipoprotein particles: phos-
pholipid, unesterifi ed cholesterol, cholesteryl 
ester, and triglyceride [ 56 ]. Each lipoprotein sub-
class signal emanates from the aggregate number 
of terminal methyl groups on the lipids contained 

within the particle, with the cholesteryl esters and 
triglycerides in the particle core each contribut-
ing three methyl groups, and the phospholipids 
and unesterifi ed cholesterol in the surface shell 
each contributing two methyl groups. Because 
the methyl signals from these lipids are indistin-
guishable from each other, they overlap to pro-
duce a bulk lipid particle signal. The amplitude of 
each lipoprotein subclass signal serves as a mea-
sure of the particle concentration of that subclass. 
The measured amplitudes of lipoprotein subclass 
NMR signals are directly proportional to the 
number of particles emitting the signal, even 
when the amount of lipid or protein per particle 
varies from person to person. As a result, NMR- 
derived lipoprotein concentrations may differ 
from those measured by traditional methods. 
That said, studies of split samples have demon-
strated good agreement between LDL and HDL 
particle sizes measured by NMR and GGE [ 47 ]. 

 NMR spectra are recorded using a dedicated 
spectrometer over approximately 1 min and then 
computer deconvolution of the magnetic reso-
nance signal generates a profi le of the component 
lipoprotein particles corresponding to various 
sizes and concentrations [ 56 ]. The only speci-
mens for which freezing may adversely affect 
NMR results are postprandial samples or samples 
with fasting triglyceride values greater than 
approximately 300 mg/dL. Freezing these sam-
ples may alter (lower) chylomicron and VLDL 
subclass concentrations. A representative spec-
tral profi le is shown in Fig.  2.3 .

   The use of NMR to quantify lipoprotein sub-
classes has some limitations [ 2 ]. When the 
proton- NMR spectra of 11 lipoprotein subclasses 
were recorded at physiological temperature, the 
methyl resonance region commonly used for 
lipoprotein analyses showed considerable over-
lap for all lipoprotein subclasses, with an intense 
distorted triplet-like signal at approximately 
0.85 ppm and some cholesterol backbone-related 
resonances. The average relative errors of the 
quantifi cations denote noteworthy differences in 
the capability of the partial least squares analyses 
of the spectra to uncover the subclass-specifi c 
signal areas. The VLDL and HDL3 subclasses 
give the most accurate results, with considerably 
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less accurate results for the HDL2, IDL, and the 
smaller LDL particles. At all noise levels there is 
an approximately ten-fold difference in the quan-
tifi cation accuracy between the most and least 
accurate (LDLl) values. 

 The similarity of the methyl signals, particu-
larly for the LDL and HDL2 subclasses, and the 
small-sized differences within the LDL sub-
classes make the decreased quantifi cation accu-
racy for the IDL, LDL, and HDL2 subclasses 
understandable. No explanation is apparent for 
why the accuracy for the LDL2 and LDL3 quan-
tifi cation appears to be three times better than 
that for the LDLl. 

 Exemplifying the use of NMR spectroscopy 
was a report by Freedman et al. [ 35 ] based on the 
Framingham Study, a large community-based 
epidemiology study spanning decades. There is a 
gender differential in CHD risk that narrows with 
advancing age. Freedman et al. [ 35 ] investigated 
the possible infl uence of lipoprotein subclasses 
on this phenomenon by measuring lipoprotein 
particle sizes and concentrations using NMR. 

They analyzed plasma samples from 1,692 female 
and 1,574 male participants in the Framingham 
Offspring Study. When adjusted for age and lipid 
concentration, women had a lipoprotein subclass 
profi le suggestive of lower CVD risk, consisting 
of signifi cantly lower concentrations of small 
LDL particles (median 209 vs. 367 nmol/L) and 
higher concentrations of large HDL particles 
(median 8 vs. 3 µmol/L). In addition, women had 
fewer small LDL particles ≤20.5 nm (11 % vs. 
34 % nm) and larger HDL particles (mean 9.4 vs. 
8.9 nm). This sex difference is similar to that 
observed for a GGE- measured LDL peak particle 
diameter of <25.5 nm (Pattern B) [ 35 ]. The 
female/male difference in HDL particle size 
decreased with age. There is no proffered evi-
dence that this supports the change in CVD risk 
as a function of age. Surprisingly, the increased 
LDL-C concentration found in older women was 
attributable to higher concentrations of interme-
diate and large LDL particles, rather than small 
LDL particles. Despite the gender advantage in 
CVD risk at younger ages for women in the gen-
eral population, women with diabetes have 
slightly greater CVD risk and mortality from 
myocardial infarctions than do men with diabetes 
[ 103 ], highlighting the dysregulation diabetes 
introduces into lipid metabolism. 

 From an analytical perspective, the NMR 
method used in the Freedman et al. [ 35 ] study had 
several advantages over classical electrophoresis 
or ultracentrifugation. By avoiding the need for 
physical fractionation of lipoprotein subclasses, 
which traditionally required hours-to- days and 
achieved only partial resolution of lipoprotein 
subclasses, NMR reduced fractionation to min-
utes and was completely automated. It also elimi-
nated sources of analytical variability inherent in 
older separation procedures. In addition, NMR 
provides a direct measure of lipoprotein subclass 
particle concentrations, rather than basing quanti-
fi cation on the amount of cholesterol contained 
within lipoprotein particles or the relative degree 
of lipid-to-protein staining of separated particles. 
Counterbalancing these advantages were the 
measurement variability inherent in NMR deter-
minations and the requirement for expensive 
equipment and a high level of technical expertise 
to perform this technique.  

  Fig. 2.3    Lipoprotein components separated by nuclear 
magnetic resonance spectroscopy (NMR). Represented 
are the magnetic resonances of the methyl groups of cho-
lesterol, phospholipids, cholesteryl esters, and triglycer-
ides contained in the different classes of lipoproteins. The 
terminal methyl groups of the lipids yield a set of charac-
teristic resonance signals over a defi ned part of the NMR 
spectrum. Because the methyl signals from these lipids 
are indistinguishable from each other, they overlap to pro-
duce a bulk lipid particle signal. Each subclass of VLDL, 
LDL, and HDL has a distinct spectral pattern that is 
slightly shifted due to the different sizes of the VLDL, 
LDL, and HDL particles. These signals are deconvoluted 
to yield both the size and concentration of lipoprotein sub-
class particle. Reprinted with permission from Otvos [ 93 ]       
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    Density Gradient Centrifugation 

 Some of the earliest reports on quantitation of 
plasma lipoproteins were based on the techniques 
of analytical and preparative ultracentrifugation 
[ 70 ]. Analytic ultracentrifugation was applied in 
the 1950s to the separations of lipoproteins by 
their rates of migration in an intense centrifugal 
fi eld and remained in use through the end of the 
twentieth century [ 130 ]. It was the gold standard 
against which other techniques were calibrated 
[ 54 ,  71 ]. Differences in the density of lipoprotein 
class and subclasses in salt solutions (1.063 g/
mL) cause different rates of separation, termed 
Svedberg fl otation ( S  f ) rates, for VLDL, IDL, 
LDL, and HDL lipoproteins subclasses [ 29 ,  41 –
 43 ,  62 ]. DGU fl otation rates are controlled by the 
size, shape, and hydrated density of the particles. 
Major subclasses within LDL were defi ned as  S  f  
12–20 (IDL) and  S  f  0–12; these are the compo-
nents of total cholesterol that contribute to the 
standard LDL-C measurement. The HDL fraction 
is composed of three major subclasses:  F  1.2  0–3.5 
(HDL3),  F  1.2  3.5–9 (HDL2), and  F  1.2  9–20 
(HDL1). Analytical ultracentrifugation data from 
small healthy populations could be grouped into 
subpopulations with common characteristics. 
One subgroup had levels of small, dense LDL (S f  
0–7) that were positively correlated with VLDL 
and inversely correlated with HDL2. Other sub-
groups had larger, more buoyant LDL ( S  f  7–12) 
and showed the opposite relationships with 
VLDL and HDL2. The gold standard method for 
LDL-C and HDL-C quantitation (beta quantita-
tion) recommended by the US Centers for Disease 
Control (CDC) and the National Cholesterol 
Education Program (NCEP) is based on DGU [ 7 ]. 

 The original DGU technique was used to dem-
onstrate a predictive relationship between lipo-
proteins and their subclasses and the subsequent 
development of cardiovascular and coronary 
heart disease in large population studies, such as 
the Framingham Heart Study and the Lawrence 
Livermore Study [ 57 ,  129 ]. The Framingham 
Study was the fi rst to show the relationship of 
total cholesterol and LDL to heart disease. 
Further, in a 53-year follow-up of the Lawrence 
Livermore Study, the protective effect of high 
concentrations of HDL2 was demonstrated. 

 More recently, the DGU technique has been 
refi ned by applying vertical spin ultracentrifuga-
tion (Vertical Auto Profi le ®  [VAP] Atherotech 
Inc, Birmingham, AL) [ 63 ]. The original DGU 
technique is extremely time consuming (days) 
and required a laborious manual separation of the 
lipoprotein subclass fractions, followed by an 
enzymatic cholesterol assay. The VAP technique 
uses a salt density gradient to separate the lipids 
in a diluted serum sample. The gradient is sub-
jected to a single, vertical spin, density gradient 
ultracentrifugation. Unlike most preparative 
ultracentrifugation methods, the vertical spin 
method separates all lipoproteins in less than 1 h. 
The separated lipoprotein classes are then 
 continuously drained from the bottom of the cen-
trifuge tube into the VAP continuous fl ow ana-
lyzer where they sequentially react with a 
cholesterol- specifi c enzymatic reagent producing 
a cholesterol concentration-dependent lipoprotein 
absorbance profi le monitored by a spectropho-
tometer. The digital output from the spectropho-
tometer is collected electronically, and the 
resulting absorbance curve is deconvoluted to 
quantify individual lipoprotein classes and their 
respective subclasses using in-house developed 
software. This technique simultaneously mea-
sures cholesterol concentrations of all fi ve lipo-
protein classes: HDL, LDL1-4 (LDL without 
Lp(a) and IDL), IDL, Lp(a), and VLDL and their 
respective lipoprotein subclasses    (HDL2, HDL3; 
LDL1, LDL2, LDL3, LDL4; VLDL1 + 2, 
VLDL3) [ 21 ,  22 ]. LDL is directly measured, not 
calculated as in the standard lipid panel, therefore 
non-fasting samples can be used for LDL deter-
minations. Lipid subfractionation reveals the 
direct underlying pathophysiology of the dyslip-
idemia and may better suggest targeted treatment 
strategies or response to treatment. 

 A normal (Pattern A) cholesterol lipoprotein 
profi le from the DGU VAP technique shows the 
relatively dense HDL separated from the lighter 
LDL fraction and the very light VLDL fraction 
(Fig.  2.4a ). In sharp contrast, Fig.  2.4b  shows the 
atherogenic phenotype typical of Pattern B in a 
T2DM patient with poor glycemic control. The 
LDL level is high and the peak is shifted to the 
left (more small, dense LDL). The amount of 
remnant lipoproteins (IDL and VLDL3) is highly 
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elevated as well as that whole VLDL level. 
Further, as shown in Fig.  2.4c , lipoprotein abnor-
malities remain in T2DM patients even after res-
toration of glycemic control. An example of a 
patient (Fig.  2.4d ) with high Lp(a) and normal 
LDL levels is illustrative of lipoprotein abnor-
malities that can be missed with the standard 
lipid panel.

   In summary, the great majority of patients 
with MetSyn/IR and T2DM show the classic ath-
erogenic lipoprotein profi le that is distinguished 
by a relatively small HDL peak, an LDL peak 
which may be of relatively normal size, and the 
presence of elevated levels of TG-rich IDL and 
VLDL.   

    Clinical Evaluation of Lipoprotein 
Subclasses in the Insulin-Resistant/
Diabetic Population 

    Correlation with IR/DM or MetSyn 

 Table  2.1  summarizes key fi ndings from clinical 
investigations correlating specifi c changes in 
lipoprotein subclasses with the MetSyn and IR/
DM. Higher LDL particle concentration and 
small, dense LDL particles, but not LDL-C, were 
strongly associated with MetSyn in the 
Framingham Heart Study [ 58 ]. Similar results 
were found in individuals with a wide range of 
insulin sensitivity/resistance and overt T2DM in 
the report from Garvey et al. [ 39 ]. The strongest 
relationships with IR/DM were found for large 
HDL particles (negative), large VLDL particles 
(positive), total LDL particles (positive), and 
small LDL particles (positive). Of note, no cor-
relation was found between LDL-C concentra-
tion and the degree of insulin sensitivity or 
resistance. Similar strong subclass associations 
were found in IR/T2DM subjects in the Insulin 
Resistance Atherosclerosis Study (IRAS) [ 33 , 
 40 ]. Of special interest, high concentrations of 
large VLDL particles and small HDL particle 
size predicted diabetes, independent of lipid val-
ues and insulin sensitivity. Echoing this fi nding, a 
preponderance of large VLDL particles and small 
HDL particles was selected in stepwise regres-

sion as predictors of T2DM in the Melbourne 
Collaborative Cohort Study [ 51 ]. TG concentra-
tions were the only conventional lipid measure 
that predicted T2DM in a stepwise model that 
included total cholesterol, HDL-C, LDL-C, and 
TG. Thus, atherogenic lipoprotein abnormalities 
are a hallmark of adults who subsequently 
develop T2DM.

   T2DM is often a consequence of overweight/
obesity later in life, whereas type 1 diabetes is 
caused by autoimmune destruction of pancreatic 
β-cells and typically presents in young children. 
Therefore, the report from Alabakavoska et al. 
[ 1 ] raises interesting questions about the etiology 
of dyslipidemia in the setting of hyperglycemia. 
In this study, 89 % of healthy control children 
had Pattern A compared with Pattern B in 87 % 
of T1DM children, despite no signifi cant differ-
ences in standard lipid panel between the two 
groups. Further, the T1DM group had a prepon-
derance of LDL3 and LDL4, the small, dense, 
more atherogenic LDL lipoproteins.  

    Correlation with CVD 

 Table  2.2  summarizes key fi ndings from clinical 
investigations correlating specifi c changes in 
lipoprotein subclasses in patients with IR/DM or 
MetSyn with cardiac events or CVD risk bio-
markers. Many clinical studies have found that 
adults with a preponderance of small, dense LDL 
particles and reduced HDL particles are more 
likely to develop the MetSyn and IR/DM [ 33 ,  39 , 
 40 ,  58 ,  117 ] and subsequently experience CVD 
events [ 23 ,  74 ]. Other studies have found no pre-
dictive value for CVD risk [ 46 ,  58 ]. Thus, the 
current state of affairs remains in fl ux. However, 
there is no doubt that residual lipoprotein disease 
and CVD risk currently exists in both treated and 
untreated patients.

       Intervention Studies 

 Table  2.3  summarizes key fi ndings from clinical 
investigations examining specifi c therapeutic 
interventions in patients with IR/DM or MetSyn 

2 Lipoprotein Subclasses and Cardiovascular Disease Risk in    Insulin-Resistant Diabetes
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with changes in lipoprotein subclasses and other 
biomarkers for CVD risk.

   Carotid artery intima-media thickness (CIMT) 
is a surrogate measure of early-stage atherosclero-
sis correlated with risk factors for CVD [ 73 ,  76 , 
 100 ,  119 ,  120 ]. Statin and fi brate treatments each 
inhibit the rate of carotid intima-media thickness 
(CIMT) progression [ 3 ,  80 ,  131 ]. In a direct-com-
parison study, fi brate therapy demonstrated a sig-
nifi cantly greater CIMT and a steeper 
CIMT-to-time relationship than statin therapy 
[ 19 ]. These differences were not explained by dif-
ferences in LDL-C concentrations. Similar out-
comes have been reported for individuals with IR/
T2DM or MetSyn. In a statin trial in T2DM 
patients with low HDL-C, active treatment reduced 
TG-rich lipoprotein subclasses and promoted a 
less atherogenic lipoprotein profi le [ 85 ]. In a pop-
ulation of genetically similar T2DM adults with 
no prior history of cardiovascular events, statin 
therapy for 3 years reduced total cholesterol and 
LDL-C in parallel with reduced CIMT, i.e., regres-
sion of atherosclerosis [ 53 ]. In addition, aggres-
sive therapy was more effective than standard 
therapy in decreasing apo B, LDL particle concen-
trations (both small and large particles), and 
VLDL size and particle number. There was a trend 
for an association between reduced LDL particle 
concentrations and CIMT regression. 

 Thiazolidinediones (TZDs) are insulin sensi-
tizers and potent inhibitors of lipolysis in adipose 
tissue [ 28 ]. TZDs also mobilize lipid out of the 
muscle, liver, and pancreatic β-cells, thereby 
reducing the lipotoxicity that occurs with worsen-
ing IR/DM. For example, in T2DM patients the 
TZD pioglitazone reduced LDL particle number, 
despite signifi cantly increasing LDL-C concen-
tration; and this effect was attributed to a large 
increase in LDL size and cholesterol content [ 44 ]. 

 Other antidiabetic therapies are also starting 
to demonstrate effects on lipoprotein subclasses 
and CVD risk reduction. For example, post hoc 
analysis of a clinical trial in T2DM patients 
administered the GLP-1 receptor agonist exena-
tide suggests signifi cant improvements in the 
pro-atherogenic phenotype with exenatide treat-
ment [ 18 ]. In T2DM patients participating in the 
exenatide DURATION-1 clinical trial [ 30 ], in 
which 80 % presented with a lipid Pattern B, i.e., 

the LDL-C distribution was skewed towards the 
smaller LDL3-C and LDL4-C. After treatment, a 
clinically important shift in lipoprotein pattern 
away from small, dense LDL4-C lipoproteins 
was observed, consistent with the corresponding 
reduction in serum TG. Reductions in TG rich 
remnant lipoproteins were also signifi cant [ 18 ]. 
Exenatide therapy also signifi cantly increased the 
more buoyant HDL2-C lipoprotein, even after 
adjustment for treatment reductions in HbA 1c  and 
body weight.   

    Concluding Remarks 

 The physiological continuum of metabolic syn-
drome, IR, and diabetes is associated with eleva-
tions in TG-rich lipoproteins (VLDL and IDL) 
and redistribution of elevated cholesterol among 
LDL and HDL subclasses. The pro-atherogenic 
phenotype characterized by small, dense LDL 
lipoproteins is at least doubled in people with dia-
betes, attributable in part to dysregulation of 
TG-rich lipoprotein clearance. Standard lipid 
panels (e.g., TG, total cholesterol, calculated 
LDL-C, and HDL-C) fail to identify many lipo-
protein abnormalities that contribute to CVD 
events. Clustering of subclass lipoprotein and 
particle changes are extremely common in diabe-
tes. Technologies (e.g., PAGGE, NMR, DGU) 
have been developed that allow clinicians to 
 integrate lipoprotein subclass measures into more 
comprehensive treatment strategies based on each 
patient’s detailed dyslipidemic profi le. Clinical 
investigations have validated the strengths and 
weaknesses of each methodology and provide an 
emerging confi rmation of the use of lipoprotein 
subclass profi les in predicting CVD risk. Further 
work regarding such measures, response to treat-
ment, and outcomes data is warranted.     
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           Introduction 

 Easy and affordable availability of calorie-dense 
food substrates and increasing adoption of a sed-
entary lifestyle sans regular exercise have resulted 
in an increase in the incidence and prevalence of 
obesity worldwide. A major consequence is the 
increase in the number of those with diabetes 
mellitus (DM), which is projected to reach about 
300 million people worldwide by 2020 [ 1 ]. 
Following the discovery of insulin by Banting, 
McLeod, and Best in 1922, it was widely thought 
that human diabetes mellitus was largely due to a 
defi ciency in the secretion of the hormone. 
However, in 1936 Sir Harold Percival Himsworth 
[ 2 ] noted variations in the responses of diabetic 
patients to insulin and proposed the notion that 
insulin insensitivity, not insulin defi ciency, was 
the defi ning biochemical defect in many diabet-
ics. In the spring of 1939, he also delivered the 

Goulstonian Lectures at the Royal College of 
Physicians of London, highlighting this new par-
adigm. These lectures were eventually published 
in 1939 [ 3 – 6 ]. The discovery of the immunoas-
say method for quantifi cation of human insulin 
by Yalow and Berson in 1960 [ 7 ] soon led to the 
realization that in many individuals with diabe-
tes, insulin resistance was often characterized by 
“compensatory” hyperinsulinemia. This has 
implications as discussed in subsequent sections. 

 DM is a group of metabolic diseases charac-
terized by hyperglycemia resulting from defects 
in insulin secretion, insulin action, or both. The 
vast majority of DM cases belong to two etio-
pathogenetic categories commonly referred to as 
type 1 diabetes mellitus (T1DM) and type 2 dia-
betes mellitus (T2DM). In T1DM, the cause is an 
absolute defi ciency of insulin secretion, and “at- 
risk” individuals can often be identifi ed by sero-
logical testing of autoimmune markers of 
pancreatic islet cell damage and also by genetic 
markers. In T2DM, by far the more prevalent 
variety, the cause is a combination of resistance to 
insulin action and an inadequate compensatory 
insulin secretory response. In the latter category, a 
clinically asymptomatic period where the patient 
experiences a degree of hyperglycemia suffi cient 
to cause pathologic and functional changes in 
various target tissues may be present for a long 
period of time before DM is detected. During this 
asymptomatic period, it is possible to demon-
strate an abnormality in carbohydrate metabolism 
by measurement of plasma fasting glucose or 
after a challenge with an oral glucose load [ 8 ].  
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    Insulin Resistance Pathways 

 Insulin resistance (IR) represents an altered and 
suboptimal biological response to normal insulin 
concentrations. While the defi nition encompasses 
several biological actions of insulin in the body, it 
typically refers to a state in which a given con-
centration of insulin is associated with a subnor-
mal glucose response [ 9 ]. Through its highly 
integrated actions on carbohydrate, protein, and 
lipid metabolism, insulin exerts a signifi cant 
effect on the regulation of glucose homeostasis, 
most apparent in its effects in three tissues: liver, 
muscle, and adipose tissue. Insulin’s actions are 
initiated by interaction with a specifi c transmem-
brane protein receptor, encoded by a single gene 
composed of 22 exons located on chromosome 
19 [ 10 ]. Detailed insulin effects, insulin receptor 
interaction, and mechanisms of IR are beyond the 
scope of this review and are discussed elsewhere 
in detail [ 9 ], but it appears that two major post- 
receptor signaling pathways convey the insulin 
signal downstream [ 11 ,  12 ]. One pathway involv-
ing the phosphorylation of insulin receptor sub-
strate (IRS   )-1 and (IRS)-2 and activation of 
phosphatidyl inositol 3-kinase (hereafter referred 
to as PI3K pathway) appears to be necessary for 
mediating metabolic effects of insulin [ 13 ,  14 ]. 
The second signaling pathway appears to involve 
the phosphorylation of Shc and activation of Ras, 
Raf, MEK, and mitogen-activated protein (MAP) 
kinases (Erk 1 and 2) (hereafter referred to as 
MAPK pathway). In contrast to the PI3K path-
way, activation of the MAPK pathway contrib-
utes solely to the nuclear and mitogenic effects of 
insulin and plays no role in mediating the meta-
bolic actions of insulin [ 15 ,  16 ]. 

 Subsequent reports by Jiang and Cusi et al. 
[ 17 ,  18 ] have established the concept of “selec-
tive insulin resistance.” Jiang et al. [ 17 ] compared 
insulin signaling via the PI3K and MAPK path-
ways in vascular tissue of lean and obese Zucker 
rats using both in vivo and ex vivo studies. They 
demonstrated a signifi cant decrease in the ability 
of insulin to stimulate the phosphorylation of 
IRS-1, the association of the p85 regulatory sub-
unit of PI3K with IRS-1, the activity of PI3K, and 

the phosphorylation of Akt (a downstream serine 
kinase of the PI3K pathway) in the vasculature of 
obese insulin-resistant rats. In contrast, the stim-
ulatory effect of insulin on MAPK remained 
intact in these animals. Cusi et al. [ 18 ] studied the 
two pathways of insulin signaling in human mus-
cle biopsy samples obtained from patients with 
T2DM, obese nondiabetic individuals, and lean 
control subjects before and after euglycemic- 
hyperinsulinemic clamp. Insulin stimulation of 
the PI3K pathway was dramatically reduced in 
obese nondiabetic individuals and virtually 
absent in T2DM patients. In contrast, insulin 
stimulation of the MAPK pathway was normal in 
obese and diabetic subjects. Subsequent studies 
[ 19 ,  20 ] have similarly established that insulin 
resistance has differential effects on these two 
pathways. As IR often is associated, especially 
earlier in the natural course of DM, with hyperin-
sulinemia, it follows that the mitogenic pathway 
effects of insulin are amplifi ed in T2DM and 
indeed prediabetes/other insulin-resistant states 
(see Fig.  3.1 ).

       Atherosclerosis 

 Ross and Glomset [ 21 ] proposed more than three 
decades ago a proliferative model for atheroscle-
rosis, where endothelial denuding injury led to 
platelet aggregation, release of platelet-derived 
growth factor, and proliferation of smooth muscle 
cells in the arterial intima, thereby forming the 
nidus of the atherosclerotic plaque and updating 
the centuries’ old Virchow’s concept of “response 
to injury” model (initially proposed in 1856) 
which envisaged atherosclerosis merely as a pas-
sive deposition of lipid debris in arterial walls. 
This simplistic concept has since evolved largely 
due to the advances in cell biology techniques, 
and current thinking is that atherosclerosis is 
indeed a complex process invoking endothelial 
dysfunction, vascular smooth muscle dysfunction, 
immune dysfunction, and infl ammation [ 22 ,  23 ]. 

 Atherosclerosis is an infl ammatory process 
that selectively affects arteries and is highly prev-
alent in both genders. Thrombo-occlusive com-
plications of atherosclerosis including stroke and 
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myocardial infarction are major causes of mor-
bidity and mortality. Thrombo-occlusive compli-
cations of atherosclerosis including stroke and 
myocardial infarction are major causes of mor-
bidity and mortality. Atherosclerosis is perhaps 
initiated by endothelial dysfunction and in the 
presence of structural alterations such as the 
absence of a confl uent luminal elastin layer and 
the exposure of proteoglycans [ 2 ], in which apo-
lipoprotein- B (apoB) enriched particles such as 
low-density lipoprotein (LDL) accumulate in the 
subendothelial space. Elevated levels of circulat-
ing LDL cholesterol (LDL-c) facilitate athero-
sclerosis and cardiovascular disease (CVD) [ 24 ]. 
ApoB100 binding to negatively charged extracel-
lular matrix proteoglycans leads to intimal reten-
tion of LDL particles, where they are vulnerable 
to oxidative modifi cation by reactive oxygen spe-
cies and enzymes such as myeloperoxidase or 
lipoxygenases released from infl ammatory cells. 

Oxidized LDL (oxLDL) promotes expression of 
adhesion molecules and the secretion of chemo-
kines by endothelial cells, which in conjunction 
with platelet-derived chemokines drive immune 
cell infi ltration into the intima. Early lesions 
(“fatty streaks”) consist of T cells and monocyte-
derived macrophage-like foam cells loaded with 
lipids. Accrual of dying cells and other cellular 
debris along with cholesterol crystals forms a 
necrotic core. Fibroatheromatous plaques are 
covered by a fi brous cap composed of collagen 
and smooth muscle cells (SMCs), which are 
replaced by macrophages in the thinning infl amed 
caps that are prone to rupture. The “shoulder” 
regions are heavily infi ltrated by T cells and 
mast cells, which produce enzymes and proin-
fl ammatory mediators, contributing to adventitial 
infl ammation of advanced plaques [ 25 ]. The 
pathogenesis of atherosclerosis is discussed in 
greater detail elsewhere [ 26 ]. 

  Fig. 3.1    Insulin resistance (IR) is selective to the PI3K (predominantly metabolic) effects of insulin. Hyperinsulinemia, 
a common concomitant of IR, results in exaggerated MAPK (predominantly nuclear and mitogenic) effects of insulin       
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 IR is associated with processes that facilitate 
atherosclerosis (see Fig.  3.2 ). The pathophysio-
logical processes involved in the initiation and 
progression of early atherosclerotic lesions are 
somewhat different from those associated with 
the formation of clinically dangerous plaques 
[ 27 ,  28 ], and distinguishing the effects of IR and 
hyperglycemia on these processes is important. 
As alluded to earlier, early-to-mid-stage athero-
genesis involves the subendothelial retention of 
apoB-containing lipoproteins, activation of endo-
thelial cells, recruitment of monocytes and other 
infl ammatory cells, cholesterol loading of 
lesional cells, and migration of smooth muscle 
cells to the intima. In contrast, advanced plaque 
progression is infl uenced primarily by processes 
that promote plaque necrosis and thinning of a 
collagenous “scar” overlying the lesion, called 
the fi brous cap. The objective of this chapter is to 
describe how IR and hyperglycemia promote ath-
erogenesis and plaque progression. It should be 
noted that IR and hyperglycemia are likely to 
have additive or synergistic pro-atherogenic 
effects in the setting of T2DM. For example, 

 glucotoxicity may contribute to IR, and treatment 
of hyperglycemia in T2DM has been shown to 
improve IR in some tissues [ 29 ].

       Role of Atherogenic Dyslipidemia 

 Altered metabolism of triglyceride-rich lipopro-
teins (TGRLP) is an important part of the meta-
bolic environment in insulin-resistant states. 
Figure  3.3  illustrates the lipid pathways that 
operate in IR states. Insulin promotes synthesis 
of nonesterifi ed fatty acids (NEFA) or free fatty 
acid (FFA) and its assimilation into triacylglycer-
ols. In obesity and other IR states, excessive adi-
pose tissue breakdown leads to increased hepatic 
delivery of FFA. This leads to increased hepatic 
synthesis and secretion of triglyceride-laden very 
low-density lipoprotein (VLDL). Impaired clear-
ance of VLDL and chylomicrons (intestinally 
derived) leads to prolonged plasma retention of 
these particles. These partially lipolyzed rem-
nants, which include cholesterol-enriched 
intermediate- density lipoproteins (IDLs), are 

  Fig. 3.2    Insulin resistance-related processes are associated with endothelial dysfunction and promotion of 
atherosclerosis       
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very atherogenic in humans and in a number of 
animal models [ 30 ,  31 ]. Increased hepatic 
 production and/or slow plasma clearance of 
VLDL leads to increased production of precur-
sors of small dense LDL (sdLDL) particles. As 
many as seven distinct LDL subspecies which 
differ in their metabolic behavior and pathologi-
cal roles have been identifi ed [ 32 ]. Plasma VLDL 
levels correlate with increased density and 
decreased size of LDL [ 33 ,  34 ]. In addition, LDL 
size and density are inversely related to plasma 
levels of high-density lipoprotein (HDL), espe-
cially the HDL 2  subclass [ 35 ]. sdLDL particles 
arise from the intravascular processing of specifi c 
larger VLDL precursors in multiple steps, includ-
ing lipolysis [ 32 ]. TG enrichment of the lipolytic 
products occurs mainly through the action of 
cholesteryl ester transfer protein (CETP) and, 
together with hydrolysis of triglyceride and phos-
pholipids by hepatic lipase, leads to increased 
production of sdLDL particles [ 30 ,  31 ]. Another 

reason for prolonged plasma retention time for 
these particles is the reduced affi nity of the 
hepatic LDL receptors for these particles [ 32 ].

   HDL particles are heterogeneous, and multiple 
subclasses differing in diameter and density have 
been identifi ed, ranging from the small dense 
HDL 3c , HDL 3b , and HDL 3a  to the larger HDL 2a  
and HDL 2b  [ 36 ]. The reasons for the reduction in 
plasma HDL concentration in IR states are multi-
factorial, but a major factor appears to be the 
increased transfer of cholesterol from HDL to 
TGRLP, with reciprocal transfer of triglyceride to 
HDL. Triglyceride-laden HDL particles are 
hydrolyzed by hepatic lipase and subsequently 
rapidly catabolized and cleared from plasma [ 37 ]. 
Typically, the reduced HDL levels in plasma of 
patients with T2DM are manifest as reductions in 
the HDL 2b  subspecies and relative or absolute 
increases in smaller denser HDL 3b  and HDL 3c . 

 Increased atherogenicity of sdLDL appears to 
be related to a number of properties, including 

  Fig. 3.3    Insulin resistance: lipid pathways leading to atherogenic dyslipidemia       
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reduced LDL receptor affi nity [ 38 ,  39 ], greater 
propensity for transport into the subendothelial 
space [ 40 ], increased binding to arterial wall pro-
teoglycans [ 41 ], and susceptibility to oxidative 
modifi cations [ 42 – 44 ]. These in vitro fi ndings 
corroborate the concept that sdLDL contributes to 
arterial damage in patients with the atherogenic 
dyslipidemia seen in insulin-resistant states.  

    Dysglycemia and Atherosclerosis: 
Possible Mechanisms 

 Epidemiological research suggests the presence 
of an association between glycemic control and 
CVD risk [ 45 ]. Data from the United Kingdom 
Prospective Diabetes Study (UKPDS) suggested 
more or less a linear relationship between hemo-
globin A1c (HbA1c) and CVD end points, par-
ticularly myocardial infarction [ 46 ]. However, 
the association between HbA1c and microvascu-
lar complications is stronger than it is for macro-
vascular outcomes such as myocardial infarction, 
stroke, or cardiovascular death, raising the ques-
tion if glucose plays a greater role in the patho-
genesis of microvascular than macrovascular 
outcomes in DM. Similar relationships between 
hyperglycemia and CVD outcomes have been 
demonstrated in T1DM, but the association 
seems less pronounced [ 47 ]. 

 It has been suggested that glucose might act 
directly or indirectly via the generation of advanced 
glycation end products (AGEs) or reactive oxygen 
species. AGEs are a class of chemical by-products 
that result from the combination of protein and 
sugar (usually glucose) and are increasingly recog-
nized as a mediator of hyperglycemia- induced 
cytopathology. Hyperglycemia inside the cell 
increases diacylglycerol (DAG) levels, a critical 
activating cofactor for the classic isoforms of pro-
tein kinase C, kinase-β, kinase-δ, and kinase-α 
[ 48 – 51 ]. Protein kinase C (PKC) activation leads 
to a variety of gene effects. The vasodilator nitric 
oxide (NO) levels are low because nitric oxide 
synthase (eNOS) expression is reduced, while the 
vasoconstrictor endothelin-1 expression is 
increased. Levels of transforming growth factor-β 
(TGF-β) and plasminogen activator inhibitor-1 

(PAI-1) are also increased [ 51 – 55 ]. Several studies 
have demonstrated that inhibition of PKC pre-
vented early renal and retinal complications of 
DM [ 52 ,  55 ,  56 ]. PKC activation has been linked 
to increased infl ammation via increased nuclear 
factor κB (NFκB) activation [ 57 ,  58 ], which in turn 
leads to the expression of several proinfl ammatory 
genes, including adhesion molecules that facilitate 
monocyte adhesion to endothelial cells [ 57 ]. This 
eventually leads to foam cell formation. Glucose 
has also been shown to affect monocyte/macro-
phage activation in vitro. Monocytes exposed to 
high glucose concentration show increased expres-
sion of interleukin-1β (IL-1β) and interleukin-6 
(IL-6) [ 59 ]. This results in induction of PKC, acti-
vation of NFκB, and robust release of superoxide, 
which could play a role in glucose-mediated oxi-
dative stress [ 59 ]. Glucose auto-oxidation results 
in the generation of several reactive oxygen spe-
cies such as superoxide anion, which can facilitate 
LDL oxidation in vitro [ 60 ]. Cell-surface scaven-
ger receptors on arterial macrophages take up 
modifi ed lipoproteins including oxidized LDL 
(oxLDL) that have become oxidized as a result of 
glucose-mediated oxidative stress [ 60 ,  61 ] or mod-
ifi ed by AGEs [ 61 ]. Moreover, AGE-modifi ed 
albumin can inhibit scavenger receptor B1 
(SR-B1)-mediated effl ux of cholesterol to HDL 
[ 62 ]. AGE proteins in the circulation may also 
interfere with the functions of SR-B1    in reverse 
cholesterol transport by inhibiting the selective 
uptake of HDL- cholesteryl ester, as well as choles-
terol effl ux from peripheral cells to HDL. Thus, 
hyperglycemia affects alterations in the delivery 
and removal of lipid from macrophages by lipo-
proteins and other proteins.  

    Endothelial Dysfunction 
in Insulin- Resistant States 

 Studies in human obesity and IR have revealed a 
clear association between the chronic activation 
of proinfl ammatory signaling pathways and 
decreased insulin sensitivity. For example, ele-
vated levels of tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6), and interleukin-8 (IL-8) have 
all been reported in various diabetic and insulin-
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resistant states [ 63 – 67 ]. The infl ammatory marker 
C-reactive protein (CRP), a nonspecifi c acute-
phase reactant synthesized predominantly in the 
liver, is commonly elevated in states characterized 
by IR [ 68 ]. Also, experiments in naturally occur-
ring rodent models of obesity, knockout, and 
transgenic mice as well as detailed studies of insu-
lin signaling at the molecular level have begun to 
elucidate the mechanistic links between obesity- 
induced infl ammation and insulin-resistant states. 

 The precise pathways by which accrual of 
excess adipose tissue initiates systemic infl am-
mation are unclear. One theory holds that adipose 
tissue expansion leads to adipocyte hypertrophy 
and hyperplasia, eventually outstripping the local 
oxygen supply leading to hypoxia and activation 
of cellular stress pathways [ 69 ]. This causes cell- 
autonomous infl ammation and the release of 
cytokines and other proinfl ammatory signals. 
Adipokines such as resistin, leptin, and adiponec-
tin perhaps also affect infl ammation and insulin 
sensitivity. Locally secreted chemokines attract 
proinfl ammatory macrophages into the adipose 
tissue where they form crown-like structures 
around large dead or dying adipocytes. These tis-
sue macrophages then release cytokines that 
 further perpetuate infl ammation involving neigh-
boring adipocytes, thereby exacerbating infl am-
mation and IR. Hepatic infl ammation from 
steatosis occurs in obesity, whereby hepatocyte 
stress pathway responses may be triggered result-
ing in hepatocyte-autonomous infl ammation. 
Activation of Kupffer cells (macrophage-like 
cells in the liver) releases locally acting cytokines 
and exacerbates infl ammation and promotes 
hepatic insulin resistance. In addition, overnutri-
tion is often accompanied by elevations in tissue 
and circulating FFA concentrations, and satu-
rated FFAs can directly activate proinfl ammatory 
responses in vascular endothelial cells, adipo-
cytes, and myeloid-derived cells [ 70 ]. A state of 
systemic infl ammation then occurs. 

 TNF-α, a proinfl ammatory cytokine secreted 
predominantly by monocytes and macrophages, 
has varied biological effects on lipid metabolism, 
coagulation, and endothelial function. Activation 
of the TNF receptor results in the stimulation of 
NFκB signaling via inhibitor of nuclear factor 

kappa-B kinase subunit beta (IKKb). A landmark 
study by Hotamisligil [ 71 ] showed that adipose 
tissue isolated from different obese rodent mod-
els overexpressed TNF-α. His group also showed 
that neutralization of TNF-α in obese fa/fa rats 
ameliorated IR [ 71 ]. Similar correlations between 
TNF-α levels, obesity, and IR were soon demon-
strated in humans [ 67 ]. Corresponding in vitro 
experiments demonstrated that by activating 
IKKb, TNF-α stimulation leads to serine phos-
phorylation of IRS, attenuating its ability to 
transduce insulin-mediated cellular events [ 72 ]. 
Mice genetically defi cient in TNF-α or the TNF-α 
receptor 1 gene (TNFR1) do not develop IR 
caused by high-fat feeding or obesity [ 73 ]. 

 TNF-α also affects insulin signaling indepen-
dent of IRS1. TNF-α-treated cultured 3T3-L1 
adipocytes show reduced expression of the insu-
lin receptor, IRS1, and Glut4 genes, as well as a 
decrease in insulin-stimulated glucose uptake 
[ 74 ]. Ruan et al. also showed that TNF-α induced 
a decrease in many 3T3-L1 adipocyte genes, 
including GLUT4, hormone-sensitive lipase 
(HSL), long-chain fatty acyl CoA synthetase, 
adiponectin, the transcription factor CCAAT-/
enhancer-binding protein-alpha (C/EBP), and the 
nuclear receptors peroxisome proliferator- 
activated receptor gamma (PPARɣ) and retinoic 
acid x receptor (RXR). As many of these genes 
have direct and indirect effects on glucose 
homeostasis, changes in adipocyte expression of 
these genes will likely contribute to IR [ 75 ]. 

 c-Jun N-terminal kinase 1 (JNK1) (encoded by 
MAPK8) also contributes to the development of 
IR in obese and diabetic states. Hirosumi et al. 
[ 76 ] found elevated JNK activity in liver, adipose 
tissue, and skeletal muscle of obese insulin- 
resistant mice, and knockout of JNK1 (JNK1 −/− ) 
resulted in the amelioration of IR in high-fat-diet- 
fed (HFDF) mice. At the cellular level, these 
workers also showed that JNK1 knockout led to 
decreased IRS1 phospho-Ser307 in the liver. 
Importantly, deletion of JNK1 also caused resis-
tance to the development of obesity, so the 
improved insulin sensitivity in these animals 
could be a result of decreased adiposity and/or 
decreased JNK1 activity in insulin target cells. 
The role of JNK2 has also been assessed in studies 
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and seems to play a signifi cant role in the develop-
ment of obesity-induced IR. Recent data suggest 
that JNK2 can be involved in metabolic regulation 
when JNK1 is absent, since  JNK1  +/−  JNK2  −/−  mice 
phenocopy  JNK1  −/−  mice in their reduced adipos-
ity and improved insulin sensitivity [ 77 ]. It 
appears that functional in vivo interactions 
between these isoforms may contribute to the reg-
ulation of insulin action. 

 Salicylate and its derivative acetyl salicylic 
acid (or aspirin) have been in use to treat symp-
toms of T2DM for a very long time. At higher 
doses, they are effective in reducing blood sugar 
levels, but adverse effects such as gastrointestinal 
bleeding and tinnitus have precluded their wide-
spread use in this context [ 78 ]. These agents are 
weak inhibitors of IKKb, thus preventing IRS1 
serine307 phosphorylation with some insulin- 
sensitizing effects [ 79 ]. Kim et al. [ 80 ] showed 
that lipid infusion causes acute IR in rodents and 
pretreatment of lipid-infused rats with salicylates 
improves glucose utilization in skeletal muscle, 
as measured during hyperinsulinemic- euglycemic 
clamp studies. They also performed lipid infu-
sions in IKKb heterozygous knockout mice 
(IKKb +/− ) and reported similar improvements in 
insulin sensitivity when compared to wild-type 
controls [ 80 ]. Yuan et al. showed that TNF-α 
treatment of 3T3-L1    adipocytes induces IR, an 
effect that could be prevented by pretreatment of 
cells with aspirin. A parallel experiment was per-
formed in adipocytes using okadaic acid to acti-
vate IKKb independent of TNF-α stimulation, 
and again, aspirin prevented okadaic acid-
induced IR. In vivo studies of aspirin-treated 
obese rats and mice have shown that salicylate 
pretreatment protects them from IR [ 81 ]. Mice 
with a liver- specifi c constitutively active IKKb 
transgene (LIKK) developed hyperglycemia and 
decreased hepatic insulin sensitivity with mild 
secondary systemic IR in skeletal muscle. There 
was liver expression of the proinfl ammatory 
markers IL-6, IL-1β, and TNF-α similar to that 
found in the liver of obese mice. In rescue experi-
ments, LIKK mice treated with sodium salicylate 
or IL-6- neutralizing antibodies had markedly 
improved insulin sensitivity. In addition, mice 
expressing the liver-specifi c IκBα super-repressor 

transgene (LISR), which prevents the activation 
of IKKb   , protected both LIKK and obese mice 
from hepatic IR. Another important fi nding in 
this study was the elevated expression of the 
macrophage- specifi c markers, Emr1 (also known 
as F4/80) and Cd68, in the livers of LIKK and 
obese mice. Co-expression of LISR and LIKK in 
compound transgenic mice reduced both IR and 
the expression of these same macrophage mark-
ers. These data indicate that hepatic infl ammation 
caused by a high-fat diet is mediated by both 
hepatocytes and Kupffer cells (liver macrophages) 
[ 82 ]. These studies highlight the role of IKKb in 
the development of obesity and infl ammation- 
induced IR. 

 As alluded to before, nitric oxide (NO) is an 
endogenous signaling molecule produced by 
nitric oxide synthase and acts as a signal trans-
duction molecule for a number of physiological 
processes such as vasodilation. It is also involved 
in many pathophysiologic states such as IR. 
Several IR inducers such as FFAs, proinfl amma-
tory cytokines, and oxidative stress activate the 
expression of Nos 2 , the gene that encodes iNOS 
[ 83 ]. NO reduces Akt activity by causing 
s- nitrosylation of a specifi c cysteine residue [ 84 ]. 
Increased iNOS activity also results in the degra-
dation of IRS1 in cultured skeletal muscle cells 
[ 83 ].  Nos2  knockout mice are protected from 
obesity-induced skeletal muscle IR, and this is 
associated with improved PI3K-Akt activity [ 85 ]. 
It appears that  Nos2  is also required for the devel-
opment of sepsis-induced skeletal muscle IR, 
perhaps also mediated by the s-nitrosylation of 
the insulin receptor IRS1 and Akt [ 86 ,  87 ]. These 
studies suggest that increased iNOS activity may 
play a direct role in the pathogenesis of IR. 

 Macrophages and lymphocytes elaborate 
interleukin-10 (IL-10) which exerts anti- 
infl ammatory activity by inhibiting TNF-α- 
induced NFκB expression, via reduction in IKK 
activity and inhibition of NFκB DNA-binding 
activity [ 88 ]. It has been shown in human sub-
jects that IR is more prevalent in subjects with 
reduced serum levels of IL-10 [ 89 ]. Consistent 
with the concept that IL-10 may have 
 insulin- sensitizing effects is the laboratory evi-
dence that mice treated with IL-10 did not 

K. Singh and V.A. Raghavan



49

become insulin resistant when treated with either 
IL-6 or lipid infusions [ 89 ]. Lumeng et al. showed 
that IL-10- treated 3T3-L1 adipocytes are pro-
tected from TNF-α-induced cellular IR [ 90 ]. 
Recombinant IL-10 therapy of conditions such as 
psoriasis has raised hopes that immunomodula-
tion of IL-10 activity can be a potential treatment 
of IR [ 91 ].  

    Atherosclerosis in Insulin-Resistant 
States: Role of Macrophage 

 A key discovery in the arena of obesity-induced 
infl ammation and IR was the fi nding that bone 
marrow-derived macrophages are present in adi-
pose tissue of obese mice and humans [ 92 ,  93 ]. 
Weisberg et al. compared adipose tissue RNA 
profi les for various mouse models of obesity and 
found that a subset of genes, while not typically 
expressed in adipocytes, were confi rmed through 
immunohistochemistry to be adipose tissue- 
resident macrophage-derived. The percentage of 
macrophages in a given adipose tissue depot pos-
itively correlated with adiposity and adipocyte 
size. They also found that adipose tissue macro-
phages were responsible for nearly all adipose 
tissue TNF-α expression and a signifi cant portion 
of Nos2 and IL-6 expression. They quantifi ed the 
infi ltration of macrophages in subcutaneous adi-
pose tissue from obese human subjects and 
reported that as high as 50 % of the total cell con-
tent consists of macrophages compared to 10 % 
in lean controls [ 92 ]. Xu et al. [ 93 ] reported simi-
lar fi ndings and showed that thiazolidinedione 
(TZD) treatment could repress the expression of 
macrophage-specifi c genes, providing an addi-
tional mechanism by which TZD treatment 
improves insulin sensitivity. 

 A study by Arkan et al. [ 94 ] showed that inhi-
bition of the macrophage infl ammatory pathway 
protects mice from obesity-induced insulin resis-
tance. In this study, the investigators generated 
both a myeloid-specifi c deletion of IKKb 
(IKKb Δ mye  ) and liver-specifi c deletion of IKKb 
(IKKb Δ hep  ). They found that IKKb Δ hep   mice are 
protected from high-fat-diet-induced hepatic IR 
but that this was a tissue-autonomous effect, 

since these mice still developed IR in the muscle 
and fat. There was a signifi cant reduction in the 
expression of infl ammatory markers in the liver 
suggesting that inactivation of infl ammation can 
prevent HFD-induced insulin resistance. Also, 
tissue-specifi c deletion of IKKb in myeloid cells 
(IKKb Δ mye   mice) led to improvement in insulin 
sensitivity with globally improved insulin action 
in the muscle, liver, and fat. As such, these results 
showed that inactivation of myeloid-IKKb activ-
ity prevented systemic IR, most likely by block-
ing local paracrine interaction between resident 
macrophages and insulin target tissues. 

 Monocyte chemoattractant protein-1 (MCP- 
1), also known as chemokine ligand 2 (Ccl2), and 
its cognate receptor chemokine receptor 2 (Ccr2) 
are also major components of IR in obese mice. 
MCP-1 is a chemokine secreted primarily by 
macrophages and endothelial cells that promotes 
the recruitment of monocytes to infl amed tissues. 
Ccr2 is expressed in monocytes but also in the 
lung, spleen, and thymus [ 95 ]. Weisberg et al. 
found that obesity-matched  Ccr2  −/−  mice dis-
played reduced adipose tissue macrophage infi l-
tration, reduced hepatic steatosis, decreased 
infl ammatory profi les, and improved systemic 
insulin sensitivity.  Ccr2  defi ciency also  attenuated 
high-fat-diet-induced weight gain by causing a 
reduction in caloric intake, highlighting the 
 possible involvement of Ccr2 in the control of 
eating behavior. Also, treatment of obese mice 
with a pharmacological antagonist of Ccr2 led to 
decreased adipose tissue macrophage infi ltration 
and improved insulin sensitivity [ 96 ]. Comple-
mentary studies on MCP-1 have shown that its 
expression is increased in obese mice, suggesting 
that changes in MCP-1 levels promote the recruit-
ment of macrophages to adipose tissue which 
then causes infl ammation and IR. Studies on 
transgenic mice that overexpress MCP-1 under 
the control of the adipose tissue-specifi c AP2 
promoter found that MCP-1 overexpression is 
associated with macrophage infi ltration and IR 
[ 97 ,  98 ]. Kanda et al. [ 98 ] also showed that the 
onset of these abnormalities in obese mice could 
be prevented by genetic deletion of MCP-1. 
MCP-1 may also have a role in energy metabo-
lism. Unlike other studies, Inouye et al. [ 99 ] 
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showed that HFD-fed MCP-1 KO mice devel-
oped hyperinsulinemia and increased adiposity 
independent of adipose tissue macrophage levels, 
which were unchanged. Differences in experi-
mental approaches as well as the complexity/
redundancy of chemokine signaling may have 
accounted for these confl icting conclusions. In 
total, most evidence suggests that the MCP-1/
Ccr2 axis could provide an important mechanis-
tic link between obesity, adipose tissue infl am-
mation, and IR.  

    Endoplasmic Reticulum Stress 

 Yet another potential cause of infl ammation in 
obesity is the so-called endoplasmic reticulum 
(ER) stress. This idea is based on the premise that 
nutrient excess causes mechanical stress, excess 
lipid accumulation and protein synthesis, and 
abnormal energy metabolism, all of which lead to 
an overburdened ER. This “hyper-synthetic” state 
in the ER interrupts the normal folding of proteins 
and activates the so-called unfolded protein 
response (UPR), thereby triggering stress response 
pathways. The role of the UPR is both to alleviate 
the ER stress and, paradoxically, to activate apop-
tosis depending on the nature and severity of the 
stressor [ 100 ]. Özcan et al. [ 101 ] showed that ER 
stress induction is associated with IR via JNK-
mediated serine phosphorylation of IRS-1, in cul-
tured liver cells. They also demonstrated that 
obese mice defi cient for one allele of X-box-
binding protein-1 (XBP1), a transcription factor 
that promotes the expression of molecular chaper-
ones in response to ER stress, are more severely 
insulin resistant compared to obese controls. 
These mice exhibit ER stress, increased JNK 
activity, and IRS1 serine phosphorylation. This 
group also showed that reduction of ER stress by 
oral administration of active chemical chaperones 
improved glucose homeostasis in obese mice 
[ 102 ]. A recent study [ 103 ] found that fetuin-A 
levels were increased in those who suffered with 
DM and nonalcoholic fatty liver disease (NAFLD). 
In this study, a total of 180 age- and sex-matched 
subjects with normal glucose tolerance, NAFLD 
alone, newly diagnosed diabetes mellitus 
(NDDM) alone, and those with both NDDM and 

NAFLD were recruited. They found that the levels 
of fetuin-A were signifi cantly increased in NDDM 
with NAFLD as compared with subjects who 
had NDDM alone or NAFLD alone. They further 
used HepG2 cells to investigate the regulation of 
fetuin-A. Treatment with ER stress activator, 
thapsigargin, increased the expression of fetuin-A 
mRNA and protein in a time- and dose-dependent 
manner. Pretreatment with the ER stress inhibitor, 
4-phenylbutyrate reversed high glucose- or palmi-
tate-induced fetuin-A expression. Furthermore, 
treating both streptozotocin induced and high-fat-
diet-induced diabetic mice with 4-phenylbutyrate 
not only decreased hepatic fetuin-A levels, but 
also improved hyperglycemia. ER stress induced 
by hyperglycemia and palmitate increased the 
expression of fetuin-A and further contributed to 
the development of IR. 

 The authors of another study [ 104 ] sought to 
distinguish the adaptive and deleterious effects of 
lipid-induced ER stress on hepatic insulin action. 
Exposure of human hepatoma HepG2 cells or 
mouse primary hepatocytes to the saturated fatty 
acid palmitate enhanced ER stress in a dose- 
dependent manner. Exposure of HepG2 cells to 
prolonged mild ER stress activation induced by 
low levels of thapsigargin, tunicamycin, or pal-
mitate augmented insulin-stimulated Akt phos-
phorylation, with subsequent attenuation of the 
acute stress response to high-level palmitate chal-
lenge. In contrast, exposure of HepG2 cells or 
hepatocytes to severe ER stress induced by high 
levels of palmitate was associated with reduced 
insulin-stimulated Akt phosphorylation and gly-
cogen synthesis, as well as increased expression 
of glucose-6-phosphatase. Attenuation of ER 
stress using chemical chaperones (trimethyl-
amine N-oxide or tauroursodeoxycholic acid) 
partially protected against the lipid-induced 
changes in insulin signaling. These fi ndings in 
liver cells suggested that mild ER stress associ-
ated with chronic low-level palmitate exposure 
induced an adaptive UPR that enhances insulin 
signaling and protects against the effects of 
 high- level palmitate. However, in the absence of 
chronic adaptation, severe ER stress induced by 
high-level palmitate exposure induces deleteri-
ous UPR signaling that contributes to IR and 
metabolic dysregulation.  
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    Conclusion 

 Insulin resistance is a complex metabolic defect 
that most likely has several etiologies dependent 
on the individual’s genetic substrate and the 
underlying pathophysiologic state. Atherogenic 
dyslipidemia, hyperinsulinemia, dysglycemia, 
infl ammation associated with obesity, and ecto-
pic steatosis in liver and skeletal muscle all col-
lude to facilitate endothelial dysfunction and 
predispose to the initiation and propagation of 
atherosclerosis. With regard to the relationship 
between insulin resistance and atherosclerosis, a 
fascinating array of cellular and metabolic defects 
have been demonstrated in elegantly done labora-
tory studies and human studies, yet more research 
is needed to defi ne ways by which human inter-
vention can fundamentally alter the metabolic 
and vascular milieu and slow the pace of athero-
sclerosis and favorably impact CVD outcomes. 
Underscoring the need is the fact that a majority 
of diabetic patients die from cardiovascular dis-
ease, and to date, aggressive management of the 
various risk factors does not seem to abrogate the 
so-called residual risk. Lifestyle methods leading 
to a reduction in body weight have salutatory 
effects on insulin resistance and CVD outcomes 
and remain a mainstay in the therapeutic arma-
mentarium of a physician seeking to improve the 
overarching effects of the insulin-resistant state.     
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           Introduction 

 The epidemic of diabetes mellitus that is occurring 
throughout the world portends a drastic increase 
in the incidence of macrovascular atherosclerotic 
disease, the leading cause of death, in addition to 
all of its other morbidities. There are an estimated 
18.3 million Americans >20 years of age who 
have physician-diagnosed diabetes, an additional 
7.1 million adults with undiagnosed DM, and 
~81.5 million adults with prediabetes (e.g., fasting 
blood glucose of 100 to >126 mg/dL). The preva-
lence of prediabetes in the US adult population is 
nearly 37 % [ 1 ]. Diabetes, especially type 2 dia-
betes mellitus (T2DM), is a lipidosis which has 
classically been described as a secondary lipid 
disorder. 

 Lipids are broadly defi ned as nonpolar mole-
cules that are not soluble in water but are soluble 
in nonpolar solvents. Physiologically lipids con-
tribute to numerous biologic processes including 
energy supply, membrane structure, membrane 
function, cellular signal transduction, mediation 
of infl ammation, and steroid and bile acid synthe-
sis. Some lipids are amphipathic molecules hav-
ing unique molecular structures where one end of 
the molecule is polar and the other is not: with the 

polar end having some water solubility and the 
other end not. Such molecules are critically 
important for structure of lipid monolayers 
(lipoproteins and micelles) and lipid bilayers 
(cell membranes). Within membranes are specifi c 
areas of “functional” lipids termed lipid rafts 
where protein expression and other actions such 
as caveolae formation occurs. 

 Although there are multiple risk factors, many 
of which are treatable and are associated with or 
result in atherosclerotic plaques, there is only one 
sine qua non for the disease, namely, an accumu-
lation of sterols within arterial wall macrophages 
(foam cells) [ 2 ]. It is crucial to recognize that 
hydrophobic sterols, noncholesterol sterols, and 
glycerolipids are traffi cked in plasma and poten-
tially into the arterial wall as components of 
protein- enwrapped particles called lipoproteins, 
in effect making atherogenesis a lipoprotein- 
mediated disease [ 3 ,  4 ]. Lipid    and lipoprotein biol-
ogy and physiology are immensely complex and 
the purpose of this chapter is to fi rst, review basic 
sterol and glycerolipid biochemistry and lipid 
homeostasis including synthesis, absorption, and 
incorporation into and transportation within lipo-
proteins, and second, examine what changes occur 
and the consequences of those changes in the 
T2DM patient. Lipid homeostasis is regulated by 
(1) several nuclear transcription factors which 
mediate lipogenesis, (2) cellular membrane pro-
teins involved with lipoprotein lipidation and 
delipidation, (3) catabolic receptors, (4) lipolytic 
enzymes, and (5) lipid transfer proteins. These will 
all be discussed in this chapter.  
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    Lipoprotein Structure 
and Nomenclature 

 Understanding lipoproteins requires a realization 
that there is a constant, continually ongoing, 
dynamic remodeling of the lipoprotein particles 
where lipid molecules and surface apoproteins 
are gained and lost and reacquired through com-
plex pathways involving neutral lipid interchange 
between particles, hydrolysis of lipids (lipolysis), 
as well as particle catabolism [ 5 ]. Simply stated, 
lipoproteins and their lipid content are in a con-
tinuous state of constant dynamic fl ux and such 
behavior is often not refl ected in standard lipid 
concentration measurements. Lipoproteins were 
originally separated by their density and were 
named from most to least buoyant as chylomicrons, 
very-low-density (VLDL), intermediate-density 
(IDL), low-density (LDL), and high-density lipo-
proteins (HDL). The lipoprotein particles can be 
further separated into subparticles of incremental 
buoyancies and sizes ranging from large (more 
buoyant) to smaller (less buoyant or dense). 
Buoyancy and density are determined by the 
molecular weight of the lipid and protein mole-
cules in a given particle, and, in general, proteins 
have much higher molecular weights than lipids. 
Thus, the large, lipid-rich lipoproteins are the most 
buoyant and the smaller lipid-poor, protein-rich 
lipoproteins are denser. Within a specifi c family 
of lipoproteins, the smaller subspecies are always 
more dense than the larger ones and the term 
small and dense or large (fl uffy) and buoyant is 
therefore redundant, i.e., a small LDL is by defi ni-
tion a dense LDL. 

 The glycerolipids, triglycerides or triacylg-
lycerols (TG), and phospholipids (PL) are mole-
cules in which three and two fatty acids (FA), 
respectively, are esterifi ed to glycerol, a three-
carbon carbohydrate. TG serve as a carrier of 
energy (9 kcal/g) which can be oxidized in mus-
cles or stored in adipocytes. Typically PL consist 
of a saturated and a long-chain polyunsaturated 
FA including the omega-6 and omega-3 FA. 
Plasma PL not present on lipoproteins are bound 
to phospholipid transfer protein (PLTP) [ 6 ] and 
plasma FA not found in PL or TG are bound to 
albumin and referred to as free fatty acid or 

nonesterifi ed fatty acids. Sterols are divided into 
zoosterols which include free or unesterifi ed 
cholesterol (UC) and its precursors such as 
lathosterol and phytosterols (several exist, with 
sitosterol and campesterol being the most com-
mon). Molecules that have a structure that is very 
similar to cholesterol are termed noncholesterol 
sterols. A saturated sterol is called a stanol and is 
characterized by the absence of the double bond 
at the Δ5 position in the B ring. For example, 
sitosterol (a sterol) when reduced becomes 
sitostanol (a stanol). One cholesterol metabolite 
is cholestanol which is the stanol form of choles-
terol. UC has a –OH (hydroxy) group at the #3 
carbon position of the A ring, whereas choles-
teryl ester (CE) has the –OH group replaced via the 
action of the enzyme acyl-cholesterol acyltrans-
ferase (ACAT) of which two isoforms exist 
ACTA1 and ACAT2, with a long-chain fatty 
acid (typically palmitic or oleic acid) forming 
cholesteryl palmitate or cholesteryl oleate. Unlike 
cholesterol, phytosterols are not a good substrate 
for ACAT and are not readily esterifi ed in entero-
cytes or hepatocytes. 

 Lipoproteins are polymolecular assemblies 
of apoproteins and lipids including UC, CE, 
noncholesterol sterols, TG, and PL whose collec-
tive function is to traffi c lipids to and from vari-
ous tissues. All lipoproteins consist of a surface 
monolayer of amphipathic PL and UC molecules 
which surrounds the particle core consisting of 
a variable mixture of the hydrophobic TG and CE 
molecules (Fig.  4.1 ). Hydrophobic CE is rele-
gated to the core of the particles away from the 
water in plasma, and this biochemical property 
is the reason that as lipoproteins lipidate, they 
become spherical, which, because the volume of 
a sphere is a function of the third power of the 
radius, vastly expand the number of TG lipid 
molecules and their 9 kcal/g of energy that can be 
traffi cked. Providing structure, stability and 
aqueous solubility in plasma to the lipids are apo-
proteins, which assemble with the surface and 
core lipids. Once an apoprotein is lipidated it is 
called an apolipoprotein. Apart from structural 
functions, they also serve as ligands for various 
receptors and enzymes involved with particle 
formation and catabolism. Specifi c lipoproteins 
have very different core lipid concentrations 
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which can dynamically vary from particle to 
particle in the same and different individuals [ 7 ]. 
Phospholipids are amphipathic molecules and 
that unique property allows their polar end to 
interact with the water in plasma, enhancing 

lipoprotein plasma solubility. Although there 
are many known apolipoproteins with multiple 
functions (Tables  4.1  and  4.2 ), the main structural 
peptides are apolipoprotein B (apoB) and apolipo-
protein A-I [ 8 ]. ApoB, the only non- exchangeable 

  Fig. 4.1    Lipoprotein structure involves amphipathic sur-
face molecules PL and UC and the core consists of a vari-
able mixture of nonpolar CE and TG. Providing structure 
and solubility are surface apolipoproteins. Because the 

volume of a sphere is related to the third power of the 
radius, even small lipoproteins can traffi c signifi cant num-
bers of lipid molecules per particle       

   Table 4.1    Human apolipoproteins   

 Apolipoprotein  Molecular weight  Lipoprotein association  Function 

 ApoA   -I  28,331  HDL, chylomicrons  Activates ACAT, ABCA1 
 ApoA   -II  17,380  HDL, VLDL, Chylos  FFA metabolism, RCT, antiox 
 ApoA-IV  44,000  Chylomicrons, HDL  Chylo production, RCT, LCAT 
 ApoA-V  39,000  Chylos, VLDLs, HDLs  TG metabolism 
 ApoB-48  240,000  Chylomicrons  Structural protein 
 ApoB-100  513,000  VLDL, IDL, LDL  Binds to LDL receptor 
 ApoC   -I  7,000  VLDL, HDL  Inhibits C-11, CETP 
 ApoC   -II  8,837  Chylos, VLDL, HDL  Activates lipoprotein lipase 
 ApoC   -III  8,751  Chylos, VLDL, HDL  Inhibits lipoprotein lipase 
 ApoD  32,500  HDL  CETP 
 ApoE  34,145  Chylos, VLDL, IDL, HDL  Binds to LDLr and LRP 
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apolipoprotein, exists in two isoforms: the hepatic 
synthesized apoB    100  and an intestinally produced 
truncated    apoB 48 , so named as it has 48 % of the 
molecular weight of apoB 100 . ApoB 48  is missing 
the LDL receptor-binding domain [ 9 ]. VLDL, 
IDL, and LDL contain a single molecule of apoli-
poprotein B    100  [ 10 ]. Under normal physiologic 
conditions the plasma residence time of VLDL 

is approximately 2–6 h, IDL ~ 1 h, and LDL 
1.5–3 days [ 11 ]. Therefore, approximately > 90 % 
of apoB actually represents LDL particle concen-
tration (LDL-P), and apoB is thus not particularly 
informative in quantifying VLDL particle con-
centration (VLDL-P) [ 12 ,  13 ] (Fig.  4.2 ).

      The apoA-I family of lipoproteins are the 
HDL class and they remain the most complex 

   Table 4.2    Lipoprotein properties      

 Density kg/L 

 Composition by weight 
(% by weight)  Relative 

volume a   Apolipoproteins  UC + CE  TG  PL  Protein 

 Chylomicron  < 0.95  −5  −90  −4  −1  700,000  8-48, A-1, C-1, C-11, C-111, E 
 VLDL  <1.006  25  55  18  8  360  8-100, A-ll, C-1, C-11, C-111, E 
 IDL  1.006–1.019  Between a VLDL and LDL  8-100, E 
 LDL  1.019–1.063  55  6  20  −20  32  8-100 
 HDL2  1.063–1.125  22  5  33  40  3  A-1, A-ll, C-1, C-11, C-111, E 
 HDL3  1.125–1.210  17  3  25  55  1  A-1, A-ll 
 Lp(a)  1.04–1.13  48  9  21  22  − LDL  B-100, a 

   a For the purpose of comparison, HDL3 is assigned a value of 1  

  Fig. 4.2    NMR lipoprotein particle concentrations in insulin sensitive (via euglycemic clamp) patients. Adapted from 
Garvey et al. Diabetes 2003;52(2):453-462. Reference [ 110 ] in chapter       
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and enigmatic of all lipoproteins. HDLs not only 
traffi c cholesterol and TG, but a large variety 
of other lipids including fat-soluble vitamins, 
phospholipids (e.g., phosphatidylcholine), and 
sphingolipids (sphingosin-1-phosphate, sphin-
gomyelin, and ceramide), all of which are associ-
ated with many biological functions [ 14 ]. 
Collectively these are referred to as its lipidome. 
The protein cargo (proteome) of HDL is  comprised 
of over 100 proteins, and these play defi ning roles 
in determining the functionality of HDL. HDLs 
acquire sterols from cells as they effl ux UC, ester-
ify the acquired UC using lecithin–cholesterol 
acyltransferase (LCAT), and then deliver the UC 
and CE elsewhere. HDLs are in a constant and 
dynamic state of lipidation and delipidation or 
remodeling and utilize a variety of cell membrane 
sterol transporters, lipid transfer proteins, and 
lipolytic enzymes to accomplish such [ 15 ]. There 
are many genetic, lifestyle, hormonal, metabolic, 

and infl ammatory infl uences on HDL’s makeup 
and function, and many of these may be manipu-
lated by pharmacologic and lifestyle interventions. 
Structurally HDLs are similar to all lipoproteins 
with a one-molecule thick surface of PL and UC 
and a core of mostly CE but also a small amount of 
TG. The main structural protein of HDL is one to 
fi ve copies of apolipoprotein A-I arranged in a 
“trefoil” confi guration [ 10 ] (Fig.  4.3 ).

   HDL nomenclature can be very confusing and 
some terms are technology dependent. There is a 
numerical ultracentrifuge classifi cation where 
super large HDLs (not always present) are called 
HDL1   . As the particles shrink in size, the names 
change to HDL2b, HDL2a (both large with b 
being larger than a) and HDL3a   , HDL3b and 
HDL3c (with 3a being the largest and 3c the 
smallest). These terms are also used by labs 
utilizing ultracentrifugation or gradient gel elec-
trophoretic fractionation. NMR spectroscopic 

  Fig. 4.3    HDL particles are very small lipoproteins with a core of TG and cholesterol ester.    The major surface apoproteins 
are A-I, A-II, or A-IV and ApoC family and ApoE family. HDL-C refers to the cholesterol mass       
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classifi cation of HDLs uses the terms H1 through 
5 (with 5 being largest). Labs using 2D 
 electrophoresis with apoA-I staining report 
apoA-I, prebeta-HDL, and the α-HDL subspe-
cies. Some laboratories report how much choles-
terol is in various HDL subspecies (i.e., HDL 2 -C). 
   The newest attempt from a group of experts to 
simplify HDL naming to simply refer to the par-
ticles as very small, small, medium, large, and 
very large. Classically those species have been 
called HDL1 (very large); HDL2a and HDL2b 
(large); HDL3a, HDL3b, and HDL3c (medium or 
small); and unlipidated apoA-I or prebeta (discoi-
dal). Another system differentiates unlipidated 
apoA-I and prebeta HDLs (1 and 2) from large 
alpha HDLs (1, 2, 3, and 4 ranging from very 
large to small). NMR cannot measure unlipidated 
apoA-I or prebeta HDLs, but because of their 

transient existence, they only represent about 5 % 
of total HDL particles (HDL-P) [ 16 ] (Fig.  4.4 ).

       Measurement of Lipids and 
Lipoproteins 

 There are many ways of measuring lipoproteins in 
the laboratory including analyzing their density, 
their surface apolipoproteins, their core lipid 
content (expressed as TG or cholesterol mass per 
deciliter of plasma), or by NMR spectroscopy 
which determines the number of terminal methyl 
groups on CE, TG, and PL and translates that 
to particle numbers [ 17 ]. In clinical practice the 
majority of clinicians evaluate lipoproteins 
using lipid concentrations such as total particle 
cholesterol or TG or subparticle cholesterol mass 

  Fig. 4.4    HDL particles can be separated two-dimensional 
electrophoresis and apoA-I staining into prebeta and alpha 
lipoproteins. The former are unlipidated apoA-I or phos-
pholipidated A-I. Each HDL can have from 1 to 5 mole-
cules of apoA-I. The α-HDLs range in size from small and 

dense to larger and more buoyant. There can be from one to 
fi ve molecules of apoA-I per HDL particle; thus, apoA-I 
is only an approximation of the number (concentration) of 
HDL particles. ApoA-II is present, predominantly on the 
smaller species.  Dayspring original artwork        
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per unit of plasma volume [ 18 ]. With respect 
to lab nomenclature and lipoprotein particle 
concentrations, (P) is added to the particle abbre-
viation and the value is expressed as nanomoles 
(nm) or micromoles (µmols) per liter. Lipoprotein 
particle concentrations can be determined using 
apolipoproteins, nuclear NMR [ 19 ], ion mobility 
transfer technologies [ 20 ], or ultracentrifugation 
with LDL staining.

 
Total VLDL - P chylomicron - P large

VLDL - P medium VLDL - P small VL

= +

+ + DDL - P    

  Total IDL-P (not typically separated into 
subparticles)

 

Total LDL -P Large LDL -P medium

LDL -P small LDL -P

= +
+    

 

Total HDL -P Large HDL -P medium

HDL -P small HDL -P

= +
+    

  With respect to cholesterol mass measure-
ments, (-C) is added to the particle abbreviation 
and the value is expressed as mg per deciliter 
(dL) or millimoles per liter (mmol/L).

 
Total cholesterol VLDL -C IDL -C LDL -C

HDL -C Lp a -C

= + +
+ + ( )

 
  

  Calculated VLDL-C = TG/5 using the Friedewald 
formula [ 21 ]. 

 Calculated 

 LDL -C IDL -C LDL -C Lp a -C= + + ( )  
  

using the  formula 

 LDL -C TC- HDL -C VLDL -C= +[ ]  
 .

 Non -HDL -C TC-HDL -C apoB-C= =   

  One should never confuse specifi c lipoprotein 
lipid and lipoprotein concentrations such as LDL-C 
with LDL-P or apoB or HDL-C with HDL-P. Each 
is a valid way of measuring LDL or HDL and when 
they correlate highly ( r  values) with each other as 
they often do, they are said to be concordant. 
However, when cholesterol and lipoprotein particle 
concentrations do not  correlate, they are said to be 
discordant. With respect to LDLs and HDLs, it is 
not uncommon to have high or low LDL-C and 
HDL-C with respective low or high LDL-P and 
HDL-P values. Lipoproteins that are CE-poor will 

require larger numbers of particles to traffi c a given 
amount of core cholesterol and, conversely, choles-
terol-rich LDL or HDL will require fewer particles 
to traffi c the cholesterol mass. The cholesterol 
mass or number of cholesterol molecules per par-
ticle is a function of both the particle volume and 
core lipid makeup. Since the volume of a sphere is 
4/3π( r  2 ), even subtle changes in particle diameter 
can cause tremendous changes in the number of 
particles required for lipid traffi cking. The same is 
true of the particle core ratio of TG to CE [ 22 ,  23 ]. 
Adding to potential discordance between choles-
terol mass and particle concentrations is the fact 
that both calculated and directly assayed choles-
terol concentrations often fail to meet accuracy 
standards [ 24 ,  25 ].  

    Cellular Lipid Homeostasis 

 Because cholesterol can crystallize and cause 
cytotoxicity, cells maintain tight cholesterol 
homeostasis. All cells can synthesize UC as well as 
acquire it and FA through a variety of methods 
including cell membrane receptors which act as 
sterol or FA infl ux transporters or lipoprotein delip-
idation or internalization receptors (Table  4.3 ). 

   Table 4.3    Synthesis, remodeling   , and catabolism of 
circulating HDL particles   

 Cell surface membrane receptors 

 Lipoprotein 
endocytosis 

 LDL receptor (LDLr) 

 LDL receptor-related protein (LRP) 
 ApoA-1 beta-chain synthase or 
holoparticle receptor 

 Infl ux transporters 
 Niemann–Pick C1 like-1 protein 
(NPC1L1) 
 Scavenger receptor 81 (SR-81) 

 Fatty acid transport 
proteins (FATP) 
effl ux transporters 

 ATP-binding cassette transporters; 
A8CA1, A8CG1, A8CG, A8CG8 
 Scavenger receptor 81 
 Putative transintestinal cholesterol 
effl ux transporter 
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Cells can also effl ux sterols via free diffusion down 
their concentration gradient, a family of sterol 
effl ux proteins called ATP- binding cassette trans-
porters (ABC) [ 26 ], and UC, CE, TG, and PL can 
be exported by lipoprotein synthesis and secretion. 
Specialized cells such as enterocytes and hepato-
cytes can acquire UC through a sterol infl ux 
protein called the Niemann–Pick C1 like-1 pro-
tein (NPC1L1) which is expressed at both the 
jejunal lumen/enterocyte and the hepatobiliary 
interfaces [ 27 ]. Many cells express the scavenger 
receptor B1 (SR-B1) a bidirectional transporter 
which can participate in the effl ux or infl ux of CE 
[ 28 ]. Sterols can also be effl uxed from entero-
cytes and hepatocytes into the gut lumen or bile, 
respectively, using heterodimers of the sterol 
effl ux transporters ABCG5 and ABCG8 [ 29 ]. 
Cells can also acquire UC and CE via receptors 
that internalize lipoproteins such as LDL receptors 
(LDLr) [ 30 ], LDL receptor-related proteins (LRP) 
[ 31 ], or ectopic β-chain of ATP synthase [ 32 ]. 
There are also putative receptors yet to be classi-
fi ed that perform these functions including an 
enterocyte protein involved with transintestinal 
cholesterol effl ux (TICE) [ 33 ]. Cellular sterol 
homeostasis is regulated through synchronized 
action of all of the above mechanisms.

   With respect to lipids, the human diet includes 
TG, FA, UC, CE, and phytosterols and to a lesser 
degree some stanols. Intestinal esterolases and 
lipases convert some of the ingested CE into UC 
and TG to FA and monoacylglycerols. However, 
after a meal the majority of the UC in the jejunum 
is of biliary origin. All of the lipids in the gut 
lumen are collectively organized and emulsifi ed 
by lecithin (e.g., phosphatidylcholine) which is a 
phospholipid in biliary secretions. The lipids are 
then surrounded and organized by amphipathic 
bile acids into mixed biliary micelles which 
consist of mixtures of UC, phytosterols, stanols, 
phospholipids, monoacylglycerols, and FA. The 
micelles “ferry” these lipids to the epithelium of 
the intestinal microvilli. Once there, FA are 
absorbed into enterocytes by passive diffusion or 
fatty acid transport proteins [ 34 ]. The unesterifi ed 
sterols, but not stanols, in the micelles are taken up 
by enterocytes via a sterol permease NPC1L1 
protein, which utilizes other proteins (AP2-clathrin) 

to facilitate sterol absorption [ 35 ]. NPC1L1 is not 
involved with FA absorption and in part is regu-
lated by PPAR-α and PPAR-Δ and is expressed at 
both the brush border of the intestinal epithelium 
and at the hepatobiliary cell junction [ 36 ]. 
Most humans absorb about 50 % of the sterols in 
the gut, but some people are hyperabsorbers (60–
80 %) and some are hypoabsorbers (~20–40 %) 
[ 37 ]. NPC1L1 is also expressed at the hepatobili-
ary interface where it facilitates reentry of biliary 
UC back into the liver. Only UC, not esterifi ed 
sterols, can be absorbed by NPC1L1. Once UC 
enters an enterocyte or hepatocyte, it is subject 
to esterifi cation catalyzed by ACAT2 (acetyl-
coenzyme A acetyltransferase 2) or within lipo-
proteins catalyzed by LCAT (lecithin–cholesteryl 
acyltransferase). Unlike UC, phytosterols are 
poor substrates for human ACAT and LCAT. 
Thus, ACAT2 in the enterocyte is a major regula-
tor of sterol absorption [ 38 ]. Upon esterifi cation of 
UC (the active and amphipathic form of choles-
terol) becomes CE (the storage or transportation, 
hydrophobic form of cholesterol). In hepatocytes 
UC can upon exposure to 7α-hydroxylase be con-
verted into the primary bile acids (cholate or che-
nodeoxycholate) which are effl uxed into the 
biliary system via the bile salt export protein 
(ABCB11) [ 39 ].  

    The Apolipoprotein B Family of 
Lipoproteins 

 In the endoplasmic reticulum of enterocytes 
and hepatocytes, CE via the action of microsomal 
TG transfer protein joins with TG and apolipo-
protein B 48  (enterocyte) or B 100  (hepatocyte) to 
form primordial chylomicrons or VLDL, respec-
tively. Phospholipidation and additional TG lipi-
dation of the particle occurs at the Golgi 
apparatus resulting in mature TG-rich lipopro-
teins. Evidence suggests apolipoprotein A-V 
(apoA-V) may have an inhibitory effect on this 
process as apoA-V modulates VLDL TG mobili-
zation as well as secretion [ 40 ]. Also involved as 
a regulator of chylomicron synthesis and lipid 
absorption is apolipoprotein A-IV (apoA-IV), 
which, because of its large size, functions as a 
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stabilizing, expandable lipid interface, enhancing 
particle formation. Interestingly, through effects 
on the hypothalamus and vagus nerve (gastric), 
apoA-IV also serves as a mediator of satiety and 
appetite [ 41 ]. 

 Under physiologic conditions the largest lipo-
proteins, chylomicrons and VLDLs, traffi c large 
amounts of TG and PL, which are released dur-
ing TG-hydrolysis (de-esterifi cation) or lipolysis. 
Under fasting conditions Friedewald noted 
almost all of the plasma TG are traffi cked within 
VLDL particles and a typical VLDL carries fi ve 
times more TG than cholesterol and thus 
VLDL-C can be estimated by dividing TG/5 
[ 21 ] (Fig.  4.5 ). That calculation changed the 
practice of clinical lipidology as it allowed clini-
cians to calculate LDL-C using the formula 
LDL-C = TC − [HDL-C + VLDL-C]. If one 
assumes a normal TG value is < 150 mg/dL, then 
a desirable VLDL-C is ≤ 30 mg/dL [ 42 ]. An 
American Heart Association expert panel recently 

defi ned an optimal TG to be < 100 mg/dL [ 43 ]. 
As hydrolysis of TG occurs during lipase-
mediated lipolysis, the TG-rich lipoproteins 
shrink and shed much of their surface PL which 
are picked up by PLTP (phospholipid transfer 
protein) and delivered to cells or maturing HDL 
particles. As the large TG-rich VLDL loses its 
core and surface lipids, it becomes smaller and 
denser. An LDL is basically a VLDL that has lost 
its TG and is therefore a cholesterol- enriched 
lipoprotein with a core of four or more times CE 
than TG. Any LDL, independent of its size, that 
has an excess core TG will be necessarily 
CE-poor [ 44 ]. Normally HDLs traffi c very little 
TG and their core is 90–95 % CE; hence, TG-rich 
HDLs will be cholesterol-poor which can cause a 
low HDL-C value. The apoB- containing lipopro-
teins acquire their core lipids during their genesis 
in enterocytes or hepatocytes, whereas the apoA-I 
particles are sterol lipidated via a variety of cell 
membrane effl ux transporters.

  Fig. 4.5    Very-low-density lipoprotein is a large TG-rich 
particle that carries several apoproteins: ApoB 100 , 
ApoA-II, apoA-V, ApoC-I, apoC-II and apoC-III, and 

apoE. The primary function of VLDL is to traffi c TG to 
myocytes and adipocytes and PL to the periphery. 
 Dayspring artwork        
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   Lipoproteins can also undergo additional 
lipidation or delipidation using a lipid transfer 
protein called apolipoprotein D (apoD) or choles-
teryl ester transfer protein (CETP), which can 
exchange or swap one molecule of CE for CE, 
TG for TG, or CE for TG (often referred to as 
neutral lipids as they do not carry any charged 
group) [ 45 ]. The transfer of lipids between mem-
bers of the apoB family themselves or the apoA-I 
family themselves is called a homotypic exchange, 
whereas the swapping of lipids between apoB and 
apoA-I particles is termed heterotypic. This lipid 
exchange is crucial to effi cient lipid traffi cking 
and dynamic remodeling of lipoproteins. Any 
lipoprotein acquiring TG will be subject to the 
lipolytic action of numerous lipases and, thus, 
TG-rich LDLs and HDLs would tend to become 
smaller and denser. 

 Other than apoB and apoA-I, there are numerous 
other apolipoproteins present on lipoproteins 
which perform multiple functions [ 46 ] (Fig.  4.6 ). 
All apoproteins but apoB are exchangeable, 
meaning they can transfer between lipoprotein 
species. Some act as ligands that direct and bind 
the lipoproteins to various cell membrane recep-
tors or endothelial surface molecules, some are 
involved with activation or inactivation of various 
lipolytic enzymes such as lipoprotein lipase and 
other enzymes, and some serve as lipid acceptor 
proteins. Many of the apoproteins exist as geneti-
cally determined isoforms, which create individ-
ual and population differences in lipoprotein 
metabolism. Apart from apoproteins related to 
lipoprotein modulation, HDLs also transport 
numerous other proteins (over 50 have been 
identifi ed), many of which are immunomodulatory 

  Fig. 4.6    The relationship of individual apolipoprotein 
A (apoA)- and apoB-containing lipoprotein (Lp) families 
defi ned by their unique apolipoprotein composition to 
major lipoprotein density classes against the density (d) 
gradient background ( d  = 0.92–1.25 g/mL). The lines 
under lipoprotein families designate the approximate den-
sity boundaries, with  solid lines  depicting the actual local-
ization of each lipoprotein family and  dotted lines  the 
possible localization of each lipoprotein family. Lipoprotein 
families represent polydisperse systems of particles, each 

of which has a different lipid/protein ratio, but the same 
qualitative apolipoprotein composition. The polydisperse 
character of lipoprotein families is the main reason for their 
overlap within certain density segments ( Chylos  chylomi-
cron,  HDL  high-density lipoprotein,  IDL  intermediate-
density lipoprotein,  LDL  low-density lipoprotein,  VHDL  
very high-density lipoprotein,  VLDL  very low density 
lipoprotein.) From Current Atherosclerosis Reports 2003, 
5:459-467       
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in function. Collectively they are referred to as 
the HDL proteome [ 47 ].

   Under normal physiologic conditions when 
lipoproteins have the proper core ratios of lipids, 
the following lipid traffi cking pathways are oper-
ative. TG-rich chylomicrons are secreted into the 
lymphatic circulation (chylomicrons) where they 
make their way into plasma and join hepatically 
excreted TG-rich VLDLs. ApoA-V is part of 
TG-rich lipoprotein formation [ 48 ] and traffi cs 
with the particle as do multiple copies of apolipo-
protein C-II (apoC-II), a ligand for LPL, and apo-
lipoprotein C-I (apoC-I) and C-III (apoC-III) 
[ 49 – 51 ] (Fig.  4.7 ). ApoA-I is synthesized in hepa-
tocytes and jejunal enterocytes and is secreted into 
plasma where it is rapidly lipidated but some 
apoA-I is also initially carried into plasma on chy-
lomicron surfaces [ 52 ]. Delipidation of TG-rich 
particles or lipolysis occurs as TGs are hydrolyzed 
by lipoprotein lipase (LPL), a potent triglyceri-
dase upregulated in large part by insulin in 

muscle and adipocyte vascular beds [ 53 ]. 
ApoA-V is important in the docking of TG-rich 
lipoproteins to heparan sulfate proteoglycans 
(HSPGs) in endothelial cell lipid rafts in the area 
of LPL expression and thus enhances lipolysis. 
ApoA-V is also involved with docking to the 
LDLr and LRP [ 54 ]. Chylomicron lipolysis is nor-
mally quite rapid due to the large size of these 
particles which contain multiple copies of apoC-
II (an activator of LPL) resulting in smaller, 
TG-poorer particles called “chylomicron rem-
nants.” Two proteins, lipase maturation factor 1 
(LMF1) and glycosylphosphatidylinositol- 
anchored high-density lipoprotein-binding pro-
tein 1 (GPIHBP1), regulate LPL maturation and 
binding and thus are important mediators of 
TG-rich lipoprotein lipolysis [ 55 ]. LPL is synthe-
sized in the endoplasmic reticulum of myocytes 
and adipocytes where LMF 1 plays an essential 
role in the formation of catalytically active LPL, 
a process called lipase maturation, which then 

  Fig. 4.7    Very-low-density lipoprotein is a large TG-rich 
particle that carries several apolipoproteins. C-II is a 
ligand for lipoprotein lipase. ApoC-I blocks LPL, HL, 
CETP, LCAT, VLDLr, and LDLr. ApoC-II binds to and 
activates LPL. ApoC-III interferes with apoC-II/LPL 
binding and apoE binding to receptors. ApoB is a ligand 

for LDL receptor. ApoE is a ligand for the LDL, VLDL 
receptor, and the LDL receptor-related protein (LRP). 
C-III inhibits the action of LPL and the ability of apoE to 
act with receptors. ApoA-II inhibits VLDL lipolysis and 
apoA-V helps bind TG-rich lipoproteins to HSPG in areas 
of LPL expression.  Dayspring artwork        
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translocates to the luminal surface of endothelial 
cells where it binds to HSPGs. GPIHBP1 provides 
a platform for apoC-II binding to LPL. In vascu-
lar endothelial cells where GPIHBP1 is expressed, 
lipid rafts also express syndecan1 and fatty acid 
transporters such as CD-36 [ 56 ] (Fig.  4.8 ). 
ApoA-V also facilitates interactions between the 
TG-rich lipoproteins and GPIHBP1 [ 57 ].

    ApoA-IV contributes to lipolysis by facilitat-
ing effi cient release of apoC-II from either HDL 
or VLDL, and once apoC-II is anchored by 
GPIHBP1, it binds to and activates LPL [ 53 ], 
resulting in hydrolysis of TG in chylomicrons or 
VLDL [ 58 ]. The resultant remnants are ultimately 

internalized by VLDL receptors in extrahepatic 
tissues [ 59 ] and by hepatic LDLr and LRP using 
apolipoprotein E (apoE) as a ligand. Another 
important regulator of TG-rich lipoprotein lipol-
ysis is apoC-I which inhibits the binding of 
VLDL by LDLr, LRP or the VLDL receptor [ 60 ]. 
Such inhibition of TG-rich lipoprotein binding 
to lipoprotein receptors is thought to be due to 
the ability of apoC-I to alter or camoufl age the 
conformation of apoE on TG-rich lipoprotein 
or to displace apoE from these particles. ApoC-I 
is also known to inhibit LPL, hepatic lipase 
(HL), phospholipase A2, as well as CETP [ 61 ], 
where it accounts for most of the CETP-inhibitory 

  Fig. 4.8    Adapted from Ory DS. Chylomicrons and lipo-
protein lipase at the endothelial surface (reference [ 56 ] in 
the chapter). Model for binding of chylomicrons and LpL 
to GPIHBP1 at the endothelial cell surface. ( a ) GPIHBP1 
is tethered to the endothelial cell surface by a GPI anchor 
and contains an amino-terminal acidic domain that is pro-
posed to be a specifi c binding site for both chylomicrons 
and LpL. ( b ) The acidic domain of GPIHBP1 may bind 
chylomicrons through interaction with positively charged 

domains of apolipoproteins exposed on the lipoprotein 
surface. The acidic domain of GPIHBP1 may also serve 
as the binding site for LpL, which contains positively 
charged heparin-binding domains. ( c ) Interaction between 
GPIHBP1-bound chylomicrons and LpL may involve 
clustering of the GPI-anchored proteins or homodimer-
ization. Lipolysis of chylomicron-associated triglycerides 
liberates free fatty acids (FA), which are transported into 
endothelial cells       
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activity that is associated with human plasma 
HDL [ 62 ]. A chylomicron half-life is normally 
less than an hour, whereas VLDL lipolysis ranges 
from 2 to 6 h. 

 ApoC-III is synthesized in hepatocytes and 
enterocytes and is also a potent regulator of 
 lipolysis [ 63 ]. It is present in three isoforms 
related to the number of sialic acid molecules (0, 
1, or 2) terminating the oligosaccharidic portions 
of the protein, apoC-III 0 , apoC-III 1 , and apoC-
III 2 . In plasma the isoform makeup is ~10, 55, 
and 35 % of the total apoC-III levels. ApoC-III1   
and  apoC- III 2       correlate more with TG levels than 
apoC-III 0  and apoC-III 2  is associated with gener-
ation of small LDL. Collectively apoC-III stimu-
lates VLDL assembly and secretion, inhibits 
LPL, in part by affecting binding of TG-rich lipo-
proteins to HSPG, and interferes with VLDLr, 
LRP, and LDLr uptake of lipoproteins [ 64 ,  65 ]. 

 As the TG molecules are hydrolyzed by lipo-
protein lipase to FA and monoacylglycerols, the 
TG-rich lipoproteins shrink, resulting in the loss 
of large amounts of their surface PL as well as 
some surface apolipoproteins. ApoC-III redis-
tributes from VLDL to HDL and becomes ready 
for reuse and subsequent retransfer back to newly 
synthesized VLDL particles [ 66 ]. The now 
smaller particles carrying much less TG and PL 
still have their CE core: such particles are called 
VLDL and chylomicron remnants. The particles 
which were formerly TG-rich are now much less 
TG-rich and are traffi cking primarily CE. The FA 
released from the TG can enter myocytes to be 
oxidized for energy, enter adipocytes and be 
reconverted to and stored as TG, or bind to albumin 
and be traffi cked for use elsewhere. The PL can be 
taken up by the cell membranes or bind to phos-
pholipid transfer proteins (PLTP) and carried to 
other cells or to maturing (lipidating) HDL parti-
cles. Ultimately, VLDL size decreases and den-
sity increases to the point where they become 
IDLs which under normal circumstances are rap-
idly removed by hepatic LDLr to which they 
dock via their apoB 100  and apoE. This receptor 
attachment is aided by HL, which has both tri-
glyceridase and phospholipase properties result-
ing in additional particle lipolysis creating 
apoB-containing LDL particles. LDL is a pre-

dominantly cholesterol-rich lipoprotein with a core 
TG/CE ratio of ≥4:1 [ 67 ]. The LDLs typically 
circulate for 1.5 to 3 days before most (90 %) are 
cleared by hepatic LDLr [ 68 ]. During their 
plasma residence time, LDLs are subject to 
homotypic exchange via CETP of their core CE 
for TG with VLDLs or heterotypic exchange with 
HDLs. CETP-mediated exchange of neutral lipids 
can be inhibited by apoC-I and apolipoprotein 
F (apoF) [ 69 ]. Since every cell in humans can 
synthesize cholesterol de novo, very little LDL-
mediated delivery of cholesterol is necessary. 
Persons with hypobetalipoproteinemia have very 
low levels of LDL-C and suffer no cholesterol 
defi ciency consequences [ 70 ]. Normally LDLs are 
cleared by LDLr binding to apoB and the process 
of LDLs returning their core CE to the liver, much 
of which originated in HDLs, is termed “indirect 
reverse cholesterol transport.”  

    The Apolipoprotein A-I Family of 
Lipoproteins 

 Aside from the apoB particles whose main mission 
is to traffi c TG and phospholipids is the HDL 
family of apoA-I lipoproteins. Unlike chylomi-
crons and VLDLs, HDLs are created not in 
enterocytes or hepatocytes, but rather in plasma 
by the lipidation of secreted apoA-I and apolipo-
protein A-II (apoA-II). Regulated primarily by 
peroxisomal proliferator-activated receptor-α 
(PPAR-α), apoA-I is produced and released by 
hepatocytes and enterocytes. The unique helical 
structure of apoA-I gives it an affi nity for 
 cholesterol binding. Lipidation occurs along cell 
membrane surfaces with excess UC; activation of 
the liver X receptor (LXR) in turn upregulates 
cell membrane cholesterol effl ux proteins includ-
ing ABCA1. Unlipidated apoA-I accepts effl uxed 
UC and PL, creating pre-beta HDL species. 
ApoA-I lipidation activates lecithin–cholesteryl 
acyltransferase-α (LCAT-α) which catalyzes the 
transfer of fatty acids from the sn2 position of 
PL to the 3-hydroxy group on UC, changing 
the amphipathic UC into the hydrophobic CE. 
The molecular polarity change drives the CE 
away from the apoA-I particle surface of the 
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HDL to its core explaining why, as the HDL 
matures, it converts from a discoidal to a spherical 
particle. ApoA-IV in HDL can activate LCAT 
and in free form in both lymph and plasma may 
also play critical roles in mediating ABCA1 cho-
lesterol effl ux. Additional    HDL lipidation occurs 
via attachment of larger, more mature HDL spe-
cies to ABCG1 sterol effl ux transporters, SR-B1, 
or even by free diffusion from cells into larger 
HDL species [ 66 ]. As the HDL matures, it picks 
up, transfers, and reacquires numerous proteins 
(its proteome), including several apoproteins 
involved with lipoprotein catabolism and clear-
ance including CETP, the apoC family, apoE, apo-
lipoprotein A-II (apoA-II), apolipoprotein L 
(apoL), and apolipoprotein M (apoM), and others 
involved in a multitude of functions [ 71 ]. 

 With respect to traffi cking UC and CE, the vast 
majority (> 90 %) of HDL lipidation occurs via 
ABCA1 expression at the liver, small intestine, 
and adipocyte tissue [ 72 ]. 

 In effect a serum HDL-C represents choles-
terol derived from the gut and the liver and is not 
a refl ection of peripheral cholesterol effl ux. This 
suggests that HDLs evolved not solely to perform 
RCT but also delivery of hepatic- and enterocytic- 
derived UC elsewhere, primarily to steroidogenic 
tissues and adipocytes [ 73 ]. The likely reason 
HDLs have a 5-day half-life is to serve as a rapidly 
available supply of CE for the adrenal cortex under 
stressful hypercorticoid conditions like infl amma-
tion and infection [ 74 ] and as a repository for 
urgently needed immunoproteins. Because of 
those functions, many refer to HDLs as an innate 
part of the immune system [ 75 ]. A major part of 
HDL’s antiatherogenic potential is the ability to 
effl ux both CE and UC from sterol- laden macro-
phages (foam cells) in atherosclerotic plaque 
referred to as macrophage reverse cholesterol 
transport (ΏRCT). Compared to total body choles-
terol, the amount of cholesterol in plaque is very 
small, and ΏRCT, although cardioprotective, does 
not contribute signifi cantly to a serum HDL-C 
value [ 76 ]. Other than traffi cking cholesterol to the 
tissues mentioned above, HDLs through numerous 
pathways can facilitate fecal excretion of choles-
terol. HDLs can return UC and CE to the liver 
where it is delipidated by SR-B1, or endocytosed 
by LDLr (using apoE as a ligand), or the ectopic 

β chain of ATP synthase (holoparticle) receptor 
[ 77 ]. HDLs can also be delipidated by a putative 
enterocyte receptor and the UC exported to the gut 
lumen via ABCG5 and ABCG8 transporters in a 
process now termed transintestinal cholesterol 
effl ux or TICE [ 33 ]. HDLs returning cholesterol to 
the liver or gut is called direct RCT. However, a 
major part of RCT is HDLs heterotypically 
exchanging its CE for TG with apoB particles 
(chylomicrons, VLDLs, IDLs, and primarily 
LDLs). The apoB particles now carrying a CE 
load acquired from HDLs are cleared by the liver, 
in essence returning substantial cholesterol in 
what is now called indirect RCT. Total RCT is the 
sum of direct and indirect RCT and it should be 
clear that a serum HDL-C by itself has no relation-
ship with this complex and dynamic HDL-
mediated traffi cking of cholesterol system [ 78 ]. 
The TG-rich HDLs undergo additional lipolysis 
utilizing HL and endothelial lipase [ 79 ]. During 
this process some apoA-I is shed and is cleared via 
cubilin and megalin in renal tubules [ 80 ]. In effect, 
apoA-I is constantly being synthesized, secreted, 
lipidated, delipidated, and ultimately cleared by 
the liver, gut, or kidney. 

 In    summary, lipid homeostasis, fatty acids, and 
cholesterol, derived mostly from the liver and gut, 
but also peripheral cells, are traffi cked as compo-
nents of lipoproteins: FA for energy and cell mem-
branes, and cholesterol for cell membranes and 
steroidogenesis. Excess cholesterol in the form of 
UC and CE is returned to the gut for fecal elimi-
nation or to the liver where UC is secreted into 
bile or converted to a bile acid for potential fecal 
excretion or become part of a newly formed 
VLDL or effl uxed to a prebeta HDL. The system 
obviously is complex and mediated by dozens of 
genes, enzymes, proteins, and receptors, and 
pathology in any of those will negatively affect 
lipid (energy and sterol) homeostasis.  

    Insulin Resistance and Type 2 
Diabetes 

 For the remainder of this chapter, lipoprotein 
pathophysiology related to insulin resistance (IR) 
and/or T2DM will be reviewed. A normal person is 
sensitive to the hormone insulin which regulates 
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carbohydrate and fatty acid metabolism, lipogen-
esis, lipolysis, and, hence, energy homeostasis. 
Insulin mediates the uptake of glucose into cells 
where in muscles and liver it can be converted to 
and stored as glycogen. In IR there is impaired 
signaling via the phosphoinositol-3 kinase path-
way allowing the buildup of toxic lipid metabo-
lites, such as FA acyl CoA, diacylglycerol, and 
ceramide in numerous tissues including the liver, 
pancreatic beta cells, and adipocytes [ 81 ]. It is 
the IR-related lipid-mediated macrovascular 
complications, in large part related to athero-
thrombotic events, that result in the high morbid-
ity and mortality risk seen in T2DM. 

  Cholesterol Synthesis and Absorption : Major 
epidemiological trials like Framingham Offspring 
[ 82 ], PROCAM [please defi ne acronym  83 ], and 
Cardiovascular Risk in Young Finns Study [ 84 ] 
have related increased CV risk in patients with 
increased levels of phytosterols which are mea-
surable markers of sterol absorption. Miettinen 
showed that in the Scandinavian Simvastatin 
Survival Study (4S), a high-risk secondary pre-
vention trial of statin-/placebo-treated patients 
with high LDL-C, hypoabsorbers did and hyper-
absorbers did not have a benefi cial effect of sim-
vastatin, theoretically because hyperabsorbers 
are typically hyposynthesizers of cholesterol and 
therefore less likely to be responsive to a statin 
[ 85 ]. In the DEBATE [Drugs and Evidence- 
Based Medicine in the Elderly] study, low- 
cholesterol absorption was associated with fewer 
recurrent cardiovascular events and with better 
survival in elderly patients despite frequent 
abnormalities of glucose metabolism [ 86 ]. 
Intestinal function is abnormal in diabetics and 
several enterocytic sterol homeostatic regulatory 
changes occur in IR patients. Confl icting studies 
have described T2DM as having either reduced 
[ 87 ] or increased cholesterol absorption [ 88 ]. 
A recent study demonstrated cholesterol absorp-
tion was highest in the lean insulin-sensitive par-
ticipants, whereas cholesterol synthesis was 
highest in the lean IR and obese IR participants 
[ 89 ]. In another experiment 3-hydroxy-3-methyl-
glutaryl coenzyme A (HMGCoA) reductase, the 
rate- limiting enzyme for cholesterol synthesis, is 
increased in animal models of diabetes in both 
the liver and small intestine [ 90 ]. 

 Rats made diabetic by injection of strepto-
zotocin are hyperabsorbers of cholesterol which 
was explained by changes in intestinal absorption- 
regulating proteins, namely, an upregulation of 
NPC1L1, ACAT2, and microsomal triglyceride 
transfer protein (MTP) and a reduced expression 
of ABCG5 and ABCG8 [ 91 ]. Lally et al. showed 
that diabetic patients had more NPC1L1 mRNA 
than the control subjects ( p  < 0.02) and expres-
sion of ABCG5 and ABCG8 mRNA was lower in 
the diabetic patients ( p  < 0.05) and MTP expres-
sion was increased ( p  < 0.05). There was a posi-
tive correlation between NPLC1L1 and MTP 
mRNA ( p  < 0.01) and a negative correlation 
between NPC1L1 and ABCG5 mRNA ( p  < 0.001) 
[ 92 ]. In addition, an increase in apolipoprotein 
B 48  synthesis has been demonstrated in animal 
models of diabetes and insulin resistance. 
Generally, apoB synthesis and utilization is 
driven by increased lipid substrate availability. 
Hyperabsorption is a manifestation of intestinal 
dysfunction and leads to abnormal chylomicron 
composition which, via the action of CETP, will 
directly infl uence the composition of other circu-
lating lipoproteins [ 93 ]. 

 Experts have speculated on whether knowing 
one is or is not a hyperabsorber or hypersynthe-
sizer of cholesterol would be useful in deciding 
on lifestyle and drug therapies, and there are both 
null and supporting data on this. Certainly, statins 
and statins plus cholesterol absorption inhibitors 
such as ezetimibe improve lipid and lipoprotein 
abnormalities in T2DM [ 94 ]. Of interest is that 
potent statin monotherapy can signifi cantly 
increase cholesterol and noncholesterol sterol 
absorption, which has the potential to offset some 
of the benefi t of inhibiting synthesis [ 95 ]. 

    The TG/HDL Axis: ApoB-Containing 
Lipoproteins 

    The major lipid abnormality in T2DM has been 
called a TG/HDL axis disorder and is character-
ized by variable TC and LDL-C but elevations of 
fasting and often postprandial TG and reductions 
in HDL-C [ 96 ]. Underlying these lipid concen-
tration abnormalities are signifi cant changes in 
the number, size, core lipid composition, and 

4 Apoproteins and Cell Surface Receptors Regulating Lipoprotein Metabolism in the Setting…



70

proteome of lipoproteins. It then becomes crucial 
to understand what happens to previously 
described lipoprotein genesis and traffi cking of 
lipids in the IR patient with TG/HDL abnormali-
ties. Clinicians are going to have to respect the 
pathology related to TG-rich lipoproteins and TG 
levels which heretofore were not deemed to be of 
concern (<150 mg/dL). Typically the liver in IR 
patients has increased pools of retained lipids, 
especially that of TG which results from an imbal-
ance between the uptake and synthesis of fatty 
acids and their oxidation and export [ 97 ]. Both 
hyperinsulinemia and hyperglycemia induce the 
expression of the lipogenic gene- activating 
hepatic sterol regulatory element- binding protein 
1c (SREBP1c) and the carbohydrate-responsive 
element-binding protein (ChREBP) [ 98 ]. 

 The more lipid substrate (especially triglycer-
ides) available in the hepatocyte or enterocyte 
cytosol, the more apoB will be lipidated rather 
than catabolized (Fig.  4.9 ). Insulin reduces MTP 
expression via activation of the mitogen-activated 
protein kinase (MAPK) pathway [ 99 ]. Normally, 
lipidation of apoB creates a primordial VLDL that 
evolves into a normally composed, sized, and 
secretable VLDL2 [ 100 ]. Secretion of VLDL2 is 
the same in IR and insulin-sensitive subjects. 
When there is a lack of lipid pool, there is 
improper folding and rapid degradation of apoB 
and less VLDL is produced [ 101 ]. The major 
cause of hypertriglyceridemia in the HOMA-IR 
person is the increased availability of free FA 

substrate causing hepatic overproduction and 
secretion of larger TG-rich VLDL1, resulting in 
increased plasma concentrations of apoB and TG 
[ 102 ] (Figs.  4.9  and  4.10 ). A recent nutritional 
study demonstrated apoB production had a strong 
relation with dietary fructose and especially fruc-
tose corn syrup and not glucose [ 103 ]. In a kinetic 
study, plasma glucose, insulin, and free fatty acids 
together explained 55 % of the variation in VLDL1 
TG production rate [ 104 ]. The large VLDL1 seen 
in T2DM are normally suppressed by insulin, but 
not when IR is present. The apoB100-containing 
VLDL2 are converted to VLDL1 by the addition 
of a major load of triglycerides in the endoplasmic 
reticulum (the same is true of enterocyte apoB 48  
and chylomicron formation). VLDL1 creation 
also is dependent upon ADP ribosylation factor 1 
(a small GTP-binding protein) which is involved 
with translocation from ER to the Golgi appara-
tus where fi nal synthesis including much of the 
TG acquisition and phospholipidation occurs 
[ 105 ,  106 ]. The time between apoB 100  production 
and lipidation to create large VLDL1 is approxi-
mately 15 min [ 105 ]. Insulin resistance results in 
diminished phosphatidylinositol-3-kinase that 
may add to the increased VLDL secretion [ 107 ]. 
In humans, the mean residence time of VLDL1 
apoB is the main determinant of apoB pool size 
and of plasma TG concentration [ 108 ]. There is 
an increased production of VLDL1, as well as a 
reduction in the catabolic rate of apoB- containing 
lipoproteins, in particular IDL and LDL. 

  Fig. 4.9    ( a ) Adapted from Arterioscler Thromb Vasc 
Biol. 2008;28:1225-1236 [reference  109  in chapter]. 
The assembly process starts in the rough endoplasmic 
reticulum (ER) by the biosynthesis and concomitant 
(cotranslational) translocation of apolipoprotein B100 
(apoB100) to the lumen of this organelle. ApoB100 inter-
acts cotranslationally with the microsomal triglyceride 
transfer protein (MTP) and is thereby lipidated to form a 
primordial particle (pre-VLDL). Alternatively, apoB100 
fails to be lipidated and misfolds. This results in a sorting 
to degradation. Thus, the protein is unfolded and retracted 
to cytosol, ubiquitinated, and sorted to proteasomal degra-
dation. Pre-VLDL is converted to VLDL2 late in the ER 
compartment. VLDL2 exits the ER at specifi c exit sites of 
this organelle by Sar1/Cop II vesicles, which fuse to 
become the ER–Golgi intermediate compartment 
(ERGIC) (7). ERGIC fuses with Cis-Golgi. In the Golgi 

apparatus, VLDL2 is converted to VLDL1 by the addition 
of a bulk load of triglycerides. This lipidation process 
differs from that which gives rise to pre-VLDL and 
VLDL2. The formation of VLDL1 may involve the for-
mation of a lipid droplet in the lumen of the secretory 
pathway. The mechanism behind the formation of lipid 
droplets in the secretory pathway may follow that of cyto-
solic lipid droplets. Such droplets are formed from the 
microsomal membranes under the infl uence of the enzymes 
phospholipase D1 and ERK2 as well as of adipocyte differ-
entiation-related protein (also known as adipophilin and 
caveolin). The formation of the cytosolic droplets also 
involves a fusion step that is dependent on microtubules 
and the motor protein dynein. ( b ) Triglycerides, VLDL, 
and apolipoprotein B. Adapted from Adiels M et al. 
Arterioscler Thromb Vasc Biol. 2005;25:1697-1703 
[Reference  104  in chapter]       
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Collectively this leads to increased levels of apoB 
related to large VLDL-P and LDL-P. The catabo-
lism of apoA-I, the main apolipoprotein of HDL, 
is increased by 48 %, but apoA-I production is 
increased by 25 %, probably because of some 
compensatory effect. This production/clearance 
imbalance results in a 16 % reduction in the con-
centration of HDL apoA-I [ 109 ] (Fig.  4.11 ). 
Garvey et al. in an elegant insulin clamp study 
analyzing NMR-derived particle concentrations 
showed that as the patients’ status progressed 
from insulin sensitive to insulin resistance to 
T2DM, there are increases of VLDL-P, IDL-P, 
and most especially LDL-P [ 110 ].

     VLDL lipolysis is delayed in T2DM due to 
several mechanisms. As previously mentioned 
several apolipoproteins are involved with effi -
cient VLDL catabolism including apoE, apoA-II, 
apoA-IV, apoA-V, ApoC-I, apoC-II, apoC-III, 
apoD, and apoF. Many of those apolipoproteins 
have altered function in IR persons and T2DM. 
Ultimately lipolysis of TG-rich lipoproteins 
requires apoC-II to activate LPL and thus release 
of apoC-II from either HDL or VLDL allows 
for LPL-mediated hydrolysis of TG in nascent 

chylomicrons and VLDLs [ 111 ]. In a small study 
of diabetic patients vs. normolipemic controls 
who had TG-tolerance tests, the diabetics dis-
played typical postprandial hypertriglyceridemia, 
but although apoA-V levels were similar in the 
two groups, paradoxically the diabetics had 
increased postprandial apoA-V in non-HDL par-
ticles which is suggestive that apoA-V is not 
involved in the regulation of TG in the postpran-
dial state [ 112 ]. In another study, the postprandial 
(after an oral fat load) increase of apoA-V was 
confi rmed and was related to plasma TG and 
VLDL1-TG but also to apoC-III. It was thought 
the increase of apoA-V simply refl ected the 
increase of VLDL particles related to apoC-III 
overproduction [ 113 ].  ApoA     -V  genotypes do not 
appear to have an impact on risk of development 
of T2DM [ 114 ]. 

 ApoC family members are crucial to the syn-
thesis of TG-rich lipoproteins as well as their 
lipolysis and catabolism. High concentrations of 
ApoC-I and ApoC-III are associated with increased 
triglycerides in men with the metabolic syndrome. 
These fi ndings in humans were fi rst seen in 
Hyplip2 congenic mouse strain studies which 

  Fig. 4.10    Glucose, VLDL, and apolipoprotein B. Adapted from Adiels M et al. Arterioscler Thromb Vasc Biol. 
2005;25:1697-1703 [Reference  104  in chapter]       
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related the elevated TG to delayed catabolism of 
VLDL, which in turn led to decreased FA delivery 
to visceral adipose tissue [ 115 ]. In obese males 
with the metabolic syndrome, apoC-I and ApoC   -
III levels were mainly related to the visceral adi-
pose tissue (VAT) compartment (measured using 
nuclear magnetic resonance). This was related to 
a higher expression of LPL in VAT versus subcu-
taneous adipose tissue (SAT). The    ApoC-I and 
ApoC-III inhibition of LPL therefore contrib-
uted to both higher TG and lower VAT area in 
human subjects. The difference in effect of 
ApoC-I and ApoC-III on TG concentrations in 
this study underlines the stronger inhibition of 
LPL by ApoC-III compared with ApoC-I [ 116 ] 
(Figs.  4.12  and  4.13 ).

    All apoCs are distributed in a cycling process 
between TG-rich apoB lipoproteins and HDL. In 
the fasting state, apoC-II and apoC-III are equally 
distributed between HDL and VLDL, whereas 
apoC-I is mostly traffi cked with HDL (>90 %). 
Thus, in the exchange of apolipoproteins after a 
meal, more apoC-I is transferred than other 

apoCs. The apoC-I enrichment of TRLs after a 
meal affects particle catabolism and is involved 
with the formation of VLDL and chylomicron 
CE-rich atherogenic remnants. A paradox is that 
apoC-I is not known to interfere with TG hydro-
lysis as studies have shown that apoC-I-enriched 
TRLs undergo normal hydrolysis forming smaller 
TRLs and remnants. Because apoC-I is a potent 
inhibitor of apoE-mediated uptake of TG-rich 
lipoproteins by LDLr, VLDLr, and LRP, particle 
clearance is impaired. ApoC-I-enriched particles 
which have compositional abnormalities (TG-
rich) have increased plasma residence time allow-
ing CETP-mediated exchange of core TG for CE 
utilizing heterotypic and homotypic pathways 
which over time make the remnants even more 
CE-rich. Numerous studies have demonstrated 
that CE-rich remnants are atherogenic, and 
delayed remnant clearance during the postpran-
dial state is a well-established feature of patients 
with coronary artery disease (CAD) [ 117 ]. 
Interestingly ApoC-I is a more potent inhibitor 
of CETP when it is on HDL but not the apoB 

  Fig. 4.11    Adapted from Arterioscler Thromb Vasc Biol. 
2008;28:1225-1236 [reference  109  in chapter]. Changes 
in lipoprotein metabolism in T2DM and the metabolic 
syndrome. Subjects diagnosed with the metabolic syn-
drome display, most noticeably, an increased production 
of VLDL (1), and there is a reduction in the catabolic rate 
of apoB- containing lipoproteins, in particular IDL and 

LDL (2). Together, these result in increased concentra-
tions of apoB-containing lipoproteins. The catabolism of 
apoA-I, the main apolipoprotein of HDL, is increased 
by 48 %, but apoA-I production is increased by 25 %, 
probably because of some compensatory effect (3). 
This results in a 16 % reduction in the concentration of 
HDL apoA-I       
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particles. Thus, the transfer of apoC-I from HDL to 
TG-rich lipoproteins facilitate atherogenic rem-
nant formation, suggesting a dual role of apoC-I: 
(1) preventing remnant formation and premature 
atherosclerosis if attached to HDL and (2) pro-
moting remnant formation and atherosclerosis if 

transferred to TG-rich lipoproteins [ 118 ]. ApoC-I 
content of postprandial TG-rich lipoproteins has 
been shown to be a risk factor for early athero-
sclerosis in normolipidemic healthy middle- aged 
men, supporting the conclusion that the enrich-
ment of remnant lipoproteins with cholesterol is 
not favorable. ApoC-I on TG-rich lipoproteins 
has been linked to increased CIMT [ 119 ] 
(Fig.  4.14 ). There are not a lot of published stud-
ies evaluating apoC-I, per se, in diabetes. In an 
evaluation of women with PCOS, those with IR 
were characterized by statistically signifi cantly 
elevated levels of apoC-I compared with those of 
non-IR patients. ApoC-I correlated with BMI, 
TG, HDL-C, apoA-I, and HOMA-IR [ 120 ].

   ApoC-III is perhaps the most complex and 
enigmatic apolipoprotein. For some time, it has 
been known that apoC-III-enriched particles 
were a signifi cant CHD risk factor. ApoC-III 
levels are associated with hypertriglyceridemia, 
increases in VLDL-P and VLDL-TG, and 
inversely related to the size of LDL particles 
[ 121 ]. In the Cholesterol and Recurrent Events 
(CARE) trial, both the plasma concentrations of 
VLDL particles and apoC-III in VLDL and LDL 
were better predictors of coronary heart disease 

  Fig. 4.12    Illustration of the inverse relationship of ApoC-I 
and ApoC-III concentrations with plasma triglyceride con-
centration ( positive ,  a ) and with visceral adipose tissue area 
( negative ,  b ). ApoC-I/ApoC-III median/mean low, ApoC-I/
ApoC-III median/mean high. Groups: (1) low ApoC-I and 
ApoC-III ( n  = 35), (2) high ApoC-I/low ApoC-III ( n  = 21), 
(3) low ApoC-I/high ApoC-III ( n  = 14), and (4) high 

ApoC-I and ApoC-III ( n  = 28). Triglyceride concentration: 
1 vs. 3, 1 vs. 4, and 2 vs. 4:  p  < 0.001. 2 vs. 3:  p  < 0.01. 
Visceral adipose tissue area: low ApoC-I and apoC-III vs. 
high ApoC-I and ApoC-III:  p  < 0.001. From van der Ham 
RL, Alizadeh Dehnavi R, Berbée JF, Putter H, de Roos A, 
Romijn JA, Rensen PC, Tamsma JT. Diabetes Care. 
2009;32:184-6 [Reference  116  in chapter]          

  Fig. 4.13    Mean of apoC-III concentration according to 
the number of metabolic syndrome components. Data 
normalized for TG values ( fi gure inset ) show statistically 
signifi cant trends for the apoC-III/TG ratio ( p  < 0.0001). 
Hermes Florez et al. Atherosclerosis 2006;188:134-141       
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risk than was plasma TG [ 122 ] (Fig.  4.15 ). 
In CARE diabetic status compared to nondiabetic 
status per se was not associated with high con-
centrations of apoC-III-containing TG-rich lipo-
protein particles, if their plasma TG levels were 
similar [ 123 ]. Because    the  apoC-III  location on 
chromosome 11 is near insulin response ele-
ments, a link to diabetes has been surmised [ 124 ]. 
Several nuclear transcription factors (NTF) 

infl uence apoC-III. One is Foxo1 which provides 
a molecular link between insulin resistance and the 
pathogenesis of diabetic hypertriglyceridemia. 
Foxo1 is a substrate of Akt/protein kinase B and 
glucocorticoid inducible kinase, which is involved 
with insulin signaling and in modulating both 
hepatic and intestinal apoC-III expression. Under 
both insulin-defi cient and insulin-resistant condi-
tions, Foxo1 expression is deregulated, contributing 

  Fig. 4.14    From Hamsten A, 
Silveira A, Boquist S, Tang 
R, Bond G, de Faire U, 
Björkegren J. The apolipo-
protein CI content of 
triglyceride-rich lipoproteins 
independently predicts early 
atherosclerosis in healthy 
middle-aged men. J Am Coll 
Cardiol 2005;45:1013-7 
[Reference  119  in chapter]       

     Fig. 4.15    Sacks FM, Alaupovic P, Moye LA, Cole TG, Sussex B, Stampfer MJ, Pfeffer MA, Braunwald E. VLDL, 
Circulation. 2000;102:1886-1892 [Reference  122  in chapter]          
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to the increased apoC- III production and impaired 
plasma TG metabolism [ 125 ]. Hepatic nuclear 
factor 4-alpha (HNF-4α) which regulates LPL is 
also a strong positive regulator of apoC-III 
expression [ 126 ]. HNF-4α is stimulated by glu-
cose and the carbohydrate- responsive element-
binding protein (ChREBP). In individuals with IR 
and diabetes, there is a loss of insulin-mediated 
suppression of apoC-III that, coupled with glucose-
stimulated apoC-III expression, leads to hypertri-
glyceridemia [ 127 ,  128 ] (Fig.  4.16 ). New fi ndings 
demonstrate that apoC-III can play an additional 
“feedback” role in PPAR-α -mediated metabolic 
and infl ammatory functions by controlling 

 lipolytic generation of PPAR-α ligands. Because 
apoC-III expression is suppressed and LPL activ-
ity is stimulated by PPAR-α, a positive feedback 
system may exist. Individuals with high apoC-III 
levels may have impaired generation of endoge-
nous PPAR-α ligands. Such a scenario is likely is 
patients with IR [ 129 ].

    Accelerated conversion of buoyant LDL with 
apoC-III to dense LDL raises the possibility that 
apoC-III positively modulates the action of 
hepatic lipase, contributing to an increase in con-
centration of plasma dense LDL [ 130 ]. ApoC-III 
also interacts with SR-B1 and ABCA1, which 
will affect lipidation and delipidation of HDL. 

  Fig. 4.16    From Ginsburg and Brown. Arterioscler 
Thromb Vasc Biol 2011;31;471-473 [Reference  127  in 
chapter]. ( a ) Under normal conditions, apoC-III gene 
expression and synthesis are regulated by several factors, 
including nuclear transcription factors PPAR-α, PPARγ, 
Rev-erb, farnesoid X receptor, as well as insulin and glu-
cose. All are inhibitory except for glucose, which stimu-
lates apoC-III expression. Plasma free fatty acids (FFA) 
stimulate apoC-III secretion, but it is not known whether 
this occurs at the transcriptional or posttranslational level. 
ApoC-III in plasma inhibits lipoprotein lipase-mediated 
catabolism of VLDL (and chylomicrons) and inhibits the 
uptake of VLDL (and chylomicron) remnants by the liver. 
In addition, apoC-III may increase VLDL assembly and 

secretion. ( b ) In states of insulin resistance, any inhibitory 
role of insulin on apoC-III expression may be lost, 
whereas higher glucose levels, particularly in patients 
T2DM, would further stimulate apoC-III expression. 
Increased plasma FFA delivery to the liver would exacer-
bate this problem. The results of dysregulated apoC-III 
synthesis and secretion would be defective LPL-mediated 
lipolysis of TG-rich lipoproteins and reduced remnant 
lipoprotein clearance. Thus, dysregulated apoC-III syn-
thesis and secretion could play a major role in the genesis 
of the diabetic, insulin-resistant dyslipidemia. In addition, 
accumulation of apoC-III-rich apoB-containing lipopro-
teins might have direct atherogenic consequences       
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HDL particle size shifted toward smaller sizes 
with increases of plasma apoC   -III levels, espe-
cially when the elevations of apoC-III and apoC  - II 
were simultaneous. The higher apoA   -I concen-
trations also modifi ed the effect of apoC- III on 
HDL subclass distribution profi le. Dynamic 
remodeling of HDL is impaired when large-sized 
HDL2b    particles decreased greatly in hypertri-
glyceridemic subjects, characterized by elevated 
apoC-III and C-II and lower apoA-I [ 131 ]. 

 Like apoC-I the majority of apoC-III is found 
in the HDL fraction in normolipidemic individu-
als and on TG-rich lipoproteins in patients with 
elevated levels of plasma triglyceride. In plasma, 
different lipoproteins (whether apoB- or apoA-I- 
containing) have different numbers of apoC-III 
molecules, which may be determined by both the 
structure and the composition of the lipoproteins. 
Whether all of the apoC-III is exchangeable or 
not, it signifi cantly affects the fate of the particle 
on which it resides, affecting potentially athero-
genic VLDL, IDL, and small LDL [ 132 ] 
(Fig.  4.17 ). ApoC-III also interacts with apoE 
and thus VLDL metabolism is infl uenced by both 
their content of apoE and apoC-III. VLDL E+ and 
IDL E+ had lower fractional catabolic rates and 
much higher apolipoprotein C-III (apoC-III) con-
tent than did the corresponding E- particles [ 133 ]. 
Reanalysis of data suggests that some VLDLs, 
IDLs, and LDLs contain several molecules of 
apoC-III, whereas others contain none [ 134 ]. 
Less than half of HDLs contain apoC-III [ 135 ]. 
There are several mechanisms at play with 
respect to how apoC-III infl uences lipoproteins. 
Overproduction of apoC-III and apoB lipopro-
teins that contain apoC-III is a common feature 
of patients with hypertriglyceridemia. ApoC-III 
inhibits receptor-mediated uptake of these lipo-
proteins by the liver and thus VLDL containing 
apoC-III are channeled down the lipolytic cas-
cade to LDL, particularly to smaller LDL that 
have a slower clearance rate from plasma leading 
to elevations of both small and total LDL-P. 
Indeed, increases of LDL particles containing 
apoC-III (LpB:C-III) were signifi cantly associ-
ated with increases in small, dense LDL levels in 
healthy males independent of TG levels [ 136 ]. 
Many reports indicate that increased apoC-III 

content may contribute to infl ammatory factors 
related to atherogenesis [ 137 ]. ApoC-III stimu-
lates monocytes and endothelial cells to produce 
cytokines such as tumor necrosis factor-α and 
adhesion molecules, and it activates insulin- 
resistance pathways in endothelial cells causing 
endothelial dysfunction [ 138 ]. ApoC-III also 
stimulates adipocytes to produce cytokines and 
suppresses their production of adiponectin [ 139 , 
 140 ] (Fig.  4.18 ).

    Although not commonly appreciated, apoA-II 
is not solely an HDL apoprotein but also traffi cs 
with TG-rich lipoproteins and induces postpran-
dial hypertriglyceridemia. In mice several fea-
tures of the metabolic syndrome were associated 
with moderate to high expression of human apo-
lipoprotein A-II. Overexpression of human 
apoA-II in mice led to postprandial accumulation 
of intestinal TRL for several hours, in a manner 
that one expects in IR patients [ 141 ]. Brewer sug-
gests increased levels of apoC-III, apoC-I, or 
apoA-II on the apoB-containing lipoproteins may 
alter lipoprotein metabolism causing increased 
levels of atherogenic remnants. In some patients 
with hypertriglyceridemia, apoA-II is associated 
with the apoB-containing lipoproteins suggesting 
that the lipoproteins containing apoA-II were not 
effectively metabolized by LPL, and the increased 
plasma levels of these triglyceride-rich remnants 
were due to defective lipolysis [ 142 ] (Fig.  4.19 ). 
ApoA-II transfers from HDL to VLDL in vitro, 
resulting in VLDL that was a poorer substrate 
for LPL suggesting one function of apoA-II is to 
regulate the metabolism of TG-rich lipoproteins, 
with HDL serving as a plasma reservoir of 
apoA- II. Mice which overexpress mouse apoA-
II, exhibit a marked hypertriglyceridemia, hyper-
cholesterolemia, and increased plasma FFA, as 
well as insulin resistance, increased adiposity, 
and increased atherosclerosis [ 143 ]. ApoA-II 
prematurely released from poorly maturing HDL 
particles in persons with certain hypoalphalipo-
proteinemias may contribute to the elevated TG 
levels seen in such patients.

   ApoE    has multiple effects on lipogenesis, 
lipid absorption and lipoprotein formation, and 
catabolism and receptor-mediated clearance. 
TG-rich lipoproteins typically carry several copies 
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  Fig. 4.17    ( a ) Atherogenic mechanisms of apoC-III. apoC-
III on the surface of triglyceride-rich, low-density, or high- 
density lipoproteins can interact with endothelial-bound 
lipoprotein lipase to attenuate its activity. It may also more 
directly interact with endothelial cells to inhibit insulin-
dependent IRS-1 phosphorylation and eNOS activity and 
thereby induce endothelial cell dysfunction. Impairment of 
endothelial function augments proinfl ammatory responses 
to cytokines. This interaction of apoC-III with the endothe-
lium also elevates vascular cell adhesion molecule-1, which 
can augment recruitment of leukocytes to developing ath-
eromas. apoC-III can also increase the activity of 1-integ-
rins on monocytes, further augmenting their adhesion to 
endothelium. The presence of apoC-III on high-density 
lipoproteins may limit its anti-infl ammatory properties. 
Adapted from Bobik A. Apolipoprotein C-III and athero-
sclerosis: beyond effects on lipid metabolism. Circulation. 
2008;118:702-4 [Reference  137  in chapter]. ( b ) Adapted 

from Sachs F et al. J Lip Res 2011;52:1067-70 [Reference 
 131  in chapter]. Comparison between the actual lipoprotein 
distribution of apoC- III and the distribution inferred from 
the one-pool concept of plasma apoC-III metabolism. 
There are on average ~20–50 apoC-III molecules on each 
VLDL particle. About 50 % of VLDL contain apoC-III 
(C-III+), and the other half of VLDL do not contain apoC-
III at all (C-III−). The apoC-III distribution pattern within 
VLDL has an inverse bell shape ( left panel ). On the other 
hand, the one-pool concept of plasma apoC-III metabolism 
suggests that apoC-III exchanges freely and randomly 
within VLDL and HDL and also between VLDL and HDL. 
In this scenario, the vast majority of VLDL and HDL would 
contain some apoC-III molecules and would have a normal 
distribution pattern ( right panel ). There would be few 
VLDL or HDL containing large numbers of apoC-III 
molecules and one would be unlikely to fi nd lipoproteins 
without apoC-III       
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of apoE, which exist in several genotypes 
(*E3/*E3, *E3/*E4, *E2/*E3, *E4/*E4, 
*E2/*E4, and *E2/*E2), some of which are 
associated with lipid/lipoprotein disorders. With 
respect to mice with STZ-induced diabetes, 
investigation reveals ApoE4 causes severe dys-
lipidemia and atherosclerosis independent of its 
interaction with LDLr. ApoE4-expressing livers 
have reduced fatty acid oxidation, which contrib-
utes to the accumulation of tissue and plasma lip-
ids [ 144 ]. Southern European ethnicity does not 
confer an independent survival advantage in 
community-based Australian type 2 diabetic 
patients, but the APOE4 carriers were at higher 
risk of cardiac death [ 145 ]. 

 ApoE polymorphisms have been implicated 
in predisposition to diabetes but the results of 
the individual studies have been inconclusive. 

A meta-analysis of population-based case–con-
trol genetic-association studies relating apoE 
polymorphisms and T2DM which included 30 
studies reported data of apoE genotypes in 5,423 
T2DM patients and 8,197 healthy unrelated con-
trols and revealed a signifi cant role played by the 
E2 allele carriers, who were at elevated risk for 
T2DM (odds ratio = 1.18, 95 % CI: 1.02, 1.35). 
Meta- regression analysis provided some weak 
evidence that the risk conferred by E2 allele is 
mediated through altering serum lipid levels 
[ 146 ]. The relationship between  APOE     and fatal 
and nonfatal CHD was examined among 10,035 
men and 12,134 women, aged 44–79 years, from 
the Norfolk, England, arm of the European 
Prospective Into Nutrition and Cancer Study 
(1993–2007). During an average of 11 years of 
follow-up, 2,712 CHD events were documented. 

  Fig. 4.18    Adapted from Peter Libby Circulation 
Research 2007;100:299-3011 [Reference  104  in text]. 
Oxidation of LDL releases bioactive lipids that incite 
infl ammation in vascular tissues through scavenger receptors 
and putative (?) receptors. Binding and internalization of 

TG-rich lipoproteins activates P38 MAP kinase and 
NFκB. ApoC-III + VLDL and LDL also activate proin-
fl ammatory functions of endothelial cells via a pertussis-
sensitive, proteins kinase C (PKC)-mediated pathway that 
can stimulate via NFκB recruitment of leukocytes       
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In the largest prospective cohort study to date, 
CHD risk was not associated with  APOE  geno-
type after controlling for a variety of cardiovascular 
risk factors, particularly the ratio of low- to high-
density lipoprotein cholesterol [ 147 ]. A Turkish 
group assessed the apoE polymorphism in 295 
patients with atherosclerotic disease (124 of them 
had diabetes). Findings suggested that apoE poly-
morphism was not related to the development of 
atherosclerosis in patients and was not associated 
with the lipid levels in patients with type 2 diabe-
tes [ 148 ]. In the CARE trial, apoE concentrations 
in plasma or in VLDL + LDL were associated 
with CHD but were linked to apoC-III retarding 
their clearance. Also, apoE in HDL was an inde-
pendent predictor of recurrent coronary events 
and explains the weaker relation between plasma 
triglycerides and coronary events [ 122 ]. 

 Another apolipoprotein involved with TG-rich 
lipoproteins is apoL-I which was discovered in 

1997 and has been found in human atheroscle-
rotic vascular tissue. Typically, apoL-I associates 
with HDL particles [ 149 ] but in the HDL 
Atherosclerosis Treatment Study (HATS), there 
were signifi cant associations between apoL-I and 
VLDL-TG and elevated glucose. VLDL-TG was 
the specifi c TG component associated with apoL-
 I and ~50 % of patients with high apoL-I levels 
had an elevated glucose phenotype compared 
with <15 % of those in the low apoL-I cluster. 
This supports the hypothesis that high apoL-I 
levels may be a novel marker of an atherogenic 
phenotype [ 150 ]. PCSK9, an LDLr peptidase, 
has emerged as a major regulator of the LDLr, 
but it also limits visceral adipogenesis likely via 
adipose VLDLr regulation. In vivo, endogenous 
hepatic PCSK9 has been shown to regulate 
VLDLr protein levels in adipose tissue. This reg-
ulation is achieved by circulating PCSK9 and 
thus helps regulate fat metabolism [ 151 ].  

  Fig. 4.19    Schematic overview of lipoprotein metabolism in patients with hypertriglyceridemia, dense LDL, and 
reduced HDL. Adapted from Am J Cardiol. 1999;83:3F-12F [Reference  142  in chapter]       
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    The TG/HDL Axis: The HDL- and 
apoA-I-Containing Lipoproteins 

    The very large HDL lipidome is an area ripe for 
research. Ceramide, an HDL component, has 
been implicated in the pathogenesis of insulin 
resistance and has many proinfl ammatory 
properties such as impaired Huh7 cell (a well- 
differentiated hepatocyte) viability, mitochondrial 
function, and insulin signaling [ 152 ]. A kinetic 
study revealed that increased HDL apoA-I catab-
olism, a signifi cant effector of low apoA-I in the 
metabolic syndrome, may be largely associated 
with dysregulation of VLDL-apoB metabolism 
(i.e., elevated plasma triglyceride and VLDL- 
apoB concentration and overproduction of VLDL-
apoB), insulin resistance, and, to a lesser extent, 
low adiponectin concentration [ 153 ]. Compared 
with lean individuals, overweight–obese individ-
uals had signifi cantly higher HDL apoA-I frac-
tional catabolic rate (0.21 ± 0.01 vs. 0.33 ± 0.01 
pools/day;  p  < 0.001) and production rate (PR; 
11.3 ± 4.4 vs. 15.8 ± 2.77 mg/kg per day; 
 p  = 0.001). In the lean group, HDL apoA-I PR was 
signifi cantly associated with apoA-I concentra-
tion ( r  = 0.455,  p  = 0.004), whereas in the over-
weight–obese group, both HDL apoA-I fractional 
catabolic rate ( r  = −0.396,  p  = 0.050) and HDL 
apoA-I PR ( r  = 0.399,  p  = 0.048) were signifi -
cantly associated with apoA-I concentration. 
After adjustment for fasting insulin or Homeostasis 
Model Assessment (HOMA) score, HDL apoA-I 
PR was an independent predictor of apoA-I 
concentration [ 154 ]. In part the catabolic rate is 
related to heterotypic exchange of TG for CE 
between apoB and apoA-I particles, resulting in 
TG-rich HDLs which are subject to lipolytic 
catabolism and release of apoA-I making it avail-
able for renal excretion. 

 SR-B1 is involved with lipidation and delipi-
dation of mature HDL particles. In a study of 16 
men, postprandial lipemia caused structural 
changes to HDL so there was enhanced SR   -BI 
and ABCG1-dependent effl ux to large HDL2 
particles. Although that is seemingly benefi cial, 
postprandial lipemia was equally associated with 
enhancing formation of CE-enriched, TG-rich 
lipoprotein particles through the action of CETP 

and by inducing structural changes in HDL 
particles that reduce the direct return of HDL-CE 
to the liver [ 155 ]. Also affecting SR-B1 and 
ABCA1 effl ux in vivo in transgenic mice in a 
reciprocal manner was modulation of HDL PL 
content. The type of lipase acting on HDL in vivo 
may also determine which FC effl ux pathway the 
HDL serves. Effl ux was examined by overexpress-
ing either endothelial lipase (EL) or phosphatidyl-
serine phospholipase (PS-PLA1) in human apoA-I 
transgenic mice. Overexpression of EL led to large 
reductions in the serum PL/apoA-I ratio (−60 %), 
total cholesterol (TC; −9 %), and HDL cholesterol 
(−91 %). Relative to the serum before overex-
pression of EL, the effl ux potential of the serum 
via SR-BI decreased by 90 % and ABCA1- 
mediated effl ux increased by 63 %. In contrast to 
overexpression of EL, overexpression of PS-
PLA1 led to increases in the PL/apoA-I ratio 
(88 %), TC (78 %), HDL cholesterol (57 %), and 
HDL size. The effl ux potential of the serum 
increased by 60 % via SR-BI and decreased by 
57 % via ABCA1 [ 156 ].  

    The TG/HDL Axis: Relating apoB- 
and apoA-I-Containing Lipoproteins 

 It has been known for decades the dyslipidemia or 
more aptly named dyslipoproteinemia associated 
with IR and T2DM was characterized by normal 
or abnormal levels of TC and LDL-C but also 
elevated TG and reduced HDL-C. Szapary and 
Rader coined the term the TG/HDL axis and 
noted its high association with CV risk [ 96 ]. 
NCEP declared that low HDL-C is a major and 
independent risk factor for CV risk [ 42 ]. It con-
tinues to be debated whether TG levels have such 
independent predictive powers on CV risk 
although a large meta-analysis showed TG had 
moderate and highly signifi cant associations and, 
even though TG lost some predictive power when 
adjusted for HDL-C, it remained an independent 
predictor [ 157 ]. Major new insight as to the risk 
associated with elevated TG comes from the 
Metabolic, Lifestyle, and Nutrition Assessment 
in Young Adults (MELANY) study that followed 
13,953 apparently healthy, untreated, young men 
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(age 26–45 years) with TG levels less than 
< 300 mg/dL over 5.5 years. The risk for CHD in 
men with high-tertile TG levels at baseline 
changed depending on the tertile at time of fol-
low- up (hazard ratios, 8.23 [95 % CI, 2.50–27.13] 
for high (>131 mg/dL)/high (≥148 mg/dL), 6.84 
[CI, 1.95–23.98] for high (131 mg/dL)/interme-
diate (94–147 mg/dL), and 4.90 [CI, 1.01–24.55] 
for high (>131 mg/dL)/low (≤93 mg/dL), com-
pared with the stable low/low group). The risk for 
CHD in men with low-tertile levels at baseline 
also changed depending on the tertile at follow-
 up (hazard ratios, 3.81 [CI, 0.96–15.31] for 
low/intermediate and 6.76 [CI, 1.34–33.92] for 
low (≤81 mg/dL)/high (≥148 mg/dL), compared 
with the stable low/low group). The conclusion 
was that TG measurements over time can help 
CV risk assessment in young men (Fig.  4.19 ). A 
decrease in initially elevated TG levels was asso-
ciated with a decrease in CHD risk compared 
with stable high TG levels. However, this risk 
remains higher than in those with persistently 
low TG levels [ 158 ]. Additional analysis showed 
two TG levels 5 years apart also identifi ed young 
men at increased risk for diabetes, independent of 
traditional risk factors and of associated changes 
in BMI and lifestyle parameters. Two measure-
ments of fasting triglyceride levels obtained 5 
years apart can assist in identifying apparently 
healthy young men at increased risk for diabetes, 
independent of traditional risk factors and of 
associated changes in BMI and lifestyle parame-
ters. Men in the lowest tertile of triglyceride lev-
els (≤81 mg/dL) who progressed to the highest 
tertile (≥148 mg/dL) over follow-up (low-high) 
exhibited a hazard ratio (HR) of 12.62 (95 % CI, 
3.52–31.34) compared with those remaining in 
the lowest tertile at both time points (reference 
group: low-low). Whereas men who were at the 
top triglyceride level tertile throughout follow-up 
[high (≥131 mg/dL)-high (≥148 mg/dL)] had a 
HR for diabetes of 7.08 (2.52–14.45), those 
whose triglyceride level decreased to the lowest 
tertile [high (≥131 mg/dL) to low(≤81 mg/dL)] 
exhibited a HR of 1.97 (0.67–6.13). Alterations 
in triglyceride levels during follow-up were asso-
ciated with changes in BMI, physical activity, 

and eating breakfast habit ( p  < 0.05), but remained 
an independent modifi er of diabetes risk even after 
adjustment for such changes [ 159 ] (Fig.  4.20 ).

   The answer to understanding TG and its rela-
tionship to CV risk is to study its relationship to 
atherogenic lipoproteins especially a change in 
the core TG of lipoproteins has a signifi cant 
infl uence on how those particles are traffi cked 
and catabolized. The lipoprotein hallmark of IR 
is the synthesis and secretion of the large VLDL1 
particles. As noted normolipemic patients do not 
create signifi cant amounts of VLDL1. A normal 
VLDL particle has a core TG/CE ratio of 5 to 1 
[ 21 ]. Normally the TG-rich VLDL particles and 
chylomicrons undergo rapid lipolysis and vanish 
within 2–6 h but such is not the case when IR is 
at play where delayed catabolism and increased 
plasma residence time is the rule, leading to 
increased fasting and postprandial TG levels 
[ 160 ] (Fig.  4.21 ). The elevated TG by itself leads 
to endothelial dysfunction, elevation of infl am-
matory markers, hypercoagulability, and 
increased blood viscosity. The delayed catabo-
lism is due to several factors already discussed, 
including imbalance of apoA-II, apoC-I, apoC- 
III, CETP activity, and impaired LPL function. 
The longer the residence times of TG-rich lipo-
proteins, the greater the chance that both homo-
typic and heterotypic exchange of neutral lipids 
occurs between lipoproteins utilizing CETP. 
The TG-rich VLDLs and chylomicrons send 
their core TG to IDLs and LDLs or to HDLs in 
exchange for CE. In the process the VLDLs and 
chylomicrons become TG-poorer and CE-rich. 
LPL-mediated hydrolysis of core TG occurs the 
particles reduce in size and shed surface phos-
pholipids, creating atherogenic remnant lipopro-
teins [1H]. In essence the remnants are very large 
formerly TG-rich but converted to CE-enriched 
particles. One must keep in perspective that 
despite the risk associated with remnants, that 
risk is not solely due to VLDL-P per se but rather 
marked elevation of LDL-P [ 110 ,  161 ] (Fig.  4.22 ). 
In a Japanese study it was apoB 100 -carrying lipo-
proteins (VLDL remnants), not apoB 48  lipopro-
teins, that were the major subset of remnants 
associated with sudden cardiac death in the 
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  Fig. 4.20    ( a ) Metabolic, Lifestyle, and Nutrition 
Assessment in Young Adults (MELANY) study. Adapted 
from Tirosh A et al. Ann Intern Med. 2007;147:377-385 
[Reference  158  in chapter]. ( b ) Metabolic, Lifestyle, 

and Nutrition Assessment in Young Adults (MELANY) 
study. Adapted from Tirosh A et al. Diabetes Care 
2008;31:2032-2037 [Reference  159  in chapter]       
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postprandial state, regardless of the severity of 
coronary atherosclerosis [ 162 ]. Using newer 
analytical methods, data suggested the major 
part (approximately 80 % or more) of remnants 
are VLDL remnants, not chylomicron remnants. 
It was also found that plasma TG vs. remnant-TG 
concentrations in the postprandial state corre-
lated signifi cantly higher with risk than in the 
fasting state [ 163 ]. The increased TG in the post-
prandial state mainly consisted of TG in remnant 
lipoproteins. In normal volunteers, postprandial 
TG vs. remnant lipoprotein concentrations were 
signifi cantly more correlated when compared 
with fasting TG vs. RLP concentrations, and the 
authors concluded increased sensitivity of non- 
fasting TG in predicting the CV risk (events) may 
be directly explained by the increase of remnant 
lipoproteins in the postprandial state [ 164 ]. 
However, in the Copenhagen General Population 

  Fig. 4.21    Mean difference plot comparing triglyceride 
concentrations at the 6-h time point for patients with no 
diabetes and diabetes. Adapted from Mohanlal N & 
Holman R. Diabet Care 2004;27:89-94 [Reference  160  in 
chapter]       

  Fig. 4.22    Data is from Garvey et al. Diabetes 
2003;52(2):453-462. Reference [ 110 ] in chapter. Actual 
graph is from Rosenson R, et al. Atherosclerosis 213 
(2010) 1-7. Reference [ 161 ] in chapter. Dyslipidemia was 
evaluated using both NMR lipoprotein subclass analysis 

and conventional lipid panel, and insulin sensitivity as the 
maximal glucose disposal rate (GDR) during hyperinsu-
linemic clamps in 56 insulin-sensitive, 46 insulin-resis-
tant, and 46 untreated subjects with type 2 diabetes       
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Study, lipid and apolipoprotein concentrations, 
as a function of time since the last meal, were 
evaluated in 58,434 individuals (participation 
rate 45 %) from the general population, 2,270 of 
who had diabetes. TG increased up to 17.7 mg/
dL after normal food intake in individuals with 
and without diabetes. No statistically signifi cant 
differences in postprandial apoB were seen 
although apoB fl uctuate to higher levels more in 
diabetics [ 165 ]. Nakajima has also suggested that 
remnant- like lipoprotein particles, not LDL parti-
cles, are the major oxidized lipoproteins in plasma 
[ 166 ]. Lipolysis of TG-rich LP will be delayed 
with an excess of C-III and the apoC-II/apoC-III 
ratio has been used as a predictor of lipolytic rate 
with high ratios associated with decreased 
plasma residence time.

    The increased CETP-mediated exchange of 
core lipids inT2DM results in TG-rich and 
CE-poor LDLs and HDLs. The size of the LDL 
or HDL does not affect the lipid transfer, and 
small or large LDLs and HDLs can be TG accep-
tors or CE donors as can large TG-rich and 
CE-poor LDLs and HDLs. TG-rich LDLs are an 
underappreciated part of dyslipoproteinemia. 
Patients with elevations of LDL-TG (defi ned 
as > 54 mg/dL) may have low, normal, or elevated 
LDL-C levels but because these LDLs are CE 
depleted, they are almost always associated with 
elevated LDL-P or apoB. This was studied in 
1,309 patients not taking lipid-lowering drugs in 
the Ludwigshafen Risk and Cardiovascular 
Health (LURIC) study. Among these, 739 indi-
viduals had angiographic CAD (>20 % stenosis) 
and 570 subjects served as control subjects. The 
association of LDL-TG (odds ratio [OR], 1.30; 
95 % CI, 1.19–1.43;  p  < 0.001) with CAD was 
stronger than that of LDL-C (OR, 1.10; 95 % CI, 
1.00–1.21;  p  = 0.047). The predictive value of 
LDL-TG for CAD was independent of LDL-C. 
High-sensitivity C-reactive protein (hs-CRP), 
serum amyloid A, fi brinogen, interleukin 6, inter-
cellular adhesion molecule-1 (ICAM-1), and vas-
cular adhesion molecule-1 (VCAM-1) increased 
in parallel to LDL-TG. CRP, ICAM-1, and 
VCAM-1 were inversely related to LDL-C. 
The authors speculate that since HL is subject to 
modulation by infl ammatory cytokines, low-grade 

systemic infl ammation might be the cause rather 
than the consequence of high LDL-TG. In 114 
individuals with impaired fasting glucose, 
impaired glucose tolerance, or type 2 diabetes 
mellitus subjects with high LDL-TG, LDLs were 
depleted of CE, and VLDLs, IDLs, and dense 
LDLs were signifi cantly elevated, i.e., apoB was 
elevated. The authors concluded that LDL-TG is 
a better indicator for atherogenic alterations of 
LDL metabolism than is LDL-C as at any given 
concentration of LDL particles, LDL-C would be 
low once LDL-TGs were high [ 167 ] (Figs.  4.23  
and  4.24 ).

    Of additional interest is the actual molecular 
structure and shape of TG-rich LDLs. LDL par-
ticles vary in their receptor-binding affi nity and 
susceptibility to oxidative modifi cations. LDLs 
must be thought of as dynamically remodeling 
particles, and changes in particle composition, 
shape, and size, as well as apoB conformation 
will affect LDL function and receptor binding. 
Small LDL shows lower affi nity to the LDL 
receptor, but increased unspecifi c binding to cell 
surfaces [ 168 ]. LDLs also may undergo a struc-
tural transition at body temperature and which 
may affect LDLr recognition. Below the transi-
tion temperature, the core-located lipids are 
arranged in an ordered liquid-crystalline phase 
whereas above the temperature, the neutral lipids 
are organized in a fl uid, oil-like, randomly dis-
tributed state. If the LDLs are TG rich, the core 
lipids remain in their fl uid phase, independent of 
temperature, and such LDLs have less affi nity 
from LDLr compared to normolipidemic LDL. 
When LDL core TG is normal, the core CE is 
immobilized, causing a higher core viscosity. 
Under these conditions, the activity of CETP is 
lower [ 169 ]. It has also been speculated that when 
core lipids are in the liquid-crystalline state, sur-
face phospholipids can be altered which could 
change the LDL shape from spherical to elliptical 
[ 170 ]. If the TG-rich LDs and HDL particles 
undergo additional lipolysis with HL, they can 
transform into small LDL or HDL with the latter 
being subject to break up and renal excretion of 
surface apoA-I. Atherogenesis is related to the 
accumulation and retention (binding to proteogly-
cans) of LDL in the arterial subendothelium [ 171 ]. 
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  Fig. 4.23    The Ludwigshafen Risk and Cardiovascular Health study. Adapted from Marz W et al. Circulation. 
2004;110:3068-3074 [Reference  167  in chapter]       

  Fig. 4.24    The Ludwigshafen Risk and Cardiovascular Health study: LDL-TG. Adapted from Marz W et al. Circulation. 
2004;110:3068-3074 [Reference  167  in chapter]       
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Several studies have suggested that the small 
LDL is quite prone to oxidation and binding to 
HSPG. Subintimal oxidation of LDL is an initial 
process in atherogenesis. Lp-PLA2 is known to 
have high affi nity for and traffi c with the small 
LDL species [ 172 ,  173 ]. 

 Despite the discussion of LDL core composi-
tion and size, the major factor driving the particle 
into the arterial wall is particle number. Older 
studies have related atherogenesis to the smaller, 
higher density LDL but several newer studies 
which adjusted for LDL-P reveal the LDL size 
does not maintain statistically signifi cant inde-
pendence as a CV risk factor [ 174 ]. A major area 
of lipid/lipoprotein clinical importance in IR and 
T2DM is the signifi cant discordance between 
three measurements that typically have excellent 
correlation, specifi cally LDL-C and apoB and 
LDL-P. As discussed in the Garvey study, 
although VLDLs contribute to apoB, the vast 

majority of apoB particles are LDLs [ 110 ] and 
apoB measurement should be regarded as an 
assay of LDL-P. The American Association of 
Clinical Chemistry (AACC) in a position state-
ment [ 13 ] reiterated that apoB is a measure of 
LDL-P and not a measure of VLDL or VLDL 
remnants. Cromwell in an evaluation of CV death 
over 16 years in the Framingham Offspring trial 
(4th examination cycle 1987–1991) showed that 
CV risk was related not per se to high or low 
LDL-C but rather elevated or not elevated LDL- 
P. Adding VLDL-P to the equation added little to 
risk prediction. There were far less events in 
those in the lowest quartile of LDL-P than the 
equivalent quartile of LDL-C [ 175 ] (Fig.  4.25 ). 
Recent data from MESA also highlighted the fact 
that when LDL-C and LDL-P are discordant, 
abnormal changes in CIMT follow LDL-P better 
than LDL-C [ 176 ]. In another study of T2DM 
patients, 84 % of patients who had an 

  Fig. 4.25       Framingham Heart Study Offspring cohort. Adapted from Cromwell W et al. J Clin Lipidol 2007;1:583-592 
[Reference  175  in chapter]       
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LDL-C < 100 mg/dL (the 20th percentile population 
cut point in FOS) had an LDL-P > than the equiv-
alent 20th percentile LDL-P cut point. Of more 
concern was that in those with an LDL-C < 70 mg/
dL (5th percentile cut point), 41 % had an LDL-P 
above the 20th percentile cut points [ 177 ] 
(Fig.  4.26 ). Sniderman has demonstrated this dis-
cordance in multiple trials comparing CV risk to 
LDL-C versus apoB [ 178 ]. The level of TG in 
metabolic syndrome patients that is associated 
with at-risk levels of LDL-P is far lower than pre-
viously inferred. In FOS as triglyceride levels 
increased from 80 to 250 mg/dL, the number of 
total LDL particles rose dramatically beginning 
with TG > 130 mg/dL while the levels of LDL-C 
remained low [ 179 ] (Fig.  4.27 ).

     Low HDL-C is of course the other component 
of the TG/HDL axis. Often underappreciated is 
that triglycerides also have a profound infl uence 
on HDLs affecting HDL-P, HDL-TG, HDL-C, 
and HDL functionality. As discussed, due to 

heterotypic CETP exchange of neutral lipids, 
HDL particles become TG-rich and CE-poor. It is 
one reason that low HDL-C (<40 mg/dL) is asso-
ciated with abnormal, at-risk levels of LDL-P 
(Fig.  4.28 ). Rader suggests TG-enrichment of 
HDL, and its subsequent hydrolysis by HL, 
impacts on HDL function [ 180 ,  181 ]. Such HDLs 
are subject to further lipolysis by HL and endo-
thelial lipase resulting in smaller, denser HDL 
species, and apoA-I dissociates from the smallest 
of those particles [ 182 ]. EL and HL are upregu-
lated in IR and may act in tandem with HL being 
more of a triglyceridase and EL a phospholipase. 
Most lipoproteins cannot pass into the glomeru-
lus, but lipids bound to fi ltered apolipoproteins 
can be excreted via the renal tubule proteins 
megalin and cubilin. Dissociation of apoA-I from 
HDL or failure of apoA-I to incorporate into 
HDL enhances renal apoA-I catabolism via 
cubilin- mediated tubular excretion [ 183 ,  184 ] 
(Fig.  4.29 ).

  Fig. 4.26    LDL particle number distribution in T2DM subjects with at goal LDL-C. Adapted from Cromwell W & 
Otvos J (Am J Cardiol 2006;98:1599-1602) [Reference  177  in chapter]       
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  Fig. 4.27    Framingham Offspring study LDL-P, LDL-C in metabolic syndrome patients. Adapted from Kathiresan S, 
Otvos JD, Sullivan LM et al. Circulation. 2006;113:20-29. [Reference  179  in chapter]       

  Fig. 4.28    Framingham Offspring study LDL-P, HDL-C in metabolic syndrome patients. Adapted from Kathiresan S, 
Otvos JD, Sullivan LM et al. Circulation. 2006;113:20-29. [Reference  179  in chapter]       
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    The preβ-1 HDL particles are poorly lipidated 
HDL particles composed of one or two molecules 
of apoA-I and small amounts of PL and UC. 
Hypertriglyceridemic patients including those 
with metabolic syndrome exhibit signifi cantly 
higher plasma preβ-1 HDL concentrations com-
pared to healthy individuals. CETP and HL-/
EL-induced remodeling of HDLs results in 
increased production and levels of preβ-1 HDL 
particles. The increased HL activity that has been 
observed in patients with high TG generates 
preβ-1 HDL. The net result of these changes is the 
elevation of preβ-1 HDL levels and the reduction 

in the concentrations of large α-migrating HDL 
[ 185 ]. It has been shown that increases in preβ-1 
HDL concentrations refl ect an impairment in HDL 
maturation and in dynamic remodeling of HDL 
and are a sign of impaired RCT [ 186 – 188 ]. PLTP 
activity is also increased in patients with high tri-
glyceride values [ 189 ], and LCAT activity, required 
for maturation of HDL, is also decreased [ 190 ]. 
In a study evaluating the functional effects of 
HDL with respect to endothelial nitric oxide and 
superoxide production, endothelium- dependent 
vasodilation, and early endothelial progenitor 
cell-mediated endothelial repair, HDL from 

  Fig. 4.29    (1) Formation of small    (discoidal) HDL parti-
cles from apolipoprotein A-I and A-II synthesized in the 
intestine and complexed with phospholipid and free cho-
lesterol transferred from other lipoprotein particles and 
tissues. (2) Formation of spherical HDL of increased size 
promoted by further lipid loading and lecithin–cholesterol 
acyltransferase- catalyzed esterifi cation of cholesterol. (3) 
Selective CE uptake (mediated by scavenger receptor BI; 
SR-BI) and endocytosis (unknown receptor) in the liver. 
(4) Selective CE uptake (mediated by SR-BI) in steroido-
genic tissue, e.g., adrenals, testis, and ovary. (5) Formation 
of small cholesterol-poor HDL particles originating from 
HDL particles subjected to selective uptake in the ste-
roidogenic tissues. (6) Formation of small cholesterol-
poor HDL particles originating from (a) HDL particles 

subjected to selective uptake in the liver or (b) apolipopro-
tein A-I and A-II synthesized in the liver. (7) Reduction of 
HDL size as a result of lipolysis (effect of hepatic lipase, 
lipoprotein lipase, and endothelial lipase) and transfer of 
CE and phospholipid to other lipoproteins as promoted by 
CE transfer protein and the phospholipid transfer protein. 
(8) Renal fi ltration and subsequent endocytosis (mediated 
by cubilin) of lipid-poor apolipoprotein A-I and probably 
also some small fi lterable HDL particles (smaller than 
8 nm). (9) Endocytosis (mediated by cubilin) of HDL and 
selective CE uptake in the yolk sac/early placenta of the 
pregnant organism. Adapted & modifi ed from Moestrup 
SK and Kozyraki R. Cubilin, Curr Opin Lipidol. 
2000;11:133-140. [Reference  184  in chapter]       
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healthy persons promoted each of these func-
tions. These endothelial effects of HDL were 
impaired in HDL from T2DM patients [ 191 ].   

    Conclusions 

 In summary, examination of lipoprotein changes 
present in drug naive IR and T2DM patients with 
or without TG/HDL axis abnormalities reveals 
elevations of apoB particles (specifi cally 
increased remnants), signifi cantly increased 
numbers of LDL particles, and decreased apoA-I 
and total HDL-P characterized by decreases in 
the larger alpha HDL species and increases in the 
prebeta-1 species. Many of these abnormalities 
are related to abnormal cholesterol absorption, 
synthesis, cellular effl ux, and its traffi cking in 
lipoproteins whose function is modulated by 
numerous apolipoproteins and cell surface recep-
tors. Such patients therefore have high apoB/
apoA-I ratios and high LDL-P/HDL-P ratios 
which were identifi ed as the best predictors of 
CV risk in INTERHEART and VA-HIT and 
Women’s Health Study, respectively [ 192 – 194 ]. 
More readily available to practicing clinicians is 
the TG/HDL-C ratio of which there are several 
studies linking high ratios >3.0 with insulin 
resistance [ 195 ], small LDL size [ 196 ], CV out-
comes and all-cause mortality in women [ 197 ], 
as a predictor of residual risk in those treated to 
LDL-C goal [ 198 ], as a predictor of fi rst coro-
nary event in men [ 199 ], and with microvascular 
complications of diabetes [ 200 ]. In children with 
a TG-to- HDL-C ratio ≥2.0, there was a two- to 
threefold higher risk of elevated ALT levels and 
concentric LV hypertrophy than those with a 
TG-to-HDL-C ratio <2.0, independent of con-
founding factors [ 201 ]. 

 There are other factors infl uencing HDL-C 
concentrations in diabetes. ABCA1 expression 
and protein concentrations in leukocytes, as well 
as function in cultured skin fi broblasts, were 
evaluated in drug naive T2DM men with variable 
degrees of hyperglycemia. All were abnormal 
and associated with low HDL-C. There are other 
confl icting studies with some showing ABCA1 
directly infl uences glycemia via its action on 

β-cell insulin secretion, but other data suggest that 
it is glucose which modifi es ABCA1 [ 202 ,  203 ]. 

 A review of the NMR-measured lipoprotein 
changes typical of patients with TG/HDL axis 
abnormalities reveals increased total LDL-P and 
reduced total HDL-P and high LDL-P/HDL-P 
ratios. Subparticle examination identifi es in-
creased large VLDL-P, increased VLDL size, 
increased small LDL-P, decreased LDL size, 
decreased large HDL-P, and decreased HDL size. 
These parameters have been examined in the large 
( n  = 28,345) Women’s Health Study of whom over 
13.3 years 1,687 cases of T2DM occurred. 
Lipoproteins subfractions differed substantially 
by size in T2DM patients compared to normal 
patients. Small LDL and small HDL were posi-
tively associated with diabetes (quintile 5 vs. 1 
[adjusted hazard ratios and 95 % CIs], 4.04 [3.21–
5.09] and 1.84 [1.54–2.19], respectively). By con-
trast, large LDL and large HDL were inversely 
associated with diabetes (quintile 1 vs. 5, 2.50 
[2.12–2.95] and 4.51 [3.68–5.52], respectively). 
For VLDL, large particles imparted higher risk 
than small particles (quintile 5 vs. 1, 3.11 [2.35–
4.11] and 1.31 [1.10–1.55], respectively). 
Lipoprotein particle size remained signifi cant 
after adjusting for standard lipids (HDL-C and 
TG) and nonlipid factors [ 204 ].     
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        Global warming continues to excite the 
 imagination even though in Ireland we have had 
the coldest summer on record, and it is now fash-
ionable to talk not about global warming but cli-
mate change. Similarly there is tremendous 
enthusiasm and interest in the explosion of obe-
sity and diabetes that has occurred in the past 30 
years, yet at the same time people are living lon-
ger and we worry how to fund pension plans that 
will cover this increase in longevity. Obesity 
without diabetes, hypertension or dyslipidemia  
may be less of a risk factor for cardiovascular dis-
ease than was originally thought, but with accom-
panying risk factors, it is certainly a dangerous 
condition with an increase in risk for diabetes 
mellitus, cardiovascular disease, cancer, stroke 
and osteoarthritis [ 1 ]. The link between obesity, 
insulin resistance and diabetes is complex and 
poorly understood, and the coining of the term 
“metabolic syndrome” has not helped to foster 
understanding of this complex disease process. 
Diabetes is primarily a disease of beta cells lead-
ing to partial or complete loss of insulin produc-
tion. It is an ongoing process with little evidence 
of reversibility, and we have yet to fi nd a robust 
method of reversing the destruction of the beta 

cell whether it is due to apoptosis or necrosis. 
Obesity plays a major part in insulin resistance 
and it is rare to fi nd insulin resistance without 
obesity. Insulin resistance without a defect in 
pancreatic function (recognised by hyperinsu-
linemia in the absence of hyperglycemia) is also 
associated with increased risk for atherosclerotic 
disease. The purpose of this chapter is to explore 
the relationship between insulin and lack of insu-
lin in the presence or absence of insulin resis-
tance on lipid metabolism and secondly to 
explore the effect of insulin resistance in the 
absence of a defect in the beta cell on lipid 
metabolism. 

 The lipoprotein level in the blood depends on 
the balance of synthesis and degradation or 
turnover. Synthesis of the lipoprotein particle 
depends on cholesterol and fat absorption, de 
novo cholesterol synthesis and de novo fatty 
acid synthesis. Cholesterol absorption depends 
on the availability of cholesterol in the diet and 
the availability of recirculated cholesterol via 
the enterohepatic circulation. De novo choles-
terol synthesized in the intestine is also included 
in the cholesterol pool since it also enters the 
lipoprotein pool through the intestinal villi [ 2 ]. 
De novo synthesis of cholesterol occurs mainly 
in the liver, but virtually every cell in the body 
has the ability to synthesize cholesterol and the 
intestine is an important site of cholesterol syn-
thesis. The larger lipoprotein particles consist of 
a triglyceride-rich core and fatty acids which 
have been esterifi ed to form phospholipid 
and cholesterol esters [ 2 ]. Phospholipids play 
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an important part in the outer coat of the 
 chylomicron particle, and the particle is solu-
bilised by the addition of intestinally derived 
apolipoprotein (apo) B48 which is a better 
 carrier protein for large amounts of triglyceride 
than apo B100 [ 3 ]. Apo B100 is the structural 
protein for very-low-density lipoprotein (VLDL), 
the major hepatically derived triglyceride- 
containing lipoprotein. VLDL is converted to 
low-density lipoprotein (LDL) by delipidation 
in the circulation. The VLDL particle acquires 
its cholesterol from the cholesterol which is 
taken up into the liver through the receptors 
such as the LDL B/E receptor, VLDL receptor, 
LDL receptor- related protein (LRP) and per-
haps other receptors such as the apo E receptor 
2 (apo ER2) [ 4 ]. Cholesterol that has been newly 
synthesised in the liver is the other source of 
cholesterol for the VLDL particle. Some choles-
terol is also derived from high-density lipopro-
tein (HDL) which is a cellular scavenger of 
cholesterol and transports it back to the liver 
from the peripheral tissue. The HDL cholesterol 
may be directly taken up by the liver through the 
scavenger receptor class B type1 (SR-B1) [ 5 ] 
(Fig.  5.1 ).

      Apolipoproteins and Triglyceride- 
Rich Lipoprotein Metabolism 

    So far we have given a very simplifi ed version 
of lipoprotein metabolism. Apolipoproteins 
other than apo B48 and apo B100 are important 
for the chylomicron and VLDL story. Apo E, 
for example, which is synthesised in the liver 
and other extrahepatic tissues including macro-
phages, is transferred to the chylomicron and 
VLDL particles in the circulation. Apo E is 
necessary for clearance of the triglyceride-rich 
particles by the B/E receptor in the liver. 
Chylomicrons from diabetic patients have less 
apo E per particle than those from control sub-
jects [ 6 ]. Once released from the chylomicron 
particle, or indeed from the VLDL particle 
since apo E is also attached to VLDL and is 
involved in its uptake by the liver, apo E is 
transferred to HDL. Apo E is a very interesting 
protein in that it appears also to mediate cellu-
lar cholesterol effl ux when attached to apo B 
[ 7 ]. (Many extrahepatic cells including the 
macrophage secrete apo E) [ 8 ]. 

 Apo E recycling in the hepatocyte is 
 associated with an increase in ABCA1, a mecha-

  Fig. 5.1    The lipoprotein cascade       
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nism by which apo E increases cholesterol 
uptake by the liver [ 7 ].    Apo CI is another apoli-
poprotein attached to the chylomicron and 
VLDL; 70 % of apo CI is associated with HDL. 
During the postprandial rise of triglyceride-rich 
lipoproteins in serum, apo CI is transferred from 
HDL to VLDL [ 9 ]. Apo CI, at least experimen-
tally, modulates lipoprotein production by 
increasing the production rate of hepatic VLDL, 
inhibiting lipoprotein lipase activity, interfering 
with apo E-mediated uptake of VLDL and inhib-
iting cholesteryl ester transfer protein (CETP). 
CETP transfers cholesterol from HDL to VLDL 
in exchange for triglyceride (for review see Tall 
[ 10 ]). Apo CII on the other hand is a cofactor for 
lipoprotein lipase which hydrolyses the triglyc-
eride in chylomicrons and VLDL and promotes 
their uptake by the liver receptors and thus is 
associated with a decrease in triglyceride-rich 
lipoproteins. ApoC-III is yet another constituent 
of triglyceride-rich lipoproteins which impairs 
lipoprotein uptake and is involved in hypertri-
glyceridemia and fatty liver disease [ 11 ]. It has 
also been shown to enhance hepatic triglyceride-
rich VLDL assembly and secretion under lipid-
rich conditions [ 12 ].  

    Low-Density Lipoprotein 

 The LDL particle is a cholesterol-rich, triglyceride- 
poor particle (Fig.  5.2 ). LDL is composed of a 
hydrophilic surface layer of phospholipid, free 
cholesterol and hepatically derived apo B100 

which packages the particle and adds stability. The 
core of the LDL particle includes esterifi ed choles-
terol and triglyceride together with the fatty acid 
tails of the phospholipid. LDL may act as a carrier 
for other insoluble particles such as free fatty acids 
and proteins which may be loosely attached [ 13 ]. 
Perhaps more importantly, lipoprotein lipase 
attaches to the particle and facilitates attachment 
of the particle onto the endothelial cell surface.

   LDL can be subdivided into sizes by gradient 
gel electrophoresis and separated into a pattern A 
and a pattern B, pattern B being termed small 
dense LDL [ 14 ]. This pattern has been associated 
with an increase in atherosclerosis, but it has 
been diffi cult to defi ne changes in composition of 
the LDL that create the increased atherogenicity. 
The usual way to separate the different sizes of 
apo B-containing lipoproteins is by ultracentrifu-
gation, but the correlation between the denser 
particles on ultracentrifugation and electrophore-
sis is uncertain. The most recent  addition to the 
methods to investigate lipoproteins is magnetic 
resonance (MR) spectroscopy which can sort 
particle size in large numbers of samples over 
very short time, but this technique still does not 
defi ne small dense LDL [ 15 ]. Some years ago a 
subfraction of LDL with oxidised characteristics 
was described and was named electronegative 
LDL (LDL − ) based on its properties of electrical 
mobility [ 16 ]. It was later renamed minimally 
oxidised LDL. More heavily oxidised LDL is 
more electronegative than LDL −  and is identifi ed 
as LDL − − . It now appears that electronegative 
LDL may also be produced by phospholipase 

  Fig. 5.2    The LDL particle          
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(PL) A2. Rosenson et al. in the PLASMA11 Trial 
[ 17 ] showed that an inhibitor of PLA2 reduced 
LDL by 7 % and small dense LDL by 11 %. 
Enrichment of LDL with    apoC-III contributes to 
the electronegativity [ 18 ]. Anti-LDL-monoclonal 
antibody had a protective effect against athero-
sclerosis in LDL receptor knockout mice [ 19 ]. It 
has been suggested that LDL −  is a potential stress 
biomarker present in health and disease [ 20 ]. 
Small dense LDL isolation by various methods 
has been compared by Cheung [ 21 ]. The sugges-
tion is that LDL’s  atherogenicity resides in the 
large amount of cholesterol being packaged in a 
relatively small volume; hence, the surface area 
of the particle is relatively large making it more 
easily amenable to modifi cation and therefore 
more avidly taken up by scavenger receptors. 
Small dense LDL is also more susceptible to gly-
cation even in non-diabetic people [ 22 ]. The 
association between small dense LDL and VLDL 
has been investigated, not least because of the 
diffi culty of demonstrating hypertriglyceridemia 
as an independent risk factor for atherosclerosis. 
VLDL, like LDL, comes in many sizes depend-
ing on its triglyceride load. The Scottish and 
Finnish groups [ 23 ,  24 ] many years ago demon-

strated the relationship between large triglyceride- 
rich VLDL and small dense LDL: the larger the 
VLDL, the smaller and denser the LDL. 
Oxidation of the LDL particle depends on oxida-
tion of its constituent protein and/or fatty acids. 
Polyunsaturated but not monounsaturated fatty 
acids are amenable to oxidation; hence, a particle 
rich in linoleic acid is more susceptible to oxida-
tion than one rich in oleic acid [ 25 ] (Fig.  5.3 ).

       High-Density Lipoprotein 

 Apoprotein AI is the major apoprotein in HDL 
and functions as a cholesterol acceptor in the 
periphery through a complex set of interactions. 
ATP-binding cassette transporter A1 (ABCA1) 
facilitates the effl ux of cellular phospholipid and 
free cholesterol to assemble with apolipoprotein 
AI (apo A-I), forming nascent HDL particles. 
ABCG1 is another protein involved in cholesterol 
effl ux from peripheral tissue to apo A-I for reverse 
transport and binds larger, more spherical HDL 
species. Lipid-poor apo A-I accepts cholesterol 
released from macrophages forming nascent HDL 
[ 26 ]. The esterifi cation of cholesterol to cholesteryl 

  Fig. 5.3    HDL cholesterol uptake by the liver. Cholesterol 
uptake by HDL from macrophages and peripheral tissue is 
facilitated by ABCA1 and ABCG1 receptors. The HDL 

particle then docks with the liver giving up free choles-
terol and lipid through the scavenger receptor (SR) B1 
pathway and becomes free to circulate as nascent HDL       
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esters by lecithin/cholesterol acyltransferase 
(LCAT) is important for the process of mobilizing 
cholesterol from the periphery. And once HDL 
becomes mature, it may transfer cholesterol and 
phospholipid, through the action of cholesteryl 
ester transfer protein (CETP) and phospholipid 
transfer protein (PLTP) to apo B-containing lipo-
proteins, in exchange for triglyceride which is 
then hydrolyzed by the action of hepatic lipase 
[ 27 ]. The HDL particle docks with the liver and 
gives up its remaining cholesterol and lipid 
through the scavenger receptor (SR) B1 pathway 
and becomes free to circulate as nascent HDL. 
There is an inverse relationship between HDL 
cholesterol and hepatic expression of SR-B1 [ 28 ]. 
In passing it should be noted that the kidney plays 
an important part in apo A-I metabolism by both 
synthesis and clearance [ 29 ]. Apo AII is another 
apoprotein constituent of HDL and facilitates 
cholesterol effl ux, HDL remodelling and choles-
teryl ester uptake. Apo AII has been found to be a 
strong risk factor for cardiovascular disease, and it 
has been suggested that variation in Apo AII pro-
duction may exert an infl uence on apo B produc-
tion [ 30 ]. The composition of HDL refl ects on its 
various functions. For example, its ability to act as 
an antioxidant to apo B-containing lipoproteins 
through    PON-I [ 31 ] and reconstituted HDL has 
been shown to have an anti-thrombotic effect 
[ 32 ]. HDL may play a role in infl ammation, and 
recently it has been shown that serum amyloid A, 
which is elevated in infl ammation and may be 
deposited in atheroma plaque, may promote 
endothelial  dysfunction. HDL may reverse this 
process at least to some extent [ 33 ]. More recent 
studies have suggested that HDL may modulate 
glucose metabolism in the muscle and affect 
insulin secretion [ 34 ].  

    Diabetes, Insulin Resistance 
and the Metabolic Syndrome 

    The Chylomicron 

 To explore the effect of diabetes and insulin resis-
tance on lipoproteins, we will start at the begin-
ning. In this chapter the beginning must be the 

chylomicron and its synthesis, since without food 
there would be little interest in diabetes or insulin 
resistance and in the rural areas of the world 
where starvation occurs, there is little talk of type 
2 diabetes or insulin resistance. The apo B48- 
containing chylomicron transports both choles-
terol and triglyceride from the intestine to the 
circulation and has a dominant role in distribut-
ing fatty acids/triglyceride to the tissues prior to 
being taken up by the liver [ 35 ]. The second func-
tion of the chylomicron is to transport cholesterol 
to the liver, although on the way the cholesterol 
may be taken up by tissues including the athero-
matous plaque where the macrophage sits in 
waiting with a specifi c apo B48 receptor [ 36 ] as 
well as VLDL and scavenger receptors [ 35 ]. Apo 
B48 has been demonstrated in plaque by a num-
ber of workers [ 37 – 40 ]. Apo B48 is the solubilis-
ing protein necessary for the transport of 
cholesterol and lipid in aqueous solution in 
humans. The amount of triglyceride available for 
the chylomicron particle is limitless, the normal 
gut managing to limit the amount of triglyceride/
fatty acids in the stool to under 5 g/day. On the 
other hand serum cholesterol is very tightly regu-
lated and varies very little throughout one’s life-
time due to a hugely effi cient regulatory process. 
Absorbed cholesterol varies considerably from 
person to person, and high absorbers of choles-
terol have been shown to have low synthesis rates 
and to be less sensitive to cholesterol lowering 
with statin therapy [ 41 ]. The mechanism that 
regulates cholesterol absorption in the intestine is 
complex and both diabetes and insulin resistance 
have been shown to affect the regulation [ 42 ,  43 ], 
causing the initiation of the dyslipidemia of 
 insulin resistance and diabetes (Fig.  5.4 ).

       Intestinal Niemann-Pick C1-Like 1 
Protein 

 The fi rst step in cholesterol absorption in the 
intestine appears to be through the multi- 
transmembrane protein Niemann-pick C1-like 1 
(NCP1-L1) which is highly expressed in the 
 jejunum. In humans it is localised to the brush 
borders of the enterocytes and acts as a 
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 unidirectional transporter of cholesterol and 
 non-cholesterol sterols [ 44 ,  45 ]. The mechanism 
of action of NCP1-L1 has been elucidated. It has 
been shown that cholesterol promotes the forma-
tion and endocytosis of NCP1-L1-fl otillin-
cholesterol membrane microdomains which is an 
early step in cholesterol uptake. Zang et al. [ 46 ] 
discovered that it is the N-terminal domain of 
NCP1-L1 that binds cholesterol. It is interesting 
that this domain does not bind to plant sterols; 
thus, it now seems that plasma membrane-bound 
NCP1-L1 binds exogenous cholesterol, and this 
binding facilitates the formation of the NCP1-L1-
fl otillin- cholesterol microdomains that are then 

internalised into cells through the clathrin  adaptor 
protein 2 pathway. Twenty rare NCP1L1 alleles 
have been found in the low cholesterol absorbers 
and appear to impair NCP1-L1 cholesterol uptake 
through various mechanism ([ 47 ,  48 ]; for review 
see Calandera [ 49 ]). It has been shown that the 
effectiveness of ezetimibe, which blocks 
NCP1-L1 and inhibits cholesterol  absorption, 
depends on the NCP1-L1 genotype [ 50 ]. 

 There are other transporters of cholesterol; for 
example, SR-B1 is located both in the apical and 
basolateral membranes of the enterocyte [ 51 ]. 
Scavenger receptors (SR) are cell surface 
 proteins that can bind and internalise modifi ed 

  Fig. 5.4    Cholesterol absorption and lipoprotein forma-
tion. Dietary cholesterol, biliary cholesterol and choles-
terol synthesized in the intestine for which HMGCoA is 
the rate-limiting enzyme, is transported across the cell 
membrane by NCP1-L1 and, together with triglyceride, 
phospholipid and the intestinally derived apoB48 protein, 
is assembled, under the infl uence of MTP into the triglyc-
eride-rich chylomicron. Some of the absorbed cholesterol 
is excreted back into the lumen of the intestine under the 
infl uence of ABC G5/G8. The chylomicron is partially 

hydrolyzed in the circulation by lipoprotein lipase and 
acquires apoC-III and apo E. The resulting chylomicron 
remnant is taken up by the B/E receptor in the liver. The 
cholesterol and triglyceride released are reassembled with 
hepatically synthesized cholesterol and apo B100 to form 
VLDL. Lipoprotein lipase in the artery wall releases the 
triglyceride from VLDL and it acquires apoC-III and apo 
E. Some of the VLDL is taken up again by the liver, and 
the rest is further hydrolysed and looses apoC-III and E to 
become IDL and then LDL       
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lipoproteins. SR-B1, which is involved in choles-
terol uptake in the intestine and may play an 
important part in intestinal chylomicron produc-
tion, and the fatty acid transporter CD36, which 
is also involved in the uptake of oxidised LDL, 
are members of the class B scavenger receptor 
family [ 52 ]. Hiashi et al. [ 53 ] investigated gene 
expression of key proteins involved in the active 
absorption of dietary fat and cholesterol in 
response to the development of insulin resistance. 
They used two models of diet-induced insulin 
resistance, the fructose-fed hamster and the high-
fat- fed mouse. Expression of SR-B1 was 
increased in both the fructose-fed hamster and 
the high-fat-fed mouse models of insulin resis-
tance. In CaCo2 adenocarcinoma cell line, SR-B1 
over-expression increased apo B100 and apo B48 
secretion. The authors conclude that apical or 
basolateral SR-B1 may have an important role in 
cholesterol absorption and may play a part in 
cholesterol over-absorption in insulin-resistant 
states. SR-B1 in the intestine may play an impor-
tant role in chylomicron production. Cdc42, a 
member of the Rho family of small guanidine tri-
phosphatases with numerous functions, has been 
shown by Xia et al. [ 54 ] to interact with NCP1-L1 
and to control its movement from the endocytic 
recycling compartment to plasma membranes in 
a cholesterol-dependent manner. Glucose- 
stimulated Cdc42 signalling appears to be essen-
tial for second stage insulin secretion [ 55 ]. It is 
probable that in insulin resistance the signalling 
of NCP1-L1 is disturbed through this pathway, 
but we have been unable to fi nd any studies in the 
intestine that have explored the pathway in diabe-
tes/insulin resistance. In animal studies we have 
demonstrated an increase in cholesterol absorp-
tion in diabetes [ 56 ]. We then asked the question 
as to whether diabetes might be associated with 
an increase in cholesterol absorption through 
stimulation of NCP1-L1. We demonstrated in 
animal models of diabetes that NCP1-L1 was 
upregulated [ 57 ], and in diabetic patients we 
demonstrated an increase in NCP1-L1 mRNA 
[ 58 ], suggesting a mechanism for an increase in 
cholesterol absorption. In the Psammomys obe-
sus, a model of type 2 diabetes, the animals 

exhibiting weight gain, hyperinsulinaemia and 
hypercholesterolaemia, NCP1-L1 protein and 
gene expression were both signifi cantly reduced 
in the intestine, and the authors found a lower 
capacity to absorb cholesterol compared to con-
trols [ 59 ]. This may suggest interspecies varia-
tion, but it is a surprising fi nding considering that 
this animal model of diabetes has been shown to 
have increased production of intestinal apo B48- 
containing lipoproteins [ 60 ]. Ezetimibe has been 
shown to bind to the brush border and to NCP1-L1 
 expressing cells [ 61 ]. There is a sterol regulatory 
element in the promoter and a sterol-sensing 
domain of NCP1-L1 which appears to regulate 
cholesterol absorption in response to cholesterol 
intake. Huff et al. [ 62 ] have shown that NCP1-L1 
is suppressed in mice given a cholesterol-rich 
diet and increased in the cholesterol-depleted 
porcine intestine. The nuclear receptor, peroxi-
some proliferator-activated receptor (PPAR) δ/β, 
appears to control the expression of NCP1-L1. 
Activation by a synthetic agonist of PPARδ has 
been shown to reduce cholesterol absorption and 
reduce expression of NCP1-L1 without altering 
expression of the adenosine triphosphate (ATP)-
binding membrane cassette transport proteins 
ABC G5/G8 [ 63 ]. ABC G5/G8 is a transmem-
brane heterodimer that transports plant sterols 
and excess cholesterol out of jejunal enterocytes 
(discussed in greater detail below). Fenofi brate, a 
PPARα agonist, has been shown to inhibit choles-
terol absorption; the mechanism has been shown 
to be through reduced NCP1L1 transcription by 
binding to a PPARα response element upstream 
of the human NCP1-L1 gene. In a human con-
struct, Iwayanagi et al. [ 64 ] showed that PPARα 
positively regulated human NCP1-L1 transcrip-
tion, and Valasek et al. [ 65 ] showed that fenofi -
brate reduced intestinal cholesterol absorption by 
PPARα modulation of NCP1-L1. Tremblay et al. 
[ 66 ] have shown that atorvastatin increases 
NCP1-L1 in the intestine and decreased ABC  
G5/G8 which leads to an increase in cholesterol 
absorption. These fi ndings were accompanied by 
an increase in the transcription factors, sterol 
regulatory element-binding protein (SREBP) 2 
and hepatic nuclear factor (HNF)-4.  
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    Intestinal ATP-Binding Cassette 
Proteins G5/G8 

 Once cholesterol has been transported across the 
brush border membrane, it faces another regula-
tory process and may be excreted back into the 
intestinal lumen rather than being further pro-
cessed for absorption into the perimesenteric 
lymphatic circulation. ABC G5/G8 expression is 
mostly confi ned to the human small intestine and 
liver [ 67 ]. These two proteins act in tandem to 
re-excrete both cholesterol and, in particular, 
non-cholesterol sterols such as plant sterols from 
the body. Much of the understanding of ABC 
G5/G8 comes from the rare mutations that cause 
a defect in ABC G5/G8 and result in high levels 
of sitosterol in the blood. Beta-sitosterolemia is a 
condition which manifests itself in children as 
tendon xanthomas or in young adults as severe 
CHD with massive accumulation of sterols and 
stanols in monocyte-derived macrophages [ 68 ]. 
Ma et al. [ 69 ] found in an animal model that 
dietary calcium had a benefi cial effect on lipo-
protein profi le by upregulating the mRNA levels 
of intestinal ABC G5/G8 and cholesterol-7α- 
hydroxylase (CYP7A1), whereas it downregu-
lated the intestinal NCP1-L1 and    microsomal 
triacylglyceride transport protein (MTP) due to 
enhanced biliary cholesterol excretion. Mendes 
Gonzales et al. [ 70 ] investigated the effect of 
ABC G5/G8 defi ciency on lipoproteins in mice. 
They found that postprandial triglycerides were 
fi vefold higher in the ABC G5/G8 − −  mice due to 
a lower fractional catabolic rate with lower post-
heparin lipoprotein lipase activities. They also 
showed that liver triglyceride secretion and 
intestinal triglyceride secretion were higher and 
there was a relationship between this and the 
HOMA index as a measure of insulin resistance. 
Since diabetes is so frequently associated with 
dyslipidaemia and atherosclerosis, the ABC 
translocases became a target for research. Blocks 
et al. [ 71 ] examined mRNA and protein expres-
sion of ABC G5/G8 in the intestine of strepto-
zotocin diabetic rats and found signifi cant 
reduction in expression of both ABC G5/G8. 
They found that levels were partially normalised 
on insulin supplementation. We have shown that 

ABC G5/G8 were reduced by more than 50 % in 
the intestine of Zucker diabetic fa/fa rats com-
pared with lean rats although these changes did 
not reach statistical signifi cance [ 58 ]. Insulin 
treatment caused a nonsignifi cant increase in 
ABC G5/G8 mRNA. In another study of strepto-
zotocin diabetic rats, ABC G5/G8 were both 
very signifi cantly reduced in the intestine [ 57 ]. 
There was a negative correlation between ABC 
G5/G8 and chylomicron cholesterol [ 57 ]. In the 
Psammomys obesus, another model of diabetes, 
Levy et al. [ 59 ,  60 ] showed a reduction in ABC 
G5/G8 in the intestine. In the intestine of human 
subjects with type 2 diabetes, ABC G5/G8 
mRNA were both signifi cantly lower compared 
to controls [ 58 ]. There was a negative correlation 
between ABC G5/G8 and NCP1L1 in the com-
bined diabetic and control subjects, and there 
was a signifi cant negative correlation between 
chylomicron cholesterol and both ABC G5/G8 
[ 57 ]. These two genes appear to play an impor-
tant role in the dysregulation of cholesterol 
metabolism in diabetes.  

    Microsomal Triglyceride Transport 
Protein 

 The cholesterol that has evaded ABC G5/G8 in 
the intestine is now ready to be solubilised for 
transport through the lymphatic system. The 
assembly of the chylomicron occurs under the 
direction of microsomal triglyceride transfer 
 protein (MTP). MTP has the ability to combine 
cholesterol, triglyceride and phospholipid into 
the triglyceride-rich chylomicron particle. The 
cholesterol that becomes available however not 
only is cholesterol that has been absorbed from 
the diet but is also cholesterol that has been 
excreted through the bile duct under the infl uence 
of hepatic ABC G5/G8. Finally, there is the cho-
lesterol that has been synthesised in the intestine 
through the 3-hydroxy-3-methylglutaryl coen-
zyme A (HMGCoA) reductase pathway. This 
pathway in the intestine accounts for up to 25 % 
of body-synthesised cholesterol, the amount 
varying depending on whether the patients are 
high or low cholesterol absorbers. Intestinal MTP 
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plays a major role in the assembly of the chylo-
micron particle and therefore of cholesterol and 
triglyceride metabolism. MTP has become a hot 
topic since inhibitors of intestinal MTP have 
been shown to lower triglyceride without causing 
hepatic steatosis at least in animal studies [ 72 , 
 73 ]. In short-term human studies, a specifi c intes-
tinal MTP inhibitor did not appear to effect liver 
function tests [ 74 ]. Although many polymor-
phisms of MTP have been described, some of 
which have considerable impact on LDL choles-
terol in both nondiabetic and diabetic subjects, it 
is diffi cult to know whether the results mainly 
stemmed from the effect in the liver rather than 
the intestine [ 75 ,  76 ]. The intestinal inhibitors of 
MTP which have no effect on the liver should 
answer this question in the future. In animal 
studies, diabetes is associated with an increase 
in MTP mRNA with close correlation between 
MTP mRNA and chylomicron cholesterol [ 77 –
 80 ]. In the diabetic rabbit, increased intestinal 
MTP mRNA is associated with an increase in 
chylomicron particle numbers [ 77 ], but in the rat 
it is associated with larger particles [ 78 ]. The 
fructose-fed insulin-resistant hamster model had 
an increase in MTP protein mass, and this was 
associated with an increase in the triglyceride- 
rich intestinally derived lipoproteins [ 79 ]. 
Zolotowska et al. [ 80 ] in 2003 [ 80 ] examined the 
B48-containing lipoprotein assembly in the small 
intestine of  Psammomys obesus , a model of 
nutritionally induced diabetes and insulin 
 resistance. De novo triglyceride synthesis, apo 
B48 biogenesis and triglyceride-rich lipoprotein 
assembly were all increased. MTP activity and 
protein expression, however, were not altered. 
In the enterocyte of fructose-fed golden hamster, 
MTP mRNA and protein mass were increased by 
TNFα, but apo B levels in the enterocyte were not 
effected suggesting that there is considerable 
interspecies variation [ 80 ]. In humans with type 2 
diabetes, we demonstrated an increase in MTP 
mRNA in intestinal biopsies [ 58 ,  81 ]. Diabetic 
patients who were on statin therapy had lower 
MTP mRNA compared to those not on statins 
[ 81 ]. We found positive correlations between 
MTP mRNA and chylomicron fraction choles-
terol and apo B48 [ 81 ]. A novel intestinal- specifi c 

inhibitor of MTP has been shown to ameliorate 
impaired glucose and lipid metabolism in Zucker 
diabetic fatty rats, but whether this effect was due 
to impairment of food intake or to inhibition of 
fat absorption is not clear [ 82 ]. 

 The signals that upregulate chylomicron for-
mation to cope with excess fat in the diet are 
slowly being elucidated. Another non-specifi c 
inhibitor of MTP, which reduced serum levels of 
triglycerides by more than 70 %, was also associ-
ated with signifi cant improvements in glucose 
tolerance and insulin sensitivity in Zucker fatty 
rats [ 83 ]. Hepatic MTP mRNA expression is neg-
atively regulated by insulin, and it is suggested 
that insulin might also directly inhibit apo B48 
secretion independently of MTP even though it is 
probable that upregulation of MTP stimulates 
apo B secretion [ 84 ]. The membrane glycopro-
tein CD36 binds long-chain fatty acids. CD36 
defi ciency reduces chylomicron production [ 84 ]. 
It has recently been shown that binding of lipid 
by CD36 upregulates apo B48 and MTP through 
CD36 signalling via the ERK-1/ERK-2 pathway 
[ 85 ]. Interestingly polymorphisms of MTP which 
have been associated with differences in serum 
lipids appear to alter cholesterol absorption but 
not synthesis in women [ 86 ].  

    Apolipoprotein B48 and B100 

 Apo B48, the structural protein for the chylomi-
cron, is produced in the intestine by editing of the 
hepatic version, apo B100 [ 87 ]. The enzyme 
    apobec cuts the apo B100 form into the shorter 
 version, apo B48. It has been suggested that apo 
B is in excess of body needs. In the liver recent 
work has demonstrated that insulin silences apo 
B translation by introducing intracellular traffi c 
into mRNA granules [ 88 ]. The authors showed 
that the availability of apo B mRNA for transla-
tion was regulated by the rate of release from 
translationally silenced mRNPs processing bod-
ies (p bodies). Insulin specifi cally silences apo B 
mRNA translation by reprogramming its mRNA 
into p bodies and reducing the size of translation-
ally competent mRNA pools. Translational con-
trol via traffi c into cytoplasmic RNA granules 
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may be an important mechanism for controlling 
the rate of apo B synthesis and hepatic lipopro-
tein production, the authors suggest. It is however 
not clear that this silencing plays a part in reduc-
ing chylomicron production or infl uences nascent 
chylomicron size. In diabetes it may be that there 
is an increase in apo B48 production, but then if 
meaningful, one would expect smaller chylomi-
cron particles containing less triglyceride per 
particle to be produced. Our studies in an animal 
model demonstrated that the particles in the can-
nulated lymphatic duct of the rabbit were associ-
ated with an increase in chylomicron particle 
numbers [ 89 ], but in the rat it was associated with 
larger particles [ 56 ]. In patients with type 2 dia-
betes, apo B48 is increased, but it is diffi cult to 
ascertain whether the increase is due to delayed 
delipidation, increased synthesis or both [ 90 ]. We 
injected labelled chylomicrons, collected by can-
nulation of the lymph duct into diabetic and non-
diabetic rabbits, into another group of diabetic 
and nondiabetic rabbits and found evidence of 
both increased synthesis and delayed clearance 
[ 89 ]. Our animal research therefore suggests that 
the increase in apo B48 particles in diabetes may 
be due to both an increase in synthesis and a 
decrease in turnover.   

    Cholesterol Synthesis and HMGCoA 
Reductase 

 Cholesterol synthesis is regulated by HMGCoA 
reductase, the rate-limiting enzyme in the syn-
thetic pathway. Sterol regulatory element- binding 
protein-2 (SREBP-2) is a regulatory protein of 
cholesterol homeostasis and regulates HMGCoA 
gene expression. In isolated rat hepatocytes, we 
demonstrated signifi cant reduction in HMGCoA 
reductase activity in the presence of insulin [ 91 ]. 
In animal studies we have recently reported the 
different effects of pioglitazone, an insulin sensi-
tizer which acts through peroxisome proliferator- 
activated receptor (PPAR) gamma, as compared 
to insulin on expression of hepatic HMGCoA 
reductase mRNA [ 42 ]. We found a highly signifi -
cant increase in expression of HMGCoA reduc-
tase in the liver of diabetic animals (Zucker 

diabetic fatty fa/fa rats). There was a small but 
insignifi cant reduction in HMGCoA reductase 
mRNA in the intestine when the animals were 
treated with insulin [ 42 ]. There was a larger 
reduction in HMGCoA reductase in the liver of 
the insulin-treated animals, but this reduction did 
not reach statistical signifi cance [ 42 ]. In type 1 
diabetes Sittiwet et al. [ 92 ] presented some evi-
dence to suggest that improved glycaemic control 
increases cholesterol synthesis. However, the 
study was perhaps a little unsatisfactory in that, 
although there was a signifi cant increase in cho-
lesterol synthesis, there was no change in serum 
or lipoprotein cholesterol nor was there any 
change in markers of cholesterol absorption. 
Inhibition of HMGCoA reductase with a statin 
has been shown to decrease ABC G5/G8 as well 
as increasing NCP1L1, thus increasing choles-
terol absorption [ 81 ]. 

 Hepatic steatosis is common in diabetes, insulin 
resistance and obesity. Infl ammatory stress is pres-
ent in these conditions and is also associated with 
obesity, insulin resistance and diabetes. It is there-
fore of interest that Zhao et al. [ 93 ] demonstrated 
that interleukin 1b and interleukin 6 stimulation of 
Hep G2 cells increased SREBP2 and HMGCoA 
mRNA. Further high-fat loading in mice or LDL 
loading in Hep G2 cells suppressed the above 
genes, but this suppression could be overridden by 
the above infl ammatory proteins [ 93 ]. Severe calo-
rie restriction in patients with steatosis results in 
rapid reduction of liver fat, insulin resistance and 
improvement in diabetes control. In contrast, insu-
lin resistance and the accompanying hyperinsu-
linaemia are associated with an upregulation of 
SREPB2 through extracellular signal-regulated 
pathways involving the kinases ERK-1 and ERK-
2, another example of the interaction between fat 
and carbohydrate metabolism [ 94 ] (for review, see 
Van Rooyen and Farrell [ 95 ]).  

    Very-Low-Density Lipoprotein 

 Before discussing clearance of the chylomicron 
particle with reference to insulin resistance and 
diabetes, it is necessary to discuss VLDL, the 
other major triglyceride transport particle which 
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is produced by the liver and has as its structural 
protein apo B100. The synthesis of the VLDL 
particle in the liver is somewhat similar to that of 
the chylomicron in the intestine. Through a series 
of steps, the lipid and cholesterol are assembled 
under the infl uence of MTP with apo B100 yield-
ing VLDL. The VLDL particle will contain some 
de novo synthesized cholesterol. 

 As with the chylomicron, apo E attaches itself 
to the particle and is necessary for clearance by 
the liver through the LDL B/E receptor. The 
VLDL particle is distinguished from the LDL 
particle, not only by its triglyceride content which 
is much higher than LDL, but also by the attach-
ment of apo E onto the particle. There are three 
common polymorphisms of apo E. Apo E2/2, 
although rare, is associated with hypercholester-
olemia but E4/4 with hypertriglyceridemia [ 96 ]. 
Compared with individuals with the E3/3 geno-
type, E2 carriers have a 20 % lower risk of coro-
nary heart disease, and E4 carriers have a slightly 
higher risk [ 97 ]. It has been suggested that the 
apo E4 allele is a risk factor for the metabolic 
syndrome [ 98 ]. ApoC-III can be present on apo 
B-containing lipoproteins but is not integral to the 
basic lipoprotein particle structure; thus, lipopro-
teins exist both with and without apoC-III. Apo 
B-containing lipoproteins with apoC-III are 
enriched in triglyceride and cholesterol and have 
slow clearance from plasma. The concentration 
of apoC-III in VLDL and LDL is highly and inde-
pendently predictive of coronary heart disease, 
more so than triglyceride alone [ 99 ]. LDL parti-
cles with apoC-III, a remnant particle produced 
by partial lipolysis in plasma of VLDL [ 100 ], is 
the lipoprotein particle type most predictive of 
CVD in type 2 diabetes [ 101 ]. ApoC-III inhibits 
lipoprotein lipase and triglyceride hydrolysis as 
well as direct clearance of VLDL particles from 
plasma, resulting in the formation of less LDL. 

 In passing one might mention apo A5, a key 
gene regulating triglyceride levels and was 
thought to be exclusively in the liver. Recently 
Guardiola et al. [ 102 ] have described the expres-
sion of the gene in the mouse and human small 
intestine. The function here has yet to be 

explained. Dallinger Thie et al. [ 103 ] examined 
apo A5 in diabetes in relation to triglycerides and 
found the same positive relationship between apo 
A5 as in non-diabetic subjects. They found in a 
group of 215 subjects with type 2 diabetes taken 
from the Diabetes Atorvastatin Intervention 
Study that 6 % of the variation in plasma triglyc-
erides was due to apo A5 whereas 52 % was 
explained by apoC-III. Diabetes sometimes 
results from pancreatitis which may be caused by 
severe hypertriglyceridemia. Apo A5 has not 
been shown to play a part in diabetes secondary 
to pancreatitis [ 104 ].  

    Cholesterol Synthesis 
and Transport in the Liver 

    Cholesterol either may be synthesized in the liver 
through the HMGCoA reductase pathway and 
packaged for transport by association with apo 
B100 or may have been delivered to the liver by 
the chylomicron particle. Insulin plays a major 
part in regulating many of the steps in the pro-
duction of cholesterol [ 105 ]. HMGCoA reduc-
tase is increased in animal models of diabetes in 
the liver [ 91 ]. In isolated rat hepatocytes, we 
have demonstrated signifi cant reduction in 
HMGCoA reductase activity in the presence of 
insulin [ 106 ]. In animal studies we have more 
recently reported the different effects of piogli-
tazone, an insulin sensitiser through peroxisome 
proliferator-activated receptor (PPAR) gamma, 
as compared to insulin on expression of intestinal 
and hepatic HMGCoA reductase mRNA [ 42 ]. In 
that study we also found a highly signifi cant 
increase in expression of HMGCoA reductase in 
the liver of diabetic animals (Zucker diabetic 
fatty fa/fa rats). There was a large reduction in 
HMGCoA reductase in the liver of insulin-
treated animals, but this reduction did not reach 
statistical signifi cance (116 + 122 vs. 143 + 48 
arbitrary units  n  + 10) [ 42 ]. The liver, like the 
intestine, can regulate, at least to some extent, the 
amount of cholesterol in the VLDL particle by 
regulating the excretion of cholesterol in bile.  
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    Hepatic NCP1-L1 

 NCP1-L1 is localised to the canalicular mem-
brane in hepatocytes where it plays a part in the 
regulation of cholesterol transport. Hepatic 
nuclear factor-1 (HNF-1) alpha and sterol regula-
tory element-binding protein-2 (SREBP-2) 
appear to be important regulators of NCP1-L1 in 
the liver [ 107 ]. It has also been shown that they 
have important binding sites within the human 
NCP1-L1 promoter. The role of NCP1-L1 in the 
liver is probably to divert cholesterol away from 
excretion in the bile [ 108 ]. A recent study in 
female Chinese women with gallstones has 
shown reduced NCP1-L1 mRNA and protein in 
the liver and supersaturation of cholesterol in the 
bile [ 109 ]. Ezetimibe has not been shown to 
increase the risk of gallstones perhaps because 
the drug has its primary effect in reducing choles-
terol absorption. Indeed in the golden Syrian 
hamster, ezetimibe reduced the diet-induced 
increase in biliary cholesterol [ 110 ], and in 
gallstone- susceptible mice fed lithogenic diets, 
ezetimibe prevented gallstone formation [ 111 ]. 
Inhibition of NCP1-L1 by ezetimibe is associated 
with an improvement in hepatic steatosis. Jia 
et al. [ 112 ] investigated the mechanism by delet-
ing NCP1-L1 in mice and inducing hepatic ste-
atosis with a high-fat diet. The knockout mice did 
not develop steatosis. Hepatic fatty acid synthesis 
and mRNA for genes regulating lipogenesis were 
reduced and the knockout animals did not develop 
hyperinsulinaemia. Nomura et al. [ 113 ] demon-
strated in Zucker rats that ezetimibe improved 
hepatic insulin signalling as well as hepatic ste-
atosis both in the liver and in cultured steatotic 
hepatocytes. The drug recovered insulin-induced 
Akt activation and reduced gluconeogenic genes. 
The relevance of this study to humans is not clear 
as patients with diabetes who are treated with 
ezetimibe do not improve blood sugar control 
[ 114 ]. Over-expression of NCP1-L1 in the liver 
inhibits biliary cholesterol secretion and raises 
serum cholesterol suggesting that inhibitors of 
NCP1-L1 may have a role in the liver [ 115 ]. 
NCP1-L1 mRNA has been shown to be increased 
in the liver of diabetic rats with a positive correla-
tion between NCP1-L1 mRNA and VLDL cho-

lesterol [ 57 ]. Interestingly, we found that although 
pioglitazone signifi cantly reduced NCP1-L1 in 
the liver of diabetic fa/fa rats, insulin had no 
effect [ 42 ]. ABC G5/G8 play a role in the regula-
tion of cholesterol excretion by promoting excre-
tion of neutral steroids into the bile. Diet-induced 
lipid loading into the liver causes a signifi cant 
increase in the expression of ABC G5/G8 in the 
bile canaliculi [ 116 ].  

    Hepatic ABC G5/G8 

 The liver X receptor (LXR) helps to regulate 
expression of ABC G5/G8 [ 117 ], and ABC G5/
G8 expression is also stimulated by LXR ago-
nists but not to the same extent as by feeding. It 
has recently been demonstrated that NCP2, a 
cholesterol- binding protein secreted by the bili-
ary system, positively regulates biliary secretion 
of cholesterol through stimulation of ABC G5/
G8. It is well documented that there is a relation-
ship between gallstones, diabetes and the meta-
bolic syndrome. Under conditions of obesity and 
insulin resistance, the serine/threonine protein 
kinase Akt/PKB is required for lipid accumula-
tion in liver. Two forkhead transcription factors, 
FOXA2 and O1, have been suggested to function 
downstream of, and to be negatively regulated by, 
Akt and are proposed as key determinants of 
hepatic triglyceride content [ 118 ]. In mice with 
isolated insulin resistance, there was an increased 
expression of  biliary transporter ABC G5/G8 
through the disinhibition of the forkhead tran-
scription factor FOX 01 [ 119 ]. However, these 
fi ndings do not fi t well with the increased VLDL 
synthesis that has been described in insulin resis-
tance and diabetes [ 120 – 122 ] even if they explain 
the increased  gallstones found in diabetes [ 123 , 
 124 ]. In diabetic fa/fa rats insulin but not piogli-
tazone signifi cantly increased hepatic expression 
of ABC G5/G8 [ 42 ].  

    MTP in the Liver 

 The fi nal stage for the production of the VLDL 
particle is the assembly of the cholesterol, tri-
glyceride and phospholipid with apo B100 under 
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the regulation of MTP. In animal studies MTP 
mRNA is increased in streptozotocin diabetic rats 
in the liver [ 57 ]. We have shown modest suppres-
sion with insulin treatment in the liver of Zucker 
diabetic rats [ 42 ]. In the alloxan diabetic rabbit 
model, we found no difference in MTP mRNA or 
activity in the liver, whereas there was a signifi -
cant increase in the intestine [ 77 ]. The distur-
bances in chylomicron and VLDL production 
refl ect the increase in chylomicron and VLDL 
particles found in diabetes. Although chylomi-
cron production has only been measured in ani-
mal models of diabetes and insulin resistance, 
VLDL overproduction has been shown in diabe-
tes in humans as well [ 120 – 122 ,  125 ], the driving 
force being the non-supressability of FFA post-
prandially due to the malfunction of adipose tis-
sue by adipose triglyceride lipase (ATGL) leading 
to an increase in postprandial triglycerides which 
are taken up by the liver and re-secreted in the 
VLDL [ 126 ]. VLDL overproduction is also 
found in insulin resistance [ 127 ].  

    Triglyceride-Rich Lipoproteins 
in Diabetes 

 One of the causes of the disturbance in the metab-
olism of the triglyceride-rich lipoproteins in dia-
betes is the inhibition of lipoprotein lipase (LL) 
activity. Lipoprotein lipase is an insulin-sensitive 
enzyme. In type 2 diabetes insulin treatment sig-
nifi cantly increases LPL activity in adipose tissue 
[ 128 ,  129 ]. Among the causes of lipoprotein 
lipase dysfunction is the effect of glucose on 
enzyme dimerization and has been related to the 
severity of diabetes [ 130 ]. Clearance of both 
VLDL and chylomicrons is severely impeded 
due to the inability of lipoprotein lipase to func-
tion in a relative or absolute insulin-defi cient 
environment. The VLDL remnant is cleared by 
the LDL B/E receptor or the VLDL lipoprotein 
receptor (VLDLr) which is found mainly in the 
adipocyte and muscle cells [ 131 ]. The LDL 
receptor-related protein which clears postpran-
dial lipoproteins is also insulin dependent [ 132 ]. 
Perhaps one of the most important results of this 
delay in clearance is the infl uence that the 
triglyceride- rich lipoproteins have on LDL size 

and atherogenicity [ 133 ]. Large triglyceride-rich 
VLDL is associated with both increased small 
dense LDL and reductions in HDL.  

    LDL in Diabetes 

 The concentration of LDL is often normal in dia-
betic when compared to non-diabetic patients of 
similar BMI. However, since turnover of the LDL 
particle is increased in diabetes [ 134 ] and produc-
tion is increased through the increase in hepatic 
VLDL secretion, a similar serum level of LDL in 
diabetes should not be taken as meaning that the 
atherogenic risk of LDL should be presumed to be 
similar to that in the non-diabetic and is one of the 
reasons why emphasis is placed on maximum 
reduction of LDL in diabetes. HMGCoA reduc-
tase and the LDL receptor are insulin sensitive and 
the receptor is down-regulated and HMGCoA 
reductase is up-regulated in the setting of insulin 
resistance [ 135 ]. As stated previously, small dense 
LDL is more common in diabetes [ 133 ], and small 
dense LDL has been shown to promote macro-
phage foam cell formation [ 136 ]. LDL composi-
tion is abnormal in other ways, i.e. it contains 
more esterifi ed cholesterol [ 137 ], an increase in 
linoleic acid and more FFA [ 13 ]. However, a more 
recent study suggests that patients with diabetes 
and the metabolic syndrome have lower choles-
terol ester and lower linoleic acid in the choles-
teryl esters [ 138 ]. This may of course be due to 
differences in diets between the 2 studies. Both 
studies agree that markers of lipid peroxidation are 
increased in diabetes. Colas et al. [ 138 ] have also 
shown that LDL from metabolic syndrome and 
type 2 diabetic patients was potent in activating 
the platelet arachadonic acid-signalling cascade,  
potentiating platelet aggregation as compared to 
control LDL. An increase of free radical produc-
tion occurs in hyperglycemia of diabetes [ 139 ] 
causing LDL glycation, and glycated LDL is 
more susceptible to oxidation, one reason for the 
increased LDL oxidation that occurs in poorly 
controlled diabetes [ 140 ]. The foam cell is per-
haps the hallmark of the atherosclerotic lesion. 
The development of the foam cell depends on 
macrophage uptake of cholesterol. A novel 
mechanism has recently been described which 
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facilitated uptake of oxidised LDL through 
uptake by the toll-like receptor 4 (TR4) which is 
found on the macrophage surface [ 141 ,  142 ]. It 
has been demonstrated that cholesterol ester 
hydroperoxides are an indigenous ligand for 
TR4. The increase in free fatty acids in poorly 
controlled diabetes is associated with an increase 
in fatty acids attached to the LDL particle, a fur-
ther potential cause for increased oxidation of the 
particle [ 13 ]. Oxidized LDL can be taken up by 
the macrophage through scavenger receptors in 
an unregulated manner. We have shown that lipo-
protein lipase mass is increased on diabetic LDL 
[ 13 ], a factor which also increases LDL uptake 
into plaque (Fig.  5.5 ).

   Normally LDL is cleared through the LDL 
receptor which is downregulated by receptor- 
mediated cholesterol uptake into the cell. The 
LDL receptor is upregulated by insulin. Insulin 
signalling via Akt2 and mTORC1 has emerged 
as having a key role in the regulation of hepatic 
lipogenesis in obese mice. The underlying mech-
anism involves induction of proprotein conver-
tase subtilisin kexin type 9 (PCSK9) via 
mTORC1 leading to post-transcriptional down-
regulation of hepatic LDL receptors. The glu-
cose-insulin pathway is perhaps another story but 
very exciting since it involves both an under-
standing of how glucose stimulates insulin secre-
tion in the beta cell and how insulin stimulates 

  Fig. 5.5    Atherosis formation. The atherosclerotic plaque 
is composed of a lipid-rich core containing cholesterol, 
fatty acids and necrotic tissue and is covered by a fi brous 
smooth muscle cell cap. Low-density lipoprotein (LDL) is 
the major contributor to plaque cholesterol. LDL may 
attach to the endothelium through lipoprotein lipase and 
heparin sulphate proteoglycans (HPSG) which facilitate 

their uptake into the subendothelial space. Macrophages, 
which have accumulated large amounts of cholesterol, 
attach to chemotactic factors such as VCAM and ICAM 
on the artery wall and slip between the endothelial cells 
into the intima where they are trapped, mature into foam 
cells and eventually disintegrate providing the cholesterol 
for the lipid-rich atherosclerotic core       
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glucose disposal in all other cells. Protein kinase 
C (PKC) is involved in insulin signalling and 
glucose transportation.  PKC1 is also involved in 
stimulation of SREBP, and in another pathway 
stimulates AKT2 under the infl uence of insulin.  
In this way insulin both regulates glucose and 
lipid metabolism explaining the link between 
hyperglycemia and insulin in diabetes. A few 
years ago PKCs were all the rage and an editorial 
in Diabetologia on The Rising Star of PKC 
started with the sentence “In the pubs of Ireland 
there is talk of little else”.    PKCs are involved in 
insulin signalling and  glucose transport but in 
another pathway, and in particular a pathway 
involved in glucose disposal in exercise is sig-
nalled by Akt2. Thus, the understanding that 
Akt2 is also involved in cholesterol lowering 
through its effect on the LDL receptor is another 
link in the chain tightening the link between dys-
lipidemia and hyperglycemia in diabetes (and of 
course supports the idea diabetes mellitus being 
renamed diabetes lipidus) (Fig.  5.6 ).

   The excitement of this new information, apart 
from a better understanding of the control mecha-
nism for the receptor, is that it opens up new ave-
nues for pharmacological intervention. An 
example of translational science at its best might 
become the discovery of antibodies that inhibit 
PCSK9. PCSK9 is the gene which regulates recy-
cling of the LDL receptor, diverting it to the lyso-
somal compartment for degradation. PCSK9 
binds tightly to the LDL receptor and channels it 
towards the lysosomal compartment for degrada-
tion which results in decreased LDL receptor num-
bers and increased plasma LDL levels. An 
interesting loss of function polymorphism of 
PCSK9 increases the number of LDL receptors 
and increases LDL removal from the plasma, 
reducing LDL levels. There is strong evidence 
that PCSK9 and LDLR transcription are both acti-
vated by cellular cholesterol depletion via sterol 
regulatory element-binding protein-2 (SREBP-2). 
This notion is supported by human studies that 
plasma PCSK9 concentration is increased with  

  Fig. 5.6    Receptor-mediated LDL clearance. LDL is nor-
mally taken into the cell through the LDL receptor path-
way. In the lysosome the apo B is degraded and the 
cholesterol released is transferred to the endoplasmic 
reticulum. This blocks the transport of SREBP to the 

Golgi complex preventing transcription of HMGCoA 
reductase thus reducing de novo cholesterol synthesis and 
also blocking LDL receptor synthesis, preventing further 
LDL uptake       
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statin therapy. It has been shown that fi brates also 
signifi cantly increase circulating PCSK9 levels. 
Thus, an inhibitor of PCSK9 would be a useful 
addition to statin and fi brate therapy. Dramatic 
lowering of LDL cholesterol has been described 
in non-human primates using monoclonal anti-
bodies (mAB) against PCSK9, and the New 
England Journal of Medicine has recently reported 
on a clinical trial of mAB against PCSK9. They 
showed in healthy volunteers, up to 65 % reduc-
tion in LDL cholesterol. These experiments were 
repeated in patients with familial hypercholester-
olemia (FH) who were already on atorvastatin, 
and the results were similar to healthy volunteers. 
The authors found a good correlation between 
reduction in free PCSK9 and reduction in LDL 
cholesterol, and they demonstrated that the drug 
had an additive rather than synergistic effect since 
the mean reductions were similar between normal 
and FH patients when administered alone or in 
subjects receiving atorvastatin. This is to be 
expected since atorvastatin increases hepatic LDL 

receptor activity by enhancing production of LDL 
receptors, whereas the antibody decreases the 
degradation of receptors. There was a signifi cant 
increase in HDL cholesterol. There was no clear 
evidence of drug-related events which perhaps was 
the most important fi nding in the study. New block-
busters appear to be very hard to come by these 
days, but perhaps PCSK9 inhibitors may help at 
least one pharmaceutical company to be optimistic 
at least in the short term! For patients and practis-
ing physicians, it may help to take the burden of 
guilt away since so often LDL targets are not being 
met and in particular not being met in patients who 
already have had a myocardial infarction (Fig.  5.7 ).

       High-Density Lipoprotein 
in Diabetes 

 The lipoprotein cascade which starts with the 
chylomicron ends with HDL, the smallest of the 
particles and the only non-apo B-containing 

  Fig. 5.7    PCSK9. PCSK9 is a regulator of liver LDL 
receptor expression. Normally the LDL receptor, once it 
has delivered LDL to the lysosome, recirculates to the 
coated pit on the cell surface. Insulin signalling via Akt2 

and mTORC1 induces PCSK9 which binds tightly to the 
LDL receptor and instead channels it towards the lysosomal 
compartment for degradation resulting in decreased LDL 
receptor numbers and increased plasma LDL cholesterol       
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 particle. The solubilising proteins for HDL are 
apo A-I and AII, although no HDL species con-
tain only apo AII. Diabetes is associated with low 
HDL, and in many studies low HDL has been 
associated with premature/accelerated athero-
sclerosis. The reasons for the low HDL in diabe-
tes include an increase in apo A-I catabolism. 
Chan et al. [ 30 ] examined the relationship 
between the fractional catabolic rate between apo 
A-I and VLDL kinetics in a group of obese men 
compared to non-obese men. They found that 
variations in VLDL apo B production and there-
fore triglyceride concentrations exerted a major 
effect on the catabolism of apo A-I. They further 
found that insulin resistance and adiponectin, a 
hormone associated with insulin sensitivity and 
reduced in obesity, were contributing factors. 
They found that in a study of 87 non-diabetic  
men, plasma adiponectin was one of the best pre-
dictors of HDL apo AI fractional catabolic rate 
(FCR). The signifi cant relationship between 
plasma adiponectin and HDL apo A-I FCR was 
independent of HOMA IR score, an index of 
insulin sensitivity. The authors suggest that adi-
ponectin may have a direct role in HDL catabo-
lism. It has been shown that low plasma 
adiponectin levels are associated with enhanced 
hepatic lipase activity in vivo, so lower adiponec-
tin levels may enhance the catabolism of HDL 
apo A-I by an increase in the lipolysis of HDL 
triglyceride and the dissociation of apo A-I from 
the HDL particles [ 143 ]. 

 The causes and consequences of low levels of 
HDL in patients with diabetes have recently been 
reviewed by Barter [ 144 ]. The low HDL is asso-
ciated with smaller and denser particles, again 
thought to be secondary to the elevated level of 
plasma triglycerides. Patel et al. [ 145 ] studied the 
infl uence of plasma glucose on expression and 
function of a key mediator in reverse cholesterol 
transport, the ATP-binding cassette transporter-
 A1 (ABCA1) and expression of its regulators 
liver X receptor-α (LXRα) and peroxisome 
proliferator- activated receptor-γ (PPARγ). They 
found that ABCA1 expression and protein con-
centrations in leukocytes, as well as function in 
cultured skin fi broblasts, were reduced in type 2 
diabetes. ABCA1 protein concentration and 

function were associated with HDL-C levels. 
These fi ndings indicate a glycemia-related, per-
sistent disruption of a key component of reverse 
cholesterol transport. Cholesteryl ester transfer 
protein (CETP) is increased in diabetes and may 
account, at least in part, for the lower cholesteryl 
ester and higher level of triglyceride in diabetic 
HDL [ 146 ]. 

 Hepatic lipase is increased in diabetes and 
insulin resistance [ 147 ] and accounts for the 
increased catabolism of triglyceride giving a 
smaller, less active HDL particle. There are about 
100 HDL-associated proteins which make the 
function, or rather functions, of HDL extremely 
complex. In diabetes glycation and oxidation of 
HDL are increased and may affect HDL function 
[ 148 ]. The formation of advanced glycation end 
products impairs HDL function and its ability to 
activate LCAT [ 148 ]. Hyperglycemia increased 
LCAT activity and lowered PON-I activity which 
was suggested to contribute to the impaired anti-
oxidant capacity of HDL [ 148 ]. Interestingly, 
Loued et al. [ 149 ] have recently shown that the 
anti-infl ammatory effect of PON-I appears to 
depend on its association with HDL. A recent 
study in type 2 diabetic subjects showed that the 
antioxidative function of HDL was impaired 
because of lower HDL cholesterol [ 150 ]. 
Phospholipid transfer protein (PLTP) is elevated 
in type 2 diabetes. Dullart et al. [ 151 ] found that 
it was raised in diabetic patients, particularly in 
those with enlarged waist compared to control 
subjects. HDL with low clusterin (apo J) may be 
associated with insulin resistance. Apo J is low in 
patients with reduced insulin sensitivity, perhaps 
related to alteration in the anti-infl ammatory 
function of HDL [ 152 ]. There has recently been 
interest in the relationship between HDL and 
retinopathy [ 153 ]. Sasongko [ 154 ] have 
 demonstrated that apo A-I and B are stronger bio-
markers of  diabetic retinopathy than traditional 
lipids. This has recently been confi rmed by 
Deguchy [ 155 ] who also showed a relationship 
between apo B/A1 and retinopathy. The beta cell 
in the pancreas contains LDL receptors, and it 
has been suggested that increased oxidation of 
LDL as occurs in diabetes due to increased free 
radical production may lead to further destruction 
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of the already damaged beta cell. HDL in diabe-
tes is functionally abnormal and often low and 
thus can be considered to be an accomplice in the 
death of the beta cell due to its inability to pre-
vent LDL oxidation. Recently Fryirs et al. [ 156 ] 
have demonstrated that lipid-free and lipid-asso-
ciated apo AI and apo AII increase beta cell insu-
lin secretion, and it has also been shown that 
HDL can decrease beta cell apoptosis [ 157 ]. It is 
interesting that insulin sensitivity is affected by 
the hormone adiponectin secreted by the adipo-
cyte. HDL has been shown to mediate release of 
adiponectin [ 158 ]; hence, dysfunctional HDL 
may play a part in insulin resistance and type 2 
diabetes.  

    Conclusion 

 The complexity of the lipoproteins has meant that it 
has been possible to study many aspects of the path-
ways in diabetes and insulin resistance [ 159 ]. A 
recent review of lipoproteins entitled “Mechanisms 
of disease: the human lipodome” compounds the 
complexity in an exciting and intimidating way 
[ 160 ]. It is clear that diabetes and insulin resistance 
play a major part in disturbing lipoprotein metabo-
lism, and many of the disturbances have been 
shown to be atherogenic either directly or indirectly 
through the infl uence on the lipoprotein cascade. 
Evidence continues to accumulate that improve-
ment in glycemic and lipid control infl uences ath-
erosclerosis disease progression.     
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        Apolipoprotein B (apoB)-containing lipoproteins 
are believed to be atherogenic and include 
 chylomicrons, very low-density lipoproteins 
(VLDL), and low-density lipoproteins (LDL). 
   Chylomicrons, which transport lipids derived 
from diet, are produced by the intestine, while 
VLDL, which transport endogenous lipids, are 
produced by the liver. Both are produced at the 
surface of the endoplasmic reticulum (ER). After 
secretion of these lipoproteins, triglycerides are 
hydrolyzed by lipoprotein lipase, and fatty acids 
are taken up by the cells to provide energy (in the 
muscle) or to be stored (in adipose tissue). 
Remnant lipoproteins are enriched in cholesterol 
and can be taken up by cells, and VLDL can 
be converted to LDL. Plasma triglycerides are 
mainly produced in the liver and the intestine. 

    TG-Rich Lipoproteins Secretion 
by Liver and Intestine 

    TG-rich lipoproteins (TGRLs) comprise both 
hepatically derived apoB100-containing very 
low-density lipoprotein (VLDL) and intestinally 
derived apoB48-containing chylomicrons [ 1 ,  2 ]. 
TGRLs are assembled in the liver by hepatocytes 
and in the intestine by jejunal enterocytes. These 
lipoproteins are spherical particles, consisting of 
a neutral lipid core (mainly cholesteryl esters and 
TG) surrounded by a monolayer of lipids (phos-
pholipids and free cholesterol) and apolipopro-
teins. Apolipoprotein B (apoB) is the main 
protein in both VLDL and chylomicrons; each 
particle contains a single apoB molecule. Human 
apoB100 is secreted exclusively by the liver in 
VLDL, while apoB48 is secreted exclusively by 
the intestine in chylomicrons. ApoB is synthe-
sized in two isoforms: apoB100 in the liver and 
apoB48 (deriving from the same gene of 
apoB100) in the intestine [ 3 ,  4 ]. ApoB is synthe-
sized in coordination with MTP (microsomal tri-
glyceride transfer protein) expression and activity 
[ 5 ]. In the presence of lipids, nascent apoB is 
quickly lipidated by MTP; in the absence of lip-
ids, nascent apoB is ubiquitinylated and degraded. 
ApoB levels are in fact highly regulated by mul-
tiple distinct degradative pathways [ 6 ]. When 
lipid availability is low or MTP activity is 
reduced, apoB is cotranslationally targeted for 
ubiquitinylation and degradation by the protea-
some [ 7 – 9 ]. Alternatively, fully assembled apoB 
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particles can undergo reuptake by cells through 
interaction with the LDL receptor or with spe-
cifi c proteoglycans [ 10 ]. In addition, dietary 
polyunsaturated fatty acids (PUFAs) induce the 
degradation of newly synthesized apoB through a 
non-proteasome, post-ER pathway [ 6 ]; this pro-
cess occurs in the presence of normal triglyceride 
levels, resulting in reduced VLDL secretion. 

 Lipoprotein assembly starts with apoB tran-
scription and translocation into the lumen of the 
endoplasmic reticulum (ER). Here, lipid droplets 
are added to apoB, facilitated by the activity of 
MTP, thus resulting in a premature form of apoB- 
containing particle. Next, the addition of neutral 
lipids increases the size of the nascent particle 
that is then transported through the Golgi and 
secreted into the hepatic vein for the hepatic lipo-
proteins and in the lymphatic system for intesti-
nal lipoproteins.  

    VLDL Assembly and Secretion 

 ApoB100 is the major structural protein of 
VLDL, exhibits a highly lipophilic nature, and 
contains two domains able to interact irreversibly 
with the neutral lipids present in the lipoprotein 
core [ 11 ]. The intrahepatic assembly of apoB into 
VLDL can be divided into two steps (Fig.  6.1 ). 
Due to its lipophilic nature, apoB folding and 
stability depends upon the simultaneous addition 

of lipids; this process is related to the activity of 
MTP [ 12 ,  13 ]. MTP is an ER-resident protein 
that, following heterodimerization with the small 
subunit protein disulfi de isomerase (PDI), cata-
lyzes the transfer of polar (phospholipids) and 
neutral (triglycerides) lipids to nascent apoB dur-
ing its translocation through a protein channel in 
the membrane of the rough ER [ 14 ,  15 ]. MTP is 
also expressed in the intestine and plays a key 
role in the lipidation of apoB48 during chylomi-
cron assembly [ 16 ,  17 ]. This lipidation step 
results in the formation of a relatively small (max 
25 nm), dense particle. Maturation of these pre-
cursors to VLDL particles with 30–80 nm diam-
eter involves the post-translational acquisition of 
the bulk of triglycerides by fusion of the apoB- 
containing precursor with large triglyceride drop-
lets produced in the smooth endoplasmic 
reticulum [ 18 ], giving rise to TG-rich VLDL. 
The size of the VLDL particles secreted by the 
liver is determined by the size of the TG pool 
[ 19 ], which mainly derives from lipolytic mobili-
zation of the hepatic storage pool [ 20 ] rather than 
from newly formed TG [ 21 ].

   VLDL assembly and secretion is a process 
highly regulated by the availability of triglycer-
ides in the liver [ 22 ]; TG may derive from differ-
ent sources, including uptake of albumin-bound 
fatty acids, uptake of circulating remnants of 
VLDL and chylomicrons, and de novo hepatic 
synthesis. Beside apoB and MTP, TG availability 

  Fig. 6.1    Intrahepatic assembly of apoB into VLDL       
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determines the effi ciency of apoB-lipoprotein 
formation. In fact, reduced lipid availability 
results in targeting of apoB for degradation and 
decreased VLDL secretion [ 23 ]. Fatty acids 
derived from diet or released from adipose tissue 
enter the liver where they are re-esterifi ed, form-
ing triglyceride droplets [ 24 ]. Not all mobilized 
TGs enter into the secretory pool to contribute to 
VLDL formation; a relatively large proportion 
(determined by MTP and insulin activity) is 
returned back to the cytosolic pool. Newly syn-
thesized VLDL contain little apoC; after secre-
tion in the circulation, they acquire apoE and 
additional apoC from HDL (Fig.  6.2 ).

   Two major subfractions of VLDL exist, large 
VLDL1 and smaller VLDL2. VLDL1 secretion 
is dependent on fatty acid availability, and insulin 
inhibits VLDL1 secretion [ 25 ]; this does not 
seem to be true for VLDL2. After secretion, 
VLDL1 are delipidated, following hydrolysis of 
TG through lipoprotein lipase; the delipidation 
process of VLDL1 is not complete, and only a 
minor fraction is converted to LDL, most rem-
nants being directly removed from plasma [ 26 ]. 
On the contrary, most VLDL2 particles are delip-
idated and converted to LDL [ 27 ].  

    Chylomicron Assembly 
and Secretion 

 Three proteins play a key role in the process of 
chylomicron assembly: apoB48, MTP, and apoA-
 IV. ApoB48 is produced from the same gene of 
apoB100 in the small intestine and is formed by 
post-transcriptional mRNA editing in intestinal 
enterocytes; it lacks the LDLR-binding domain 
and is essential for the assembly of chylomicrons. 
MTP is a lipid-transfer protein that transports ER 
membrane-bound lipid (mainly TG) to newly 
synthesized apoB48, a step that prevents apopro-
tein degradation; moreover, MTP facilitates the 
successive lipidation of chylomicron precursors. 
ApoA-IV is a lipid-binding protein expressed 
mainly in the small intestine and incorporated 
early into nascent chylomicrons; after chylomi-
cron secretion, apoA-IV dissociates from the par-
ticles to circulate as lipid-free protein. 

 Chylomicrons are responsible for the trans-
port of dietary cholesterol and medium- and 
long-chain fatty acids from the intestinal lumen 
to the liver. The main lipids in chylomicrons are 
triacylglycerols. They are assembled mainly in 

  Fig. 6.2    Metabolism of VLDL ( a ) and chylomicrons ( b )       
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the ER and then transported to the Golgi via 
 specialized vesicles (PCTVs, prechylomicron 
transport vesicles). During the fi rst assembly 
step, apoB48, synthesized by the small intestine, 
is translated into the ER lumen and immediately 
   lipidated through the action of intestinal MTP 
(Fig.  6.1 ), resulting in the formation of a precur-
sor particle. The lipidation can occur both by 
transfer of lipid from the ER membrane to 
apoB48 or by binding of MTP to apoB48 to facil-
itate the protein folding and lipid acquisition. 
During the second step, MTP mediates further 
addition of lipids to the precursor. In this phase 
apoA-IV is added at the particle surface; apoA- IV 
increases MTP activity and increases chylomi-
cron lipidation [ 28 ].  

    Lipoprotein Lipase-Mediated 
Lipolysis 

 VLDL and chylomicrons leave the liver and intes-
tine and enter the circulation where they acquire 
apoC-II and apoE from plasma HDL. In the capil-
laries of adipose tissue and muscle, triacylglycer-
ols are hydrolyzed by endothelial lipoprotein 
lipase (LPL, activated by apoC-II) to produce free 
fatty acids which are then absorbed by the tissues. 
During the removal of fatty acids, a large percent-
age of the phospholipids and apoproteins are 
transferred to HDL, converting the lipoproteins to 
VLDL and chylomicron remnants (Fig.  6.2 ).  

    Hepatic Clearance of Remnants 

 The main organ involved in the clearance of rem-
nant lipoprotein is the liver, where hepatocytes 
express LDL receptor (LDLR), LDL receptor- 
related protein 1 (LRP1), and heparan sulfate 
proteoglycans (HSPGs) in high amounts. In con-
cert with LPL and hepatic lipase (HL), these sur-
face molecules facilitate the rapid hepatic 
clearance of remnant lipoproteins [ 29 – 32 ] that 
are extremely atherogenic [ 33 ] (Fig.  6.3 ). The 
most critical molecule in the remnant clearance is 
apoE, involved in the binding of lipoprotein to 
the LDLR family and HSPGs [ 31 ]. Multiple steps 
are involved in the uptake of remnants by 

 hepatocytes. HSPGs interact with apoE present 
on the  remnant surface and sequester them in the 
space of Disse [ 32 ]; moreover, HSPGs can bind 
LPL and HL that eventually may continue their 
lipolytic activity and prepare the particles for the 
successive internalization process [ 32 ,  34 ], which 
is mediated by LDLR, HSPGs, and the HSPGs/
LRP complex.

   Chylomicron remnants contain mainly choles-
teryl esters, apoE, and apoB48 and return to the 
liver where they are taken up by hepatocytes via 
interaction with the LDL receptor which requires 
apoE [ 35 ]. Moreover, chylomicron remnants can 
acquire additional apoE, allowing the remnants 
to be taken up via the chylomicron remnant 
receptor, a member of the LDL receptor-related 
protein (LRP) family [ 35 ]. Alternatively, chylo-
micron remnants can remain sequestered in the 
space of Disse by binding of apoE to heparan sul-
fate proteoglycans and/or binding of apoB48 to 
hepatic lipase [ 35 ]. During this phase, chylomi-
cron remnants may be further metabolized which 
increases apoE and lysophospholipid content, 
allowing for transfer to LDL receptors or LRP for 
hepatic uptake. VLDL remnant particles are 
immediately cleared by the liver or, alternatively, 
further modifi ed by HL and cholesteryl ester 
transfer protein (CETP) to generate LDL.  

    The Role of Insulin in TGRLs 
Metabolism 

 The VLDL assembly process in the liver is tightly 
regulated by insulin [ 36 ,  37 ]: under fasting condi-
tions, VLDL production in the liver is induced; on 
the contrary, in response to post-prandial insulin 
release, hepatic VLDL production is repressed 
[ 25 ,  38 ,  39 ]. This tight regulation allows the liver 
to rapidly adapt to metabolic shifts between fasting 
and feeding and to maintain plasma lipids within 
the physiological range [ 25 ,  39 ,  40 ] (Fig.  6.4 ).

   Several observations suggest that insulin inhib-
its apoB secretion by inducing its degradation 
[ 41 – 44 ]; alternatively, insulin reduced free fatty 
acid (FFA) availability by reducing FFA 
 mobilization from adipose tissue, resulting in apoB 
secretion inhibition [ 45 ]. The apoB gene is believed 
to be constitutively expressed as hepatic mRNA 
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levels in vivo tend to be stable in most animal sys-
tems. However, several studies suggest that apoB 
mRNA abundance can be infl uenced by insulin in 
vivo [ 46 ,  47 ]. Hepatic apoB production is mainly 
regulated at the post-translational level by lipid 
availability, a process that is inhibited by insulin, 
resulting in an acute inhibitory effect of insulin on 
hepatic VLDL-triglyceride secretion to limit post-
prandial plasma lipid excursion. Hepatic apoB 
mRNA is stimulated by forkhead box O1 (FoxO1) 
and inhibited by insulin in a cell system [ 48 ]; 
moreover, hepatic activity of FoxO1 is increased 
during fasting and inhibited in response to feeding 
[ 49 ]. These observations suggest an additional 
mechanism by which the liver controls hepatic 
apoB production at the transcriptional level. 

 In the liver, insulin acts on fatty acids simi-
larly to glucose: it promotes the storage of 

 glucose as glycogen, and fatty acids as triglycer-
ides during feeding. This will result in decreased 
hepatic VLDL secretion and decreased hepatic 
glucose release. Moreover, a decreased VLDL 
secretion during feeding limits the increase of 
plasma triglycerides during the prandial phase, 
when intestinal fats are absorbed to produce 
 chylomicrons, which in turn deliver fatty acids to 
adipose tissue. 

 FoxO1 (forkhead box O1) is a transcription 
factor that plays a role in regulating hepatic glu-
cose metabolism during fasting by inducing the 
expression of genes involved in gluconeogenesis 
[ 50 ]. In addition, FoxO1 may regulate lipid 
metabolism by inducing hepatic MTP expres-
sion, resulting in increased secretion of VLDL 
[ 48 ]. Under physiological conditions, this effect 
is reversed by insulin [ 48 ]. In the absence of 

  Fig. 6.3    Pathways of hepatic clearance of remnants       
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 insulin, FoxO1 is localized in the nucleus in a 
transcriptionally active form and induces the 
expression of MTP; after insulin release, FoxO1 
is phosphorylated and translocated out of the 
nucleus, resulting in inhibition of FoxO1 tran-
scriptional activity [ 51 ] (Fig.  6.4 ).  

    Insulin Resistance 

 Diabetes is characterized by hyperglycemia due to 
either defects in insulin secretion and/or insulin 
properties. Patients with insulin resistance are at 

  Fig. 6.4    Insulin regulation of FoxO1 activity       
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high risk of developing diabetes and cardiovascular 
(CV) disease [ 52 ]. Insulin resistance is a condi-
tion of reduced responsiveness of tissues (liver, 
muscle, and adipose tissue) to normal circulating 
levels of insulin [ 53 ,  54 ], a condition present in 
different diseases, including type 2 diabetes [ 55 ], 
obesity, hypertension, and dyslipidemia [ 56 ]. As 
a result, insulin production increases to maintain 
normal levels of blood glucose. Insulin is a hor-
mone essential for the maintenance of glucose 
homeostasis, secreted by the pancreatic β-cells 
mainly in response to increased circulating glu-
cose levels after a meal [ 57 ]. 

 When the concentration of blood glucose 
increases, the pancreas releases insulin into the 
circulation. In muscle and adipose tissues, insulin 
binds to cell surface receptors [ 58 ]. Following this 
binding, several biochemical signals are activated 
within the cells to take up glucose and convert it to 
energy [ 59 ]. If the pancreas fails to produce 
enough insulin or the insulin receptors do not 
function properly, the cells cannot uptake glucose 
and the level of glucose in the blood remains high. 

 Several defects can determine insulin resis-
tance, including insulin receptor defects, insulin 
signaling defects [ 59 ,  60 ], mutations in insulin 
signaling molecules [ 61 ], and mitochondrial dys-
function [ 60 ]. In the early stages of insulin resis-
tance, the pancreas compensates by producing 
more insulin to control the increased levels of 
glucose in the blood. This results in high blood 
glucose levels and high blood insulin levels (a 
condition known as hyperinsulinemia) at the 
same time. If this condition is not treated, the 
islets of Langerhans (the insulin-secreting groups 
of cells) in the pancreas may eventually shut 
down and decrease in number. When an insulin-
resistant subject cannot maintain the degree of 
hyperinsulinemia required to bypass the defec-
tive action of insulin, type 2 diabetes develops.  

    The Role of Insulin Resistance 
in TGRLs Metabolism 

 In animal models of insulin resistance, hepatic 
MTP mRNA levels are signifi cantly higher with 
simultaneous increase in VLDL levels [ 62 – 64 ]; 

fi nally, treatments that ameliorate insulin resis-
tance and dyslipidemia determined reduced MTP 
expression and VLDL levels [ 49 ,  65 ,  66 ]. These 
observations suggest that in insulin-resistant sub-
jects, MTP expression is no longer regulated by 
insulin, resulting in VLDL overproduction. 

 Insulin resistance is considered mainly a car-
bohydrate metabolism disorder; however, lipid 
and lipoprotein abnormalities are observed in 
individuals with insulin resistance [ 67 ]. These 
abnormalities include (1) increased plasma levels 
of VLDL triglyceride and apoB100, (2) reduced 
plasma levels of HDL and apoA-I, and (3) rela-
tively normal LDL levels with increase of small 
dense LDL particles. 

 Acute insulin infusion reduces production of 
TG-rich VLDL in healthy non-obese humans 
[ 25 ,  40 ,  68 ,  69 ]; this effect can result from several 
mechanisms, including inhibition of hepatic 
MTP expression [ 70 ], increased apoB degrada-
tion [ 43 ], and inhibition of VLDL particle matu-
ration [ 71 ]. This suppressive effect of insulin is, 
however, attenuated or even reversed [ 41 ,  72 ] 
when exposure to insulin is prolonged (such as in 
conditions of insulin resistance [ 68 ,  69 ]), where 
an increase in VLDL (mainly in the VLDL1 frac-
tion) production is observed [ 73 – 75 ]. These 
observations suggest that chronic hyperinsu-
linemia plays a role in mediating the increased 
production of hepatic VLDL. In addition, insulin 
resistance of adipose tissue increases the levels of 
circulating free fatty acids that can enter into the 
liver, thus stimulating VLDL production [ 76 ]. 
Finally, loss of insulin inhibition of FoxO1 activ-
ity in insulin resistance increases the production 
of both glucose and VLDL-TG, contributing to 
the dual pathogenesis of hyperglycemia and 
hypertriglyceridemia in diabetes. 

    Hepatic TG in Insulin Resistance 

 Fatty acid fl ux to the liver is increased in insulin 
resistance [ 77 ,  78 ], due to a failure of insulin to 
inhibit TG lipolysis in adipose tissue [ 79 ]. 
Increased levels of fasting and post-prandial TG 
are features of insulin resistance [ 80 ]. The increase 
in post-prandial TG is due both to defective 
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 lipolysis of VLDL and chylomicrons, combined 
with increased VLDL secretion [ 80 ], and to 
increased production of chylomicrons [ 81 ]. In 
addition, insulin resistance also reduces lipopro-
tein lipase activity secondary to increased apoC- III 
(an inhibitor of LPL) secretion [ 82 ], resulting in 
reduced lipolysis of VLDL and chylomicron TG. 

 Another source of hepatic TG is de novo lipo-
genesis that contributes signifi cantly to VLDL 
lipidation and production in insulin-resistant sub-
jects. The main transcription factor of de novo 
lipogenesis is SREBP-1c (sterol response element- 
binding protein-1c) [ 83 ] that in turn is regulated 
by LXR (liver X receptor) [ 84 ]. Insulin plays a 
key role in the expression of hepatic SREBP-1c, 
in part by stimulating LXR expression [ 85 ,  86 ]; 
furthermore, insulin promotes the maturation of 
SREBP-1c independently of LXR [ 87 ]. 

 Intestinal lipoprotein production is increased 
in insulin resistance; chylomicron overproduc-
tion is in fact a consequence of impaired insulin 
regulation. Under physiological conditions, chy-
lomicron production is inhibited by insulin; this 
inhibitory process is lost or reduced in the pres-
ence of impaired insulin responsiveness. 
Increased postprandial TG was thought to be due 
to reduced chylomicron and VLDL lipolysis, 
combined with increased VLDL secretion [ 80 , 
 88 ]. However, increased assembly and secretion 
of apoB48-containing chylomicrons has been 
observed in hyperinsulinemic conditions [ 81 ]. 
The elevation of free fatty acids in plasma 
increases not only hepatic, but also intestinal, 
lipoprotein production [ 81 ,  89 ], suggesting that 
the intestine responds to insulin resistance simi-
larly to the liver [ 90 ].   

    Diabetes and Hepatic Uptake 
of Remnant Lipoproteins 

 Diabetes impairs hepatic uptake of remnant lipo-
proteins [ 29 ,  91 ,  92 ]. Under these pathological 
conditions, LDLR does not seem to signifi cantly 
contribute to the reduced uptake of remnant lipo-
protein [ 93 ,  94 ]. The major contribution to this 
effect appears to be related to HSPGs; as they are 
not proteins, a high number of genes involved in 

their assembly and disassembly must be regu-
lated, both at translational and at posttranslational 
levels [ 95 ,  96 ]. In type 1 diabetes, hepatic HSPGs 
exhibit sulfation defects [ 97 ,  98 ], due to the sup-
pression of a crucial enzyme in HSPG assembly 
[ 96 ]; moreover, the farnesoid X receptor, a known 
inducer of HSPG expression [ 99 ], is suppressed 
[ 100 ]. In type 2 diabetes and other diseases char-
acterized by insulin resistance, proteoglycans 
exhibit several defects, including decreased sulfa-
tion [ 101 ,  102 ]. Insulin resistance also induces 
the hepatic overexpression of the heparan sulfate 
glucosamine 6-O-endosulfatase-2 (SULF2), an 
enzyme that degrades cell surface and matrix 
HSPGs, thus reducing the catabolism of remnant 
lipoprotein and contributing to postprandial dys-
lipoproteinemia in type 2 diabetes [ 103 ].  

    Triglyceride-Rich Lipoproteins 
and Vascular Dysfunction 

 The elevation in circulating free fatty acids 
impairs endothelium-dependent vasodilatation 
[ 104 ], and the decreased endothelial function 
may be dependent on enhanced oxidative stress 
[ 105 ]. The changes induced by TGRLs in the 
post-prandial phase are even more deleterious in 
terms of endothelial dysfunction and infl amma-
tion; indeed, several in vivo studies have demon-
strated that post-prandial hypertriglyceridemia 
impairs endothelial function [ 106 ,  107 ]. Post-
prandial   hypertriglyceridemia is also associated 
with an infl ammatory state and enhanced levels 
of tumor necrosis factor (TNF)-α, interleukin 
(IL)-6, soluble intercellular adhesion molecule 
(sICAM)-1, and soluble vascular cell adhesion 
molecule (sVCAM)-1 [ 108 – 110 ]. 

 The molecular mechanisms underlying these 
effects of TGRLs have only recently been studied 
in detail. There are a few key issues that should 
be taken into account when analyzing the vascu-
lar effects of TGRLs. TGRLs derive either from 
an exogenous pathway (chylomicrons and chylo-
micron remnants containing apolipoprotein 
apoB48) or from a liver-derived pathway (VLDL 
and VLDL remnants containing apoB100). 
Under fasting conditions, however, chylomicrons 
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are rapidly metabolized, thus the TGRL fraction 
is mainly composed of apoB100-rich particles, 
and the remnants derive mainly from the catabo-
lism of VLDL (small VLDL and intermediate- 
density lipoprotein). In several dyslipidemic 
conditions, chylomicrons are metabolized at a 
lower rate, resulting in the accumulation of chy-
lomicron remnants in the fasting state. In the 
post-prandial state, an enormous production of 
TGRLs containing both apoB48 and apoB100 
occurs, leading to an impaired endothelial func-
tion. This dysfunction rapidly fades away in 
 normotriglyceridemic subjects where the TGRLs 
are effi ciently metabolized, whereas the condi-
tion persists in hypertriglyceridemic patients 
where TGRLs accumulate in the circulation. 
TGRLs undergo lipolysis mediated by lipopro-
tein lipase (LPL), generating different biologi-
cally active products that may affect endothelial 
cell function [ 111 ]. 

 Early studies using HepG2 cells investigated 
the intracellular signaling pathway induced by 
VLDL exposure [ 112 ]. VLDL-induced protein 
kinase C activity results in the activation of 
mitogen- activated protein kinase (MAPK). 
Studies conducted in endothelial cells (ECs) indi-
cate that VLDL can also activate nuclear factor 
(NF)-κB [ 113 ], a transcription factor that plays 
an important role in the phenotypic modulation 
of ECs in a pro-infl ammatory condition. To date, 
plasminogen activator inhibitor-1 is the only 
gene that has been shown to be consistently 
induced in ECs to a larger extent when compar-
ing VLDL from patients with hypertriglyceride-
mic type IV and type II versus VLDL from 
normolipidemic subjects [ 114 ]. Both in human 
umbilical vein ECs and human aortic ECs, 
TGRLs from hypertriglyceridemic subjects 
induce an increased mRNA expression of adhe-
sion molecules, such as VCAM-1, platelet/endo-
thelial cell adhesion molecule (PECAM)-1, and 
endothelial/leukocyte adhesion molecule 
(ELAM)-1, while TGRLs from normolipidemics 
induced VCAM-1 expression in both the cell 
lines and ELAM-1 selectively in the aortic ECs, 
but to a lesser extent [ 115 ]. Specifi c inhibition of 
p38 mitogen- activated protein kinase and NF-κB 
suggests a major involvement of these factors in 

adhesion molecule expression induced by TGRLs 
in both NTG and HTG patients. Furthermore, 
TGRLs induced monocyte chemoattractant pro-
tein (MCP)-1 expression in ECs, suggesting that 
activation of the endothelium by TGRLs could 
support both adhesion and transmigration of leu-
kocytes. In addition, TGRLs from hypertriglyc-
eridemic patients induced IL-6 expression. 
Again, these effects are mainly dependent on 
NF-κΒ activation. 

 The composition of the TGRL particles plays 
a key role in determining the pro-infl ammatory 
response to TGRLs [ 116 ]. A different composi-
tion of VLDL (fatty acid, lipids, and apoproteins) 
may be responsible for the differences observed 
between normolipidemic and hypertriglyceridemic 
TGRLs. TGRLs isolated following a meal 
enriched in saturated fatty acids induced 
E-selectin and VCAM-1 expression to a higher 
extent than TGRLs isolated after a meal enriched 
in monounsaturated and polyunsaturated fatty 
acids [ 116 ]. Furthermore, lipolysis products from 
TGRLs increase endothelial permeability, per-
turb zonula occludens-1 and F-actin, and induce 
apoptosis [ 111 ]. One could speculate that, in the 
presence of hypertriglyceridemia, the reduced 
activity of LPL may promote the presence of pro- 
infl ammatory TGRLs. 

 Although hypertriglyceridemia is an indepen-
dent risk factor for coronary artery disease [ 117 ], 
accumulating evidence suggests that post-prandial 
(hyper)lipidemia contributes to the development 
of atherosclerosis and coronary artery disease 
[ 118 ]. Several studies have demonstrated that post-
prandial hypertriglyceridemia impairs endothelial 
function, suggesting a role for triglycerides in the 
initiation and further progression of atherosclero-
sis [ 106 ,  107 ]. Post-prandial hypertriglyceridemia 
is associated with an infl ammatory state and 
enhanced levels of TNF-α, IL-6, sICAM- 1, and 
sVCAM-1 [ 108 – 110 ]. Although TGRLs isolated 
from fasting plasma samples of hypertriglyceride-
mic subjects induce an infl ammatory response in 
ECs [ 115 ], ECs incubated with post-prandial 
TGRL demonstrated an increased mRNA expres-
sion of VCAM-1, ELAM-1, P-selectin, PECAM-
1, and ICAM-1. Similarly, post-prandial TGRLs 
increased ICAM-1 and VCAM-1 protein 
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 expression [ 119 ]. Also fasting TGRLs increase 
adhesion molecule expression, however, the effect 
observed with post-prandial TGRL is much more 
pronounced. Furthermore, ICAM-1 expression 
was induced solely upon incubation with 
 post-prandial TGRLs. Likewise, MCP-1 and IL-6 
expression was induced upon incubation with 
post-prandial TGRLs; again, this effect is more 
pronounced than that observed with fasting 
TGRLs. As the induction of adhesion molecules 
and the increased release of cytokines and chemo-
kines have been associated with endothelial 
 dysfunction [ 120 ], our data suggest that endothe-
lial activation by TGRL occurs during the post-
prandial phase and may promote the endothelial 
dysfunction observed after a meal. Notably, a single 

high-fat meal led to a signifi cant elevation of endo-
thelial microparticles, known to be a sensitive 
indicator of endothelial disturbance, in healthy 
normolipidemic subjects [ 107 ]. This observation 
suggests that endothelial microparticles may be an 
indirect marker of endothelial dysfunction or 
injury induced by postprandial TGRL. 

 TGRLs and their remnants are present within 
human and experimental atherosclerotic lesions 
[ 121 – 123 ]: chylomicron remnants directly pene-
trate the endothelial cell layer and are entrapped 
within the subendothelial space, leading to focal 
accumulation [ 122 ] (Fig.  6.5 ). TGRLs may 
directly contribute to the atherosclerotic process 
by inducing endothelial dysfunction [ 124 ], by 
enhancing monocyte adhesion [ 125 ], and by trig-

  Fig. 6.5    Remnant contribution to the atherosclerotic lesion development       
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gering lipid accumulation within the artery wall 
[ 126 ]. Exposure to TGRLs, especially those iso-
lated from patients with type 2 diabetes [ 127 ], 
leads to the intracellular accumulation of triglyc-
eride and/or cholesteryl ester in human monocyte- 
[ 127 ] and murine-derived macrophages [ 126 , 
 128 ]. Abnormal reverse cholesterol transport and 
low levels of high-density lipoprotein associated 
with hypertriglyceridemia [ 129 ,  130 ] can acceler-
ate the lipid deposition process within arterial 
macrophages. The interaction of TGRLs with 
cholesterol-loaded human macrophages increases 
the cell lipid content while compromising the sub-
sequent effl ux of cholesterol to lipid- poor apoA-I 
[ 131 ]. These aspects may contribute signifi cantly 
to the generation of macrophage foam cells in 
vivo and might account for the accelerated athero-
genesis observed in patients with type 2 diabetes. 
Finally, remnant lipoproteins induce smooth mus-
cle cell activation and proliferation [ 132 ,  133 ].

   Most of the available evidence suggests that in 
normolipidemic subjects either in the fasting state 
or in the post-prandial phase, TGRL may affect 
endothelial function only when a pro- 
infl ammatory environment is already present and 
may perhaps contribute to accelerating the 
damage induced by other lipid and non-lipid fac-
tors. However, in hypertrygliceridemic patients, 
TGRLs from the fasting state and postprandial   
phase can both induce endothelial dysfunction 
by promoting a pro-infl ammatory activation 
of the endothelium. These fi ndings are in line with 
the idea that these lipoproteins may play a signifi -
cant role in the early stages of atherogenesis.     
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           Introduction 

    Lipoprotein(a) [Lp(a)] was fi rst described by K. 
Berg in 1963. Originally, it was believed to repre-
sent a genetic variant of β-lipoproteins [ 1 ]. 
Despite of intensive research, the physiological 
function of Lp(a) remains elusive. There is 
mounting evidence that elevated plasma Lp(a) 
levels contribute signifi cantly to the incidence of 
cardiovascular diseases [ 2 ]. First reports of the 
1970s were based on case control studies with 
only few patients and on observational reports of 
single families. Based on the results from several 
more recent prospective studies with large sam-
ple size, it became clear that the risk for develop-
ing coronary artery diseases (CAD) in the 
Western population is more than two times higher 
in individuals with increased plasma Lp(a) levels 
[ 3 ]. In addition, a causal relationship between 
plasma Lp(a) levels and CAD and myocardial 

infarction (MI) has been assessed. Unfortunately, 
there are still many gaps in understanding Lp(a) 
biosynthesis and catabolism, and this hampers 
the development of specifi c Lp(a)-lowering med-
ications. Today, there is hardly any safe medica-
tion that selectively reduces plasma Lp(a) with 
high effi cacy.  

    The Structures of Lp(a) and Apo(a) 

 Lp(a) is composed of an LDL-like core lipoprotein 
and of the glycoprotein apo(a) complexed to each 
other by a disulfi de bridge (Fig.  7.1 ). The disulfi de 
bridge links Cys 4326 in apoB100 with the only 
free Cys 4057 in apo(a), that is located in kringle 
four Type 9. The lipid core of Lp(a) is almost indis-
tinguishable from that of LDL. Table  7.1  shows the 
average composition of Lp(a) in comparison to 
LDL isolated from the same individuals.

    Apo(a), the characteristic glycoprotein com-
ponent of Lp(a), has a unique structure. It con-
sists of repetitive protein segments, so called 
kringles (K) that are highly homologous to the 
K-four (K-IV) in plasminogen. K-IV contain 
approx. 110 amino acids forming a secondary 
structure, which resembles “Danish kringles” [ 4 ]. 
The N-terminal part of apo(a) consists of numer-
ous repetitive copies of these kringle-IVs. Apo(a) 
in addition has one copy of a K-V-like kringle 
and a protease-like domain similar to plasmino-
gen. In humans, there exist probably 30 and more 
genetically determined apo(a) isoforms, giving 
rise to a great size heterogeneity. The smallest 
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apo(a) isoform contains the protease domain, one 
copy of K-V and 11 K-IVs of which K-IV Type 1 
(T-1) and T-(3–10) are unique in their primary 
structure, whereas K-IV T-2 is present in two 
identical copies. Larger isoforms differ by the 
number of K-IV T-2s; the largest apo(a) described 
so far had 52–54 K-IVs. Between the K-IV 
domains, there are linker regions, which are 
highly glycosylated by  N - and  O -linked sugars. 

Although the majority of apo(a) is complexed to 
LDL, there are small and variable amounts, 
which are present in plasma in the free form [ 5 ] 
and found in the bottom fraction after ultracentri-
fugation. Free apo(a) is prone to proteolytic 
 degradation, and the generated fragments are 
secreted into urine (see below).  

    Lp(a) Metabolism 

    Assembly of Lp(a) 

 Lp(a) is biosynthesized only in humans and old 
world monkeys which poses some problems 
in studying its metabolism in detail. Apo(a) 
expression takes place primarily in the liver, 
yet small amounts of APOA mRNA have also 
been detected in testis and brain. Their role on 
the overall Lp(a) metabolism is unknown. 
Hepatocytes from primates have been found to 
synthesize a preform of apo(a) with a lower 

  Fig. 7.1    Schematic view of Lp(a)       

   Table 7.1    Average composition of Lp(a) in comparison 
to LDL   

 Lp(a) (%)  LDL (%) 

 Protein  30.0  21.0 
 Carbohydrates  10.0  1.3 
 Cholesteryl esters  31.5  42.0 
 Free cholesterol  7.0  9.0 
 Phospholipids  16.0  20.7 
 Triglycerides  5.5  6.0 

  It should be pointed out that the major protein in Lp(a), 
apo(a), exhibits a great size polymorphism that strongly 
impacts on the % distribution shown below  
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degree of glycosylation. Upon maturation, intra-
cellular apo(a) reaches the Golgi apparatus and is 
secreted in mature form as a glycoprotein most 
probably without attached LDL. The genetically 
determined size of apo(a) refl ecting the number 
of K-IV repeats correlates with the intracellular 
residence time, and thus, small isoforms are 
secreted much faster as compared to large isoforms. 
This appears to be the reason for the existence of 
the negative correlation between apo(a) size and 
plasma Lp(a) concentration. We and others have 
found that the assembly of Lp(a) from apo(a) and 
LDL is a two-step process [ 6 ]. In the fi rst step, 
specifi c K-IVs of apo(a), mostly K-IV T3-6, bind 
non-covalently to Lys groups on apoB of LDL. 
This binding is reversible and may be dissociated 
by Lys analogues such as epsilon aminocaproic 
acid, tranexamic acid, and others [ 7 ]. It has been 
argued that by interfering with the fi rst step of 
Lp(a) assembly, plasma Lp(a) levels may be 
reduced, as free apo(a) is degraded faster than 
LDL-bound apo(a). In the in vivo and in vitro 
experiments, however, this assumption has been 
refuted, and plasma apo(a) and Lp(a) levels went 
in opposite directions, i.e., were twofold and 
higher elevated [ 7 ]. The reason for these observa-
tions may be explained by the fact that free apo(a) 
binds to the surface of liver cells and upon con-
tact with LDL forms the fi rst Lp(a) complex. 
Apo(a) which does not fi nd its way to LDL is 
internalized and degraded. We actually could 

demonstrate that cell bound apo(a) dissociates 
upon treatment with Lys analogues and assem-
bles with LDL more effi ciently. 

 When recombinant apo(a) was mixed with LDL 
in vitro, a fast assembly took place, characterized 
by stable disulfi de bridging. This mechanism that 
most probably also occurs in vivo does not need 
any enzymatic activity and leads to the formation 
of the fi nal mature Lp(a). Interestingly, apo(a) has a 
preponderance for binding apoB100 from humans 
and few animal species, yet apoB100 from rodents, 
in particular from mice, hardly form any Lp(a) 
upon incubation with apo(a). Thus, the metabolism 
of Lp(a) might be studied only in double transgenic 
human apo(a):apoB100 mice or in monkeys. 

 Although the evidence for an extracellular 
assembly is favored by many investigators, there 
are still experimental data that may be only inter-
preted if an intracellular assembly of Lp(a) is 
assumed [ 8 ]. Further experiments will be needed 
to reach a defi nite conclusion.  

    In Vivo Metabolism of Lp(a) 

 As common laboratory animals do not express 
apo(a), the Lp(a) metabolism had to be studied in 
humans. We actually were the fi rst to demonstrate 
that plasma Lp(a) concentrations highly signifi -
cantly correlate with the production rate, yet the 
Lp(a) catabolism does not control Lp(a) levels [ 9 ]. 

  Fig. 7.2    Turnover of Lp(a) in humans.  125 I radiolabeled Lp(a) was injected into 9 volunteers with plasma concentrations 
ranging from 5 to 75 mg/dl and the decay of the specifi c radioactivity was followed over time (details are found in [ 9 ])       

 

7 Lipoprotein(a): Structure, Metabolism, and Pathophysiology



144

This is demonstrated in Fig.  7.2 , where we studied 
9 probands with Lp(a) levels ranging from 5 to 
75 mg/dl. Our results have been confi rmed subse-
quently by other investigators using radioactive 
Lp(a) tracers or stable isotope precursors [ 10 ].

   Concerning the catabolism of Lp(a), the liver 
appears to be the major organ of Lp(a) degrada-
tion. This has been proven by turnover studies in 
several animal species including rats, rabbits, 
mice, and hedgehogs. The latter animal model has 
been chosen since it synthesizes a lipoprotein that 
resembles Lp(a) [ 11 ]. In the in vivo studies, we 
found that approx. 50 % of Lp(a) is taken up by 
the liver, followed by kidney, spleen, and muscle. 
Unfortunately, the mechanism of in vivo cellular 
uptake of Lp(a) is mostly unknown. In the in vitro 
experiments, Lp(a) has been shown to bind to the 
LDL receptor—yet with a greatly reduced affi nity 
as compared to LDL. There have been also reports 
suggesting an in vitro binding of Lp(a) to other 
receptors such as VLDL receptor, Gp-330 (mega-
lin), asialoglycoprotein receptor, and scavenger 
receptors, yet their relevance for the in vivo 
metabolism remains to be established.  

    Regulation of Apo(a) Transcription 

 The transcription of genes involved in lipid and 
lipoprotein metabolism is heavily infl uenced by 
nuclear receptors including PPARs, RXR, CAR, 
PXR, LXR, and FXR, in addition to others [ 12 ]. 
These nuclear receptors in concert with other 
transcription factors coordinate pathways 
involved in lipid absorption, de novo biosynthe-
sis, cell excretion from different organs, and con-
version of cholesterol to steroid hormones and 
bile acids. In the bile acid metabolism, FXR is of 
major importance as it controls for the overpro-
duction of bile acids and detoxifi cation of liver 
and cells from the biliary tract. FXR is also 
involved in glucose homeostasis, intestinal bacte-
rial infection, and tumorigenesis of liver [ 13 ]. 
Although the molecular mechanism of FXR 
action is not elucidated in full detail, one may say 
the following: FXR is mainly expressed in the 
liver, intestine, kidney, and adrenals and binds to 
response elements in the promoter as heterodimer 

together with RXR, thereby transactivating or 
transrepressing cognate target genes. Of key 
importance is the transactivation of small het-
erodimer partner (SHP) and of FGF-15/19. SHP 
is a transcriptional repressor that has no DNA 
binding capability but rather interacts with the 
DNA binding and/or activating factor domain of 
numerous nuclear receptors, among them HNF4, 
LRH-1, estrogen receptor (ER), and RXR, thereby 
interfering with gene transcription [ 14 ]. Mouse 
FGF-15 that is expressed almost exclusively in 
the intestine and its human orthologue FGF-19 
expressed in the small intestine but also in the 
liver are also transactivated by FXR-RXR het-
erodimers. It has been demonstrated that FGF- 
15/19 signals from intestine to liver to repress the 
transcription of key enzymes of bile acid biosyn-
thesis. Inagaki et al. [ 15 ], for example, provided 
evidence that FGF-15 represses CYP7A1 in wild-
type mice but did not affect CYP7A1 mRNA lev-
els in SHP−/− mice. It was suggested that in the 
FGF15/19 pathway, post- transcriptional activa-
tion of SHP may take place. It was also shown 
that FGF binding to its receptor, FGFR4, signals 
via the MAP-kinase pathway, thereby interfering 
with CYP7A1 transcription [ 16 ]. In a recent 
report, Song et al. [ 17 ] published that the MAPK-
ERK1/2 pathway is a major trigger of FGF19-
mediated inhibition of CYP7A1. Binding of 
FGF19 to FGF4R led to Tyr phosphorylation of 
the latter and in turn to a phosphorylation cascade 
of RAS, c-RAF, MEK1/2, and MAPK/ERK1/2 
and fi nally to the transcriptional inhibition of 
CYP7A1. This pathway was independent of SHP. 

 In our recent studies, we made the observa-
tions that patients suffering from obstructive cho-
lestasis with high plasma bile acid concentrations 
had comparatively low plasma Lp(a) levels. 
When patients were treated by surgery, plasma 
bile acid levels normalized, and plasma Lp(a) 
rose signifi cantly to levels compatible with their 
individual isoform [ 18 ] (Table  7.2 ). This led us to 
hypothesize that FXR might be responsible for 
these observed changes in plasma Lp(a). We 
therefore performed a serious in vivo studies with 
transgenic mice expressing apo(a) under the con-
trol of its native human promoter, in addition to in 
vitro studies using cultured primary hepatocytes 
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from these mice, aimed at elucidating the role of 
FXR ligands in apo(a) transcription. In a fi rst 
report published in JCI [ 18 ], we show that the 
apo(a) promoter contains at nucleotide 814–826 
upstream to the transcription initiation site, a 
direct repeat (DR-1) that binds HNF4a with high 
affi nity, thereby transactivating apo(a) transcrip-
tion. FXR upon activation by bile acids or syn-
thetic ligands is transported from the cytosol to 
the nucleus and competes with the HNF4a bind-
ing to the DR-1, thereby downregulating apo(a) 
transcription. This pathway was further proven 
by reporter assays using a 2kB promoter sequence 
of apo(a) in front of the luciferase gene.

   Feeding mice with a diet containing 0.2 % 
cholic acid, the mouse ligand for FXR, led to a 
reduction of plasma apo(a) to almost zero. The 
pathway described above however accounted for 
only approx. 60 % of the downregulation of 
apo(a) transcription. We therefore performed 
additional experiments exploring the possibility 
that SHP and/or FGF-15/19 might be responsible 
for the remaining 40 % repression of apo(a) tran-
scription. Overexpression of SHP in primary 
hepatocytes from transgenic apo(a) mice did not 
downregulate apo(a) biosynthesis. These fi nd-
ings were backed up also by promoter studies 
using a luciferase reporter assay. On the other 
hand, we could show that the addition of FGF-19 
to primary hepatocytes of the apo(a) transgenic 
mice downregulated apo(a) transcription and 
protein biosynthesis. Knockdown of the FGF- 
15/19 receptor (FGFR4) on the primary hepato-
cytes by a specifi c siRNA abolished the effect of 
FGF15/19. We also could prove that in this path-
way, FGF15/19 binding to FGFR4 activates a 

phosphorylation cascade involving RAS-RAF- 
MEK1/2 ERK1/2 that leads to ELK-1 phosphor-
ylation and translocation to the nucleus. Using 
luciferase reporter assays in combination with 
site directed mutagenesis, we fi nally identifi ed an 
ETS domain at nt −1,615 to −1,630 that was 
responsible for P-ELK-1 binding and repression 
of APOA transcription [ 19 ]. These two pathways 
are schematically displayed in Fig.  7.3 . We 
believe that the clarifi cation of these pathways 
may serve as basis for developing new medica-
tions to treat individuals with elevated plasma 
Lp(a) levels that are at high risk for CAD and MI.

   Although bile acids are capable in downregu-
lating apo(a) transcription almost completely by 
the two pathways described above, there are 
numerous additional regulatory sequences in the 
apo(a) promoter that need to be addressed in 
future investigations.  

    Genetics of Lp(a) 

 Lp(a) concentrations in human plasma range 
from <1 mg/dl to >250 mg/dl and are to >90 % 
genetically determined. The gene for apo(a) is 
located on chromosome 6q26–q27. Utermann 
et al. were fi rst to recognize that apo(a) shows a 
tremendous size heterogeneity that is based on 
the number of K-IV repeats [ 20 ]. This size het-
erogeneity correlates with plasma Lp(a) levels. 
Large isoforms were found to correlate with low 
plasma Lp(a) levels and vice versa. The molecu-
lar mechanism of these fi ndings is based on one 
hand on the fact that large apo(a) isoforms are 
trapped and degraded during biosynthesis in the 
rough endoplasmatic reticulum and in the Golgi 
compartment to a much greater extent than small 
isoforms [ 21 ]. 

 The promoter region of apo(a) contains a vari-
able number of tandem repeats (VNTR) with the 
pentanucleotide TTTTA in addition to the +93 
C/T polymorphism of the untranslated region in 
the apo(a) gene. Further mutations and polymor-
phisms are abundant in the apo(a) gene that 
explain many but not all variations in plasma 
Lp(a) levels. Ichinose [ 22 ], for example, identi-
fi ed two additional functional SNPs in the distal 

   Table 7.2    Infl uence of drugs and other substances on 
plasma Lp(a) concentrations   

 Substance  % Decrease 

 Omega-3 fatty acids  5–20 
 Palm oil  10–25 
 Vegetarian diet  10 
 Nicotinic acid and derivatives  15–35 
 Aspirin  15–20 
  l -carnitine  10–15 
 Lp(a)/LDL apheresis  60–80 
 ACE inhibitors  10–40 
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enhancer region 20 kB upstream of the apo(a) 
gene. In addition, numerous polymorphisms 
were identifi ed in the K-IV domains of the apo(a) 
gene that showed signifi cant impacts on apo(a) 
plasma concentrations. As mentioned above, in 
the proximal apo(a) promoter region contains 
numerous regulatory sequences including bind-
ing sites for HNF1 and HNF4, IL-6, SREBPs, 
CREB, and many more. It will be interesting to 
study the infl uence of genetic variations in these 
transcription factors in addition to their DNA 
binding sites in apo(a) in view of their impact on 
genetically determined variations of plasma 
Lp(a) levels. 

 Another point that needs attention is the fact 
that there exist great ethnic differences in the dis-
tribution of plasma Lp(a) levels. Africans and 
African Americans, for example, have much 
higher Lp(a) levels than the white population, 
considering the individual size polymorphism. 

The opposite is the case with Chinese individuals 
and other Asian populations. The reason for these 
differences has never been explored at a molecular 
basis and will need much more attention in future.  

    Factors Affecting Plasma Lp(a) 

 There are numerous factors that have been 
described to permanently or transiently modulate 
plasma Lp(a) concentrations [ 23 ]. A comprehen-
sive list of most of these factors is shown in 
Table  7.3 .

   In addition to the apo(a) gene, other genes 
involved in lipid metabolism such as apoE, LDL- 
R, and HNF1 and HNF4 have variable effects. 
Among the secondary factors, renal and liver 
 diseases appear to be the most striking ones. 
In kidney diseases, Lp(a) is elevated two- to 
three-fold, and it appears that nephrotic syndrome 

  Fig. 7.3    Cartoon of the transcriptional regulation of apo(a)       
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   Table 7.3    Factors affecting plasma Lp(a) concentrations   

 Genes and diseases 
 Genes  Effect 
 APOA  Size polymorphism 

(50 %); other 40 % 
 APOE  Variable 
 LDL-R  Increase 
 MODY (HNF1/4a)  Variable 
 Diseases 
 Acute phase  Increase 
 Renal disease  Increase 
 Diabetes mellitus  Increase 
 Cancer: different forms  Increase 
 Gout  Increase 
 Antiphospholipid antibodies  Increase 
 Liver disease  Decrease 
 Hyperthyroidism  Decrease 
 Hypothyroidism  Increase 
 Others 
 Alcohol  Decrease 
 Menopause  Increase 
 Hormones 
 Compound  Effect  Comment 
 Estrogens  Up to 35 % reduction  Rebound effects have been observed 
 Progesterone  30–40 % reduction  Only few studies reported 
 Tamoxifen  35 % reduction  Antiestrogen 
 Tibolone  35 % reduction  Synthetic steroid hormone 
 Raloxifene  18 % reduction  Estrogen-R modulator 
 Testosterone  30–40 % reduction  Only short observations 
 Pregnancy  Two-fold increase  Normalized postpartum 
 Anabolic steroids  60–70 % reduction  Not for clinical use 
 ACTH  30–40 % reduction  Few observations 
 Conventional drugs 

 Compound  Effect  Comment 
 Niacin  20–30 % reduction  Currently most recommended 
 Fibrates  <20 % reduction  Large study with gemfi brozil 
 Statins  Inconsistent  Signifi cant increases in Lp(a) were reported 
 Neomycin (2 g/d)  24 % decrease  Interferes with release of apo(a) from liver cell surface 
  N -act-cys  Controversial  Antioxidant, reduces –S–S– bonds 
  l -carnitine  10–20 % decrease  Mitochondrial FA transport 
 ASA  10–20 % reduction  Even at low dose effi cient 
 Apheresis  50–80 % reduction  Independent of the system except for AB column 
 New medications under investigation 
 Compound  Effect on Lp(a)  Mechanism 
 Mipomersen  >30 % reduction  siRNA against apoB 
 Eprotirome  Up to 40 % reduction  Thyroid mimetic 
 PSK-9 inhibitor  ?  PSK-9 antibody 
 Lomitapide  ?  MTP inhibitor 
 Anacetrapib  30–50 % reduction  CETP inhibitor 
 Different factors 
 HGH treatment  2× increase 
 Smoking  10–20 % reduction 
 Obesity  10–20 % reduction 
 Omega-3 FA  10–20 % reduction 
 Stearic acid  Up to 25 % increase 
 Trans-FA  Up to 25 % increase 
 Conjugated linoleic acid  Up to 25 % increase 
 Cyclosporine  2× increase 
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and end- stage renal disease have a different etiol-
ogy for elevating Lp(a). While in nephrotic syn-
drome the rate of Lp(a) biosynthesis was found to 
be increased, end-stage renal disease is character-
ized by a reduced Lp(a) catabolism. 

 Since liver is the almost only organ for Lp(a) 
biosynthesis, it is not astonishing that liver dis-
eases are characterized by a gross reduction of 
plasma Lp(a). This was observed at fi rst instance 
in patients with cholestasis, yet their Lp(a) reduc-
tion is transient if the patients are successfully 
treated. Other substances that are liver toxic 
including alcohol and several drugs have been 
also shown to signifi cantly reduce Lp(a). 

 Steroid hormones including estrogens, pro-
gesterone, and testosterone, in addition to syn-
thetic sex hormone-like compounds, reduce 
plasma Lp(a) up to 40 %, yet these effects are 
partly transient. Anabolic steroids in particular 
reportedly have a great reducing effect on plasma 
Lp(a), whose mechanism has not been elucidated 
so far. 

 There are numerous reports in the literature 
suggesting that conventional lipid-lowering drugs 
including niacin, statins, fi brates, and drugs inter-
fering with cholesterol absorption (Neomycin, 
Ezetimibe) signifi cantly reduce plasma Lp(a). 
Unfortunately, these effects are by for not consis-
tent and great individual differences have been 
observed. In numerous cases, these compounds 
even led to an increase of plasma Lp(a). The only 
compound of this list that consistently reduces 
Lp(a) is nicotinic acid or its derivatives. 
Unfortunately, the recent reports of large inter-
vention studies using nicotinic acid, AIM-HIGH 
[ 24 ] did not show the expected results on the 
reduction of primary endpoints. There are numer-
ous new drugs in the pipeline of many compa-
nies, among them CETP inhibitors, thyroid 
mimetics, PSK-9, and MTP inhibitors as well as 
siRNA analogues that look promising from 
results of phase I and phase II clinical trials. 
Today, the only measure used in some countries 
to drastically reduce elevated plasma Lp(a) is 
LDL—or Lp(a) apheresis. This treatment has 
been shown to be effective not only to lower 
plasma Lp(a) from 50 to 80 % but also to reduce 
the risk for cardiovascular diseases and MI. 

 Finally, there are several anecdotal reports 
with very low numbers of cases that suggest other 
treatment regimes to lower Lp(a). These include 
different forms of dietary fatty acids, aspirin 
(ASA),  l -carnitine, ascorbic acid, and others. 
There is no doubt that the ideal drug for reducing 
Lp(a) has not been found so far, and additional 
work will be necessary to achieve this goal.  

    The Role of the Kidney in Lp(a) 
Metabolism 

 As mentioned above, detailed knowledge on the 
site and mechanism of Lp(a) catabolism is still 
missing. When we infused radiolabeled Lp(a) into 
animals that per se do not express a human ortho-
logue of apo(a), approx. 50 % of the radioactivity 
was found in liver and bile and 20 % in the kidney. 
The question of the role of kidney in Lp(a) metab-
olism was studied by Kronenberg et al. [ 25 ] who 
reported on a 10 % renovascular arteriovenous dif-
ference in Lp(a) plasma concentrations in healthy 
individuals. If these fi ndings can be backed up by 
additional work, the kidney may turn out as an 
important organ in humans for Lp(a) catabolism. 

 Another interesting point is that apo(a) immune 
reactivity is found in urine [ 26 ]. As Lp(a) is by far 
too large to pass the kidney, only apo(a) fragments 
of various size are found in urine. Irrespective of 
the apo(a) isoform present in patient’s plasma, 
consistently more than 10 distinct apo(a) bands in 
urine with molecular masses between 50 and 
160 kD have been reported. These secreted apo(a) 
fragments are glycosylated and not complexed to 
apoB. Most importantly there is a highly signifi -
cant correlation between urinary apo(a) concen-
trations and plasma Lp(a) levels. We also observed 
that diurnal urinary apo(a) levels normalized to 
creatinine remained constant over months within 
single individuals. It is not fully clear where and 
how these fragments are formed, but it appears 
that a large portion might be formed extrarenally, 
followed by excretion by the kidney in a possible 
selective pathway. Urinary apo(a) excretion is 
rapid and depends on plasma Lp(a) levels: 
Reduction of plasma Lp(a) by LDL apheresis 
leads to an immediate reduction of urinary apo(a) 
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fragment concentration [ 27 ]. Studies from our 
laboratory showed that under normal physiologi-
cal conditions, a constant amount of apo(a) is 
excreted into urine, depending on the plasma 
Lp(a) level. The excretion rate of apo(a) into urine 
was not altered by changes in glomerular fi ltration 
rate and renal plasma fl ow in healthy males [ 28 ]. 
Urinary apo(a) was signifi cantly decreased in a 
large study of kidney patients and this was even 
more pronounced in patients with a creatinine 
clearance of <70 ml/min [ 29 ]. Because urinary 
apo(a) excretion is highly dependent on plasma 
Lp(a) levels, patient and control group were 
matched for plasma Lp(a) levels, and it was found 
that with increasing plasma Lp(a) levels, kidney 
patients excreted signifi cantly less apo(a) into 
urine as compared to controls [ 30 ]. Whether or 
not this mechanism might be responsible for the 
grossly increased Lp(a) values in kidney patients 
remains to be established. Above a plasma Lp(a) 
concentration of 30 mg/dl, urinary apo(a) excre-
tion was highly diminished: There was a reduc-
tion of apo(a) excretion in patients to one fi fth in 
comparison to controls. Interestingly, 30 mg/dl is 
the cutoff level for Lp(a) that best discriminates 
coronary heart disease patients from controls. 

 Subjects with small apo(a) isoforms in addi-
tion to higher plasma Lp(a) levels also exhibit 
signifi cantly higher urinary apo(a) excretion as 
compared to patients with large apo(a) isoforms 
[ 26 ]. This observation and the fact that a good 
correlation of plasma Lp(a) and urinary apo(a) in 
both proteinuric patients and healthy controls 
exists led us to believe that urinary apo(a) excre-
tion highly depends on plasma Lp(a) levels but 
not on apo(a) isoforms. Our earlier observation 
that after rapid reduction of plasma Lp(a) with 
LDL apheresis, urinary apo(a) is also rapidly 
reduced supports this hypothesis. 

 Because of the signifi cant correlation between 
plasma and urinary apo(a) concentration, it 
should be possible to discriminate coronary 
artery disease patients (CAD) from normals by 
measuring urinary apo(a). In one study, 225 
patients and controls were analyzed for plasma 
and urinary apo(a), and urinary apo(a) turned out 
to be a better discriminator for CAD than plasma 
Lp(a) [ 31 ]. Since the analysis of these kringle-IV 

fragments found in urine is not biased by the 
apo(a) phenotype, it might be appropriate to 
include the measurement of apo(a) fragments 
into future studies. In this regard, it is noteworthy 
that free apo(a) in serum, which consists of these 
fragments, as measured by a recently described 
new ELISA [ 32 ], has a better diagnostic test per-
formance than total Lp(a).  

    Lp(a) and the Risk for Atherosclerotic 
Diseases 

 In the original work from the laboratory of K. 
Berg, Lp(a) was described as “sinking pre-β- 
lipoprotein”    [ 33 ], and a semiquantitative relation 
of this fraction with CAD was suggested. Our 
laboratory in fact was the fi rst to quantify Lp(a) 
immunochemically by rocket electrophoresis, and 
we suggested a cutoff level 30 mg/dl for patients 
at an increased risk for MI [ 34 ]. We also could 
show in this report that individuals with elevated 
LDL and in particular those with a phenotype IIA 
hyperlipoproteinemia were at a 10-fold or higher 
MI risk. Later studies also demonstrated that the 
combination of high Lp(a) plasma levels with low 
HDL-C strongly increases the risk for CAD. In a 
prospective population study involving almost 
800 male participants of the PROCAM cohort, 
von Eckhardstein et al. [ 35 ] reported that Lp(a) 
increases the coronary risk particularly in men 
with high LDL-C and low HDL-C in addition to 
high blood pressure and high global CAD risk. 
Even more importantly, it has been found that 
polymorphisms in the apo(a) promoter were asso-
ciated with an increased risk for MI [ 3 ]. In the fol-
lowing, several hundred reports appeared in the 
literature dealing with one or the other aspect of 
 atherosclerosis such as myocardial infarction, 
stroke, and peripheral vascular diseases in relation 
to elevated plasma levels or various isoforms of 
apo(a). The majority of them strongly suggest that 
Lp(a) in fact is a severe risk factor—in several 
studies even the best discriminator for the athero-
genic risk. As Lp(a) metabolism is quite distinct 
from that of other plasma lipoprotein, it is not sur-
prising that the atherogenicity of Lp(a) is indepen-
dent of other factors. 
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 It should be mentioned at this point that sev-
eral prospective studies in the past, such as the 
Physicians Health Study, have shown contrasting 
results [ 36 ]. In some of these reports, Lp(a) was 
measured in long-term frozen samples with 
insuffi ciently evaluated test kits. Moreover, due 
to the extremely wide range of plasma Lp(a) lev-
els from less than 0.1 mg/dl to more than 300 mg/
dl and the highly skewed distribution, studies 
that include a small number of cases/controls are 
prone to random deviations. Another reason why 
studies on Lp(a) are sometimes controversial is 
the fact that due to its heterogeneity, it is diffi cult 
to standardize the measurement of Lp(a). Starting 
in 2009, a series of papers have been published 
that demonstrate beyond any doubt that Lp(a) 
not only is a risk indicator for atherosclerotic 
diseases but even more so that a causal relation-
ship exists between elevated Lp(a) and CAD 
risk. The fi rst report of this series was published 
by Tregouet et al. who studied 2700 CAD 
patients and > 4500 control individuals by an 
SNP analysis using the 500 K Affymetrix chip 
[ 37 ]. In this haplotype association study, the 
authors identifi ed the LPA gene cluster as a 
strong susceptibility locus for CAD. Kamstrup 
et al. [ 38 ] published in the same year their data 
of the Copenhagen Heart study comprising > 
40,000 individuals. There was a signifi cant cor-
relation between plasma Lp(a) levels, KIV-2 
genotype, and the risk for myocardial infarction 
which they interpreted as proof for causality. 
Erqou et al. [ 39 ] fi nally performed a meta-analy-
sis including 40 studies with >58,000 partici-
pants and found that individuals with smaller 
isoforms are at a >two-fold risk for coronary 
heart diseases. 

 Another important fi nding is that Lp(a) may 
play a role in acute coronary syndromes. Shindo 
et al. [ 40 ] found signifi cantly higher apo(a) and 
PAI-1 stainable areas in atherectomy specimens 
of patients with unstable than in those with stable 
angina. Cerebral vascular disease, peripheral vas-
cular disease, and more recently carotid athero-
sclerosis have also been associated with elevated 
Lp(a) levels. Finally, it appears that Lp(a) may 
also be involved as a cofactor in essential hyper-
tension [ 41 ].  

    Impact of Lp(a) on Hemostasis 

 Apo(a) has a striking homology with plasmino-
gen, and thus it was suggested that Lp(a) interferes 
with fi brinolysis in several ways [ 42 ]. Lp(a) com-
petitively inhibited plasminogen binding to fi brin-
ogen and fi brin. Lp(a) interferes with plasminogen 
conversion to plasmin. It was also found that plas-
minogen activator inhibitor (PAI-1) biosynthesis 
in endothelial cells is stimulated by Lp(a). Lp(a) 
upregulated PAI-2 expression in blood monocytes 
[ 43 ]. Another link between Lp(a) and thrombosis 
is the binding and inactivation of tissue factor 
pathway inhibitor (TFPI) [ 44 ]. On the other hand, 
there is evidence that Lp(a) binds platelet-activat-
ing factor acetyl hydrolase (PAF-AH) with high 
affi nity and specifi city. Thus, Lp(a) not only inac-
tivates one of the strongest factors known for 
platelet aggregation, PAF, but also hydrolyzes 
short-chain phospholipids which are generated 
during lipid peroxidation [ 45 ]. Lp(a) also attenu-
ated collagen-mediated platelet aggregation and in 
turn reduced thromboxane secretion. Taken 
together, it appears that many of the proposed pro-
thrombotic properties of Lp(a) are weighed off by 
some quite signifi cant antithrombotic effects, and 
it remains to be determined which effect prevails 
under different in vivo situations.  

    Lp(a) and Diabetes Mellitus 

 There are more than 100 papers and abstracts 
published in the literature on this topic. In 1993, 
Haffner [ 46 ] reviewed the literature available 
until then and summarized the available data on 
insulin dependent diabetes mellitus (IDDM) 
by stating that IDDM (Type 1) patients have 
“probably” elevated Lp(a) concentrations, and 
these concentrations might be related to meta-
bolic control. Lp(a) levels in addition are 
increased in patients with microalbuminuria. 
Literature data even today on the role of IDDM 
as a causal modulator of plasma Lp(a) levels are 
not consistent. A relationship has not been found 
in young children with type 1 diabetes mellitus, 
and it appears that the positive correlation with 
IDDM in adulthood is mostly indirect. The latter 
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group of patients in many cases suffers from 
impaired kidney function which causes increased 
Lp(a) levels in a similar manner as kidney dis-
eases of other etiology. In a more recent work, 
Kollerits et al. [ 47 ] asked the question as to what 
extent Lp(a) might be an independent predictor 
of CVD in IDDM patients. More than 400 IDDM 
patients were followed over an observation 
period of 10.7 years. Since renal disease is a 
severe risk factor for CAD, patients with kidney 
impairments were excluded from the study. 
Although this study did not answer the question 
per se whether or not IDDM patients have 
increased Lp(a) levels, it was concluded that 
Lp(a) values > 30 mg/dl contribute signifi cantly 
to the CAD risk in type 1 DM. 

 The relationship of non-insulin-dependent 
diabetes mellitus (NIDDM) with elevated plasma 
Lp(a) levels is more complicated since this dis-
ease has many facets and multiple etiologies, 
many of them related to mutations or polymor-
phisms of genes involved in lipid and lipoprotein 
metabolism. A good example for this complex 
situation is found in the article of Shih et al. [ 48 ] 
who studied the Q268X mutation in the MODY 
gene in relation to plasma apoAII, apoCIII, and 
Lp(a) levels. MODY stands for maturity onset 
diabetes of the young, and MODY genes are 
nuclear receptors (HNF1a and HNF4a), known as 
master regulators of genes expressed in the liver 
that are involved in lipid metabolism. As men-
tioned in the paragraph “transcriptional regula-
tion of apo(a),” the expression of apo(a) is highly 
dependent on the binding of HNF4a to a DR-1 in 
the promoter. Thus, any mutation in HNF4a that 
affects the transactivation of genes must have an 
infl uence on plasma lipid and lipoprotein levels. 
In fact, it was found that carrier of the Q268X 
mutation not only suffer from MODY but also 
have reduced plasma concentrations of Lp(a), 
apoAII, and apoCIII. There are other mutations 
and polymorphisms known in the MODY genes 
that may have similar effects on plasma Lp(a). 

 On the other hand, the etiology of NIDDM is 
multifactorial, and thus it is unlikely that Lp(a) lev-
els are affected in all NIDDM patients to the same 
extent. This explains that in the past, unaltered, 
higher or lower Lp(a) plasma concentrations have 

been reported in this group of patients. In 2010, 
Kamstrup et al. published a study on > 35,000 US 
and Danish participants adjusted for numerous 
well-established CAD risk factors including 
HbA1c, CRP, and lipids [ 49 ]. Lp(a) levels were 
inversely associated with the incidence of type 2 
diabetes mellitus with hazard ratios for quintiles 
2–5 vs. quintile 1 of 0.87. The authors concluded 
that Lp(a) is inversely related with the risk of type 
2 DM independently of risk factors. This is in dis-
cordance to previous reports that suggest positive 
associations of Lp(a) with CVD. 

 From our own studies, it appears that Lp(a) is 
mainly elevated in patients with impaired renal 
function [ 23 ]. 

    Treatment of Elevated Lp(a) Levels 
 Even though Lp(a) has been established as an 
independent risk factor for coronary artery dis-
ease and cerebrovascular disease, it is still not 
clear whether lowering of Lp(a) is benefi cial. 
This is mainly due to the fact that to date no prac-
tical treatment is available to reduce elevated 
Lp(a) levels. Furthermore, most effective treat-
ments like LDL apheresis also affect LDL levels. 
Most lipidologists and clinicians recommend to 
lower LDL cholesterol more aggressively to lev-
els below 100 mg/dl in case of elevated Lp(a) lev-
els above 30 mg/dl, even though the hard evidence 
for this is also lacking.  

    Diet 
 Dietary infl uences on plasma Lp(a) levels are 
 variable and moderate, yet measurable. Polyun-
saturated fatty acids and saturated fatty acids 
found in palm oil have a mild, although signifi -
cant, reducing effect. Dietary intake of omega 3 
fatty acids has shown to decrease plasma Lp(a) 
levels in some studies. A diet rich in coconut oil 
has also been shown to reduce plasma Lp(a) levels 
[ 50 ]. In a similar way, trans-fatty acids were sug-
gested to have a lowering effect on Lp(a). Taking 
all published studies on dietary treatment of hyper-
Lp(a) patients together, it is fair to say that the 
effects are moderate and transient in many cases 
and appear to vary among individuals, depending 
on their type of hyperlipoproteinemia. Long-term 
studies on this topic in fact are lacking.  
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    Statins 
 Statin treatment may have a variable effect on 
plasma Lp(a) concentrations. In most studies, 
Lp(a) remains unchanged after treatment with 
HMG-CoA reductase inhibitors. Treatment of 
hypercholesterolemic patients for 6 weeks revealed 
that approx. one third responded with a reduction 
of plasma Lp(a); in one third, there was no change; 
and in the remaining third, Lp(a) was signifi cantly 
increased [ 51 ]. Some studies have shown lowering 
of Lp(a) by long-term treatment of FH patients 
with statins [ 52 ]. Importantly aggressive LDL 
reduction with statins removes some of the risk 
associated with elevated Lp(a) levels.  

    Nicotinic Acid 
 Nicotinic acid and its derivatives can reduce 
Lp(a) levels by up to 35 % [ 53 ]. Niceritrol, a nic-
otinic acid derivative, has also been shown to 
reduce plasma Lp(a) levels in patients with 
chronic renal disease and hyperlipidemia. From 
all lipid-lowering drugs described so far, nico-
tinic acid and its derivatives appear to be the most 
effi cient Lp(a)-lowering agent. Studies however 
are missing addressing the question of dose 
response and long-term effi cacy. The Heart 
Protection Study 2: Treatment of HDL to Reduce 
the Incidence of Vascular Events (HPS2- 
THRIVE) is testing simvastatin plus extended- 
release niacin plus a D prostanoid 1 receptor 
antagonist, MK 0524, to inhibit the fl ushing side 
effect in comparison with simvastatin monother-
apy in 20,000 patients with coronary disease.  

    Fibrates 
 There are numerous reports in the literature con-
cerning the infl uence of fi brates, which include 
clofi brate, fenofi brate, and gemfi brozil on plasma 
Lp(a) levels. In essence, it appears that there is no 
uniform response as part of the treated patients 
respond with approx. 25 % decreases in plasma 
Lp(a); in some, there are no changes, and there are 
also numerous individuals whose plasma Lp(a) 
increase upon fi brate therapy. The latter group of 
patients is characterized by rather high plasma tri-
glycerides and VLDL, and respond upon fi brate 
therapy with elevations of LDL in addition to 
elevations of Lp(a). The pathomechanism of this 
phenomenon remains to be elucidated.  

    Other Agents 
 All ACE inhibitors in monotherapy lower ele-
vated Lp(a) plasma concentrations in proteinuric 
patients by reversing proteinuria and in turn 
enhanced Lp(a) production by the liver [ 54 ]. 
Fosinopril seems to be the only ACE inhibitor to 
reduce Lp(a) concentrations also in non- 
proteinuric patients, probably by increasing 
apo(a) fragmentation and excretion into the urine 
(Kostner K et al. unpublished results). 

 Lp(a)-lowering steroid hormones are not indi-
cated for treatment due to side effects. Likewise, 
tranexamic acid is able to lower Lp(a) plasma 
concentrations in vivo, but cannot be used in the 
majority of patients due to possible side effects. 
The anti-estrogen tamoxifen has also an interest-
ing Lp(a)-lowering effect [ 55 ]. The synthetic 
steroid tibolone reportedly reducted in Lp(a) by 
about 35 %; however, this was accompanied by a 
concomitant reduction of the anti-atherogenic 
HDLs by about 20 %. Raloxifene is a selective 
estrogen receptor modulator and an alternative 
to estrogen replacement as it obviates the need 
for a progestin and does not increase C-reactive 
protein levels. In a recent study, it was reported 
that raloxifene signifi cantly reduced Lp(a) by 
18 % [ 56 ]. 

 As mentioned previously, ACTH has been 
found to decrease Lp(a) by more than 50 % and 
also resulted in lower total cholesterol, LDL, and 
apoB levels in hemodialysis patients and steroid- 
treated, healthy, and hyperlipemic individuals. 

 Recently,  l -carnitine was shown to reduce 
elevated Lp(a) levels by about 10 % in patients 
with and without diabetes mellitus [ 57 ]. There 
are also reports indicating that aspirin and vita-
min C lower elevated Lp(a) levels.  

    Apheresis 
 The most effective therapy for lowering Lp(a) 
known today is extracorporeal elimination with 
apheresis. LDL apheresis and selective Lp(a) 
apheresis using antibody-coupled columns, pre-
cipitation and complex formation at low pH, dou-
ble fi ltration, and direct absorption have been 
demonstrated to lower plasma Lp(a) to the same 
extent as LDL cholesterol (up to 80 %). However, 
these treatments are expensive and accessible only 
to a small number of high-risk patients [ 58 ,  59 ].  
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    Novel Lipid-Lowering Compounds 
 ApoB Antisense and MTP Inhibitors: ApoB anti-
sense inhibits only production of Apo   B100- 
containing lipoproteins such as Lp(a) which are 
found in the liver, whereas MTP inhibitors gener-
ally reduce both hepatic ApoB100-containing 
lipoproteins and ApoB48 lipoproteins which are 
produced in the intestine and transport dietary fat 
via chylomicrons. Even though MTP inhibitors 
have shown to reduce apoB-containing lipopro-
teins in humans, the future of systemic MTP 
appears uncertain because of their poor tolerabil-
ity, transaminase elevations and probable hepatic 
steatosis, and signifi cant negative impact on 
ApoA1 lipoprotein and HDL-C. 

 The most advanced ApoB antisense drug in 
clinical development is mipomersen. Phase 2 stud-
ies in patients on statins and other lipid- lowering 
agents showed mipomersen dose- dependently 
reduced LDL, Lp(a), and triglycerides [ 60 ]. 

 Proprotein Convertase Subtilisin/Kexin Type 
9 (PCSK9) Inhibitors: In 2003, Abifadel and col-
leagues described a new form of autosomal dom-
inant hypercholesterolemia (ADH), which was 
not associated with mutations in the genes coding 
for the receptor or its ligand, apoB. They reported 
two mutations in the gene encoding proprotein 
convertase subtilisin/kexin type 9 (PCSK9) that 
were responsible for hypercholesterolemia [ 61 ]. 
PCSK9 inhibitors have shown to reduce LDL and 
Lp(a) in phase II clinical trials and are currently 
being investigated in several phase III trials.       
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           Introduction 

    The prevalence of both Type 1 and Type 2 diabetes 
mellitus is increasing in both developed and devel-
oping nations, and in spite of modern measures to 
control blood glucose, blood pressure, lipid levels, 
and thrombosis the vascular complications of dia-
betes affect large numbers of people and society as 
a whole [ 1 ]. Diabetes is conservatively associated 
with a two- to four-fold increased risk of coronary 
artery, cerebrovascular, and peripheral vascular 
disease [ 2 ]. Diabetes usually accounts for over a 
third of all patients with end stage renal disease 
(ESRD), and in the Western world is the most 
common cause of blindness in working age adults 
[ 2 ]. Over 60 % of people with diabetes will likely 

die of macrovascular disease [ 2 ,  3 ], which is par-
ticularly common in those subjects with microvas-
cular damage, in particular diabetic nephropathy. 
Multiple genetic, biochemical and lifestyle risk fac-
tors are recognized, with hyperglycemia and dyslip-
idemia being major risk factors. These two factors 
independently have deleterious effects, but together 
they result in lipoprotein glycation, which can 
aggravate lipoprotein dysfunction. There is gener-
ally more circulating glycated LDL than oxida-
tively modifi ed LDL, yet the literature has mainly 
focused on lipoprotein oxidation. There is  relatively 
little research related to glycated lipoproteins. 
Either directly or indirectly via effects on metabo-
lism, oxidation and infl ammation, lipoprotein gly-
cation has deleterious effects on lipoprotein 
function, thrombosis and cellular function in many 
tissues prone to the chronic sequelae of diabetes.  

    Lipids and Lipoproteins in Diabetes 

 Dyslipidemia is a well-accepted risk factor for ath-
erosclerosis in the diabetic and nondiabetic popu-
lation and in both Type 1 and Type 2 diabetes is 
also a risk factor for diabetic retinopathy and 
nephropathy. As both  quantitative  and  qualitative  
changes occur in lipoproteins and can affect 
 lipoprotein related apolipoproteins and enzymes 
we prefer the more encompassing term of 
 dyslipoproteinemia rather than dyslipidemia. 
Hyperglycemia and therefore dyslipoproteinemia, 
including lipoprotein glycation, also occurs in ges-
tational diabetes and secondary forms of  diabetes 
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(such as iatrogenic (corticosteroid - induced) dia-
betes or that secondary to  pancreatitis or pancre-
atectomy), but research studies of lipoprotein 
glycation in these clinical settings are lacking [ 4 ]. 

 In Type 2 diabetes there is a characteristic 
lipid profi le with increased triglycerides, normal 
to high Low Density Lipoprotein (LDL)-
cholesterol, and reduced High Density 
Lipoprotein (HDL)-cholesterol levels. In people 
with Type 1 diabetes with moderate to good gly-
cemic control, normal renal function and the 
absence of other risk factors such as obesity, 
smoking or coexistent familial dyslipidemia, the 
lipid profi le is relatively normal, but vascular dis-
ease is still accelerated [ 5 ,  6 ]. Even with good 
glycemic control, which in clinical practice can 
be diffi cult to achieve, and with good lipid con-
trol, which often requires pharmacologic inter-
vention, discussed elsewhere in this book, 
residual vascular risk often remains in diabetic 
patients. Residual risk is the remaining risk of 
vascular damage after optimal control of the 
known risk factors, such as related to glycemia, 
blood pressure, and the traditional lipid profi le. 
Many factors may be contributory to residual 
risk, including qualitative changes in lipoproteins 
such as post-translational lipoprotein glycation. 
Other subtle lipoprotein abnormalities, such as 
oxidation, which can occur concurrently with 
glycation, alterations in lipoprotein composition, 
size and immunogenicity, which are also dis-
cussed in other chapters in this book, may also 
contribute [ 4 ,  7 ]. 

 Adverse biological effects of lipoprotein gly-
cation may be direct, and/or indirect via modulat-
ing coagulation, fi brinolysis, vascular tone, 
matrix binding, infl ammation, altered suscepti-
bility to oxidation and cellular and tissue 
responses, including angiogenesis.  

    The Chemistry of Lipoprotein 
Glycation 

 The glycation process can be divided into early 
and late glycation, summarized in Fig.  8.1 .

   In 1912 French food chemist Loius C. Maillard 
fi rst described the formation of brown-colored 
substances from non-enzymatic reactions between 

reducing sugars and proteins [ 8 ], and such reac-
tions are also relevant to the human body. A simpli-
fi ed view of the chemistry is that carbonyl groups 
and amino groups react to form Schiff bases and 
then Amadori compounds, (early glycation prod-
ucts), which are potentially reversible. Early glyca-
tion product formation may be followed by 
irreversible dehydration, condensation, and cross-
linking reactions, resulting in a large, and likely 
incompletely known heterogeneous family of 
derivatives termed Advanced Glycation End-
Products (AGEs). AGEs are also known as late 
glycation products, Maillard products, or glycoxi-
dation products (as formation of many AGEs 
involves oxidative chemistry, see Fig.  8.2 ) [ 9 ]. 
Similar reactions can occur, by both enzymatic 
and non-enzymatic pathways, without glucose, 
providing the non- glucose materials contain an 
aldehyde group. Reactive metabolites such as the 
dicarbonyls (methylglyoxal (MG), glyoxal, and 
3- deoxyglucosone (3DG)) from the glycolysis 
pathway, and from the metabolism of lipids and 
ketones can also interact with protein residues to 
form AGEs, including in lipoproteins [ 10 ]. 
Increased production of reactive dicarbonyls or 
their reduced detoxifi cation by the glyoxalase sys-
tem or by endogenous scavengers leads to increased 
carbonyl stress, which is a major driving force for 
AGE formation and accumulation [ 11 ]. AGE for-
mation occurs in many extracellular and intracel-
lular proteins, including lipoproteins, and AGEs 
are present in all people. AGE levels in long-lived 
tissues, such as skin, usually increase with chrono-
logic age [ 12 ]. AGE formation is accelerated by 
hyperglycemia as in diabetes [ 13 ] and also by renal 
impairment, even in the non-diabetic milieu [ 14 ].

   AGEs are chemically heterogeneous groups of 
both fl uorescent and nonfl uorescent compounds 
with over 25 fully characterized AGE structures 
[ 15 ]. The (type and concentration) of glycation 
products formed depends on both the range and 
concentration of substrates available and the dura-
tion of their interaction. N   ε  -carboxymethyl- lysine 
(CML) is the simplest and best characterized 
AGE and the main epitope for many commer-
cially available antibodies used for AGE detec-
tion and quantifi cation. Many of these products 
such as CML (thought to be the most abundant 
AGE in vivo), pentosidine, and erythronic acid 
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  Fig. 8.1    Biochemistry of early and late glycation. ( a ) 
Early steps of the Maillard reaction. The reducing sugars 
in open chain form reacting an amino groups on proteins 
to form a reversible Schiff base. The Schiff base then form 
a cyclic glycosylamine or can rearrange to an enaminol 
and then to a ketoamine (Amadori compound). The 
Amadori compound is also stabilized by its cyclization to 
a furanose or pyranose ring. ( b ) The Amadori compound 
fructoselysine can undergo decomposition to form both 1- 
and 3-deoxyglucosone (1-DG and 3-DG). 3-DG is more 
reactive than glucose in the formation of AGEs. ( c ) 
Various pathways leading to the formation of AGEs. The 
Maillard pathway involves the reaction of a reducing sugar 

with an amine on a protein to form a ketoamine, which can 
break down to form AGEs. Alternatively, the autoxidation 
of glucose forms reactive compounds like arabinose and 
glyoxal that can further react with amino groups and form 
AGEs (Wolff pathway). The Schiff base intermediate can 
also form reactive carbonyl compounds under oxidizing 
conditions and can also react with an amine leading to 
AGE formation (Namiki pathway). Lastly, the ketoamine, 
under both oxidative and non-oxidative conditions, can 
fragment to form reactive deoxyosones that can form 
AGEs (Hodge pathway). Reproduced with modifi cations 
from: J.W. Baynes, “The role of AGEs in aging: causation 
or correlation”, Exp. Gerontol. (2001) 36(9), 1527–1537         
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are formed oxidatively [ 16 ]. Non-oxidatively 
derived AGEs such as the imidazolones and pyr-
raline have also been identifi ed and characterized 
[ 17 ,  18 ]. Pyrraline is formed by the reaction of 
3-deoxyglucasone with lysine, and imidazolone- 
type AGEs are formed by the reaction of 
3- deoxyglucasone with arginine. The value of 
each specifi c AGE, or group of AGEs, as a marker 
or mediator of diabetic microvascular and macro-
vascular damage is not fully elucidated. 

 AGEs can also be derived exogenously, such 
as from the diet and smoking [ 19 – 21 ]. Dietary 
AGEs, which are abundant in foods such as (all 
as per 100 g of product) fried pork bacon, roast 
chicken skin, sesame oil, parmesan cheese, sweet 
butter cream, pan fried beef or pizza [ 22 ]. AGEs 
in food are partially absorbed from the gastroin-
testinal tract, and approximately two-thirds are 

thought to remain in contact with tissues for 
 several days, whereas the rest is rapidly excreted 
by the kidneys [ 23 ]. AGE restriction in mice, 
without energy or nutrient change, alleviates 
infl ammation, prevents vascular complications, 
and extends their normal life span [ 24 ]. Human 
studies have showed that a low-AGE diet reduces 
infl ammatory markers (C-reactive protein (CRP), 
Tumor Necrosis Factor alpha (TNFα)) and vascu-
lar cell adhesion molecule (VCAM-1) levels 
[ 25 ]. In Type 2 diabetes high-AGE meals have 
been shown to acutely impair vascular reactivity 
as measured by fl ow mediated dilation (FMD) 
[ 26 ]. HDL does suppress TNF-α induced 
VCAM-1 suppression in vitro, but it is not known 
how much of the low AGE diet benefi t, in ani-
mals or in humans, relates to effects on AGE 
modifi ed lipoproteins. 

Fig. 8.1 (continued)
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    Differences Between Glycation 
and Glycosylation 

 The term “glycation” refers to non-enzymatic 
reactions between amino acid residues of proteins 
and reducing sugars. Glycosylation is a different 
set of usually enzymatic chemical reactions. 
Glycosylation is a major post-translational modi-
fi cation of both intracellular and extracellular pro-
teins. Most intracellular proteins in humans 
contain sugars and are also known as glycoconju-
gates. Depending on the nature of the covalent 
attachment glycosylated proteins can be divided 
into glycoproteins (in which the major component 
is a protein) and proteoglycans (in which typically 
>95 % mass is a carbohydrate). Glycoproteins 
are an integral part of plasma membranes, and 
serve important functions such as hormones, 
receptors and mediators in intercellular interac-
tions. Proteoglycans are major components of the 

extra cellular matrix (ECM) [ 27 ]. These ECM 
proteins can also become modifi ed by (early and 
late) glycation, which is discussed elsewhere in 
this book.  

    Glycation of Apolipoproteins 
in Lipoproteins 

 Within lipoproteins apolipoproteins are major 
sites of glycation. Theoretically any amino com-
pound with at least one hydrogen atom on its 
nitrogen can participate in the Maillard reaction. 
Chemically, within a protein moiety only amino 
acids with one or more nucleophilic residues 
(lysine (Lys), arginine (Arg), cysteine (Cys), 
methionine (Met), and histidine (His)) are likely 
to become glycated. Although the amino acid 
cysteine is the strongest nucleophile, Lys residues 
are particularly abundant in apolipoproteins [ 28 ] 

  Fig. 8.2       Factors affecting AGEs formation and accumu-
lation. Reproduced from: V.M. Monnier and X. Wu, 
“Enzymatic deglycation with amadoriase enzymes from 

Aspergillus sp. as a potential strategy against the compli-
cations of diabetes and aging” Biochem. Soc. Trans. 
(2003) 31, 1349–1353       
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and thus are the preferred site of glycation. For 
example, ApoA-I, found in HDL, contains 243 
amino acids residues, including three Met, 21 
Lys, fi ve His, and 16 Arg residues, but no Cys 
residues. ApoB-100, found in VLDL, LDL, and 
Lp(a), contains 4,563 amino acids residues: 79 
Met, 356 Lys, 114 His, 150 Arg, and only 25 Cys 
(0.5 %). The extent of lipoprotein glycation will 
depend on (1) the time of lipoprotein exposure to 
the glycating agent, which may in turn be infl u-
enced by the location of the lipoprotein being gly-
cated (e.g., intra- or extravascular); (2) the 
concentration of glycating agent; (3) the potency 
of the glycating agent; and (4) the effi cacy of any 
deglycating or anti-glycating factors. The nature 
of the glycating agent determines the type of gly-
cation products formed. For example protein gly-
cation with glucose leads to the formation of the 
late glycation produce CML, whereas protein 
glycation with methylglyoxal results in formation 
of CEL [ 29 ]. In humans the major circulating 
 glycating agent is glucose in an open chain form 
[ 27 ]. Circulating levels of glucose in non-diabetic  
subjects averaging at 5 mmol/l whilst that of 
methylglyoxal is 147 nmol/l [ 30 ], in addition sev-
eral glycating agents may act on amino acids (in 
both the extracellular and intracellular milieu).  

    Extent of Lipoprotein Glycation 

 The extent of lipoprotein glycation usually cor-
relates with other measures of glycemia such as 
HbA1c and fructosamine [ 4 ,  31 ,  32 ]. Any incon-
sistencies may relate to differences in half-lives 
of the glycated protein moieties, methodologies 
for the quantifi cation of lipoprotein glycation 
(discussed below) and the range of glycemia 
related values in the study group. The half-life of 
lipoproteins is days, whilst HbA1c from within 
red blood cells, refl ects glycemia over the previ-
ous 2–3 months, hence it is probable that the 
extent of lipoprotein glycation is more strongly 
correlated with shorter term measures of glyce-
mia over days, such as mean glucose levels (per-
haps measured by Continuous (Interstitial Fluid) 
Glucose Monitoring or blood glucose monitor-
ing), or 1,5 anhydroglucitol levels [ 33 ], but such 
a comparative studies are not yet available.   

    The Measurement of Lipoprotein 
Glycation 

 The quantifi cation of glycated lipoproteins is 
currently a research laboratory tool. Various 
techniques have been used, and have been 
 predominantly applied to LDL and HDL. The 
most specifi c measure is the direct quantifi cation 
of  fructoselysine  (an early glycation product) in 
lipoproteins by High Pressure Liquid Chromato-
graphy (HPLC) [ 34 ], which requires the physical 
separation of lipoproteins by ultracentrifugation. 
We have utilized this technique to study lipopro-
teins from diabetes patients [ 35 ,  36 ]. 

 Glycated proteins, such as albumin, and gly-
cated lipoproteins bind to boronate, so  boronate 
affi nity chromatography  has been used in both a 
preparative manner [ 37 ] and in a rapid relatively 
simple HPLC and gel permeation column based 
assay, developed by Tanaka et al. [ 38 ] which has 
been used to quantify glycated LDL and HDL 
from low volumes (5 µl) of serum. 

  Antibodies to glycated apoB  have also been 
developed and used in in-house ELISA assays 
[ 39 ] and in a commercially available indirect com-
petitive ELISA (Glyacor, Exocell, Philadel-phia, 
PA). A monoclonal antibody (ES12) is directed 
against a specifi c epitope in apoB in  glycated LDL 
and does not cross-react with other human plasma 
proteins including non- glycated LDL. The assay 
range is 3–40 µg/ml (corresponding to 0.3–4 mg/
dl) in serum. Other antibodies have also been used 
to quantify glycated HDL and glycated Lp(a) [ 40 ]. 

 Unlike purely glycated unoxidized lipopro-
teins AGE modifi ed lipoproteins have increased 
electrophoretic mobility [ 41 ], a technique usu-
ally used for the characterization of physically 
separated isolated lipoproteins. AGEs can also 
be quantifi ed by Gas Chromatography/Mass 
Spectroscopy (GC/MS) [ 42 ] in separated lipo-
proteins. An AGE-LDL antibody based capture 
assay has also been developed [ 43 ] and used to 
quantify AGE-LDL in Type 1 diabetes. 

 A less specifi c biochemical tool to measure 
the extent of lipoprotein glycation is the TNBS 
(trinitrobenzene sulfonic acid) assay [ 44 ]. The 
TNBS assay measures the amount of free Lys in 
a protein. As mentioned earlier Lys is the most 
abundant amino group in human lipoproteins and 
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is a strong nucleophile (Lys is the only one amino 
acid with two amino groups: alpha and epsilon). 
Unfortunately, due to the secondary and tertiary 
structure of proteins not all Lys residues (regard-
less of whether free or modifi ed) are always 
available for reaction and therefore detection by 
the TNBS assay. 

 The development and validation of low cost 
high throughput assays of lipoprotein glycation 
would expedite this area of clinical research.  

    General Consequences 
of Lipoprotein Glycation 

 The potential consequences of increased lipopro-
tein glycation are summarized in Table  8.1 . These 
include effects on lipoprotein metabolism (such 
as on their half-life in the circulation) and on cell 
interactions and responses, including effects 
related to important processes (e.g., infl amma-
tion, thrombosis, vasoreactivity) relevant to the 
vascular complications of diabetes. Lipoproteins 
modifi ed by glycation and by oxidation and 
extravasated are more likely to bind to vascular 
matrix, such as proteoglycans, than unmodifi ed 
lipoproteins [ 45 ]. Tsmikas et al. demonstrated 
that the concentration of oxidized LDL in the 
arterial wall is 70-fold that in the circulation [ 46 ], 
but we are not aware of similar studies related 
to glycated lipoproteins. Matrix binding of 
 lipoproteins is discussed in more detail in 
another chapter.

   It is important to recognize that even normo-
glycemic people have some lipoproteins that 
undergo glycation, and that more extensively 
modifi ed (late glycation or AGE modifi ed) lipo-
proteins, may not remain in the circulation very 
long. Indeed AGE-modifi ed lipoproteins are 
likely to exist predominantly outside the potent 
antioxidant milieu of blood in the extravascular 
spaces (of arteries, the retina, and renal beds), 
being rapidly removed from the circulation by 
pathways such as scavenger receptors in liver and 
in white blood cells. Antioxidants in blood 
include albumin, urate, bilirubin, and vitamin C 
[ 47 ], all of which are water soluble. Some fat 
soluble vitamins, which can be carried within the 
lipoproteins (e.g., Vitamin E) are also antioxi-
dants [ 48 ]. The low concentrations of modifi ed 
lipoproteins in the circulation (relative to unmod-
ifi ed lipoproteins) may refl ect both that formed 
within blood and that has effl uxed from the extra-
vascular bed. 

 Another challenge in this area of research is 
that in vitro modifi ed lipoproteins studied in the 
laboratory setting may be differentially or more 
extensively modifi ed than that occurring in vivo. 
Often the glucose or reactive intermediate (e.g., 
methylglyoxal) concentrations and incubation 
times used in the laboratory are well beyond that 
present in people. Later in this chapter we will 
point out some studies in which both in vivo and 
in vitro glycated lipoproteins were studied, with 
divergent responses. 

 In the literature related to in vitro modifi ed 
lipoproteins the term glycation is often used 
loosely, not specifying if it is early or late glyca-
tion. The effects of early glycation and late glyca-
tion often differ. For example, in in vitro studies 
of modifi ed LDL on cultured retinal or renal cells 
by Lyons et al. both LDL modifi ed by early gly-
cation (glycated LDL) and LDL modifi ed by late 
glycation (Heavily oxidized glycated LDL 
(HOG-LDL)) have been studied. HOG-LDL 
effects were generally signifi cantly greater than 
that of less extensively modifi ed glycated LDL 
[ 49 – 52 ]. Ideally researchers should present data 
related to the preparation and characterization of 
the modifi ed lipoproteins they have studied. The 
in vitro modifi cation of lipoproteins by early 
 glycation alone requires the presence of metal 

   Table 8.1    Adverse effects of lipoprotein glycation   

 Effects on circulating half-life of lipoproteins 
 Foam cell formation 
 Increased matrix binding 
 Pro-oxidant and reduction of antioxidant effects 
 Pro-infl ammatory or reduced anti-infl ammatory effects 
 Pro-thrombotic effects 
 Pro-apoptotic effects 
 Effects on lipoprotein related enzyme activities 
 Altered lipoprotein receptor interactions 
 Cell signaling effects 
 Effects on gene expression 
 Promotion of antibody and immune complex formation 
 Altered reactivity in assays 
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chelating antioxidants, such as EDTA and DTPA 
in adequate concentrations and reduced exposure 
to oxygen such as may be achieved by incubation 
under nitrogen or argon and dialysis against 
nitrogen purged buffers [ 7 ]. In general, if there is 
increased electrophoretic mobility of lipopro-
teins on agarose gels, or increased AGEs or lack 
of recognition of modifi ed LDL by the classical 
LDL receptor, then the glycation is more 
advanced (late glycation). 

 Whilst in vivo studies, including longitudinal 
human or animal studies, can also be informative 
as to the effects of lipoprotein glycation, we must 
evaluate their fi ndings whilst also recognizing 
that improved glycemic control may use lifestyle 
changes and drugs which may have direct effects 
on lipoprotein related gene or protein expression 
or other pleiotropic effects, and that more than 
just glycemia (and lipoprotein glycation) may 
change. Some of the particularly relevant sites of 
change, such as within the vascular wall, in the 
retina or within glomeruli or renal tubules, may 
not be accessible for sampling, particularly in 
living humans.  

    Human Studies of Glycated 
Lipoproteins 

 Glycated lipoproteins, particularly those modi-
fi ed by early glycation, are present in the circula-
tion of both non-diabetic and diabetic people at 
relatively high concentrations [ 53 ,  54 ] Durrington 
et al. have demonstrated that circulating levels of 
glycated apoB (which may refl ect glycated apoli-
poprotein B within LDL, VLDL, Lp(a), and chy-
lomicrons) are increased in primary conditions in 
which LDL is raised, such as heterozygous famil-
ial hypercholesterolemia. As with hyperglycemia 
itself, the hallmark of diabetes mellitus, enhanced 
lipoprotein glycation occurs from diabetes onset,  
and likely refl ects both an increase in the number 
of glycated amino acids per lipoprotein particle 
and also a greater proportion of lipoprotein parti-
cles with glycated residues. Based on our studies 
of in vivo glycated LDL as assessed by boronate 
affi nity chromatography, in non-diabetic subjects 
approximately 5 % of LDL particles are suffi -
ciently glycated to bind to these columns (and 

have increased fructoselysine levels) whereas in 
people with diabetes (depending on their level of 
glycemic control) up to 25 % of LDL may bind 
[ 35 ,  37 ]. Even within an individual the extent of 
glycation of lipoproteins will likely vary, in the 
same way that not all LDL, HDL or VLDL par-
ticles are the same size [ 55 ,  56 ]. At any given 
time the circulating lipoproteins will include 
some that are newly secreted, hence are likely to 
be less glycated, and lipoproteins that are several 
days older, hence more likely to be more gly-
cated. Ambient glucose levels and lipoprotein 
size, apolipoprotein content and chemical com-
position are also likely to affect the extent of lipo-
protein glycation. For example, Durrington et al. 
demonstrated that small LDL is more likely to 
undergo in vitro glycation than larger LDL [ 54 ].  

    Glycation of Specifi c Major 
Lipoprotein Classes 

    VLDL Glycation 

 Whilst hypertriglyceridemia is common in people 
with Type 2 diabetes and in those with Type 1 dia-
betes and poor glycemic control, obesity or renal 
damage there are few studies of VLDL glycation. 

    Levels of Glycated VLDL 
 Using a simple and non-specifi c agarose gel elec-
trophoresis assay for glycated lipoproteins in sera 
from diabetic and non-diabetic subjects levels of 
glycated VLDL were estimated to be fourfold 
higher in diabetes subjects and higher in diabetic 
patients with vs. without clinically evident ath-
erosclerosis [ 57 ].  

    Effects on Lipoprotein Metabolism 
 Hypertriglyceridemia may relate to both 
increased hepatic VLDL production and delayed 
VLDL clearance. In keeping, in in vivo VLDL 
kinetic studies in rodents the clearance of triglyc-
eride and apoB of in vitro glycated VLDL was 
slower than that from normal VLDL. and in in 
vitro studies the glycated VLDL was a poorer 
substrate for lipoprotein lipase [ 58 ]. 

 There are several studies comparing VLDL 
from diabetic subjects and non-diabetic subjects 
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which demonstrate that VLDL from people with 
Type 1 and Type 2 diabetes has a different lipid 
and apolipoprotein content from that of non- 
diabetic subjects, and within the same Type 1 or 
Type 2 diabetic patient can differ when their gly-
cemic control is poor vs. improved, and is associ-
ated with increased rates of cholesteryl ester 
synthesis by human monocyte derived macro-
phages [ 59 – 61 ] and endothelial cells [ 59 – 62 ]. 
Levels of or the extent of VLDL glycation were 
not quantifi ed in these studies of modifi ed VLDL.   

    LDL Glycation 

 Studies of LDL glycation are more numerous 
than those of other lipoprotein fractions, likely 
because LDL is highly atherogenic, especially 
when modifi ed, and is usually the most abundant 
lipoprotein in blood and in atherosclerotic plaque. 

    Levels of Glycation 
 Relative to non-diabetic people the levels of gly-
cated LDL are increased (by approximately 50 % 
to several fold) in Type 1 and Type 2 diabetes 
subjects, and usually correlate with other mea-
sures of glycemia or with LDL-C levels, two 
required substrates for LDL glycation [ 39 ,  55 , 
 63 – 65 ]. In Type 2 diabetes patients levels of 
AGE-LDL were also elevated (about three-fold) 
relative to non-diabetic subjects, and were lower 
in diabetic patients taking metformin than in 
those not on metformin [ 65 ]. Levels of circulat-
ing glycated LDL have been found to be higher in 
Type 2 diabetic patients fed a high AGE diet than 
in low AGE diet fed diabetic patients and non-
diabetic subjects [ 66 ].  

    LDL Size and Glycation 
 Small dense LDL is more atherogenic than larger 
more buoyant LDL particles [ 4 ]. There are diver-
gent results from studies relating LDL size and 
LDL glycation. Glycated LDL (in the absence of 
LDL antibodies) has a longer residence time in the 
circulation [ 67 ], thus may be smaller due to fur-
ther lipolysis and lipid exchange. By evaluating in 
vivo modifi ed and in vitro glycated LDL particles 
some studies have suggested that small dense 
LDL is more susceptible to glycation [ 54 ,  68 ]. 

Isolated LDL modifi ed in vitro with methylgloxal 
to form AGE-LDL was also signifi cantly smaller 
than the native LDL [ 69 ]. However, in Type 1 dia-
betic patients, using NMR spectroscopy we found 
no signifi cant difference in the size of in vivo gly-
cated and relatively non- glycated LDL separated 
by boronate affi nity chromatography [ 35 ].  

    Susceptibility to Oxidation 
 Oxidized LDL is more pathogenic than unmodi-
fi ed (native) LDL. Results of studies of the effects 
of LDL glycation on LDL’s susceptibility to oxi-
dation are divergent, perhaps related to differ-
ences between in vivo and in vitro modifi cation, 
the type, concentration and exposure time to the 
pro-oxidant, and the assays used to quantify oxi-
dation. Tsai et al. demonstrated increased suscep-
tibility of LDL from Type 1 diabetic patients with 
poor glycemic control to in vitro (copper- 
induced) oxidation [ 70 ]. This was not so in our 
study of complication-free Type 1 diabetic sub-
jects with relatively good glycemic control [ 71 ]. 
We also determined the in vitro susceptibility to 
copper induced oxidation of relatively glycated 
LDL (G-LDL) and relatively non-glycated LDL 
(G-LDL) prepared by boronate affi nity chroma-
tography from 13 subjects with Type 1 diabetes. 
Lipid soluble antioxidant levels did not differ 
between the two subfractions, in keeping with a 
lack of increased oxidative stress to G-LDL in 
plasma. The lag time to oxidation of the G-LDL 
was signifi cantly less than that of the non-gly-
cated LDL subfraction. There were no signifi cant 
differences in the rate of or extent of lipid oxida-
tion during the reaction, nor did the lag time, rate 
or extent of protein oxidation of the two LDL 
subfractions differ [ 35 ]. In cross-sectional analy-
ses of the Diabetes Control and Complications 
Trial/Epidemiology of Diabetes Interventions and 
Complications (DCCT/EDIC) cohort we did not 
observe any statistically signifi cant relationship 
between LDL susceptibility to lipid or protein 
oxidation and HbA1c and severity of nephropa-
thy or retinopathy [ 72 ].  

    Glycated LDL and Immune Complex 
Formation 
 Antibodies to, and immune complexes with, 
modifi ed lipoproteins such as glycated and 
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AGE- modifi ed LDL are implicated in human vas-
cular damage. Modifi ed lipoproteins themselves are 
pro-infl ammatory, but when in immune com-
plexes they are even more pathogenic. Such 
immune complexes can increase foam cell for-
mation and have pro-infl ammatory effects, fea-
tures of microvascular complications as well as 
atherosclerosis [ 73 ]. In Type 1 diabetes subjects 
of the DCCT/EDIC cohort levels of AGE-LDL in 
circulating immune complexes are associated 
with and predict progression of carotid intima- 
media thickness [ 74 ], and also predict progres-
sion of diabetic retinopathy [ 75 ].  

    Matrix Binding 
 Lipoprotein matrix interactions, also discussed in 
another book chapter, may promote atherosclero-
sis and may also accelerate diabetic nephropathy 
by binding to glomerular matrix and affecting 
renal cell signaling [ 76 ]. Matrix binding and 
retention of LDL and of glycated and/or oxidized 
LDL is thought to increase LDL’s likelihood of 
further modifi cation by glycation, oxidation and 
AGE formation. 

 In vitro generated AGE-LDL has been found 
to be smaller and to bind more avidly to proteo-
glycans [ 69 ]. Using an in vitro model system of 
binding to arterial wall proteoglycans Edwards 
et al. demonstrated that improved glycemic con-
trol in Type 2 diabetes patients reduced LDL pro-
teoglycan binding, even in the absence of 
signifi cant improvements in lipid levels. LDL 
glycation (fructosamine) was the only LDL com-
positional variable that correlated ( r  = 0.95) with 
the proteoglycan binding [ 77 ].  

    Effects on Receptor Interactions and 
Cell Signaling 
 Lipoprotein glycation can change LDL’s cell- 
based receptors and responsive cell signaling 
pathways in cells relevant to the vascular compli-
cations of diabetes. In general LDL modifi ed by 
early glycation can still interact with the classical 
LDL receptor on cells, as does unmodifi ed 
(native) LDL, but with increasing degrees of gly-
cation major pathways of cellular uptake are via 
scavenger receptors, the Receptor for AGEs 
(RAGE), and by endocytosis [ 49 ,  78 – 80 ]. 

 Glycated-LDL was isolated from diabetic 
patients and from non-diabetic  subjects. In cul-
tured human fi broblasts, which express only 
the  classical LDL receptor the rates of receptor- 
mediated  accumulation of relatively non- 
glycated LDL from both subject groups were 
greater than those of glycated-LDL. In contrast, 
when  incubated with human monocyte-derived 
 macrophages, the rates of receptor-mediated 
accumulation of glycated-LDL from both groups 
were signifi cantly greater than those of non-
glycated- LDL [ 37 ]. 

 We exposed cultured rat mesangial cells to 
native LDL or to LDL modifi ed (in vitro) by 
early glycation or by extensive oxidation and 
glycation (AGE-LDL). Glycated LDL was 
taken up via the classical LDL receptor, induced 
a transient intracellular calcium spike and marked 
extracellular signal–regulated protein kinase 
(ERK) activation. AGE-LDL, recognized by the 
scavenger receptor, induced a sustained rise in 
intracellular calcium and less marked ERK 
activation [ 49 ]. In cultured human vascular 
smooth muscle cells relative to native LDL 
AGE-LDL signifi cantly increased protein and/
or gene expression of receptors for modifi ed 
LDL and AGE proteins (LRP1, CD36 and 
RAGE), which was associated with adverse 
cellular responses related to oxidative stress 
and cell proliferation [ 79 ].  

    Adverse Cellular Effects 
 Early and late glycation of LDL has been demon-
strated to have many adverse cellular effects 
which may promote macro- and microvascular 
damage in diabetes. Most studies involve cul-
tured monocytes, or arterial, retinal and glomeru-
lar cells exposed to in vivo or in vitro glycated 
LDL. Adverse cellular responses include foam 
cell formation, cell proliferation or death (com-
monly by apoptosis), matrix overproduction 
(of particular relevance to glomerulosclerosis), 
pro- infl ammatory effects and (discussed in sub-
sequent sections in this chapter) impaired vasore-
laxation and pro-thrombotic effects. 

 Macrophages are implicated in atherosclerosis 
and also in diabetic microvascular damage. 
Lopes-Virella et al. demonstrated than human 
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monocyte derived macrophage had increased 
cholesteryl ester accumulation when exposed to 
in vivo modifi ed LDL from diabetic subjects, or 
to in vitro glycated LDL [ 31 ,  36 ]. Several groups 
demonstrated increased cholesterol uptake and 
cholesteryl ester accumulation by macrophages 
in response to glycated LDL, with greater effects 
of more extensively modifi ed LDL, such as AGE- 
LDL generated by glycoaldehyde [ 80 – 82 ]. 

 In cultured human vascular endothelial cells 
(HUVEC) in vivo and in vitro glycated LDL can 
induce apoptosis [ 83 ] and in vitro generated 
AGE-LDL can increase expression of monocyte 
chemoattractant protein (MCP) [ 84 ], which may 
also promote atheroma. AGE-LDL induced 
MCP-1 expression in cultured human endothelial 
cells has been demonstrated to be ameliorated by 
the PPARα agonist lipid drug fenofi brate, and by 
the anti-platelet agent dilazep, both of which sup-
pressed the AGE-LDL induction of NFκB [ 85 ]. 

 With regard to cultured microvascular cells, 
Lyons et al. demonstrated reduced cell viability 
of retinal capillary cells after exposure to in vitro 
glycated vs. native LDL [ 86 ] and reduction in 
this cytotoxicity by LDL glycation in the pres-
ence of the AGE inhibitor aminoguanidine [ 87 ]. 

 Whilst we found that glycated LDL did not 
reduce mesangial cell viability, it increased 
mesangial cell TGFβ mRNA expression and 
induced hemeoxygenase-1 (HO-1) expression, 
an intracellular marker of oxidative stress (per-
sonal communication A Jenkins). Others have 
demonstrated altered mesangial cell modifi ed 
LDL binding and increased matrix (e.g., fi bro-
nectin and laminin) production by cultured 
mesangial cells exposed to glycated LDL than to 
native LDL [ 76 ,  88 – 91 ]. These changes may pro-
mote glomerulosclerosis, a major feature of dia-
betic nephropathy.  

    Effects on Modulators of Fibrinolysis 
 Exposure of cultured human vascular endothelial 
cells to in vitro glycated LDL increases PAI-1 
production [ 92 ,  93 ]. This process is via activation 
of the PAI promotor [ 94 ] and involves the Golgi  
apparatus [ 95 ] and RAGE [ 96 ], and decreases 
generation of tissue plasminogen activator (tPA) 
[ 93 ]. In contrast, using in vivo modifi ed LDL 

from Type 1 diabetic subjects separated by boro-
nate affi nity chromatography into glycated and 
relatively non- glycated LDL subfractions PAI-1 
and tPA production by human aortic endothelial 
cells exposed did not differ signifi cantly [ 35 ]. 
The different responses may relate to different 
extents of LDL glycation and cell types.  

   Effects on Platelet Reactivity 
 Platelet hyperactivation is a common feature of 
diabetes and may promote thromboses in both 
large and small vessels. LDL that was AGE mod-
ifi ed in vitro and LDL from Type 2 diabetic 
patients with poor glycemic control stimulated 
platelet p38MAPK phosphorylation and throm-
boxane B2 production [ 97 ]. 

 Another group demonstrated that relative to 
native LDL in vitro glycated LDL increased 
platelet TBARS levels (a measure of oxidative 
damage), NO production, intracellular calcium 
levels, and ADP-induced aggregation [ 98 ].  

   Effects on Vasoreactivity 
 Glycated LDL can also impair vascular reactivity. 
Whilst early glycation of LDL (without oxida-
tion) had no effect on aortic ring acetylcholine-
induced endothelium dependent relaxation 
AGE-modifi ed LDL attenuated their vasorelax-
ation to an even greater extent than Ox-LDL [ 99 ]. 
In keeping with these results, AGE-LDL impaired 
acetylcholine-induced endothelium- dependent 
vasorelaxation of isolated mouse aortas, which 
was prevented by pharmacological inhibition of 
calpain. Exposure of bovine aortic endothelial 
cells to this same type of AGE-LDL reduced 
eNOS protein levels in a dose and time-depen-
dent manner, without altering eNOS mRNA lev-
els, increased intracellular calcium and reactive 
oxygen species production [ 100 ]. 

 In cultured porcine aortic endothelial cells 
exposed to in vivo glycated LDL and relatively 
non-glycated LDL from diabetic and non-diabetic 
subjects (separated by boronate affi nity chroma-
tography) the glycated LDL increased superox-
ide release by fi ve-fold relative to the non-glycated 
LDL [ 101 ]. 

 Both in vivo modifi ed LDL from diabetic 
patients and in vitro glycated LDL caused 
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 vasoconstriction of arterioles in skeletal muscle of 
living mice [ 102 ], in keeping with similar adverse 
effects on vascular tone in the microvasculature.   

    HDL Glycation 

 Glycation of HDL in diabetes may ameliorate the 
effi cacy of some of HDL’s vasoprotective 
 functions, which include reverse cholesterol 
transport, antioxidant, anti-infl ammatory, anti-
thrombotic, and vasodilatory effects. As with 
other lipoprotein subclasses, there is an admix-
ture of studies using in vivo and in vitro modifi ed 
HDL, and some studies of in vitro modifi ed HDL 
use glycating agent concentrations or incubation 
times which may not occur in vivo. 

   Levels of Glycated HDL 
 Relative to that in non-diabetic subjects the level 
of glycation of HDL is increased about four-fold 
in people with Type 1 or Type 2 diabetes and cor-
relates with other measures of glycemic control. 
Whilst all HDL associated apolipoproteins are 
glycated, about 80 % of HDL glycation is located 
on ApoA1. In in vitro studies for any given glu-
cose concentration the extent of apoA1 glycation 
was signifi cantly greater in the presence of phos-
pholipids [ 103 ]. 

  Antioxidant effects  of HDL can be assessed by 
measuring the susceptibility to oxidation and also 
the effi cacy of HDL in breaking down preformed 
lipid peroxides. Oxidation is implicated in the 
formation of late glycation (AGE) products, 
which also occur in HDL. The literature is diver-
gent as to the effects of HDL glycation of its sus-
ceptibility to oxidation, which may relate to 
different oxidation techniques and measures of 
oxidation. 

 Using 50 mM  d -glucose, aluminum, and iron, 
one group demonstrated increased oxidative 
damage in HDL [ 104 ], whilst another group 
found that glycated HDL was less, not more sus-
ceptible to in vitro oxidation by copper based on 
a xylenol orange assay, with no difference in lev-
els of induced conjugated dienes or thiobarbituric 
acid reactive substances (TBARS) [ 105 ]. 

 In Type 2 diabetic patients with diabetic 
nephropathy serum AGE levels were increased 
and isolated (in vivo modifi ed) HDL was less 
effective than that from nondiabetic subjects in 
protecting against ex vivo LDL oxidation 
(induced by DCFH), however the extent of HDL 
glycation was not reported [ 106 ]. 

 Using in vivo and in vitro modifi ed HDL and 
oxidized red blood cell (RBC) membranes we 
found that the effi cacy of HDL to remove pre-
formed lipid peroxides (LPO) from RBC mem-
branes was signifi cantly impaired with HDL 
from complication-free Type 1 diabetes patients 
relative to healthy subjects. We did not quantify 
HDL glycation, but relative to unmodifi ed HDL 
in vitro glycated HDL from non-diabetic subjects 
did not have impaired LPO removal effi cacy, 
whilst AGE-modifi ed HDL did, suggesting that 
late but not early glycation may be deleterious 
[ 107 ]. In a similar model system HDL from Type 
2 diabetes patients with in vivo glycated parax-
onase- 1 (PON-1) was less able to break down 
preformed LPO, with in vitro AGE modifi cation 
having greater function effects on this HDL func-
tion than in vitro HDL glycation [ 108 ].  

   Effects on Modulators of Fibrinolysis 
 In people with diabetes circulating levels of 
PAI-1 are often increased, and in cultured vascu-
lar endothelial cells Shen et al. demonstrated that 
glycated HDL increased HUVEC PAI-1 produc-
tion, whilst unmodifi ed HDL had no effect. 
Neither native nor glycated HDL altered endo-
thelial cell tPA production [ 93 ,  94 ]; however, in 
HUVEC cell culture the effects of HDL from 
non-diabetic and diabetic patients on tPA or 
PAI-1 production were similar. If HDL glycation 
has such an effect in vivo this could promote 
thrombosis.  

   Effects on Vasoreactivity 
 HDL can have vasodilatory effects. In a rabbit 
aortic ring model HDL from Type 1 diabetic 
patients could not attenuate the inhibitory effects 
of Oxidized LDL on endothelial dependent vaso-
dilatation as well as HDL from non-diabetic sub-
jects. However, this effect was not correlated 
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with HDL-fructosamine levels (refl ecting HDL 
glycation) or other systemic measures of glyce-
mia [ 109 ].  

   Reverse Cholesterol Transport 
 The transport of cholesterol from cells to HDL is 
one of the more well-known functions of HDL. 
Results of studies related to the effects of HDL 
glycation are divergent, which again may refl ect 
the extent of HDL glycation and the model 
 systems used. 

 In general reverse cholesterol transport is 
thought to be impaired in people with Type 2 dia-
betes and in mouse models, but some investiga-
tors have reported greater cholesterol effl ux with 
Type 2 diabetic HDL than non-diabtetic HDL, 
but no measures of HDL glycation were reported 
[ 110 ]. In a model of cholesterol effl ux from 
mouse peritoneal macrophages HDL from Type 
1 diabetes had impaired cholesterol effl ux, but 
this did not correlate with measures of HDL gly-
cation, nor was the function of in vitro glycated 
HDL impaired [ 111 ]. In another study of in vitro 
glycated HDL its ability to promote cholesterol 
effl ux was not signifi cantly altered [ 105 ]. 

 In an in vivo model of macrophage-to-feces 
RCT HDL mediated cholesterol effl ux was 
reduced (about 20 %) in Type 1 diabetic rodents 
vs. non-diabtetic rodents, with unchanged cho-
lesterol effl ux to diabetic HDL but lower SR-BI 
mediated uptake from Type 1 diabetic HDL. Both 
in vitro and in vivo experiments supported effects 
due to HDL glycation [ 112 ].  

   Anti-infl ammatory Effects 
 Another role of HDL is inhibition of vascular 
endothelial cell adhesion molecule expression 
(CAMs), such as VCAM-1 and ICAM [ 113 , 
 114 ]. CAMs promote the attachment, rolling, and 
ingress of monocytes into the vascular wall, and 
levels of circulating forms, such as soluble (s) 
VCAM-1, sICAM, and sE-selectin, are increased 
in Type 1 and Type 2 diabetes [ 115 ], and circulat-
ing CAM levels have been correlated with circu-
lating HDL-C levels, but correlations with 
glycated HDL levels have not been reported. 
CAM expression is also implicated in diabetic 
nephropathy [ 116 ] and diabetic retinopathy [ 117 ] 

and serum levels can be acutely lowered by 
 intensive insulin treatment [ 118 ], but levels of 
glycated HDL were not reported. In our rabbit 
studies of collared carotid arteries the suppres-
sion of vascular CAMs was attenuated by meth-
ylglyoxal glycated ApoA1 and by ApoA1 from 
diabetic patients relative to unmodifi ed ApoA1. 
The collars caused intima/media neutrophil infi l-
tration and increased endothelial expression of 
VCAM-1   ) and ICAM-1. Unmodifi ed ApoA1 
infusions decreased neutrophil infi ltration and 
CAM expression substantially, whilst in vitro gly-
cated ApoA1 was less effective at suppressing neu-
trophil infi ltration and did not signifi cantly lower 
CAM expression. The in vivo glycated ApoA-I 
from diabetic patients did not inhibit neutrophil 
infi ltration or CAM expression. These reduced 
anti-infl ammatory properties of glycated ApoA1 
were related to reduced inhibition of NFκB and 
reactive oxygen species (ROS) formation [ 119 ]. 

 In keeping, another group demonstrated that 
in vitro glycated and AGE modifi ed HDL, with 
increased levels of both fructoselysine and car-
boxymethylysine, had reduced PON activity and 
did not suppress oxidized LDL induced mono-
cyte adhesion to human aortic endothelial cells, 
as did unmodifi ed ApoA1 [ 120 ]. In contrast in 
vitro glycation of HDL did not impair its ability 
to inhibit monocyte adhesion to cultured aortic 
endothelial cells [ 120 ]. 

 Perhaps also related to CAM expression gly-
cated HDL increased breast cell adhesion to 
HUVEC and to extracellular matrix, implicating 
HDL glycation in cancer metastasis [ 121 ]. 

 In another model of infl ammation, of high glu-
cose induced redox signaling in human mono-
cyte-derived macrophages, apoA1 inhibited 
glucose- induced oxidative stress (ROS genera-
tion, NADPH expression, Nox2, SOD 1 and 
superoxide production) whilst in vitro glycated 
apoA1 and that from Type 2 diabetic subjects was 
less effective [ 122 ]. In THP1 cells, human mono-
cyte derived macrophages and mouse RAW2647 
cells native HDL suppresses lipopolysaccharide 
(LPS) induced cytokine (TNFα and interleukin-
1β(IL-1β) release, whilst in vitro (28-fold) and in 
vivo (4-fold) glycated HDL were signifi cantly 
less effective [ 123 ].   
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    Lipoprotein (a) Glycation 

 The pro-atherogenic and pro-thrombotic lipo-
protein lipoprotein (a) (Lp(a)), which is discussed 
in another book chapter, also undergoes non-
enzymatic glycation in diabetes, and this may 
enhance its adverse vascular effects. 

   Levels of Glycated Lp(a) 
 In a small cross-sectional study using boronate 
affi nity chromatography and immunonephelom-
etry serum levels of glycated Lp(a) were found 
to be increased (more than double) in Type 2 
diabetes patients relative to non-diabetic sub-
jects, and higher in those with vs. without diabe-
tes complications, but the extent of apoB 
glycation within Lp(a) was relatively higher 
[ 124 ]. In keeping, Doucet et al. demonstrated 
(using boronate affi nity chromatography and 
ELISA) that levels of glycated Lp(a) were about 
50 % higher in diabetic than non-diabetic 
patients, with apo(a) being less glycated than the 
apoB within Lp(a). Glycated Lp(a) levels corre-
lated positively with HbA1c levels. Their in 
vitro glycation studies demonstrated that Lp(a) 
was less susceptible to non-enzymatic glycation 
by glucose than LDL [ 40 ].  

   Susceptibility to Oxidation 
 As usually found with LDL, glycation of Lp(a) 
increases its susceptibility to in vitro copper 
induced oxidation [ 125 ].  

   Effects on Modulators of Fibrinolysis 
 Relative to native Lp(a), glycation (including 
late glycation) of Lp(a) increases the production 
of PAI-1 and PAI-1 mRNA expression in cul-
tured HUVEC and human coronary artery endo-
thelial cells and suppresses tPA synthesis and 
secretion (but not mRNA expression). These 
changes are attenuated by the AGE inhibitor 
aminoguanidine and by the lipid soluble antioxi-
dant butylated hydroxytoluene (BHT) [ 126 ], 
implicating the importance of combined glyca-
tion and oxidation (AGE modifi cation). These 
changes may impair fi brinolysis and promote 
vascular thrombosis and clinically evident vas-
cular events.  

   Effects on Vascular Reactivity 
 In people with diabetes vascular reactivity is usu-
ally impaired, contributed to by reduced nitric 
oxide (NO) bioavailability (which is also dis-
cussed elsewhere in this book). In a model sys-
tem of isolated rat aortic rings glycated Lp(a) 
without concomitant oxidation did not impair 
acetylcholine (Ach)-induced endothelium depen-
dent vasodilation, whilst oxidized Lp(a) and 
AGE modifi ed Lp(a) did, with AGE-Lp(a) hav-
ing the most  deleterious effects. The likely mech-
anism is by increased superoxide formation, 
which may inactivate NO [ 125 ].    

    Glycation of Lipoprotein Related 
Enzymes 

 Lipoprotein related enzymes, found on the lipo-
proteins themselves and on cells with which they 
interact, mediate exchange of constituents 
between lipoproteins, alter lipoprotein composi-
tion (e.g., by cholesterol esterifi cation), and have 
antioxidant effects. Glycation may affect these 
enzymes directly by modifi cation of their amino 
acid components, by altering their reactivity with 
their glycation modifi ed lipoprotein substrates or 
receptors, or by a combination thereof. The role 
of altered activity of these enzymes due to glyca-
tion and their potential as a therapeutic target for 
amelioration of diabetes vascular complications 
has not been fully delineated. 

 We now review studies of the effects of glyca-
tion on some important lipoprotein related 
enzymes, including Platelet Activating Factor 
Acetylhydrolase (PAFAH), located mainly on 
LDL, and of paraoxonase, Lecithin-Cholesterol 
Acyl Transferase (LCAT), and Cholesteryl Ester 
Transfer Protein (CETP), which are predomi-
nantly located on HDL. 

    Platelet Activating Factor 
Acetylhydrolase (PAFAH) 

 The enzyme PAFAH, which is also known as 
lipoprotein-associated phospholipase A(2) 
hydrolyzes and inactivates the lipid mediator 
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Platelet-Activating Factor (PAF) and/or oxidized 
phospholipids. PAF is a phospholipid that acti-
vates neutrophils, macrophages, platelets, and 
smooth muscle cells, and increases vascular cell 
adhesion molecule (CAM) expression and vascu-
lar permeability. Increased PAF and/or decreased 
PAFAH levels or activity have been associated 
with atherosclerosis and infl ammation [ 127 ]. 
PAFAH, circulates on LDL and to a lesser extent 
on HDL, and can inhibit lipoprotein oxidation 
[ 127 ,  128 ], but there are few studies of the effects 
of lipoprotein glycation on PAFAH. Serum 
PAFAH activity levels have been found to be 
increased in people with Type 1 diabetes [ 129 –
 131 ] and with Type 2 diabetes [ 132 ] relative to 
non-diabetic subjects, and to be increased in 
renal failure [ 133 ], perhaps as a compensatory 
protective response. PAFAH activity in diabetes 
correlated with LDL-C and HDL-C levels in both 
forms of diabetes [ 129 – 132 ,  134 ] and correlated 
inversely with HbA1c levels in Type 1 diabetes 
[ 129 ]. Whilst serum PAFAH activity in Type 1 
diabetes correlates with LDL susceptibility to 
oxidation and with Oxidized LDL levels [ 130 , 
 134 ] the relationships between lipoprotein glyca-
tion and PAFAH are not yet reported.  

    Paraoxonase (PON) 

 There are three PON genes and related proteins 
[ 135 ]. PON1 and PON3 proteins are located on 
HDL and have protective effects against LDL 
oxidation. PON2 is also implicated in vascular 
damage in diabetes [ 136 ], but is not known to be 
associated with lipoproteins. The glycoprotein 
PON1 is predominantly synthesized in the liver, 
is located in tissues, in particular the kidney [ 137 , 
 138 ] and in serum is located exclusively on HDL 
[ 139 ], with a preference for certain apo J contain-
ing and smaller HDL subclasses [ 140 ,  141 ]. PON 
protects against exogenous organophosphate poi-
sons and in vivo is thought to hydrolyze phospho-
lipid oxidation products [ 137 ], homocysteine, 
thiolactone [ 142 ], “statins” [ 143 ] and to protect 
against modifi cations of lipoproteins and cell 
membranes. Acute-phase HDL is less protective 
against LDL oxidation: this type of HDL has 
greatly reduced PON1 activity [ 144 ]. PON1 

activity is usually assessed in vitro by hydrolysis 
of the artifi cial substrates of paraoxon and phen-
ylacetate [ 137 ] and lactones [ 145 ]. 

 A major determinant of PON activity are PON 
genotypes, which have also been associated with 
cardiovascular disease in the general [ 137 ,  146 ] and 
diabetic [ 147 ,  148 ] populations, and with diabetic 
retinopathy and nephropathy [ 149 – 151 ]. PON gen-
otype may also modulate glycemia in both non-
diabetic [ 152 ] and diabetic subjects [ 153 ,  154 ], 
which in turn may affect glycation of all lipopro-
tein classes. 

 PON protein levels are usually normal in dia-
betes [ 155 ,  156 ], but there is reduced serum PON 
activity in people with Type 1 and Type 2 diabe-
tes [ 150 ,  155 ,  156 ]. In some cross-sectional stud-
ies serum PON activity is lower in diabetic 
subjects with neuropathy [ 157 ], retinopathy 
[ 158 ] and nephropathy [ 159 ], but not in others 
[ 153 ]. PON activity in humans can be increased 
by statins and fi brates [ 135 ,  160 ]. 

 Mackness et al. postulate that the low PON1 
activity observed in diabetes is due to non-enzy-
matic glycation [ 153 ], which is in keeping with 
in vitro studies [ 156 ] or a circulating inhibitor of 
PON [ 155 ]. HbA1c and serum PON activity were 
not well correlated in our cross-sectional studies 
[ 150 ], but this may relate to differences in half- 
lives. Shorter term measures of glycemia (e.g., 
glucose records over a few days) are preferable 
because they correspond more closely to the 
(several days) half-life of PON. Longitudinal 
studies of improved glycemic control and PON 
activity and lipoprotein glycation are desirable. 

  Lecithin: Cholesterol Acyl Transferase  (LCAT), a 
glycoprotein produced by the liver, is preferen-
tially bound to circulating HDL, and is also found 
on VLDL and LDL [ 113 ]. LCAT which catalyzes 
esterifi cation of free cholesterol to cholesteryl 
ester, and may also hydrolyze oxidized lipids, is 
the rate-limiting enzyme in reverse cholesterol 
transport [ 161 ]. LCAT activity is inhibited by 
HDL 2 , lipid peroxidation products [ 162 – 164 ], and 
activated by apoAI and ApoAIV, both of which 
may become glycated. LCAT activity is decreased 
in both Type 1 and Type 2 diabetes [ 165 ,  166 ] and 
in uremia [ 167 ]. Whilst some have found that 
LCAT activity and glycemia do not correlate in 

8 Lipoprotein Glycation in Diabetes Mellitus



172

diabetes [ 168 ] Nakhjavani et al. found that LCAT 
activity and HbA1c were negatively correlated 
(rho = 0.951) in Type 2 diabetes subjects, and on 
multivariate analysis HbA1c was a strong inde-
pendent predictor of LCAT activity. LCAT activ-
ity and Oxidized LDL levels in serum also 
correlated, but relationships between LCAT and 
glycated lipoproteins were not reported [ 169 ]. In 
longitudinal studies LCAT activity decreases with 
glycemia improved by insulin [ 170 ,  171 ], but not 
by diet or sulfonylureas [ 170 ]. 

 In 1995 Fournier et al. reported both in vivo 
and in vitro modifi ed LCAT and its reactivity to 
non-diabetic and diabetic (in vivo glycated) HDL 
[ 172 ]. The kinetics of isolated non-diabetic 
LCAT activity varied according to the extent of 
in vitro LCAT glycation. Moderate glycation 
(<30 % residues on the TNBS reactivity assay) 
increased Km and Vmax, whilst greater glycation 
reduced both Km and Vmax. At all levels of 
LCAT glycation the LCAT reactivity was lower 
in the presence of in vitro glycated HDL, related 
to the extent of lysine glycation in (the potent 
LCAT activator) apoA1. With in vivo modifi ed 
HDL (from diabetic patients) as LCAT substrate 
Km values were not altered, but Vmax and LCAT 
reactivity were reduced by about 30 %. These 
differences between in vitro and in vivo glycated 
HDL may relate to physiochemical changes other 
than glycation. More recently in in vitro studies 
Nobecourt et al. demonstrated that methylgloxal- 
induced late glycation of apoA1 impaired its 
ability to activate LCAT, which was ameliorated 
by the late glycation inhibitors aminoguanidine 
and pyridoxamine, the AGE breaker alagebrium, 
and the insulin sensitizer metformin [ 114 ].  

    Cholesteryl Ester Transfer Protein 
(CETP) 

 CETP, a glycoprotein, stimulates transfer of 
cholesteryl ester, triglycerides and phospholipids 
between circulating lipoproteins, such that 
triglyceride- rich lipoproteins lose triglyceride 
and gain cholesteryl esters [ 113 ], and is a key 
enzyme in reverse cholesterol transport [ 173 ] 
Synthesized by hepatocytes, adipose tissue and 

arterial smooth muscle cells [ 174 ] CETP binds 
to VLDL, LDL and HDL. CETP gene polymor-
phisms infl uence HDL levels and vascular dis-
ease [ 175 ]. The effects of glycemia and 
lipoprotein glycation on CETP activity have been 
studied. CETP activity is increased in people 
with Type 1 [ 176 ] and Type 2 diabetes [ 177 ] rela-
tive to non-diabetic subjects. In diabetes patients 
subcutaneous insulin delivery activates, while 
intraperitoneal delivery reduces, CETP activity 
[ 178 ]. Glycemia may infl uence CETP activity via 
non-enzymatic glycation of the enzyme [ 179 ] 
and via conformational changes which affect 
enzyme binding and lipid exchange. Passarelli 
et al. showed that in vitro glycated and in vivo 
glycated lipoproteins are associated with 
increased cholesteryl ester transfer rates from 
HDL to VLDL and LDL. Whilst in vitro glyca-
tion of partially purifi ed CETP markedly impaired 
its activity [ 179 ], greater lipid transfer rates were 
observed when in vivo glycated lipoproteins 
from diabetic subjects were used, which was 
attributed to glycation of HDL protein. 
Lemkadem et al. demonstrated that in vitro gly-
cation of HDL3 (with glucose concentrations up 
to 200 mM) increased cholesteryl ester transfer, 
but kinetic studies showed a paradoxical increase 
in CETP activity associated with a decrease of 
CETP affi nity. HDL lipid and protein composi-
tion was unchanged but its fl uidity was decreased 
and its electronegativity increased, which may 
affect CETP reactivity [ 180 ]. 

 CETP inhibitors substantially increase HDL-C 
levels in people with and without diabetes, but 
the fi rst major clinical trial on the cardiovascular 
effects of CETP inhibitors was stopped due 
to off-label effects (hypertension) [ 181 ,  182 ]. 
The development of other CETP inhibitors is 
ongoing.   

    Treatment of Lipoprotein Glycation 
in Diabetes 

 Approaches that may reduce lipoprotein glycation 
are listed in Table  8.2 . The general approaches 
include reduction in “substrate stress” by lowering 
levels of glucose (and other glycating agents) and 
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of lipids, the inhibition of early and late glycation 
reactions, the use of deglycating agents and the 
removal of existent AGEs. Another strategy would 
be to modulate adverse cellular and extracellular 
matrix responses to glycated lipoproteins.

    Lipid control . Dyslipidemia, even by the tradi-
tional narrower defi nition related to measures of 
lipid levels, is a common associate of diabetes, in 
particular in the setting of poor glycemic control. 
As discussed elsewhere in this book, improving  
the lipid profi le is an important aspect of prevent-
ing the macro- and microvascular complications 
of diabetes. Improved glycemic control, weight 
control, a healthy diet, exercise and non-smoking  
status are important goals which will also improve 
the lipid profi le, but often, particularly in devel-
oped countries, lipid drugs are required. The ben-
efi ts of the major lipid drug classes (statins and 
fi brates) for cardiovascular, retinal and renal 
event reductions have been shown in prospective 
placebo controlled randomized clinical trials, 
predominantly in Type 2 diabetes [ 183 – 188 ]. 
These benefi ts likely relate to both direct lipid 
lowering effects and pleiotropic effects 

  Improved glycemic control , which also reduces 
diabetic vascular complications [ 161 ,  189 – 191 ] 
will improve the traditional lipid  profi le and also 

reduce post-translational lipoprotein glycation, 
reducing substrate stress. Unfortunately in clini-
cal practice achieving normoglycemia is often 
challenging related to availability, affordability, 
and effi cacy of current glucose control drugs and 
insulin pumps, and patient and clinician fears of 
hypoglycemia, which may also have adverse car-
diovascular effects. Strategies that can reduce 
lipoprotein glycation, or the adverse cellular and 
enzymatic responses to lipoprotein glycation, 
even in the setting of hyperglycemia, are desir-
able. Apart from glucose lowering drugs and 
 perhaps HMG CoA reductase inhibitors (statins) 
[ 192 ] there are currently no therapies in clinical 
practice known to reduce lipoprotein glycation. 

  Glucose control agents : As discussed above 
several prospective longitudinal studies have 
demonstrated that drugs, such as insulin and 
metformin which improve glucose control, are 
associated with reduction in levels of glycated 
lipoproteins [ 193 – 195 ]. Some, such as metfor-
min, may also have pleiotropic effects such as 
antioxidant or anti-AGE effects [ 196 ]. This is 
most likely related to effects on lowering ambient 
glucose levels and related improvements in the 
lipid profi le. There is a novel class of glucose low-
ering agents, Sodium Glucose Transporter 2 inhib-
itors, which induce glycosuria via inhibition of 
glucose reabsorption by the renal tubules, which 
are currently in human clinical trials [ 197 ,  198 ] 
and are now approved in some countries for 
 clinical use. As yet there are no published studies  
related to their effects on lipoprotein glycation. 

  Lipid drugs  that are commonly used in clinical 
practice, such as the statins and fi brates, effec-
tively improve dyslipidemia in diabetes, reduce 
the risk of macro- and microvascular events [ 199 , 
 200 ], and also have pleiotropic antioxidant effects 
[ 201 ,  202 ] but there are few publications of effects 
on lipoprotein glycation. Whilst recent studies 
suggest that statins may increase Type 2 diabetes 
risk [ 203 ] and in a small prospective Type 2 dia-
betes study atorvastatin worsened glycemia [ 204 ] 
there is no defi nitive evidence that statins, fi brates 
or ezetemibe substantially alter circulating glu-
cose levels in people with diabetes, which could 

   Table 8.2    Potential approaches to reduce lipoprotein 
glycation   

  Lower glucose levels  
 Lifestyle, e.g., diets such as low AGE diets 
 Glucose control drugs, e.g., metformin, insulin, 
sulfonylureas, incretins 
  Lower lipid levels  
 Lifestyle 
 Drugs such as statins, fi brates, ezetimibe, resins 
 LDL apharesis 
  Combined glucose and lipid lowering drugs , e.g., colestamide 
  Inhibit glycation reactions  
 Early glycation, e.g., saponins, some nutrients 
 Late glycation, e.g., amadorins 
  Removal of preformed AGEs  
 AGE breakers? 
  Deglycating drugs  
  Increase activity of deglycating enzymes  
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impact lipoprotein glycation. In a cross-sectional 
study Younis et al. demonstrated lower levels of 
plasma glycated apoB in statin-treated type 2 dia-
betes patients compared with those not on statins 
[ 205 ]. This may relate to changes in LDL levels 
rather than a direct effect on lipoprotein glyca-
tion. Longitudinal studies are merited. Lipid 
drugs such as the statins and fi brates may also 
affect lipoprotein related enzyme activities, as 
discussed earlier. 

 The anion exchange resin colestimide 
improves both glycemia and lipid levels in people 
with Type 2 diabetes, hence could be expected to 
reduce lipoprotein glycation, but as yet there are 
no related publications [ 204 ,  206 ]. Conversely, 
nicotinic acid, particularly the rapid release prep-
arations, whilst improving the lipid profi le (in 
particular lowering VLDL and increasing HDL 
levels), can slightly worsen glycemia [ 207 ], so 
may increase lipoprotein glycation, but as yet 
there are no relevant published data of glycated 
lipoprotein levels. 

  LDL Apharesis . LDL apharesis, originally used 
for the treatment of familial hyperlipidemia, has 
been used for the treatment of patients with 
peripheral vascular disease, the nephrotic syn-
drome due to steroid-resistant focal glomerulo-
sclerosis (FGS) and diabetic nephropathy. LDL 
apharesis (also discussed in another chapter) 
effectively lowers LDL and Lp(a) levels in people 
with diabetes, and has been shown to lower circu-
lating levels of malondialdehyde (MDA) modi-
fi ed (oxidized) LDL, but again, there are no 
studies of the effects of apharesis on levels of gly-
cated LDL (and other glycated lipoproteins). 
Interestingly LDL apharesis has been shown to 
lower levels of an intracellular glycated protein 
(Hb) (HbA1c), so it may be expected to lower gly-
cated lipoprotein levels. LDL apharesis also has 
many other favorable effects beyond lipid-lower-
ing, including improving blood viscosity, platelet 
aggregation, anti- infl ammatory effects, vasodila-
tory effects and increases in (pro-angiogenic) 
Vascular Endothelial Growth Factor (VEGF) lev-
els [ 208 – 211 ]. 

  Drugs which inhibit glycation reactions  directly 
rather than by lowering glucose levels could also 

reduce lipoprotein glycation. Saponins and some 
other compounds identifi ed in traditional Chinese 
medicines used for diabetes have demonstrated in 
vitro anti-glycation effects against model proteins 
such as albumin [ 212 ,  213 ], but we have not iden-
tifi ed any studies related to lipoprotein glycation. 

 There are more studies of the inhibition of late 
glycation than of early glycation of lipoproteins. 
Effective glycation inhibitory compounds fall 
into those primarily with anti-AGE effects, such 
as aminoguanidine and pyridoxamine, and vari-
ous drugs classes, often already in common clini-
cal usage with pleiotropic antioxidant/anti AGE 
effects. Progression to AGEs from the “early 
 glycation” Amadori product requires chemical 
rearrangements to create reactive intermediates 
before the formation of AGEs, and drugs such as 
aminoguanidine can inhibit this process [ 87 , 
 214 – 216 ]. Aminoguanidine has demonstrated 
favorable effects in cultured cell systems relevant 
to diabetes complications, including our work 
with LDL and retinal cells [ 87 ] and has prevented 
vascular complications in diabetic animal models 
[ 87 ,  214 ]. In human studies aminoguanidine 
achieved some success with lowering AGE-LDL 
[ 217 ,  218 ] and AGE modifi ed-Hemoglobin, 
decreasing albuminuria and slowing progression 
of nephropathy and retinopathy [ 219 ,  220 ], but 
was poorly tolerated [ 221 ,  222 ]. Aminoguanidine 
inhibits AGE formation in a range of short and 
long-lived proteins, including lipoproteins [ 223 , 
 224 ], and also inhibits a range of other important 
pathways, most notably nitric oxide production 
via eNOS [ 225 – 227 ], hence it is diffi cult to pro-
portion benefi t to its anti-AGE effects. 

 Another approach to AGE inhibition is to 
scavenge post-Amadori dicarbonyls and so 
inhibit conversion of the Amadori intermediates 
to AGEs [ 228 ]. Such agents are classed as 
“Amadorins.” Examples include the vitamin B12 
derivative pyridoxamine [ 229 ,  230 ] and benfo-
tiamine, a lipophilic vitamin B1 (thiamine) deriv-
ative [ 231 – 236 ].  Pyridoxamine  (Pyridorin™) 
inhibits formation of both AGEs and Advanced 
Lipoxidation End Products (ALES), including in 
lipoproteins. We demonstrated in in vitro studies 
of LDL oxidation that pyridoxamine decreased 
late, but not early glycation products [ 229 ]. 
In animal studies pyridoxamine prevented renal 
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dysfunction [ 237 ,  238 ] and retinopathy [ 239 ] in 
diabetic rats and also had favorable effects on 
lipid levels [ 240 ]. Pyridoxamine and benfo-
tiamine are well-tolerated and human trials are in 
progress, with a suggestion of some renal benefi t 
for diabetic nephropathy in Type 2 diabetes 
patients, though levels of glycated lipoproteins 
have not been reported. 

  Deglycating enzymes and drugs  could also reduce 
lipoprotein glycation. Comparisons of human 
and in vitro studies suggest that for a given ambi-
ent glucose level people vary in their propensity 
to form glycation products [ 241 – 243 ]. This may 
be tissue specifi c [ 244 ] and also relate to genetic 
and/or activity of deglycating enzymes [ 245 , 
 246 ]. We are not aware of any studies of glycated 
lipoprotein levels in relationship to enzyme activ-
ities or genotypes. Whilst two categories of 
deglycation enzymes have been identifi ed, fruc-
tosyl amine oxidases and fructosyl amine kinases, 
there are no papers related to their effects on lipo-
protein glycation. 

  AGE binders and decoys . The prevention of 
AGEs, including those on toxic AGE modifi ed 
lipoproteins, interacting with other proteins or 
with AGE receptors may also prevent diabetic 
complications. There are several potential 
approaches, but relatively little existent research 
specifi c to lipoprotein glycation. Antibodies to 
glycated albumin have prevented basement mem-
brane thickening in db/db mice [ 247 ], but there 
are no studies of the effects of therapeutic anti-
bodies to glycated lipoproteins. Lysozyme has 
demonstrated in vitro ability to bind in vivo gener-
ated AGEs in uremic sera and dialysate [ 248 – 250 ] 
and highly effi cient lysozyme removing dialysis 
membranes may potentially reduce AGE levels, 
which may also include AGE modifi ed lipopro-
teins, and vascular disease in dialysis patients. 

 Soluble RAGE (sRAGE) can act as a decoy 
for AGE binding and has shown benefi t for 
reducing vascular damage in animal models, 
including vascular hyperpermeability [ 251 ], ath-
erosclerotic lesion area and complexity [ 252 ], 
periodontal disease, impaired wound healing, 
renal dysfunction [ 253 ], and pro-infl ammatory 
effects [ 254 ] such as CAM expression and 

 neutrophil infi ltration [ 255 ], but effects on gly-
cated lipoproteins have not been evaluated. 

  AGE or cross-link breakers  are a novel class of 
anti-AGE drugs, which have shown some benefi t 
for improving vascular and renal damage and 
erectile dysfunction in diabetic animal models 
and in patients. The most well-studied is alage-
brium, which has demonstrated some benefi ts 
related to peripheral arterial function [ 256 ], car-
diac contractility [ 257 ], and erectile dysfunction 
[ 258 ], but in other studies of heart failure [ 259 ] 
and glaucoma [ 260 ], both of which are more 
common in diabetes, was ineffective. AGE break-
ers may also act by inhibition of AGE formation 
[ 261 ], effects on NO [ 258 ,  262 ] and on thiamine 
metabolism [ 263 ]. None of the studies have 
reported effects on AGEs in lipoproteins.  

    Summary and Future Directions 

 Diabetes is already a major cause of morbidity 
and premature mortality in the developed and 
developing world. The onset and progression of 
diabetes-related micro- and macrovascular com-
plications is likely to involve a wide range of 
pathogenic mechanisms, including lipoprotein 
glycation (of both early and late stages). Glycated 
lipoproteins can directly cause damage such as 
related to toxic effects on vascular cells, foam cell 
formation and pro-thrombotic and pro- 
infl ammatory effects. Glycated lipoproteins, 
whilst present in all types of diabetes from its 
onset, and to relatively higher levels than oxi-
dized lipoproteins, are not as well-studied as 
other forms of lipoproteins. Additional assays to 
quantify a range of glycated lipoprotein classes in 
the circulation and in tissues are of interest. 
Further clinical and basic science studies are mer-
ited as lipoprotein glycation is likely a therapeu-
tic target that may reduce residual vascular risk. 
The long-term management of the ever- growing 
number of diabetic patients will likely involve 
lifestyle measures, tight glycemic, blood pres-
sure, and lipid control in combination with addi-
tional therapies that may reduce the (early and 
late) glycation of lipoproteins, even in the setting 
of ongoing hyperglycemia and dyslipidemia.     
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           Introduction 

    Diabetes mellitus (DM) is associated with prema-
ture and accelerated atherosclerosis. The precise 
mechanisms underlying the accelerated progres-
sion of atherosclerosis development in DM are 
poorly understood, but hyperglycemia and its 
associated metabolic changes accelerate diabetes 
complications and atherosclerosis development. 

 A critical event during the early stages of ath-
erogenesis is the formation and accumulation of 
lipid-laden macrophage foam cells. Conversion 
of macrophages into foam cells involves several 
mechanisms including increased cellular lipid 
peroxidation (through activation of the NADPH 
oxidase complex), increased oxidized-LDL 
uptake by macrophages (via scavengers receptors 
SRA and CD36), decreased HDL-mediated cho-
lesterol effl ux from the foam cells, and increased 
rate of cellular cholesterol biosynthesis. 

 Several studies have shown that diabetes is 
associated with increased oxidative stress which 
is considered to be one of the major mechanisms 

for the induction of atherosclerosis in diabetes. 
Accelerated atherosclerosis development in 
 diabetic animal models is associated with 
enhanced lipid peroxidation and cholesterol 
accumulation. Moreover, glucose uptake by mac-
rophages increases cellular oxidative stress and 
the formation of atherogenic AGE (advanced 
glycation end products), and this effect is linked 
to increased activity of macrophage NADPH oxi-
dase, following cell incubation with glucose. 

 Numerous studies have attempted to evaluate 
the role of hyperglycemia on cells of the artery 
wall, including endothelial cells, smooth muscle 
cells, and monocyte-derived macrophages. 
Glucose might contribute to increased oxidative 
stress directly, or indirectly, via the generation of 
AGEs or of reactive oxygen/nitrogen species 
(ROS/RNS). High glucose concentrations have 
been shown to lead to diacylglycerol (DAG) accu-
mulation and protein kinase C (PKC) activation in 
vascular cells, as well as to increased glucose fl ux 
through the aldose reductase pathway. Diabetes is 
also associated with reduced levels of antioxi-
dants such as the glutathione (GSH) system, 
including glutathione peroxidase and reductase, 
vitamin C and vitamin E. During early diabetes-
induced atherogenesis, the extent of LDL oxida-
tion by macrophages is increased due to activation 
of several pro-oxidant systems. Indeed, supple-
mentation of antioxidants such as vitamin E or 
moderate consumption of polyphenol- rich 
 pomegranate juice or red wine by diabetic patients 
was shown to signifi cantly reduce their serum and 
cellular oxidative stress. However, large-scale 
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trials of antioxidant supplementation to the 
 general population and also to diabetic patients 
were negative regarding vascular endpoints, prob-
ably because of population inclusion/exclusion 
criteria, as well as dosages used. 

    The paraoxonases (PON) which include PON1, 
PON2, and PON3, possess lactonase activity and 
antioxidant properties. HDL- bound PON1 in 
serum is decreased in blood harvested from dia-
betic patients. Recent studies have shown that 
PON1 activity decreases in parallel to the duration 
of DM, and this is associated with the acceleration 
of cardiovascular disease (CVD) development in 
DM patients. PON1 in HDL from type 2 diabetic 
patients is heavily glycated, and as a result, have 
decreased ability to metabolize cellular lipid per-
oxides. Similarly, in vitro studies demonstrate that 
glucose inactivates PON1, and glycated PON1 has 
reduced antioxidative capacity. In a recent publi-
cation, we have shown that PON1 through its anti-
oxidant activity towards macrophages and serum 
has a protective role against diabetes develop-
ment. PON1 stimulates production of insulin and 
glucose transport protein 4 (Glut 4). PON1 admin-
istration to streptozotocin (STZ)-induced diabetic 
mice substantially attenuates diabetes develop-
ment via its unique anti oxidative properties and 
its ability to stimulate pancreatic β-cell insulin 
production and secretion. 

 Understanding the mechanisms involved in 
diabetes-induced lipoproteins and arterial macro-
phages abnormalities may allow us to fi nd effec-
tive tools to delay diabetes development and its 
associated atherosclerosis complications.  

    Diabetes Mellitus (DM) 
and Atherosclerosis 

 The incidence of diabetes mellitus (DM) is 
increasing worldwide and is a major public health 
problem. In fact it is estimated that 210 million 
people were diagnosed with diabetes worldwide 
in 2010. These numbers will increase by 50 % in 
the next 20 years with a tremendous burden on 
health care systems throughout the world [ 1 ]. 

 Diabetes is a complex metabolic disorder 
characterized by defects in the body’s ability to 

control glucose and insulin homeostasis. There 
are two types of diabetes: type 1 and type 2. Type 
1 is linked mostly to genetics and to the produc-
tion of antibodies that destroy the pancreatic β 
cells [ 2 ,  3 ]. Type 2 diabetes, which accounts for 
more than 90 % of individuals diagnosed with 
diabetes, results primarily from insulin resistance 
and has been linked to different factors including 
age, obesity, and environmental factors [ 3 ]. 

 DM is known to be associated with premature 
and accelerated atherosclerosis. Patients with 
diabetes are at 2–4 times increased risk for coro-
nary artery disease (CAD), stroke, and peripheral 
artery disease [ 4 ]. Atherosclerosis and its compli-
cations are the major cause of death in these 
patients. More than 30 % of patients hospitalized 
for acute myocardial infarction have diabetes and 
another 30 % have impaired glucose tolerance [ 5 ] 

 The relation between diabetes and premature 
vascular disease is well-established [ 6 ] and pro-
spective studies indicate that long-term glycemic 
control is an important predictor not only of 
microvascular disease, but also of macrovascular 
complications [ 7 ], further correlating diabetic 
complications with hyperglycemic levels and 
length of exposure to hyperglycemia. Vascular 
complications can be caused by macro- and 
micro-angiopathy. Macroangiopathy in diabetes 
consists mainly of an accelerated form of athero-
sclerosis and affects the coronary, carotid and 
peripheral arteries, thus increasing the risk of 
myocardial infarction, stroke and diabetic foot 
disease [ 8 ]. On the other hand, microangiopathy 
in diabetes is responsible for retinopathy, nephrop-
athy, and neuropathy. Both type 1 and 2 diabetes 
are associated with accelerated atherosclerosis. 
Strong epidemiological evidence supports an 
association between glycemic control and CVD 
risk [ 9 ,  10 ]. Results from The United Kingdom 
Prospective Diabetes Study (UKPDS) indicate a 
linear relationship between HbA1c and CVD end-
points, particularly myocardial infarction [ 11 ]. 

 The precise mechanisms underlying the accel-
eration and progression of atherosclerosis in DM 
are poorly understood, but it is postulated that 
hyperglycemia accelerates atherosclerosis by 
inducing endothelial dysfunction, increased 
infl ammatory burden, increased formation of 
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advanced glycation and products (AGEs), and 
increased lipid peroxidation of lipoproteins lead-
ing to enhanced macrophage foam cell forma-
tion, the hallmark of atherosclerosis [ 12 ]. 

 Atherosclerosis is initiated by the adhesion of 
monocytes to arterial endothelial cells, followed 
by their migration into the subendothelial space 
in response to chemotactic activation processes. 
Monocytes then differentiate into intimal macro-
phages, which take up oxidized lipids. As lipid 
uptake progresses, the cells form lipid inclusion 
bodies and take on the appearance of a “foam 
cell.” Foam cells can undergo apoptosis. 
Apoptotic cells and cellular debris can coalesce 
to form fatty streak lesions. High glucose levels 
affect several mechanisms along this process, 
including activation of nuclear factor kappa B 
(NFκB) [ 13 ], which facilitates monocyte adhe-
sion to endothelial cells, differentiation of mono-
cytes into macrophages and increased expression 
of pro-infl ammatory cytokines [ 14 ] associated 
with induction of protein kinase C [ 15 ]. It has 
been proposed that glucose might act directly or 
indirectly via the generation of advanced glyca-
tion end products (AGEs) to foster the progres-
sion of atherogenesis [ 16 ]. 

 The treatment of hyperglycemia in diabetic 
patients does not always prevent vascular compli-
cations, possibly because high oxidative stress in 
DM patients is not therapeutically addressed. 
Therefore, antioxidant therapy may be of great 
interest in these patients, and it has recently been 
suggested that diabetic subjects with complica-
tions may have defective cellular antioxidant 
responses against the oxidative stress generated 
by hyperglycemia. 

    Lipid Abnormalities in Diabetes 
Mellitus 

 Lipid abnormalities in patients with type 2 DM 
play an important role in the development of ath-
erosclerosis. The lipid derangements in DM are 
not only quantitative but also qualitative abnor-
malities of lipoproteins which are atherogenic. 
The main quantitative abnormalities are increased 
triglyceride levels and low HDL-C levels [ 17 ]. 

 Hypertriglyceridemia in the patient with 
 insulin resistance is attributable to: (1) hepatic 
overproduction of VLDL-Tg and (2) reduced 
catabolism of VLDL particles of lipoprotein 
lipase (LPL) which is responsible for the degra-
dation of triglycerides in the VLDL particles 
[ 18 ]. The main qualitative abnormality induced 
by diabetes in triglycerides is the overproduction 
of large VLDL particles, which are relatively 
richer in triglycerides compared to smaller VLDL 
particles. The large VLDL particles are easily 
taken up by scavenger receptors in macrophages 
leading to foam cell formation [ 19 ]. 

 Although plasma LDL-C levels are usually 
normal in type 2 diabetes, it has some qualita-
tive abnormalities which potentially make it 
more atherogenic. The LDL particles in diabet-
ics tend to be small and dense [ 20 ]. the LDL par-
ticles in diabetic subjects also appear to have 
reduced affi nity for the LDL receptor and are 
more easily oxidized. 

 Another lipoprotein abnormality in diabetes is 
decreased HDL cholesterol levels, mainly due to 
increased catabolism of HDL particles. This effect 
on HDL-C is related mainly to insulin resistance, 
since the same effect on HDL catabolism is 
observed also in obese insulin resistant non-dia-
betic patients [ 20 ]. As triglyceride rich VLDL par-
ticles accumulate in serum secondary to reduced 
clearance by lipoprotein lipase, CETP catalyzes a 
1:1 stoichiometric exchange of cholesterol ester 
out of HDL for triglyceride in VLDL. As the HDL 
particle becomes progressively more enriched 
with triglyceride, it becomes a better substrate for 
lipolysis and degradation by hepatic lipase. 

 Finally, AGE-modifi ed albumin can inhibit 
SR-B1-mediated effl ux of cholesterol to HDL 
[ 21 ]. These fi ndings suggest that AGE proteins in 
the circulation also might interfere with the func-
tions of SR-BI in reverse cholesterol transport by 
inhibiting the selective uptake of HDL-cholesteryl 
ester, as well as cholesterol effl ux from periph-
eral cells to HDL. Thus, alterations in the deliv-
ery and removal of lipid from macrophages by 
lipoproteins and other proteins that have been 
modifi ed by prolonged exposure to high glucose 
conditions might lead to lipid accumulation and 
foam cell formation.  
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    Lipoprotein Oxidation 
in Atherogenesis 

 A critical event in the early stages of atheroscle-
rosis is the accumulation of lipid-laden macro-
phage foam cells [ 22 ]. Conversion of macrophages 
into foam cells involves several mechanisms 
including increased cellular and lipoprotein lipid 
peroxidation, increased oxidized-LDL uptake, 
decreased HDL-mediated cholesterol effl ux, and 
increased cellular cholesterol biosynthesis. Under 
oxidative stress, macrophages can generate reac-
tive oxygen species (ROS) and, through activa-
tion of NADPH oxidase complex, increase the 
production and release of superoxide ions, thus 
leading to extensive LDL oxidation and increased 
oxidized LDL (OX-LDL) uptake by macrophages 
via their scavenger receptors SRA and CD36, 
resulting in foam cell formation [ 23 ] (Fig.  9.1 ).

   It was shown in previous studies that LDL is 
oxidized in vivo under certain atherogenic condi-
tions and, indeed, circulating OX-LDL exist in 
human plasma of patients with CAD and their 

levels correlate positively with the severity of 
CAD [ 24 ]. OX-LDL is present in atherosclerotic 
lesions from human and animal models [ 25 ]. 
Unlike the LDL receptor, OX-LDL receptors are 
not regulated by cellular cholesterol levels. The 
uptake of OX-LDL occurs via the scavenger 
receptors CD36 and scavenger receptor A (SRA), 
which leads to cholesterol accumulation and 
foam cell formation [ 23 ]. 

 The process of LDL oxidation is unlikely to 
occur in plasma because of the high concentra-
tions of antioxidants and metal cation chelation 
agents. LDL oxidation is more likely to occur 
within the artery wall, an environment depleted 
of antioxidants [ 26 ]. It is not clear which cells in 
the arterial wall are responsible for LDL oxida-
tion, but it is postulated that endothelial cells [ 27 ] 
and smooth muscle cells (SMC) [ 28 ] could con-
tribute to LDL oxidation, a process which 
requires the presence of transition metal ions 
such as copper and iron ions. LDL oxidation by 
macrophages also has a major role during early 
stage of atherosclerosis [ 29 ]. 

  Fig. 9.1    Macrophages foam cell formation. Under oxida-
tive stress, macrophages generate reactive oxygen species 
and through activation of NADPH oxidase complex (1) 
increase the production and release of superoxide ions (2), 
thus leading to extensive LDL oxidation (3) increased oxi-

dized LDL (OX-LDL) uptake by macrophages via their 
scavenges receptors SRA and CD36 (4) thus leading to 
foam cell formation. Conversion of macrophages into foam 
cells also involves decreased HDL-mediated cholesterol 
effl ux (5) and increased cellular cholesterol biosynthesis (6)       
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 Cell mediated oxidation of LDL depends on 
the balance between cellular pro-oxidants such as 
NADPH oxidase, lipoxygenase, or myeloperoxi-
dase and cellular antioxidants such as the gluta-
thione system and superoxide dismutase, as well 
as the balance between pro-oxidants and antioxi-
dants in the lipoprotein particles themselves [ 23 ]. 

 LDL oxidation starts with the consumption of 
its antioxidants. After depleting LDL of its anti-
oxidants, transition metal ions catalyze propaga-
tion reactions, which include the breakdown of 
lipid hydroperoxides and the formation of alde-
hydes. These reactions are responsible for the 
oxidative modifi cation of Apo B 100, which alter 
the charge and three-dimensional confi guration 
of this apoprotein. Affi nity for the LDL receptor 
decreases and the LDL particles are taken up by 
macrophages [ 30 ]. 

 Several biological and biochemical mecha-
nisms were suggested to be involved in macro-
phage mediated oxidation of LDL including 
transition metal cations, superoxide anions, 
NADPH oxidase, lipoxygenase, myeloperoxi-
dase, and reactive nitrogen species [ 23 ,  30 ]. 

 Cellular LDL oxidation requires the presence 
of iron or copper ions. Several mechanisms are 
involved in this process but the most important is 
the ability of macrophages to reduce those met-
als which then rapidly react with lipid hydroper-
oxides, leading to the formation of reactive lipid 
radicals and to the conversion of reduced metal 
back to its oxidized form [ 31 ]. Superoxide ions 
are required for the initiation of LDL oxidation. 
In macrophages the predominant source of 
superoxide is the NADPH oxidase system [ 32 ]. 
We have demonstrated that LDL in the presence 
of copper ions activates the NADPH oxidase 
complex. Further evidence for the role of super-
oxide anions in the oxidation of LDL by macro-
phages was demonstrated in cells from patients 
with chronic granulomatous disease, who lack 
NADPH oxidase and do not generate superoxide 
anions or oxidized LDL [ 33 ]. Previous studies 
with an in-vitro knockout mouse model of P47 
phox (one of the cytosolic subunits of NADPH 
oxidase) showed that both superoxide anion and 
LDL oxidation are inhibited [ 34 ]. Thus, super-
oxide and other free radicals derived from 

NADPH oxidase activation contribute to lipid 
peroxidation. 

 Another oxygenase that may participate in 
oxidation of LDL is myeloperoxidase (MPO). 
MPO is a heme protein released by activated neu-
trophils and monocytes and is present in tissue 
macrophages such as those in atherosclerotic 
plaques. MPO may play a role in monocyte- 
macrophage oxidation of LDL by several path-
ways, such as amplifying the oxidizing potential 
of H2O2 to reactive oxygen species (ROS), alde-
hydes, and nitrating agents [ 35 ,  36 ]. MPO- 
mediated oxidation reactions occur in the absence 
of metal ions. 

 Nitric oxide (NO) is formed by multiple vas-
cular cells including monocytes and macrophages 
[ 37 ], and the expression of NO synthase was 
demonstrated in human coronary atherosclerotic 
plaques. NO may have both anti and pro-oxidant 
effects. NO exerts an antioxidant effect, attenuat-
ing the extent of cell-mediated oxidation of LDL 
[ 38 ], but NO could also be a pro-oxidant as evi-
denced by the observation that, when tissue oxi-
dant defense mechanisms become depleted, NO 
can initiate lipoprotein lipid peroxidation [ 38 ]. 

 The paraoxonase gene family includes PON1, 
PON2, and PON3 which are lactonase enzymes 
[ 39 ]. In humans, PON1 and low levels of PON3 
(but not PON2) are found in serum in association 
with HDL. In humans, PON1 mRNA expression 
is limited mainly to the liver. In contrast, PON2 is 
more widely expressed in a variety of tissues, 
including human and mouse macrophages [ 40 ]. 
All PON proteins were shown to protect from 
atherosclerosis development, but their mecha-
nism of action is currently unknown. All PONs 
also have the capacity to protect cells from oxida-
tive stress [ 41 ]. PON2, unlike PON1, is not pres-
ent in the circulation but rather found in cells 
including macrophages. PON2 like PON1 pos-
sesses antioxidant and anti-atherosclerotic prop-
erties [ 41 ]. The balance between cellular pro 
oxidants (such as NADPH oxidase) and antioxi-
dants (such as PON2) in arterial wall  macrophages 
determines the extent of LDL oxidation. 
Macrophage PON2 was shown to be increased 
under oxidative stress, probably as a compensa-
tion mechanism.  
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    Lipoprotein Oxidation in Diabetes 
Mellitus 

 Several studies have shown that diabetes is asso-
ciated with increased oxidative stress which is 
considered to be one of the major mechanisms 
for induction of atherosclerosis in diabetes [ 42 ]. 
The increased oxidative stress is accompanied by 
increased ROS generation, oxidative stress mark-
ers, and decrement of antioxidants. Diabetic 
patients are highly prone to oxidative stress 
because hyperglycemia depletes natural antioxi-
dants and facilitates the production of oxygen 
and nitrogen free radicals [ 43 ]. 

 A consequence of diabetes is hyperglycemia, 
which in turn contributes to the progression and 
maintenance of an overall oxidative environment. 
Macrovascular and microvascular complications 
are the leading cause of morbidity and mortality 
in diabetic patients, but the complications are tis-
sue specifi c and result from similar mechanisms 
with many being linked to oxidative stress. 

 Oxidative stress is thought to be a major risk 
factor in the onset and progression of diabetes. 
Many of the common risk factors such as obesity, 
increased age, and unhealthy eating habits all 
contribute to an oxidative environment that may 
alter insulin sensitivity either by increasing insu-
lin resistance or impairing glucose tolerance. The 
mechanisms by which this occurs are multifacto-
rial. The mechanism by which oxidative stress 
may induce diabetes includes increased insulin 
resistance, increased β cell dysfunction, impaired 
glucose tolerance, and increased mitochondrial 
dysfunction [ 44 ]. 

 In our studies we have examined the relation-
ship between diabetes, increased lipid peroxida-
tion, and enhanced atherosclerosis by using the 
Apo E knockout mouse model which develop 
severe hypercholesterolemia and extensive ath-
erosclerosis on a chow diet [ 45 ]. We have shown 
previously that accelerated atherosclerosis in this 
animal model is associated with enhanced lipid 
peroxidation [ 46 ]. Diabetic induction in APO E 
knockout (E°) mice for three months using strep-
tozotocin (STZ) injection led to an increase of 
their atherosclerosis lesion area. This phenome-

non was associated with a signifi cant increment 
of macrophage oxidative stress (Fig.  9.2a, b ).

   Numerous studies have attempted to evaluate 
the role of high glucose conditions on cells of the 
artery wall, including endothelial cells, smooth 
muscle cells, and macrophages. It has been pro-
posed that glucose might act directly via the gen-
eration of advanced glycation end-products 
(AGEs) or reactive oxygen species. Thus, hyper-
glycemia, one factor shared by both type 1 and 
type 2 diabetes, is a major contributor to oxida-
tive stress [ 47 ,  48 ]. Cellular glucose could be 
toxic and directly linked to increased cellular 
lipid peroxidation, since in vitro studies showed 
that pre-culture of endothelial cells or smooth 
muscle cells in glucose-enriched media, increased 
the cells ability to oxidize LDL which was 
accompanied by enhanced secretion of superox-
ide anion. This could be the result of direct gen-
eration of ROS or by altering the redox balance. 
This is thought to occur via several well-studied 
mechanisms, including activation of protein 
kinase C [ 6 ] and overproduction of superoxide by 
the mitochondrial electron transport chain [ 49 ], 
increased intracellular formation of advanced 
glycation end-products (AGEs), and increased 
fl ux through the polyol pathway [ 50 ]. Hypergly-
cemia specifi cally induces cellular oxidative 
stress by the following pathways:
    1.    Glucose auto oxidation leads to an overpro-

duction of NADPH, which increases the pro-
duction of superoxide radicals and leads to the 
formation of several reactive oxygen species 
such as superoxide anion, which can facilitate 
LDL oxidation in vitro [ 51 ].   

   2.    Glucose induces the formation of advanced 
glycation end products (AGEs) which acti-
vates the receptor for AGE (RAGE) present 
on many vascular cells [ 52 ]. Stimulation of 
RAGE causes the production of reactive oxy-
gen species (ROS) [ 53 ]. Scavenger receptors 
on arterial macrophages can take up modifi ed 
lipoproteins, including LDL that have become 
oxidized as a result of glucose-mediated oxi-
dative stress [ 24 ], or modifi ed by AGEs [ 54 ].   

   3.    Activation of the polyol pathway reduces 
the availability of NADPH, which in turn 
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reduces glutathione regeneration and increases 
oxidation [ 50 ].   

   4.    Activation of Protein Kinase C resulting from 
enhanced de novo synthesis of diacylglycerol 
from glucose via triose phosphate, whose 
availability is increased because increased 
ROS inhibit activity of glycolytic enzymes 
[ 55 ]. The enhanced activity of PKC isoforms 
could also result from the interaction between 
AGEs and their cell-surface receptors [ 56 ].    
  All these mechanisms are activated by a single 

upstream event: mitochondrial overproduction of 
reactive oxygen species (ROS) [ 57 ]. 

 It is known that multiple pathways contribute 
to accelerated atherosclerosis in diabetes includ-
ing endothelial dysfunction, increased plasma 
lipoprotein oxidation and our studies demonstrate 

another possible mechanism related to increased 
macrophage lipid oxidation in STZ- induced dia-
betic mice [ 45 ]. These data, however, do not 
establish a causal relationship between glucose 
and cellular lipid peroxidation since additional 
factors associated with diabetes might have been 
involved in increased macrophage lipid peroxida-
tion. In order to examine whether the effect of 
glucose on macrophage lipid peroxidation is a 
direct effect, in vitro studies were performed 
using the J774 cell line. Glucose enrichment of 
macrophages after exposure to high glucose con-
centrations was shown to induce oxidative stress 
(macrophage oxidative state and macrophage 
NADPH oxidase expression) in a dose-dependent 
way (Fig.  9.2c, d ). In this study, increased cellular 
lipid peroxidation was  associated with increased 

  Fig. 9.2    Increased atherosclerotic lesion area and macro-
phage lipid peroxidation in diabetic mice and increased 
macrophage lipid peroxidation and NADPH oxidase 
expression in glucose-enriched macrophages. Aortic seg-
ments from STZ-induced diabetic mice for 3 months and 
age-matched untreated E0 mice were analyzed for their 
aortic atherosclerotic lesion area ( a ),  n  = 10,* p  < 0.01. 

Peritoneal macrophages (MPM) from STZ-induced dia-
betic mice for 3 months were analyzed for their lipid per-
oxides content ( b ). J-774 A.1 macrophages were grown 
for 7–10 days in glucose- enriched media (5–30 mM) and 
analyzed for their lipid Peroxides content ( c ), and NADPH 
Oxidase expression ( d ),  n  = 4,* p  < 0.01       
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ability to take up OX-LDL, increased macro-
phage CD36 mRNA expression and increased 
macrophage cholesterol content. A glucose 
upregulating effect on OX-LDL uptake was spe-
cifi c for the modifi ed LDL since glucose enrich-
ment did not affect the macrophage uptake of 
native LDL [ 58 ]. 

 The above results for the direct effect of glu-
cose on macrophages in vitro was demonstrated 
only by using D-Glucose which is taken up by 
cells and not L-glucose which cannot penetrate the 
surface membrane of cells. Thus glucose uptake 
by macrophages is needed in order to increase 
macrophage oxidation and this effect could be 
linked to previously reported data that diabetes 
induction led to an increased activity of NADPH 
oxidase [ 59 ]. These results are in accordance with 
previous data showing that human monocyte 
derived macrophages (HMDM) incubated with 
high glucose concentrations increased the expres-
sion of CD36. Some evidence demonstrates also a 
role for AGE and RAGE in the induction of CD36 
mRNA expression in macrophages [ 60 ].  

    Antioxidants in DM 

 Cells and tissues contain antioxidant defense 
mechanisms, which help prevent ROS production 
and maintain the redox balance of the cell or tis-
sue [ 61 ]. Epidemiological studies suggest that 
low levels of antioxidants are associated with 
increased risk for cardiovascular disease (CVD), 
and that increased intakes appear to be protective. 
Several antioxidants such as vitamin E and fl avo-
noids such as glabridin, tannins, and red wine were 
all shown to substantially inhibit macrophage- 
mediated oxidation of LDL by increasing cellular 
GSH [ 62 ]. During early atherogenesis, the extent 
of LDL oxidation by macrophages is determined 
by the balance between antioxidants in cells [ 23 ]. 
We have previously found that GSH content and 
glutathione peroxidase activity are both inversely 
related to macrophage- mediated oxidation of 
LDL. We have shown that MPM from E° mice 
contain decreased GSH levels and a profound 

increase of lipid peroxide content compared to 
MPM from controls. The E° MPM also demon-
strated increased ability to reduce superoxide 
anions and to oxidize LDL [ 63 ]. 

 Flavonoids are powerful antioxidants that act 
against LDL oxidation, and their antioxidant 
capacity is related to their localization in the LDL 
particle, as well as to their chemical structures 
[ 64 ]. Flavonoids, which are mostly hydrophilic 
and thus not LDL-bound, can act as potent inhib-
itors of LDL oxidation via several mechanisms, 
which include: (1) scavenging of free radicals by 
acting as reducing agents, as hydrogen atom 
donating molecules, and as singlet oxygen 
quenchers; (2) chelation of transition metal ions, 
thereby reducing the metal’s capacity to generate 
free radicals; (3) sparing of vitamin E and of 
carotenoids ([beta]-carotene, lycopene) in the 
LDL particle, thus protecting LDL from oxida-
tion; and (4) preserving or increasing serum para-
oxonase activity, thus promoting hydrolysis of 
LDL-associated lipid peroxides. 

 Diabetes is associated with reduced levels of 
antioxidants such as GSH, vitamin C, and vita-
min E [ 65 ,  66 ]. Glycation of antioxidant enzymes 
during hyperglycemia can impair cellular defense 
mechanism, leading to the development of oxida-
tive stress and the progression of diabetes with its 
complications [ 67 ]. Glycation of superoxide dis-
mutase and esterases can inhibit their enzymatic 
activity. Glycation of thioredoxin inhibits its 
antioxidant activity. Thus, a reduction in antioxi-
dative enzymes and inhibition of enzymatic 
activity due to glycation in diabetes signifi cantly 
contributes to the oxidative environment in 
diabetes. 

 Diabetic patients are highly prone to oxidative 
stress. Consequently, antioxidant treatment in 
diabetes could be benefi cial. Indeed it was shown 
that vitamin E or red wine supplementation to 
diabetic patients signifi cantly reduced their 
serum oxidative stress [ 68 ,  69 ]. In addition to 
vitamin E and red wine, other types of antioxi-
dants were shown to be effective in diabetes such 
as vitamin C,  N -acetyl cysteine, garlic, and aged 
garlic [ 70 ]. 
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 In spite of these reports, recent trials of sup-
plementation of antioxidants to the general popu-
lation and also diabetic patients were all negative 
regarding vascular disease endpoints [ 71 ]. These 
studies have reduced the interest for antioxidant 
supplementation in general including in diabet-
ics. The current American Diabetes Association 
recommendations do not encourage vitamin sup-
plementation to diabetic patients unless a defi -
ciency state is evident [ 72 ]. 

 The potent antioxidant pomegranate juice (PJ) 
possesses impressive antioxidative properties due 
to its polyphenols, and consumption of PJ in 
humans for a period of one year signifi cantly 
reduced LDL oxidation [ 73 ]. We have shown that 
PJ consumption in patients (non-diabetics) with 
carotid artery stenosis for three years caused a 
signifi cant reduction of oxidative stress in their 
blood and signifi cant reduction of carotid athero-
sclerotic lesions as measured by B-mode ultraso-
nography [ 74 ]. 

 In a short term study we have shown that con-
sumption of PJ by diabetic patients for three 
months did not change glycemic indices (glucose 
and HgbA1C) nor the levels of cholesterol and 
triglycerides in these patients, but it resulted in a 
signifi cant reduction of serum lipid peroxidation 
and TBARS (that were high before PJ treatment 
in diabetics vs. healthy volunteers), whereas 
PON1 activity was signifi cantly increased [ 75 ]. 
In diabetic patients the amount of macrophage 
cellular lipid peroxidation was signifi cantly 
increased compared to controls. PJ consumption 
for three months signifi cantly reduced cellular 
peroxides to levels lower than those observed in 
healthy volunteers. These effects of PJ on both 
serum and macrophages in diabetics could con-
tribute to the accelerated atherogenesis in these 
patients. The PJ antioxidative effect could be 
related to its potent tannins which scavenge a 
wide spectrum of free radicals [ 76 ], as well as 
PJ-induced increment of PON1 in the serum of 
diabetic patients that can also contribute to the 
antioxidative effect of PJ in diabetics [ 77 ]. The 
increased uptake of OX-LDL by macrophages in 
diabetic subjects could be related to the increased 
expression of the scavenger receptor CD36 which 

is induced by glucose and/or the high oxidative 
state. In vitro incubation of PJ with the macro-
phages of diabetic patients resulted in a signifi -
cant reduction of OX-LDL uptake [ 75 ]. Similar 
observations were seen when PJ was adminis-
trated to STZ-diabetic mice and also when J774 
macrophages were incubated with PJ [ 78 ]. 

 We have also shown by using different models 
with low vs. high oxidative states that in STZ- 
injected mice, the development of hyperglycemia 
and the severity of oxidative stress are both sig-
nifi cantly reduced [ 79 ]. Vitamin E supplementa-
tion of APO E knockout (E 0 ) mice with enhanced 
atherosclerosis and increased oxidative stress 
reduced serum oxidative stress and signifi cantly 
reduced diabetes development, 12 days after STZ 
injection (Fig.  9.3a, b ).

   Similar fi ndings were shown by using P47 
knockout mice lacking NADPH oxidase activity 
and characterized by a very low oxidative state 
compared to control mice. In this model, glucose 
levels were much lower after STZ injection com-
pared to controls and only 25 % of the mice 
developed diabetes (Fig.  9.3c, d ). Thus, it seems 
that enhanced oxidative stress could be responsi-
ble for the development of processes that lead to 
hyperglycemia and consequent diabetic develop-
ment. On the other hand decreased oxidative 
stress in mice could be responsible for the reduc-
tion in new-onset diabetes mellitus.  

    Paraoxonase 1 (PON1) in Diabetes 
Mellitus 

 PON1 is an HDL-associated esterase/lactonase, 
found mainly in serum and it protects against 
lipid peroxidation in lipoproteins, macrophages, 
and atherosclerotic lesions. The activity of PON1 
is inversely correlated to the risk of CAD [ 41 ]. 
Diabetes is associated with increased oxidative 
stress and low serum PON1 activity [ 80 ]. 

 PON1 activity has been shown to be reduced 
in patients with DM. These patients also appear 
to be predisposed to the development of severe 
multivessel CAD [ 81 ]. PON1 activity was found 
to decrease in parallel to the DM duration, and 
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this phenomenon may be related to acceleration 
of CHD in DM patients. We have shown that in 
diabetes, a signifi cant amount of serum PON1 is 
dissociated from HDL to the lipoprotein defi cient 
serum (LPDS) fraction (as a free PON1). PON1 
in LPDS, unlike PON1 in HDL, is less able to 
protect against lipid peroxidation [ 82 ]. PON1 in 
HDL from type 2 diabetic patients is glycated 
and, as a result, has decreased ability to metabo-
lize membrane lipid hydroperoxides [ 83 ,  84 ]. 
Similarly, in vitro studies demonstrated that 
 glucose inactivates PON1, and glycated PON1 
has reduced ability to hydrolyze membrane 
hydroperoxides [ 83 ]. 

 In order to examine the effect of PON1 on the 
development of diabetes we used mice with dif-
ferent PON1 expression levels:
•    Mice lacking expression of PON1: PON1 

knockout (K 0 ) mice.  
•   Mice expressing mouse PON1: C57Bl control 

mice.  
•   Mice expressing human PON1 in addition to 

mouse PON1: PON1 Transgenic (Tg) mice.    
 In order to study the effect of PON1 on the 

development of diabetes half of the three groups 
of mice were injected with STZ, whereas the 
second half served as controls. In the non-diabetic 
mice macrophage superoxide ion release was 

  Fig. 9.3    Decreased serum oxidative state and diabetes 
development in atherosclerotic (E0) mice treated with 
vitamin E and in NADPH oxidase knockout mice. Blood 
drawn from fasting Vit E-treated diabetic mice were 
 analyzed for their serum basal oxidation ( a ) as well as for 
their glucose levels in order to assess diabetes develop-

ment ( b ) in comparison to untreated diabetic E0 mice. 
Blood drawn from fasting NADPH oxidase knockout 
mice diabetic mice were analyzed for their serum basal 
oxidation ( c ) as well as for their glucose levels in order to 
assess diabetes development ( d ) in comparison to diabetic 
control mice       
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increased in PON1 K° mice and decreased in 
PON1 Tg mice vs. controls. These effects were 
similar after STZ injection but more  pronounced, 
showing a direct inhibitory effect of PON1 on 
cellular oxidation (Fig.  9.4a ). Regarding the 
effect of PON1 on diabetes development, we 
have shown that following induction of diabetes, 
levels of glucose signifi cantly increased in PON1 
K° mice, whereas they remained signifi cantly 
lower in PON1 Tg mice in comparison to control 
diabetic mice (Fig.  9.4b ). After 45 days of STZ 
injections diabetes developed in all control and 
PON1 K° mice but only in 67 % of PON1 Tg 
mice. Moreover, the rate of mortality in controls 
was signifi cantly lower than in PON1 K° mice 
after 45 days whereas in the PON1 Tg mice there 
was no mortality. Interestingly the insulin levels 
in PON1 K° mice were decreased signifi cantly 
after STZ injection compared to controls. These 
studies in PON1 K° mice and PON1 Tg mice 
suggest indirectly that PON1 has a protective 
role against diabetes development secondary to 
its unique antioxidant properties [ 79 ].

   Recently, we examined the direct ability of 
PON1 administration to STZ mice to reduce the 
development of diabetes. In this study more than 
one third of STZ injected mice did not develop 
diabetes when pretreated with recombinant 

PON1. Moreover, the serum glucose levels were 
lower in the PON1 pretreated mice compared to 
vehicle-treated mice following STZ administra-
tion [ 85 ]. 

 Since diabetes is characterized by increased 
oxidative stress and PON1 possesses antioxida-
tive properties, we next examined the possible 
relationship between the antioxidative effect of 
PON1 and serum lipid peroxidation. In serum 
from diabetic mice, lipid peroxides were 
increased by 90-fold vs. serum from controls. 
PON1 administration to controls did not affect 
the very low serum oxidative stress. However, 
PON1 administration to diabetic mice reduced 
serum lipid peroxides by 30-fold compared to 
diabetic mice injected with PBS [ 85 ]. 

 A similar trend was shown in MPM from dia-
betic mice where superoxide anion release was 
increased by 150 % compared to MPM from con-
trols. However, in diabetic mice injected with 
PON1 the MPM superoxide anion release was 
reduced by 22 % compared to MPM derived from 
diabetic mice injected with PBS. 

 Thus, PON1, an enzyme that attenuates oxida-
tive stress in macrophages and serum, has a pro-
tective role against STZ-induced diabetes 
development probably via its antioxidative 
 properties (Fig.  9.5 ).

  Fig. 9.4    Modulation of PON1 expression in mice affects 
macrophages superoxide release and serum glucose levels 
of diabetic mice: Macrophages from PON1 Knockout 
(KO) diabetic mice and PON1 Transgenic (Tg) diabetic 
mice were analyzed for their superoxide anion release in 

comparison to diabetic control mice ( a ). Serum from 
PON1 KO diabetic mice and PON1 Tg diabetic mice were 
analyzed for their glucose levels in comparison to diabetic 
control mice ( b )       
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   Oxidation characteristics were also studied in 
β cells that were incubated with low and high glu-
cose concentrations in the presence of PBS or 
PON1 as well as other antioxidants including PJ, 
vitamin E, and punicalagin, and it was shown that 
total cellular peroxides were signifi cantly reduced 
in PON1, PJ, vitamin E, punicalagin-treated cells 
vs. PBS-treated cells [ 85 ].   

    Conclusions 

 As diabetes becomes a pandemic disease, much 
effort is involved in elucidating the mechanisms 
involved in atherogenesis induced by diabetes. 
It is well-documented that hyperglycemia 
directly contributes to accelerated atherosclerosis 
 development in diabetes, by increasing macro-
phage glucose association and glucose metabolic 
products (such as Advanced Glycosylation End 
products) accumulation, leading to macrophage 
foam cell formation. Diabetes, in general, and, 
specifi cally, hyperglycemia, are associated with 
increased lipid peroxidation both in lipoproteins 

and in cells of the arterial wall such as macro-
phages. Diabetes is also associated with lipid 
abnormalities such as increased serum triglycer-
ide levels and low serum HDL concentration. 

 Diabetes is associated with reduced levels of 
antioxidants, including antioxidative enzymes, 
partly due to accelerated glycation processes. 
The reduced availability of antioxidants contrib-
utes signifi cantly to the increased oxidative stress 
in diabetes. Moreover, the paraoxonase enzymes 
(humoral PON1 and cellular PON2) are inacti-
vated in severe diabetic patients. Treatment of 
diabetic mice with PON1 signifi cantly and sub-
stantially delayed the development of diabetes. 

 Understanding the mechanisms involved in 
diabetes-induced oxidative stress, as well as of 
the involvement of antioxidants (such as the glu-
tathione system and paraoxonases) in diabetes- 
induced atherosclerosis complications (such as 
retinopathy, nephropathy, neuropathy, and car-
diovascular diseases), is imperative in order to 
prevent such diabetes complications and to offer 
diabetic patients appropriate novel therapeutic 
options.     

  Fig. 9.5    Effect of PON1 on diabetes. PON1 administra-
tion to mice protects against diabetes development, via 
benefi cial effects on insulin content, Glut4 transporter, 

lipid peroxidation, and cholesterol levels in blood, pancre-
atic β cells, myocytes, macrophages, and aorta       
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        Oxidative stress is believed to be a critical factor 
in the initiation of pathogenic pathways that lead 
to the development of complications in diabetes 
mellitus [ 1 ]. Hyperglycemia plays a key role by 
inducing mitochondrial overproduction of reac-
tive oxygen species (e.g., superoxide anion, 
hydrogen peroxide, and others), which, in turn, 
will lead to a variety of modifi cations of proteins, 
enzymes, and other substrates, including the for-
mation of advanced glycation end-products 
(AGE) and oxidation [ 1 ,  2 ]. 

 Lipoproteins are polymolecular assemblies 
that can be modifi ed as a consequence of oxida-
tion and glycation. Endothelial cells, monocytes/
macrophages, lymphocytes, and smooth muscle 
cells (SMC) are all able to enhance the rate of 
oxidation of low-density lipoprotein (LDL). 
Reactive oxygen species and sulfur-centered rad-
icals initiate metal ion-dependent lipid peroxida-
tion resulting in the generation of aldehydes that 
interact with lysine residues in ApoB-100. 
Myeloperoxidase, a heme enzyme secreted by 

activated macrophages, is able to catalyze lipid 
peroxidation independent of free metal ions. 
Oxidation of arachidonic acid, usually secondary 
to oxidative stress, prostaglandin synthesis by 
endothelial cells (EC) and platelet activation, 
leads to the formation of aldehydes that interact 
with the lysine residues of ApoB100 causing its 
aggregation, and the resulting modifi cation is 
generally referred to as malondialdehyde (MDA)-
modifi ed LDL [ 3 ]. 

    The Pathogenic Role 
of Modifi ed LDL 

 The pathogenic role of modifi ed LDL in the pro-
gression of atherosclerosis is well-established. It 
has been investigated from two different angles: 
the direct pro-atherogenic effect of modifi ed 
forms of LDL [ 2 ,  4 ] and the consequences of the 
immune response directed against neoepitopes 
resulting from lipoprotein modifi cation [ 5 ]. Both 
types of effects have been extensively character-
ized in the case of oxidized LDL (oxLDL). 
Oxidized LDL is taken up by macrophages via 
receptor-mediated pathways involving primarily 
CD36 [ 2 ,  6 ,  7 ] and it induces cholesteryl ester 
(CE) accumulation and the transformation of 
macrophages into foam cells [ 8 ,  9 ]. In addition, 
high concentrations of oxLDL are cytotoxic and 
experimental data suggests that oxLDL can injure 
vascular cells, both endothelial and smooth mus-
cle cells (SMC) [ 10 ,  11 ]. Furthermore, oxLDL 
induces enhanced synthesis of growth factors 
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including platelet-derived growth factor-AA 
(PDGF-AA) and PDGF  receptor in SMC, as well 
as of granulocyte-monocyte colony stimulating 
factor, macrophage colony stimulating factor 
(M-CSF) and granulocyte- colony stimulating 
factor in aortic endothelial cells from humans and 
rabbits [ 12 ]. In addition, oxidized LDL may 
affect fi brinolysis by inhibiting the secretion of 
tissue plasminogen activator (tPA) by human 
endothelial cells [ 13 ] and stimulating the secre-
tion of plasminogen activator inhibitor (PAI)-1 
[ 13 ]. Thus, oxLDL is unable to stimulate the 
endothelium-dependent activation of fi brinolysis 
and may promote a chronic prothrombotic state. 
The cell-mediated immune system is also acti-
vated by the presentation of oxLDL oligopep-
tides by antigen presenting cells, activating T 
helper 1 cells (Th1) cells in the vascular wall. As 
a consequence of their  activation, Th-1 cells 
release interferon-γ that activates macrophages 
and induces the release chemokines that attract 
more T cells to the area. The process becomes 
self-perpetuating, resulting in a chronic infl am-
matory reaction [ 14 ,  15 ]. 

 Oxidized LDL has also been found to have 
pro-infl ammatory effects relevant to the athero-
sclerotic process. It has chemotactic effects on 
monocytes [ 16 ], enhances monocyte adhesion to 
EC in culture [ 17 ,  18 ], enhances the expression 
of vascular cell adhesion molecule 1 (VCAM 1) 
and intercellular adhesion molecule 1 (ICAM 1) 
by human aortic endothelial cells induced by 
tumor necrosis factor-alpha (TNF alpha) [ 19 ] and 
of ICAM-1 in resting human endothelial vein 
cells [ 20 ]. These proinfl ammatory effects are the 
result of the activation of a variety of functional 
pathways. Oxidized LDL has been shown to acti-
vate a variety of cell types expressing CD36 and 
other scavenger receptors and contribute to the 
generation of reactive oxygen species (ROS) 
[ 21 ]. On macrophages, the interaction of oxLDL 
and CD36 (mediated by oxidized phospholipids) 
results in activation of the src family members 
Fyn/Lyn, and of several components of the MAP 
kinase pathway, including MKKK, MKK, FAK, 
and MAPK (JNK) [ 7 ]. The activation of these 
kinases and associated proteins such as Vav are 
associated with foam cell formation as well as 

with unregulated actin polymerization and loss of 
cell polarity causing a migration defect and the 
trapping of activated cells in the atheromatous 
lesions [ 7 ]. In platelets the same signaling events 
lead to enhanced platelet reactivity and enhanced 
formation of thrombi [ 22 ]. Recently it has been 
reported that ligation of CD36 by oxLDL leads to 
the formation of a toll-like receptor heterodimer 
(TLR-4-TLR-6) that, in turn, will activate 
MyD88 and nuclear factor kappa B (NFkB), a 
critical step in inducing the synthesis and release 
of proinfl ammatory cytokines [ 23 ]. 

 The advanced glycation end-products (AGE) 
LDL (as well as other AGE-modifi ed proteins) 
have also been shown to have pro- infl ammatory 
properties [ 24 ,  25 ]. AGE-modifi ed proteins will 
impact endothelial cells eliciting increased per-
meability and pro-coagulant activity [ 26 ] as well 
as overexpression of VCAM-1 [ 27 ]. AGE also 
contributes to fi broblast proliferation and T lym-
phocyte activation, which results in the release of 
increased amounts of interferon-γ that will acti-
vate monocytes and macrophages, inducing in 
turn the release of pro-infl ammatory cytokines 
and chemokines [ 26 ], thus creating the condi-
tions for a chronic infl ammatory reaction in the 
arterial wall. The impact of AGE in the athero-
sclerotic process associated with diabetes was 
confi rmed in streptomycin-induced diabetic 
ApoE −/− mice. Administration of soluble forms 
of AGE receptors (RAGE) resulted in reduction 
of vascular permeability and reduced the progres-
sion of atheromatous lesions [ 28 ].  

    The Adaptive Immune Response 
Elicited by Modifi ed LDL 

 The pro-infl ammatory properties of modifi ed 
LDL appear to be considerably enhanced as a 
consequence of their immunogenicity. The 
immunogenicity of modifi ed LDL was fi rst 
reported by Steinbrecher et al. based on the 
immunization of laboratory animals with modi-
fi ed lipoproteins [ 29 ]. Of all the modifi ed forms 
of LDL, oxLDL has been studied in greatest 
detail from the immunological point of view. 
Steinbrecher as well as Palinski et al. character-
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ized its immunogenic epitopes [ 30 ,  31 ]. 
Furthermore, human autoantibodies to oxLDL 
were the fi rst to be purifi ed and characterized 
[ 32 – 34 ]. Immune complexes (IC) containing 
modifi ed LDL have been isolated from the 
peripheral blood of patients with diabetes, car-
diovascular disease, and healthy individuals [ 35 , 
 36 ]. Both oxidized LDL and corresponding anti-
bodies have been isolated from atheromatous 
human tissue [ 32 ,  37 ]. Thus, it seems reasonable 
to use circulating IC as a sampling of the IC that 
are deposited in the vessel wall. The formation of 
LDL-IC in circulation is likely to be inconse-
quential, but those IC formed in the vessel wall 
will result in enhanced phagocytosis and 
increased presentation of peptides derived from 
modifi ed LDL to T helper cells, which are a criti-
cal step in the perpetuation vascular infl amma-
tion, as described above. 

 In several studies we have consistently found 
that the predominant isotype of modifi ed LDL 
antibodies is IgG [ 33 ,  34 ,  38 – 40 ]. This is a sig-
nifi cant fi nding because IgG antibodies are pro- 
infl ammatory [ 33 ,  34 ,  38 – 40 ]. As reported by our 
group, predominance of circulating IgG antibod-
ies with higher avidity over IgM antibodies in 
isolated oxLDL-IC is associated with parameters 
indicative of deteriorating renal function in the 
DCCT/EDIC cohort [ 40 ,  41 ]. Several groups 
have reported data suggesting that IgM antibod-
ies to oxidized phospholipids and oxidized LDL 
have protective effects with relation to the devel-
opment of atherosclerosis [ 42 – 47 ], although 
whether this protective effect extends to antibod-
ies recognizing modifi ed peptides seems ques-
tionable based on data published by Fredrickson 
and co-workers [ 48 ]. We have carried out two 
studies on the correlation between the levels of 
IgG and IgM antibodies to oxLDL contained in 
isolated IC from patients with type 1 diabetes and 
the development of nephropathy. In one of the 
studies we found that the predominance of 
immune complexes containing IgG antibodies to 
oxLDL with relatively high avidity was associ-
ated with abnormal albuminuria [ 40 ,  41 ]. In a 
more recent study we found signifi cant positive 
associations of IgG oxLDL antibody concentra-
tion in isolated IC with serum creatinine and 

albumin excretion rate, as well as a negative 
 correlation with estimated glomerular fi ltration 
rate were observed. IgM oxLDL antibody con-
centrations did not show any correlation with 
those parameters [ 40 ]. Both studies, however, 
were based on small groups of patients (33 and 
34 patients, respectively). We have studied a 
much larger population of 932 patients with type 
2 diabetes, and while the study confi rms the pre-
dominance of IgG over IgM oxLDL antibodies in 
isolated immune complexes (Table  10.1 ), 28 
patients had IgG/IgM ratios ≤2 and 9 had ratios 
<1. That subpopulation may be relatively pro-
tected against development of atherosclerosis but 
the data analysis of that study is still in progress, 
and it can become complicated by the relatively 
small number of patients with low IgG/IgM anti-
body ratio. In conclusion, at this point a solid 
conclusion about the protective role of IgM mod-
ifi ed LDL antibodies in humans is not warranted. 
If a predominant IgM response has protective 
effects against the development of atherosclero-
sis, it is diffi cult to see how that information can 
be translated into the clinical setting.

       The Composition of Circulating 
Modifi ed LDL Immune Complexes 
and Diabetic Complications 

 Besides studying the pathogenic role of modifi ed 
LDL antibodies [ 40 ,  49 – 51 ], we developed meth-
odology that allows the measurement of modifi ed 
forms of LDL and the corresponding antibodies 
involved in IC formation through the isolation 
and fractionation of circulating IC [ 36 ,  40 ,  41 , 
 52 ]. This is an important methodological 
improvement over the direct assay of modifi ed 

   Table 10.1    Quantitative distribution of IgG- and IgM- 
oxidized LDL antibodies contained in immune complexes 
isolated from the serum of 929 patients with type 2 diabetes   

 IgG a   IgM a   IgG/IgM ratio 

 Mean  84.2  4.5  34.0 
 S.D.  82.8  7.1  43.6 
 Median  60.2  2.6  19.7 
 Range  0.2–588  0–135  0.2–482 

   a Values in µg/mL  
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LDL or their corresponding antibodies in serum 
or plasma samples because most modifi ed LDL 
in circulation is associated with the correspond-
ing antibodies, and the measurements of either 
component of the circulating complexes is inac-
curate due to the mutual saturation of antigen and 
antibody binding sites [ 36 ,  39 ,  52 ]. 

 In contrast with the confl icting data generated 
by studies of modifi ed LDL or antibodies to modi-
fi ed LDL [ 39 ,  53 ], data generated in clinical stud-
ies carried out on the DCCT/EDIC cohort (type 1 
diabetes) with our assay have shown that high lev-
els of oxLDL and AGE-LDL in isolated and frac-
tionated IC are associated with increased risk for 
developing diabetic nephropathy [ 54 ]. Using coro-
nary artery calcifi cation (CAC) indices and carotid 
intima-media thickness (IMT) as endpoints indic-
ative of cardiovascular disease progression we 
also found that increased levels of oxLDL and of 
AGE-LDL in circulating IC are associated in the 
DCCT/EDIC cohort with the development of cor-
onary calcifi cation and with increased levels and 
progression of carotid IMT. The levels of MDA-
LDL in isolated IC show a signifi cant but weaker 
correlation with increased carotid IMT [ 55 ,  56 ]. In 
contrast, in patients with type 2 diabetes (VADT 
cohort), the levels of oxLDL and AGE-LDL in cir-
culating IC are not signifi cantly associated with 
the occurrence of acute events, but high concentra-
tions of MDA- LDL in IC are strong predictors of 
acute events, especially myocardial infarction 
(MI) [ 57 ]. In agreement with our data, Holvoet 
et al. reported in two separate studies a link 
between high levels of oxLDL and established 
CAD and between elevated plasma MDA-LDL 
levels and plaque instability [ 58 ,  59 ]. 

 The correlation between MDA-LDL levels and 
plaque instability is particularly signifi cant 
because it has been well-established that athero-
sclerotic plaque rupture is a critical event 
 triggering thrombus formation, arterial luminal 
obstruction, and subsequent acute coronary syn-
dromes [ 60 ]. Plaques that are prone to rupture 
consist of a larger intimal lesion with abundant 
macrophages and foam cells and a thinned fi brous 
cap [ 61 ]. Necropsy studies have demonstrated that 
atherosclerosis in diabetic patients is more exten-
sive and accelerated than that in non-diabetic 

patients [ 62 ]. Furthermore, studies have also 
shown that atherosclerotic lesions in diabetic 
patients were more vulnerable as they had larger 
intimal lesions and more macrophage infi ltration 
as compared to those in non-diabetic patients [ 63 ]. 
Analysis of gene expression in atherosclerotic 
plaques showed that when compared to stable 
plaques, vulnerable plaques have higher expres-
sion of matrix metalloproteinases (MMP) with 
collagenase activity, which contribute to the thin-
ning of the fi brous cap, causing plaque instability 
and rupture [ 64 ]. Among the metalloproteinases, 
MMP-9 has been the object of considerable inter-
est in recent years and according to some studies 
is an independent risk factor for atherothrombotic 
events [ 65 ,  66 ]. MMP-9 synthesis and release can 
be induced through TLR-4 stimulation, usually 
involving bacterial endotoxins [ 67 ] but also by 
minimally modifi ed LDL [ 68 ]. The association of 
circulating MDA-LDL and IC-associated MDA-
LDL specifi cally with plaque instability/acute CV 
events raises interesting questions such as whether 
IC containing different modifi ed forms of LDL 
may lead to distinct gene regulation and in the 
case of MDA-LDL lead to plaque instability by 
inducing macrophage apoptosis and/or increased 
synthesis of matrix metalloproteinases, such as 
MMP-9 [ 69 ]. OxLDL-IC, in contrast, induce the 
release of proinfl ammatory cytokines [ 50 ] and 
promote collagen synthesis by smooth muscle 
cells [ 70 ], and therefore are more likely to contrib-
ute to atheroma progression without a signifi cant 
effect on plaque stability (Fig.  10.1 ).

   Considerable interest has been raised by the 
accumulation of apoptotic macrophages around 
the necrotic core of vulnerable plaques [ 69 ]. A 
variety of pro-apoptotic insults has been proposed 
to play a signifi cant role in the evolution of athero-
mas, including oxidative stress, endoplasmic retic-
ulum (ER) stress, accumulation of non- esterifi ed 
(free) cholesterol, and effects of pro-infl ammatory 
cytokines released by activated macrophages [ 69 ]. 
Accumulation of free cholesterol in macrophages 
in combination with signals delivered through 
scavenger receptors or with interferon-γ, known to 
be released by activated T lymphocytes in athero-
mas [ 15 ,  71 ], leads to  serine phosphorylation of 
STAT-1 which is a critical element in the induction 
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of apoptosis secondary to ER stress [ 72 ]. The 
apoptotic macrophages in atheromas are ingested 
by functional macrophages (efferocytosis). 
Efferocytosis in early lesions seems to result in 
suppression of infl ammation, while in advanced 
lesions is associated with enhanced infl ammation 
[ 69 ]. This evolution appears to be a result of defec-
tive efferocytosis, allowing the apoptotic cells to 
undergo necrosis, resulting in the accumulation of 
cell fragments that promote infl ammation and 
plaque instability [ 69 ].  

    Pathogenic Mechanisms of 
Modifi ed LDL IC 

 We have published extensive data proving that 
oxLDL-IC are more potent activators of human 
macrophages than oxLDL [ 50 ,  51 ,  73 ,  74 ]. The 
uptake of IC prepared with native or copper- 
oxidized LDL by human monocyte-derived mac-
rophages is primarily mediated by Fcγ receptors, 
primarily FcγRI [ 75 – 77 ] and it has been shown 
that the binding of oxLDL antibody blocks the 

interaction of oxLDL with CD36 [ 78 ], so scaven-
ger receptors are not involved in the process. The 
dependency of the vascular infl ammatory process 
on the activation of phagocytic cells via Fcγ 
receptors has been demonstrated in double- 
knockout (DKO) mice generated by crossing 
apolipoprotein E-defi cient mice (apoE(−/−)) with 
FcγR γ-chain-defi cient mice (gamma(−/−)) [ 79 ]. 
The progression of atheroscleorosis in the DKO 
mice is signifi cantly reduced in comparison with 
apoE(−/−) mice. For MDA-LDL IC and AGE-
LDL- IC FcγRI is also involved but possible 
involvement of scavenger receptors or receptors 
for AGE-modifi ed proteins has not been excluded. 

 One fundamental property of LDL-IC is their 
ability to deliver large concentrations of free and 
esterifi ed cholesterol to macrophages [ 51 ,  75 ,  80 ]. 
The intracellular accumulation of free cholesterol 
is a known inducer of ER stress, which is believed 
to be the prime stimulus for the chain of events 
that results in modifi cation of LDL and atheroma 
formation. However, experimental studies have 
shown that ER stress usually protects against apop-
tosis [ 69 ]. In fact, both oxLDL at concentrations 

  Fig. 10.1    Diagrammatic representation of the different 
effects of immune complexes prepared with human copper- 
oxidized malondialdehyde-modifi ed LDL and the corre-
sponding human antibodies reported by several groups 
(see text). While both types of immune complexes induce 

the release of pro-infl ammatory cytokines, MDA-LDL-IC 
are pro-apoptotic while oxLDL-IC are anti-apoptotic and 
induce the release of proliferation and growth factors by 
macrophages and smooth muscle cells, and only oxLDL-
IC induce collagen synthesis by smooth muscle cells       
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not exceeding 75 µg/mL and oxLDL-IC prevent 
macrophage apoptosis [ 77 ,  81 ]. Whether the anti-
apoptotic effect of oxLDL is a consequence of the 
induction of ER stress is not clear, because in 
addition to enhanced generation of reactive oxy-
gen and nitrogen species [ 82 ], several other mech-
anisms seem to be involved, including the release 
of M-CSF mediated by the activation of a PI3K-
dependent pathway, upregulation of the anti-
apoptotic Bcl-XL gene by NFkB activation, 
activation of sphingosine kinase, which causes the 
levels of anti- apoptotic sphingosine-1-phosphate 
to increase, and inhibition of acid sphingomyelin-
ase, which prevents pro-apoptotic ceramide gen-
eration [ 81 ,  83 ]. The anti-apoptotic effect is more 
pronounced with oxLDL-IC [ 77 ,  84 ] and is not 
unique to oxLDL-IC, because it has also been 
reproduced with KLH-anti-KLH IC [ 77 ]. 
However, there are signifi cant differences between 
oxLDL-IC and other IgG-containing IC. Only 
oxLDL-IC can induce foam cell formation and 
the magnitude of the pro-infl ammatory response 
induced in human macrophages is greater with 
oxLDL-IC than with KLH-IC, for example [ 50 ]. 

 While oxLDL cell signaling is mediated by 
scavenger receptors, oxLDL-IC deliver activating 
signals via Fcγ receptors. The cross-linking of 
Fcγ receptors by IC induces phosphorylation of 
immunoreceptor tyrosine-based activation motifs 
(ITAMs) by kinases of the Src family, and conse-
quent activation of the Syk pathway [ 85 ,  86 ]. 
Activation of Syk triggers the mitogen-activated 
protein kinase (MAPK) signaling cascade, which 
includes ERK1/2, p38 MAPK, and c-Jun 
N-terminal kinase (JNK). MAPK activation is 
also essential for Fc-mediated activation of NFκB 
[ 87 ]. Following the general rule, oxLDL-IC pri-
marily engage FcγRI and induce the activation of 
the MAPK pathway [ 88 ], which is responsible 
for the expression of pro-infl ammatory gene 
products. In addition, cross- linking of FcγRs by 
oxLDL-IC activates PI3K and c-Akt [ 77 ]. 
Activated c-Akt promotes cell survival by at least 
four different mechanisms: (1) phosphorylating 
the Bad component of the Bad/Bcl-X L  complex 
which results in its dissociation and cell survival, 
(2) caspase 9 inactivation, (3) regulation of the 
expression of transcription  factors, and (4) activat-

ing IKK kinases which phosphorylate IκB and, as 
a consequence, release the active form of NFkB, 
which induces the expression of genes favoring 
cell survival [ 89 ] (Fig.  10.2 ). The repertoire of 
oxLDL-IC-induced pro- survival genes is much 
wider than that induced by oxLDL alone [  74 ]. 
Also, oxLDL-IC induce HSP70B expression in 
macrophages. This protein binds to the internal-
ized lipid moiety of oxLDL-IC and prevents its 
degradation, while at the same time inducing 
sphingokinase-1 [ 82 ,  90 ]. 

 In contrast to oxLDL, there is no published 
information concerning pathways of cell activa-
tion triggered by MDA-LDL or MDA-LDL-IC. 
The association of MDA-LDL with acute coro-
nary syndromes [ 3 ,  59 ] and the association of 
high levels of MDA-LDL in the circulating IC 
isolated from patients with type 2 diabetes who 
had acute CVD events, mainly MI [ 57 ], strongly 
suggest that MDA-LDL and MDA-LDL-IC have 
proapoptotic activity. The different effects of 
cellular uptake of oxLDL-IC and MDA-LDL-IC 
(Fig.  10.1 ) could be a result of structural differ-
ences between MDA-LDL and oxLDL. The 
extent of MDA-lysine modifi cation is much 
greater in laboratory produced MDA-LDL than in 
copper-oxidized LDL [ 52 ]. This difference results 
in the generation of epitopes unique to MDA-
LDL, and the fact that MDA-LDL antibodies 
obtained by immunization of rabbits with labora-
tory-prepared MDA-LDL react with LDL isolated 
from IC proves that MDA-LDL with identical 
epitopes and, therefore, with similar structural 
characteristics, is generated in vivo. Also, while 
copper oxidation predominantly results in ApoB 
fragmentation, MDA modifi cation is associated 
with ApoB aggregation [ 91 ]. Obviously, these dif-
ferences in ApoB could determine different bio-
logical properties of the two forms of modifi ed 
LDL. For example, it has been reported that the 
processing of heavily oxidized and aggregated 
LDL by macrophages is defective [ 92 ]. Thus, the 
uptake of MDA-LDL IC could result in a variety 
of conditions that could promote apoptosis, 
including: (1) the release of much higher concen-
trations of free cholesterol in the cell, (2) intracel-
lular accumulation of aggregated LDL, (3) 
cytoplasmic release of lipoprotein degradation 
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products and oxidized phosphatidylcholine, 
which could be transported to the extracellular 
compartment and then react with scavenger recep-
tors and/or TLRs, delivering signals that would 
favor the activation of pro- apoptotic pathways. 

 There is considerable interest in identifying 
biomarkers indicative of plaque instability. 
A variety of proteins and enzymes have been 
 proposed as candidates, as reviewed recently by 
Koenig. [ 93 ] Besides MMPs, reactive proteins 
(CRP), cytokines (IL-6, IL-18), enzymes (gluta-
thione peroxidase, lipoprotein-associated phos-
pholipase A-2 (Lp-PLA2)), myeloperoxidase, 
chemotactic proteins (monocyte chemotactic 
protein-1), and modifi ed lipoproteins have been 
proposed as indicators of plaque instability [ 3 , 
 58 ,  59 ,  66 ,  94 ,  95 ]. Our data suggest that modi-
fi ed forms of LDL can also be useful biomarkers 

for cardiovascular disease [ 54 – 56 ] and plaque 
vulnerability risk [ 57 ]. 

 In conclusion, modifi ed LDL plays a key role 
as a persistent insult leading to chronic vascular 
infl ammation. The pro-infl ammatory effects of 
modifi ed LDL are signifi cantly enhanced as a 
consequence of the formation of immune com-
plexes as a consequence of the reactivity of dif-
ferent LDL modifi cation with specifi c antibodies. 
In general, modifi ed LDL IC have proinfl amma-
tory properties, but both clinical and experimen-
tal data suggest that there are differences in the 
consequences of cellular uptake of IC depending 
on the predominant type of LDL modifi cation. 
This novel fi nding opens a variety of basic and 
clinical research perspectives, ranging from the 
investigation of the molecular mechanisms that 
are responsible for the different cellular effects of 
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  Fig. 10.2    Diagrammatic representation of the activation 
pathways triggered by oxLDL-IC through the engagement 
of FcγRI. Two main pathways are activated, the MAPK 
pathway which is important for the activation of cell prolif-
eration and cytokine synthesis, and the Akt pathway, which 

also contributes to the induction of cell proliferation and 
cytokine synthesis through NFκB activation and also pro-
motes cell survival through the dissociation of the Bad/
Bcl-XL complex, blocking the pathway that leads to the 
activation of caspase 9       

 

10 The Role of Modifi ed Forms of LDL and Corresponding Autoantibodies…



210

different LDL modifi cations to the defi nition of 
specifi c LDL modifi cations as risk factors able to 
discriminate between patients with different types 
or degrees of diabetes-associated complications.     
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           Introduction 

 Cardiovascular disease is the largest single cause 
of premature mortality in developed nations and 
it is increasing as such in developing and emerg-
ing countries. Cardiovascular disease is the com-
monest cause of death of adults with diabetes [ 1 ]. 
Cardiovascular disease is manifest as myocardial 
infarctions (MIs) and strokes and their sequelae 
of heart failure and severe neurological condi-
tions, respectively. Historical predications for 
cardiovascular disease are likely to be underesti-
mates because they have been based on predic-
tions of the rate of development of obesity in the 
population and these in term have been seriously 
underestimated. Obesity rates have increased 
rapidly due to poor nutrition, mostly excessive 
energy intake, and low levels of physical activity 
and independently increasing amounts of seden-
tary time [ 2 ]. Obesity causes insulin resistance 
and perturbed metabolic profi le leading to hyper-
glycemia and type 2 diabetes mellitus [ 3 ], and 
unfortunately excess body fat is now also com-
mon in people with type 1 diabetes [ 4 ]. Although 

it has been quite controversial, there is a very 
solid link between hyperglycemia and the devel-
opment of cardiovascular disease [ 5 ]. Vascular 
disease in diabetes is usually categorized into 
microvascular disease affecting the eyes, kid-
neys, and nerves and macrovascular disease caus-
ing MIs, strokes, and peripheral vascular disease 
including erectile dysfunction. The association of 
hyperglycemia is stronger with microvascular 
than macrovascular disease [ 6 ]. What has been 
controversial is the impact of medically treating 
hyperglycemia on the reduction of macrovascular 
disease, and this matter remains unresolved [ 6 ]. 

 Cardiovascular disease is the most prominent 
cause of mortality and morbidity with some 40 % 
of people without diabetes dying prematurely of 
cardiovascular disease and this rises to above 
50 % in people with diabetes [ 7 ]. Notwithstanding 
these facts, there have been substantial reduc-
tions in the rates of cardiovascular disease in 
developed countries in the last decade [ 8 ]. In 
decreasing order of risk severity, the modifi able 
factors driving cardiovascular disease are 
 smoking, state of well-being, blood pressure, 
hyperlipidemia, and hyperglycemia [ 8 ]. The 
abovementioned reductions in the rate of cardio-
vascular disease have occurred due to reduced 
rates of smoking and better treatment of blood 
pressure [ 8 ], i.e., public health and medical poli-
cies have correctly and successfully addressed 
the two major drivers of cardiovascular disease. 

 One of the biggest issues is the role of the fac-
tors such as the metabolic milieu and blood pres-
sure in causing diabetes to be associated with 
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higher rates of cardiovascular disease. There has 
been a large amount of research directed at iden-
tifying the factors associated with diabetes that 
cause increased rates of cardiovascular disease in 
this population. Much work has been directed at 
the impact of hyperglycemia or elevated glucose 
levels at molecular, cellular, animal, and clinical 
levels [ 7 ,  9 – 11 ]. The epidemiological data indi-
cates that although the rates of cardiovascular 
disease are higher in people with diabetes [ 7 ] and 
the rates have fallen over the last few decades, the 
relative deleterious impact of diabetes (an 
approximately two-fold change) remains about 
the same [ 12 ]. This leads to the conclusion that 
the factors, diabetes-specifi c factors, through 
which diabetes increases cardiovascular disease, 
have not been identifi ed. Active research on the 
mechanism of diabetes might also yield informa-
tion on the relationship between the factors caus-
ing diabetes and thus driving cardiovascular 
disease. Much information has arisen from the 
investigation of drugs to treat hyperglycemia, for 
example, thiazolidinediones (TZDs) [ 10 ,  13 ,  14 ]. 
Notwithstanding that several toxic effects led to 
the demise of TZDs as major drugs for the treat-
ment of insulin resistance and hyperglycemia, the 
multiple studies generated by the availability of 
these agents [ 15 ,  16 ] have greatly increased our 
knowledge and understanding of diabetes. This 
pathway of increased understanding of the under-
lying mechanisms is continuing through the 
investigation of new classes of antihyperglyce-
mic agents with novel mechanisms of action, 
including sodium glucose transporter inhibitors 
[ 17 ] and agents such as dipeptidyl peptidase-4 
(DPP-4) inhibitor “gliptins” targeted at the incre-
tin system [ 18 ]. 

 There has been intensive research for many 
years on the factors causing the initiation and 
development of atherosclerosis [ 19 – 22 ]. Very 
detailed histological studies have shown that ath-
erosclerosis in humans commences with the 
deposition of lipids in the vessel wall and that this 
occurs due to trapping and retention of lipopro-
teins in the subendothelial space by modifi ed 
matrix molecules, most prominently proteogly-
cans [ 23 – 27 ]. These proteoglycans are biochemi-
cally structurally modifi ed by the actions of 

growth factors and hormones on cells in the  vessel 
wall which synthesize and secrete lipid- binding 
proteoglycans. The most prominent change is an 
increase in the size of the glycosaminoglycan 
(GAG) chains on chondroitin sulfate/dermatan 
sulfate proteoglycans such as biglycan and deco-
rin [ 28 – 32 ] and these in turn show increased 
 binding to lipoproteins [ 28 ,  33 ,  34 ]. There are also 
other biochemical changes which increase the 
atherogenicity of GAG chains [ 24 ]. Following the 
retention of lipoproteins by proteoglycans in 
the vessel wall and modifi cations such as glyca-
tion and oxidation, discussed elsewhere in this 
book, there is a long slow infl ammatory process 
which generates atherosclerotic plaques [ 35 – 37 ]. 
Plaques may be stable or labile, and the sudden 
unpredictable rupture of a labile atherosclerotic 
plaque in, for example, a coronary artery can gen-
erate a life-threatening clinical event [ 38 ,  39 ]. 
This description relates to human atherosclerosis. 
In animal models of high-fat- fed genetically mod-
ifi ed and atherosclerosis- prone mice, the process 
is artifi cially driven more rapidly and the latter 
infl ammatory stage in humans becomes the pre-
dominant mechanism in animal models [ 27 ]. 
There are no really good animal models that 
refl ect the two-stage development of human ath-
erosclerosis, as described above [ 27 ]. Due to the 
focus on the infl ammatory stage by the weight of 
research in animal models, it has been convenient 
for us to refer to the lipid- matrix interaction stage 
as the pre-infl ammatory stage [ 40 ]. 

 Appreciating the ongoing role of cardiovascu-
lar disease as a major cause of premature mortal-
ity in both the presence and absence of diabetes, 
the general factors driving the initiation, devel-
opment, and potentially the regression of athero-
sclerosis are the focus of this chapter. The factors 
causing the infl ammatory stage of atherosclero-
sis and their role as potential targets for therapeu-
tic agents have recently been reviewed by us 
[ 37 ]. The initiation of human atherosclerosis 
depends on matrix lipoprotein interactions, and 
that is the main subject of this chapter [ 26 ,  27 ]. 
Although there is little information on the spe-
cifi c role of factors associated with diabetes, 
those factors are raised when information is 
available. The aim is to identify possible targets 
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for the generation of agents to prevent the initia-
tion or progression or to mediate regression of 
atherosclerosis in  individuals both with and with-
out the added confounding factors associated 
with diabetes. Lipoprotein matrix interactions 
are discussed in the context of atherosclerosis, 
but it is recognized that similar processes may 
contribute to lipoprotein- related microvascular 
injury, such as in the kidney and eye, and dis-
cussed elsewhere in this book.  

    Biochemical and Cellular 
Mechanisms of Atherosclerosis 

 Atherosclerosis is a disease of lipid retention and 
infl ammation at specifi c locations in the vessel 
wall determined by blood fl ow [ 23 ,  26 ,  36 ,  41 ], 
and it manifests as the formation of complex bio-
chemical and morphological entities known as 
plaques. Raised circulating levels of cholesterol 
are a prerequisite for the initiation and develop-
ment of atherosclerosis, but they are not suffi cient 
on their own. A neointima develops in the blood 
vessel wall below the endothelium of an athero-
sclerosis-prone blood vessel. The cellular 
arrangement of predominantly vascular smooth 
muscle cells is somewhat random compared to 
the ordered arrangement in the normal vessel wall 
where the cells are oriented circumferentially in 
the interest of maintaining vascular tone and 
blood pressure. Not only are the vascular smooth 
muscle cells in a deranged distribution but they 
are also phenotypically modulated from the “con-
tractile” to the “synthetic” state as described by 
Campbell and Campbell [ 42 ]. Phenotypic change 
is driven by growth factors and modifi cations to 
the extracellular matrix specifi cally the with-
drawal of a normal matrix which suppresses phe-
notypic modulation. The growth factors also 
determine that the cells produce increased 
amounts of extracellular matrix. A quantitatively 
relatively small but functionally and, in this case, 
pathologically important component is the pro-
tein carbohydrate complexes known as proteogly-
cans [ 43 ]. Glycosaminoglycan (GAG) chains on 
proteoglycans are long, linear, highly negatively 

charged (sulfated and carboxylated) entities 
which bind strongly to positively charged amino 
acids on the apolipoproteins on low-density lipo-
protein (LDL) [ 24 ,  44 ,  45 ]. Considerable evi-
dence supports the further involvement of growth 
factors through their action to modify the struc-
ture, particularly to elongate the GAG chains, 
which increases their binding to lipoproteins [ 26 , 
 28 ]. The binding of lipoproteins to matrix mole-
cules is associated with biochemical modifi ca-
tions to the trapped lipids and lipoproteins, and 
principally the oxidation of these species pro-
duces agents which are highly infl ammatory [ 46 ]. 
Specifi c induction of monocyte chemotactic pro-
tein-1 (MCP-1) on endothelial cells leads to the 
attraction, migration, and penetration of the ves-
sel wall by pro- infl ammatory monocytes and T 
cells [ 37 ,  47 ]. T cells perform a normal immune 
role by recognizing local antigens which then ini-
tiates an immune response and local infl amma-
tion [ 37 ]. Regulatory immune processes oppose 
the infl ammatory response but in most circum-
stances, and particularly in the presence of high 
levels of circulating lipids and other pro-infl am-
matory stimuli, these restorative processes are 
slowly overwhelmed. The developing plaque is 
an active entity which expands and contracts and 
expands over time. Microrupture with homeosta-
sis and thrombosis, local ischemia, apoptosis, and 
cell rupture all contribute to plaque development 
[ 48 ]. Plaques may be stable or labile, although the 
factors determining this critical outcome are not 
understood due to the present lack of a suitable 
animal model [ 49 ]. The diseased vessel initially 
undergoes outward remodeling to compensate for 
the luminal encroachment of the developing 
plaque, but subsequently this is decompensated 
and the developing plaque will encroach upon the 
lumen of the vessel wall [ 38 ]. Luminal encroach-
ment will restrict blood fl ow leading to clinically 
signifi cant myocardial ischemia and pain. It is 
currently believed that it is the nature of the 
plaque—stable versus labile—that determines the 
life-threatening nature of atherosclerosis, where 
the acute rupture of a labile plaque with overlying 
thrombosis can very acutely lead to myocardial 
infarction, ventricular arrhythmia, and death.  
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    Extracellular Matrix 
in Atherosclerosis 

 Histological studies show that human atheroscle-
rosis commences with the deposition of lipids in 
the vessel wall and that this occurs due to trap-
ping and retention by atherogenic matrix mole-
cules, most prominently proteoglycans [ 50 – 52 ]. 
Following the retention by proteoglycans and 
chemical modifi cation of lipoproteins in the ves-
sel wall, there is a long slow infl ammatory pro-
cess which generates atherosclerotic plaques. 
Plaques may be stable or labile, and the sudden 
unpredictable rupture of a labile atherosclerotic 
plaque, in, for example, a coronary artery, gener-
ates the life-threatening clinical event. Numerous 
factors determine the stability of plaques with 
collagens increasing stability and matrix metal-
loproteinases (MMPs) destabilizing plaques [ 53 ]. 
Thus, extracellular matrix is a major determinant 
of the initiation, progression, and potentially 
regression of atherosclerotic plaques.  

    Role of Collagens in Atherosclerosis 

 In the healthy blood vessel wall, fi brillar types I 
and III collagens are most prevalent. Vascular 
smooth muscle cells stabilize the vessel wall by 
secreting soluble collagen that polymerizes into 
insoluble fi brils that confers structural and tensile 
strength to plaque structure [ 54 ]. In addition, col-
lagens are active components of the matrix, inter-
acting with a variety of cell types and molecules. 
As atherosclerosis develops, smooth muscle cells 
transition from a contractile to synthetic pheno-
type [ 42 ]. Concomitantly there is a signifi cant 
increase in non-fi brillar network-forming type 
VIII collagen by endothelial cells, smooth mus-
cle cells, and macrophages in the early stages of 
atherosclerosis. Collagen VIII is seen in the sub-
endothelial intimal extracellular matrix and is 
usually only seen in small amounts in normal 
vessels [ 55 ]. Collagens I, III, and V together 
comprise up to 60 % of atherosclerotic plaque 
protein and contribute appreciably to the narrow-
ing of arterial lumens in atherosclerosis [ 54 ]. 

They are synthesized by smooth muscle cells to 
facilitate migration but also by endothelial cells, 
adventitial fi broblasts, and macrophages [ 55 ]. 
Collagens infl uence cell behavior and phenotype 
via feedback mechanisms through integrins α 1 β 1 , 
α 2 β 1 , and α 10 β 1  and tyrosine kinase discoidin 
domain (DDR1 and DDR2) receptor-mediated 
signaling. The integrins bind directly to collagen 
sequences GFOGER, GLOGER, and GASGER 
[ 56 ]. The DDRs bind to triple helical collagens 
and DDR2 binds to collagens I–III peptide 
sequence GVMGFO [ 57 ]. Types I and III colla-
gen synthesis is observed in the vessel intima 
[ 58 ] with the precursor protein type I procollagen 
only demonstrated in aortic lesions, not in normal 
human arteries [ 55 ]. In advanced plaques type I 
collagen predominates in the fi brous cap and in 
the vicinity of microvessels [ 54 ]. Type V colla-
gen has been demonstrated immunohistochemi-
cally in the media of atherosclerotic plaques [ 59 ]. 

 Collagens have the capacity to infl uence the 
extent of smooth muscle cell proliferation in ath-
erosclerosis. In vivo, following injury of porcine 
coronary arteries, polymerized fi brillar type I col-
lagen deposition initiates upregulation of cyclin- 
dependent kinase inhibitor p27kip1 and decreased 
smooth muscle cell proliferation [ 60 ]. mRNA 
levels of collagen types I and III are elevated in 
human diabetic atherosclerotic coronary arteries 
[ 61 ]. In vitro soluble type I collagen has been 
demonstrated to stimulate smooth muscle cell 
proliferation via activation of phospholipase C 
and phosphatidylinositol 3-kinase (PI3K) path-
ways and via integrin α 2 β 1 -binding and platelet- 
derived growth factor receptor cross talk [ 62 ]. 
Injured rat carotid arteries showing intimal hyper-
plasia have increased collagen VIII expression 
with smooth muscle cell migration [ 63 ]. Smooth 
muscle cell spreading and migration is consid-
ered to be facilitated by an increased expression 
and activity of MMPs and a weak adherence of 
these cells to collagen type VIII [ 64 ]. 

 A key event in the development of atheroscle-
rosis is the recruitment, migration differentiation, 
and cytokine production by monocytes from the 
circulation into the ECM of the blood vessel wall. 
Collagen interacts with monocyte/macrophages 
in atherosclerotic plaques via integrins and DDRs 
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mediate numerous atherogenic effects. 
Monocytes adherent to collagen specifi cally 
induce at least 316 genes [ 65 ]. Adhesion of 
monocytes on type I collagen increases cell 
spreading, phagocytic activity and uptake of 
LDL, and matrix metalloproteinase 9 expression 
[ 66 ]. Collagen can also serve as a store of pro- 
atherogenic molecules including modifi ed lipo-
proteins, via lipoprotein lipase bound to decorin, 
which in turn binds directly to collagen [ 67 ], 
growth factors, and advanced glycation end prod-
ucts (AGEs). AGEs form irreversible cross-links 
with collagen backbones and in diabetic apoE 
KO mice collagen types III and IV are increased 
signifi cantly and total collagen content is 
increased tenfold in atherosclerotic plaques [ 68 ]. 

 The fi brous cap of atherosclerotic plaques 
consists of fi brillar collagens and elastin provid-
ing protection against rupture and potential 
thrombosis. Overexpression of MMPs in human 
and experimental atheromatous plaques provides 
conditions where cleavage of collagen monomers 
into fragments via cleavage of the Gly-Ile bond 
by MMPs 1, 8, and 13 [ 69 ] allows further degra-
dation of collagen content, especially at the 
shoulder region of plaques [ 54 ]. Excessive colla-
gen may lead to vessel stenosis and a lack of col-
lagen can result in architectural instability and 
rupture of the fi brous cap.  

    Role of Matrix Metalloproteinases 
in Atherosclerosis 

 Matrix metalloproteinases (MMPs) play a key 
role in degradation and turnover of the extracel-
lular matrix. Over 25 MMPs have been described: 
collagenases, stromelysins, matrilysins, metallo-
elastases, and membrane-type MMPs [ 70 ]. They 
are zinc-dependent proteases classifi ed according 
to their substrate specifi city and structure. 
Endothelial cells, smooth muscle cells, and 
monocytes synthesize and secrete the latent pro- 
forms of the enzymes, and activation mediators 
include plasmin, thrombin, angiotensin, nitric 
oxide and reactive oxygen species, hyperglyce-
mia, and other MMPs. Matrix composition is a 
regulated balance between cytokine and growth 

factor-mediated matrix formation and MMP- 
driven degradation. Experimental and clinical 
data demonstrate the involvement of MMPs and 
their inhibiting factors, tissue inhibitors of metal-
loproteinases (TIMPs), in vascular remodeling 
such as in the formation and progression of ath-
erosclerotic plaques [ 71 ,  72 ]. Experimental ani-
mal studies using balloon angioplasty or ligature 
have demonstrated MMP upregulation and resul-
tant intimal expansion, collagen accumulation, 
and increased atheroma formation. Changes are 
associated with smooth muscle cell migration, 
activation of macrophages, and disturbed MMP/
TIMP equilibrium [ 71 ,  72 ]. 

 In vitro studies of vascular endothelial cells 
treated with high glucose concentrations model-
ing diabetes show increased expression of some 
MMPs and TIMPs, not others [ 73 ,  74 ]. In type 1 
and type 2 diabetes, altered plasma concentra-
tions of MMP-2, MMP-9, and TIMP-1 have also 
been reported and exacerbate the progress of ath-
erosclerosis [ 75 ].  

    Role of Proteoglycans 
in Atherosclerosis 

 Proteoglycans are large complex macromolecules 
which are synthesized and secreted by cells of the 
normal and atherosclerotic vessel wall [ 76 ]. 
Proteoglycans are found predominantly in the 
extracellular matrix and on the cell surface of 
most eukaryotic cells. Proteoglycans are com-
prised of a polypeptide core protein of defi ned 
molecular weight and one or more covalently 
attached glycosaminoglycan (GAG) chains of 
variable molecular weight. The molecular weight 
of the GAG chains, and thus the proteoglycans, 
varies because of the less specifi c nature of the 
synthetic process for GAGs occurring in the Golgi 
apparatus. Notably growth factors and phenotypic 
alterations can stimulate the increased expression 
of proteoglycan core proteins but also activate 
Golgi processes, resulting in an increase in the 
mean molecular weight of the GAG chains and 
thus the proteoglycans [ 24 ]. The cloning of the 
genes that encode proteoglycan core proteins [ 76 ] 
provided the opportunity to name the  molecules 

11 Lipid: Extracellular Matrix Interactions as Therapeutic Targets in the Atherosclerosis of Diabetes



220

based on their actual core proteins, and hence 
decorin, biglycan, versican, and perlecan can also 
be categorized by the chemical structure of the 
GAG chains and hence chondroitin sulfate, der-
matan sulfate, heparan sulfate, or keratin sulfate. 
The disaccharide components of GAG chains are 
carboxylated and can be further enzymatically 
sulfated and thus are negatively charged at physi-
ological pH. The diversity of the structures of pro-
teoglycans is enormous due to the variety of GAG 
chains and their attachment to different core pro-
teins [ 77 ]. Different GAG chains on the same core 
protein, particularly the linkages between mono-
saccharides, produce marked differences in struc-
ture and properties of these molecules [ 77 ]. The 
most highly expressed proteoglycans are chon-
droitin sulfate (CS) proteoglycans [ 78 ]. CS pro-
teoglycans are synthesized by the sequential 
alternative addition of monosaccharide (gluc-
uronic acid and N-acetylglucosamine) and the 
subsequent epimerization of any of the glucuronic 
acid residues to iduronic acid, by convention, 
alters the description of the GAG from CS to der-
matan sulfate (DS) [ 79 ]. The array of proteogly-
cans occurring in the vessel wall includes CS 
proteoglycan, versican, the CS/DS proteoglycans, 
biglycan and decorin, the heparan sulfate (HS) 
proteoglycan, perlecan and the keratan sulfate 
(KS) proteoglycan, and mimecan. Proteoglycans 
represent only a small component, a few percent, 
by mass of the vessel wall extracellular matrix 
[ 80 ,  81 ], but they are considerably more impor-
tant because of their diverse functionality and 
their role in pathological processes. Proteoglycans 
represent up to 20 % of total protein synthesis in 
vascular smooth muscle [ 82 ,  83 ]. The active deg-
radation of proteoglycans by proteases and GAG-
degrading enzymes means there is a high turnover 
of proteoglycans in the vessel wall, which renders 
them as a therapeutic target relative, for example, 
to elastin components which are very long-lived. 
Proteoglycans are not only space-occupying 
extracellular molecules (a property which is 
greatly exaggerated by the attraction of water 
molecules) [ 76 ] but highly functional, being 
involved in matrix-growth factor interaction and 
indirectly controlling cellular functions, includ-
ing proliferation and secretion [ 78 ]. 

 The major structural property related to ath-
erosclerosis is the ability of certain proteogly-
cans, particularly biglycan and specifi cally its 
CS/DS GAG chains, to bind to the apolipoprotein 
B (apoB) on LDL. Although the binding and 
trapping of lipid in the vessel wall as a contribut-
ing factor to atherosclerosis has been known for 
many years [ 50 ], the involvement of extracellular 
matrix molecules, including proteoglycans, led to 
the response to retention hypothesis [ 23 ,  25 ]. The 
hypothesis states that the subendothelial retention 
of lipid by matrix molecules including proteogly-
cans is the initiating step in atherosclerosis. 

  Decorin  is a small leucine-rich proteoglycan with 
a small core protein and one DS GAG chain and 
a molecular weight of approximately 100 kD. 
Decorin is a cellular or pericellular proteoglycan 
closely related in structure and function to bigly-
can with which it is often closely co-localized 
[ 51 ]. Decorin binds to numerous molecules and 
its name arises because it binds to or “decorates” 
type 1 collagen fi brils, and thus plays a role in 
fi brillogenesis. Decorin also interacts with trans-
forming growth factor-beta (TGF-β), and it can 
modify TGF-β signaling and responses and serve 
as a reservoir of TGF-β in tissues such as the 
blood vessel wall [ 84 ]. TGF-β is implicated in 
many vascular complications of diabetes, in par-
ticular renal damage [ 9 ]. 

  Biglycan  is a small leucine-rich proteoglycan 
found in multiple tissues including the vessel 
wall, bone, and tendon. Biglycan has two DS 
GAG chains and a molecular weight of approxi-
mately 200 kD. As for most proteoglycans, forms 
can be found with one and with no GAG chains, 
although the implications of these forms are 
unclear. Biglycan, as decorin, binds to collagen, 
and indeed in some systems the two can appar-
ently compete for binding to collagen. Biglycan 
is the most highly secreted proteoglycan by 
human vascular smooth muscle cells and it is 
prominently expressed in blood vessels and its 
expression is increased in diseased vessels. 

  Versican  is a very large multi-domain protein 
with multiple covalently attached GAG chains 
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and a molecular weight of some 100 kD. Versican 
is prominently expressed in blood vessels and 
also in cartilage. Versican is poly-functional sec-
ondary to its diverse structural elements. Human 
vascular smooth muscle cells secrete very little 
versican, but its expression is increased by growth 
factor such as platelet-derived growth factor 
(PDGF) [ 83 ]; however, primate vascular smooth 
muscle cells secrete large amounts of versican, 
and the level is also increased by PDGF [ 85 ]. The 
core protein has an N-terminal, C-terminal, and 
GAG-binding domain. The protein occurs in four 
isoforms known as V0, V1, V2, and V3, where 
V3 has no GAG attachment sites [ 86 ]. Versican is 
associated with cell adhesion, migration, and 
proliferation [ 87 ]. The N-terminal of versican 
interacts with the nonprotein-containing non- 
sulfated GAG, hyaluronan, indicating the extent 
to which proteoglycan and GAGs and the mole-
cules with which they interact can control normal 
and pathogenic vascular functions. 

  Perlecan  is a heparan sulfate proteoglycan thus 
having GAG chains with distinct properties. 
Perlecan is produced in small amounts by vascu-
lar smooth muscle cells (in comparison to deco-
rin and biglycan), but it is present in substantial 
amounts in the vessel wall, suggesting that it may 
be more stable and have a lower turnover rate 
than the CS/DS proteoglycans. Perlecan heparan 
sulfate chains are proatherogenic in mice, possi-
bly through increased lipoprotein retention, 
altered vascular permeability, and the ability to 
inhibit smooth muscle cell growth [ 88 ].  

    Role of Hyaluronan 
in Atherosclerosis 

 Hyaluronan (HA), a glycosaminoglycan com-
posed of repeating N-acetylglucosamine and 
glucuronic acid linked together by alternating 
β-1,3 and β-1,4 linkages, is upregulated and accu-
mulates in developing atherosclerotic lesions 
with the highest expression in the media and a 
negative concentration gradient towards the 
plaque [ 89 ]. HA is synthesized by smooth muscle 
cells, endothelial cells, and adventitial fi broblasts. 

Experimental animal studies have demonstrated 
that HA deposition coincides with smooth muscle 
cell proliferation and migration [ 90 – 92 ] and is 
related to increased levels of associated mole-
cules HA receptor CD44, hyaladherin TSG- 6, 
and versican [ 93 ]. HA anchored to the surface of 
endothelial cells by its receptors CD44 or 
RHAMM assists monocyte and lymphocyte 
movement into the vessel wall at the early stages 
of atherosclerosis [ 90 ]. HA degradation products, 
from the effects of hyaluronidase and reactive 
oxygen species, induce the release of pro- 
infl ammatory cytokines interleukin-1 (IL-1) and 
tumor necrosis factor-alpha (TNF-α) [ 94 ]. In vivo 
studies with transgenic ApoE knockout mice 
overexpressing HA synthase 2 demonstrated an 
increased progression of atherosclerosis in the 
aorta [ 95 ], while CD44-null ApoE knockout mice 
have less atherosclerosis due to the failure of 
macrophage recruitment to atherosclerotic lesions 
[ 91 ]. HA is known to be elevated in atheroscle-
rotic vessels of animal models of diabetes and 
also in the plasma of diabetic patients [ 96 ]. HA is 
associated with increased atherosclerotic lesion 
instability and lipoprotein retention, leading to 
accelerated atherogenesis [ 97 ].  

    Extracellular Matrix 
as a Therapeutic Target 

    Collagens as Targets 
for Atherosclerosis Therapy 

 Early theories suggested that increased collagen 
production in atheroma added to the burden of 
luminal stenosis; however more recent clinical 
fi ndings point to the involvement of thrombi from 
ruptured plaques as the culprit in acute coronary 
episodes, rather than stenoses. The state of the 
dynamic remodeling of the atherosclerotic plaque 
fi brous cap may determine the clinical fate of a 
given lesion [ 20 ]. Plaque rupture may result from 
low levels of collagen, which may result from 
increased collagen catabolism (as described ear-
lier) by matrix metalloproteinases or decreased 
and/or altered collagen synthesis. Accumulation 
of non-fi brillar collagen or defective collagen 
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results in plaques with vulnerable caps and the 
likelihood of clinical sequelae [ 98 ]. Thus the 
 balance of synthesis and degradation of collagen 
is of utmost importance in treatment strategies 
for the prevention of atherosclerosis. To date 
there are no therapies targeted directly at colla-
gen production, assembly, or catabolism; how-
ever current therapies have resulted in some 
interesting effects on collagen. Statin treatment 
has proved to have clinical benefi t in reducing 
plaque size by limiting plaque lipid load and 
thereby stabilizing atherosclerotic plaques [ 99 ]. 
Dietary lipid lowering in rabbits decreased mac-
rophage accumulation, as well as endothelial cell 
and smooth muscle cell activation, which 
decreased the collagenase MMP 1 expression 
and increased collagen levels [ 100 ]. A clinical 
study demonstrated that pravastatin treatment to 
lower lipids increased collagen content and 
decreased matrix metalloproteinases in human 
carotid plaques [ 101 ]. Blocking formation of 
AGEs in diabetic ApoE knockout mice attenuates 
aortic plaque collagen I accumulation and may 
affect plaque stability [ 68 ]. Viable collagen-
directed therapies for the prevention or treatment 
of atherosclerosis are yet to be discovered.  

    MMPs as a Therapeutic Target 
in Atherosclerosis 

 The use of MMP inhibitors (MMPI) as therapeu-
tic agents aims to reduce ECM degradation, 
thereby stabilizing plaques. This does present an 
opportunity for an imbalance in ECM expansion. 
MMPI drugs, including batimastat, ilomastat, 
marimastat, and tanomastat, have existed for 
more than 25 years. Unfortunately numerous 
failed clinical trials have lowered interest in this 
approach. The majority of MMPI drugs are broad 
spectrum synthetic MMP inhibitors, like the tet-
racycline antibiotic doxycycline [ 102 ], which has 
been shown to limit intimal remodeling both in 
vitro [ 103 ] and in vivo [ 104 ]. An alternative 
inhibitory method is to overexpress TIMPs to 
alter the balance between MMPs and TIMPs. 
Overexpression of TIMPs has produced differing 
results such as either decreased neointimal 

 thickening [ 105 – 107 ] or no change in aortic 
plaque size [ 108 ]. Targeted deletion of TIMP-1 in 
ApoE- null mice also gave contradictory results, 
either unchanged [ 109 ] or decreased plaque for-
mation [ 110 ]. More recently, rosuvastatin treat-
ment has been demonstrated to inhibit the 
expression of MMP-2 and MMP-9 and limit the 
progression of atherosclerosis in LDL-receptor-
defi cient mice [ 111 ]. Overall, targeting MMPs for 
therapeutic purposes in atherosclerosis is com-
plex, partly because of the redundancy of MMPs 
in the ECM and partly because of the precise bal-
ance between MMPs and TIMPs in the vessel 
wall. Currently there are no suitable drug candi-
dates for direct MMP targeting in atherosclerosis.  

    Proteoglycans as Therapeutic Targets 

 Lipids bind to GAG chains, and the role of the 
growth-factor-mediated hyperelongation of GAG 
chains has been hypothesized to be a substantial 
contributing factor to the ability of vessel wall 
proteoglycans to bind and retain lipid and thus 
represents a therapeutic target [ 26 ,  34 ,  112 ]. 
The GAG chain properties which determine the 
strength of their interaction with lipids are 
the length of the chains, the sulfation pattern, and 
the degree of epimerization [ 24 ]. Each of these 
properties is under specifi c cellular regulation. 

 Many enzymes have been discovered which 
mediate the synthesis of proteoglycans and spe-
cifi cally GAG chains, but the extent to which the 
mechanism of assembly is known varies from 
type to type [ 52 ]. Furthermore, the widespread 
expression of proteoglycans suggests that these 
synthetic enzymes will not represent therapeutic 
targets. Growth factors and hormones can regu-
late the synthesis of proteoglycan core proteins 
and GAG chains ( see  Fig.  11.1 ), often via highly 
specifi c signaling pathways, and it is more likely 
that these signaling pathways, which may be tis-
sue specifi c, will represent therapeutic targets 
[ 28 ,  32 ,  113 – 116 ].

   Biglycan expression in vascular smooth 
 muscle cells is increased by TGF-β, which also 
markedly increases the size of the GAG chains on 
the biglycan, and accordingly there is a strong 
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association with biglycan, TGF-β, and lipid as a 
causal step in the development of atherosclerosis, 
and this is a therapeutic target [ 28 ,  115 ,  116 ]. 

 The most investigated area of the potential of 
therapeutic agents directed at proteoglycan syn-
thesis is the signaling pathways that mediate elon-
gation of CS/DS GAG chains on biglycan because 
of the direct association with increased lipid bind-
ing [ 26 ]. Many growth factors and hormones stim-
ulate vascular smooth muscle cells to synthesize 
and secrete biglycan with increased GAG length 
[ 117 ], a phenomenon that we have termed hyper-
elongation, because it represents a further elonga-
tion of GAG than that seen under basal conditions 
[ 26 ]. Vasoactive factors that stimulate GAG elon-
gation include seven- transmembrane G protein-
coupled receptor agonists, such as angiotensin II, 

endothelin-1, and thrombin; protein tyrosine 
kinase receptor agonists such as PDGF and epi-
dermal growth factor (EGF); and serine/threonine 
kinase agonists such as TGF-β (Fig.  11.1 ) [ 117 ]. 
Taking the serine/threonine kinase receptor for 
TGF-β, transforming growth factor-β receptor I 
(TβRI), as an example, there has been consider-
able progress in characterizing the pathways 
through which this receptor leads to GAG hyper-
elongation and in distinguishing these pathways 
from those that mediate increased expression of 
the proteoglycan core protein [ 32 ,  118 ]. TGF-β 
also stimulates a pathway, known as non-Smad, 
which involves the activation of the MAP kinase 
pathway leading to stimulation of Erk1/2 and 
phosphorylation of Smad in the linker region. The 
linker region is located between receptor Smads 

  Fig. 11.1    Process involved in the generation of an inhibi-
tor of proteoglycan synthesis for the prevention of athero-
sclerosis. An inhibitor of growth factor-mediated 
elongation of glycosaminoglycan chains on proteogly-
cans, such as biglycan, secreted by vascular smooth 

 muscle cells has the potential to inhibit the matrix lipopro-
tein interaction which results in the deposition of lipid in 
the vessel wall as the initiating step in atherosclerosis. 
Such a product would be used jointly with a statin drug 
(see text for details)       
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Mad homology domains 1 and 2. Although phos-
phorylation in the linker region was originally 
shown to inhibit Smad function [ 119 ,  120 ], most 
recent studies show that linker region phosphory-
lation is a positive driver of Smad responses [ 116 , 
 121 ,  122 ]. There is a small group of serine and 
threonine residues in the linker region of Smad 
transcription factors, and these are linked to spe-
cifi c downstream pathways that regulate gene 
transcription, including that controlling the 
expression of genes which mediate GAG elonga-
tion [ 121 ]. For vasoactive agents which are mito-
gens, such as PDGF, which also stimulate 
proteoglycan core protein expression, the core 
protein expression and mitogenic pathways appear 
to be common or at least similar, including PI3K 
and Akt, whereas GAG elongation pathways are 
mediated via MAP kinases, especially Erk1/2 
[ 32 ]. The highly specifi c biochemical targets that 
have been identifi ed in this work have the poten-
tial to be used for the development of drugs to pre-
vent GAG elongation and lipid deposition in 
atherogenesis. 

 The potential for inhibiting GAG elongation 
and preventing lipid deposition and atherosclero-
sis has been demonstrated in animal models [ 32 , 
 34 ]. The antitumor agent imatinib (STI 571, 
Gleevec, Glivec) was developed for the inhibition 
of Abl tyrosine kinase in chronic myeloid leuke-
mia, in which this kinase is constitutively acti-
vated [ 123 ]. Imatinib has been characterized as a 
tyrosine kinase inhibitor and it inhibits only a 
small number of kinases. In the vascular context, 
imatinib inhibits Abl as well as Kit and PDGF 
receptor kinase [ 124 ]. Imatinib is a potent inhibitor 
of PDGF-stimulated GAG elongation [ 32 ,  34 ]. 
GAG chains isolated from vascular smooth mus-
cle cells treated with imatinib show reduced bind-
ing to normal human LDL, and high-fat-fed 
atherosclerosis-prone mice treated with imatinib 
show reduce lipid deposition ex vivo and in vivo 
[ 32 ,  34 ]. Atherosclerosis is associated with many 
growth factors and hormones, and intriguingly 
we have found that imatinib inhibits the GAG 
elongation action of not only tyrosine kinase ago-
nists but also of seven-transmembrane G protein- 
coupled receptor and serine/threonine kinase ago-
nists (Little, unpublished observation). These 

latter agonists have distinct signaling pathways 
(Fig.  11.1 ), so identifying the precise target of the 
action of imatinib might produce a therapeuti-
cally useful GAG inhibitor. Such a drug would be 
used in combination with a HMG CoA reductase 
inhibitor (statin), such that the statin would reduce 
circulating levels of atherogenic lipoproteins and 
the GAG inhibitor would render the vessel wall 
less sticky, with the overall effect of a reduced 
rate of progression of atherosclerosis [ 125 ].  

    Hyaluronan as a Therapeutic Target 
in Atherosclerosis 

 HA is a potential target for the prevention of ath-
erosclerosis as evidenced by its involvement in 
the multiple early changes in the vessel wall, both 
structurally and as an infl ammatory component 
[ 126 ]. To date very little progress has been made 
on specifi cally targeting components of the ECM, 
including HA. There are however examples of 
drugs infl uencing HA metabolism, such as  anti-
 infl ammatory steroids prednisolone, hydrocortisone, 
dexamethasone, and betamethasone, signifi cantly 
inhibiting HA synthesis and not sulfated glycos-
aminoglycan synthesis [ 127 ]. The nonsteroidal 
anti-infl ammatory drug etoricoxib, a cyclooxy-
genase enzyme COX2 inhibitor, blocks HAS2 
production of HA [ 128 ]. The immunosuppressive 
drug sirolimus causes a signifi cant reduction in 
HAS1-3 mRNA levels and hyaluronan synthesis 
[ 129 ], and the statin lovastatin reduces HA accu-
mulation in Watanabe heritable hyperlipidemic 
rabbits [ 130 ]. These examples demonstrate 
potential benefi cial therapeutic effects in the 
acute infl ammatory phase of atherosclerosis 
where HA production is elevated.   

    Conclusions 

 It is very surprising that all of the research over 
the last two decades has not led to more novel 
agents for the treatment of atherosclerosis. 
Nevertheless this chapter on lipid-matrix interac-
tions and other bodies of work focused on the role 
of infl ammation in the development of 
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 atherosclerosis [ 37 ] clearly demonstrate that there 
are many preclinical targets which have not been 
fully explored for their potential as therapeutic 
targets. Work in these areas has been impeded by 
the lack of animal models which reproduce the 
human disease with high fi delity, so new models 
are urgently required. Although diabetes drives an 
almost two-fold increase in the rate of develop-
ment of atherosclerosis and of cardiovascular 
 disease [ 7 ], the factors that are specifi c to diabetes 
have not been identifi ed [ 12 ], and that is an area 
requiring more research and new insights. 

 The early pre-infl ammatory phase of the 
development of atherosclerosis occurs due to the 
interaction of extracellular matrix molecules in 
the vessel wall with circulating lipid species, 
which enter the vessel wall and are retained. 
Although the area of circulating lipids has 
received considerable attention, the properties of 
the extracellular matrix of the vessel wall and the 
interaction of the matrix with circulating lipids 
which enter the wall has been less appreciated 
and investigated. Perhaps therein lies the pathway 
to a new therapeutic agent, to work alone or more 
likely in combination with a lipid-lowering agent, 
to retard the development of atherosclerosis and 
cardiovascular disease. Even in the absence of 
knowledge of the diabetes-specifi c factors that 
accelerate atherosclerosis, such therapies will 
likely also be benefi cial to people with diabetes.     
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           Introduction 

 Understanding the whole body (systemic) and 
cellular metabolism of lipoproteins, including 
that of the modifi ed lipoproteins that occur in dia-
betes mellitus, has potential to improve the quan-
titative and qualitative changes in lipoproteins 
that contribute to the macrovascular and micro-
vascular complications of type 1 and type 2 dia-
betes [ 1 ,  2 ] and facilitate development of 
therapeutics that can improve clinical outcomes. 
An excellent example of how understanding lipo-
protein metabolism has improved clinical out-
comes is that an understanding of the LDL 
receptor, intracellular cholesterol metabolism, 
and the central role of HMG-CoA reductase led 
to the development of HMG-CoA reductase 
inhibitors (statins), which substantially reduce 
cardiovascular events in both diabetic and non-
diabetic people [ 3 – 5 ]. 

 Cell culture, animal, and human kinetic lipo-
protein studies can contribute knowledge as to 
lipoprotein metabolism and the effects of clinical 
factors such as diabetes, renal damage, and of 
genetic effects (such as via usage of gene knock-
out or transfection and silencing RNA), and of 

drugs. In this chapter we will describe the general 
principles of commonly used techniques for in 
vivo studies of lipoprotein kinetics which can be 
applied to human subjects and to animals and for 
the assessment of lipoprotein metabolism in 
 cultured cells, using examples from our research.  

    Lipoprotein Kinetic Studies 

 In clinical practice and in many clinical research 
studies, lipid or apolipoprotein levels are com-
monly measured (as described in another chapter 
in this book) and reported, including often as the 
study endpoint. While these static measures are 
very useful and are valuable in clinical practice, 
studies of lipoprotein metabolism are important 
research tools, akin to looking at a movie (a lipo-
protein kinetics study) rather than at a photo or an 
individual frame of the movie (a traditional lipid 
panel). Such kinetic studies are complex and 
require specifi c skill sets and instrumentation 
and, due to their high cost, are also usually con-
ducted in small numbers of subjects. 

 Alterations in lipid levels may relate to differ-
ences in lipoprotein production or lipoprotein 
clearance, or both, and even in the absence of 
altered lipid levels, there may be changes in lipo-
protein production and the rates and pathways of 
lipoprotein clearance. 

 While kinetic studies have been undertaken in 
animals, apart from nonhuman primates [ 6 ], the 
lipoprotein metabolic pathways of animals, par-
ticularly rodents, differ substantially from that of 
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humans. For example, in man most circulating 
cholesterol is present in Low-Density Lipoprotein 
(LDL), while in rodents most circulating choles-
terol is carried in High-Density Lipoproteins 
(HDL) [ 7 ]. 

 As LDL is the major circulating lipoprotein 
and as apoB100 is present in Very-Low-Density 
Lipoprotein (VLDL) and its metabolic products 
of Intermediate Density Lipoprotein (IDL) and 
LDL, most kinetic studies relate to apoB- 
containing lipoproteins. 

    Apolipoprotein B Turnover Studies 

 Two general approaches to apoB kinetic studies 
are taken. The fi rst and earlier technique utilizes 
radiation and the more modern technique uses 
stable isotopes. 

    Radiation-Based Studies 
 The study of apoB metabolism has been 
approached in a number of ways in both normal 
as well as hyperlipidemic states in human sub-
jects. The most widely used technique to measure 
clearance of apoB employs radioiodination of 
purifi ed VLDL or LDL, usually obtained by 
ultracentrifugation, which is then reinjected into 
the study subjects. The decrease in lipoprotein 
radioactivity is monitored in sequential blood 
samples collected from each subject. 

 Another approach has utilized intravenous 
administration of a radioactively labeled amino 
acid precursor, such as  75 Se-labeled methionine, 
or [ 3 H]leucine, with subsequent determination of 
its appearance in, and disappearance from, the 
lipoprotein fraction(s) of interest. Both of these 
approaches use radioactive isotopes and require 
extensive computerized mathematical modeling 
to properly estimate lipoprotein residence time in 
plasma using stochastic or multicompartmental 
analysis of plasma radioactivity decay curves. 

 Radioiodination of LDL has been used success-
fully to monitor LDL turnover because it has been 
extensively documented that apolipoprotein B 
(apoB) is unique among the apoproteins in that it is 
not exchangeable between lipoprotein classes [ 8 ] 
while it is also the major protein component of 
LDL. In contrast, apoB in VLDL represents only 

approximately 40 % of the total protein mass, and 
radioiodination of VLDL results in labeling of 
other apoprotein components. In addition, a larger 
proportion of the radiolabel may be found in the 
lipid moiety of the particle than with LDL and may 
result in less than 50 % of total radioactivity being 
localized in apoB [ 9 ]. Therefore, studies of apoB 
metabolism after injection of radiolabeled VLDL 
require the isolation of apoB from the other labeled 
components to permit accurate specifi c activity 
measurements. This led to the development of 
methods to rapidly and quantitatively isolate apoB 
from other radiolabeled apolipoproteins and lipids, 
and which permit multiple apoB specifi c activity 
determinations on lipoproteins isolated from lim-
ited volume plasma samples. One frequently uti-
lized method uses 1,1′,3,3′-tetramethylurea (TMU) 
to solubilize VLDL apoproteins and leave behind 
precipitated apoB [ 10 ], while another uses buta-
nol-isopropyl ether [ 11 ]. 

 To circumvent lipid contamination, other 
investigators have endogenously labeled VLDL 
with  75 Se-labeled methionine or  3 H-labeled lysine. 
However, interpretation of data from this type of 
experiments conducted in humans is diffi cult to 
analyze mathematically because of the inherent 
complexity of endogenous labeling. These experi-
ments also do not allow complete analysis of the 
source of apoB input into the higher density lipo-
protein classes; thus, precursor- product relation-
ships between VLDL apoB and apoB in the other 
lipoprotein density classes cannot be easily stud-
ied [ 12 – 14 ]. A general organization and method 
of conduct of these types of investigations are 
shown in the schematic presented in Fig.  12.1 .

   The methods described above rely on radioac-
tively labeled lipoproteins or infusions of radio-
activity. This approach, however, is considered 
by some to be non-ideal for several reasons:
    (a)    Lipoproteins and apolipoproteins potentially 

can be modifi ed, such as by oxidation or 
aggregation, during isolation and radioiodin-
ation which may infl uence their metabolic 
behavior in vivo.   

   (b)    A steady-state condition where production 
and clearance rates are taken to be constant is 
diffi cult or impossible to document and, there-
fore, must be assumed, an assumption that 
may not always be physiologically accurate.   
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  Fig. 12.1    The design and general method of conduct of 
investigations of lipoprotein and apoprotein metabolism 
which employ isotopes. Studies investigating lipoprotein 
metabolism in plasma frequently employ isotopic labeling 
of the apoprotein moiety of the particles. Both radioiso-
topes and nonradioactive, stable nuclides (e.g.,  2 H,  15 N) are 
frequently used to label lipoprotein protein. Studies of 
lipoprotein metabolism fall into one of two general classes: 
studies in which lipoproteins are initially isolated and the 
apoprotein radiolabeled before the lipoprotein is injected 

back into the study subject and studies in which isotopes 
are infused at a constant rate until they are absorbed into 
the liver and subsequently incorporated into lipoprotein 
proteins. In the latter type of study, the lipoprotein parti-
cles which are secreted de novo by the liver contain the 
stable nuclides which permit these lipoproteins to be dis-
tinguished from those already present in the circulation. 
Both approaches require frequent sampling of plasma 
from the study subject. Lipoprotein metabolism may be 
studied using whole plasma but more often individual 
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   (c)    Studies cannot be undertaken in young chil-
dren or in pregnant women, nor can multiple 
studies be undertaken in the same volunteer 
due to exposure to potentially hazardous lev-
els of radioactivity.      

    Stable Isotope-Based Studies 
 A new experimental approach to investigations of 
apoB metabolism has been developed which 
relies on modern instrumentation and which 
eliminates complications associated with the 
administration of radioactivity to humans. This 
method uses intravenous infusion of stable 
isotope- labeled amino acids after a priming dose 
that achieves and maintains an isotopic steady 
state [ 15 ,  16 ] that is necessary for the successful 
conduct of this type of study. The intricacies and 
advantages or disadvantages associated with each 
of these three types of lipoprotein, or lipoprotein 
precursor, tracer infusion studies have been dis-
cussed at length in other excellent articles [ 17 ].  

   Dual Radiolabel Studies 
 As discussed in the chapter on lipoprotein glyca-
tion, the incubation of human LDL with glucose 
results in a nonenzymatic formation of a Schiff 
base between the monosaccharide and lysyl 
 residues in apoB. As a greater percentage of the 
lysyl residues of apoB in LDL become modifi ed 
by glycation, the fractional catabolic rate of the 
 glycated LDL decreases in in vivo studies [ 18 ]. 
The rates of catabolism of glycated LDL by cul-
tured human skin fi broblasts are also decreased 
suggesting that glycated LDL is catabolized 
 primarily via a receptor-independent process. 
Thus, radiolabeled LDL which has been exten-
sively glycated is frequently injected concomi-
tantly with native LDL radiolabeled using another 
isotope, and the rates of LDL metabolism via 
receptor- independent and receptor-dependent path-
ways, respectively, estimated from the ratio of the 

fractional catabolic rates determined using each 
uniquely radiolabeled lipoprotein preparation [ 18 ].   

    HDL-Related Turnover Studies 

 Studies investigating the synthesis and catabo-
lism of HDL apolipoproteins, primarily apoA-I 
and apoA-II, are conducted in a manner similar 
to those described above for apoB. Lipoproteins 
containing radiolabeled apolipoproteins(s) are 
injected into each study subject, and the lipopro-
tein fraction of interest is isolated from serially 
collected blood samples to monitor radioactivity 
decay patterns. Investigating the metabolism of 
HDL apolipoproteins using this type of study 
technique is inherently more diffi cult because it 
has been documented that protein in HDL is 
freely exchangeable between HDL particles and 
lipoproteins in other density classes [ 19 ,  20 ].    

 It is these types of kinetic studies that have 
led to the knowledge regarding changes in VLDL, 
LDL, and HDL production and clearance in 
 people with vs. without diabetes as is described in 
the chapter on lipoprotein metabolism in 
diabetes. 

   Lipoprotein Metabolism in Cultured 
Cells 
 Investigations of lipoprotein metabolism in cul-
tured cells generally focus on three distinct stages 
of cell-lipoprotein interaction:
    (a)    Lipoprotein binding to cell surface lipoprotein 

receptors   
   (b)    Internalization of the lipoprotein from the 

cell surface in preparation for subsequent 
metabolism by the cell (if binding of the lipo-
protein to the receptor results in receptor 
internalization)   

   (c)    Degradation of the internalized lipoprotein in 
the cell lysosomal compartment      

Fig. 12.1 (continued) lipoprotein classes are separated 
and purifi ed using ultracentrifugation or other methodol-
ogy. Lipoprotein metabolism or “turnover” is quantitated 
as the appearance/disappearance of radioactivity in plasma 
and isolated lipoprotein fractions when radioactive tracers 
have been employed. When stable nuclides are infused, 
plasma and lipoprotein samples must be extensively 

 processed to enable detection and quantitation of the 
 stable isotopes using gas chromatography (GC) or liquid 
chromatography (LC) in combination with mass spectros-
copy (MS). Both approaches ultimately require sophisti-
cated, computer-aided, mathematical modeling to convert 
the patterns of isotope appearance/disappearance in 
plasma/lipoproteins into intuitive metabolic pathways       
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   Lipoprotein Binding to Cells 
 The Nobel Prize in Physiology or Medicine in 
1985 was awarded to Joseph L. Goldstein and 
Michael S. Brown. Their Nobel prize-winning 
research not only elucidated the molecular mecha-
nism whereby exogenous cholesterol in VLDL and 
LDL downregulates cellular 3-hydroxy- 3-
methylglutaryl coenzyme A reductase enzymatic 
activity (HMG-CoA reductase), the rate-limiting 
step of cellular endogenous cholesterol biosyn-
thesis, but it also developed many of the techniques 
necessary for the study of lipoprotein metabolism 
in cultured cells. Many of these research techniques 
remain in use today. Their earliest studies demon-
strated that LDL radiolabeled with tracer  125 I-iodine 
can be taken up by cultured fi broblasts from nor-
mal subjects in a temperature dependent process 
that is highly specifi c, reaches equilibrium with 
time, and is saturable at low levels of LDL [ 21 ]. 

 These studies clearly demonstrated for the 
fi rst time that the amount of  125 I-LDL bound to 
the cells was reduced by the addition of a 50-fold 
excess of non-radiolabeled, native LDL, which 
suggested that the radiolabeled LDL and native 
LDL were competing for a limited number of 
specifi c binding sites. Furthermore, these studies 
introduced the concept of “specifi c” lipoprotein 
binding to cells, which would be reported from 
this juncture as the difference between the lipo-
protein radioactivity bound to cells in the absence 
and presence of excess native LDL. The develop-
ment of techniques to measure both “specifi c” 
lipoprotein binding as well as “nonspecifi c” 
binding (defi ned as the level of  125 I-LDL radioac-
tivity bound in the presence of a 50-fold excess of 
native LDL) enabled these investigators to con-
duct Scatchard analyses of the LDL binding to 
fi broblast receptors. These study results sug-
gested the presence of a specifi c LDL binding 
site of high affi nity which could be saturated at 
relatively low LDL concentrations (20 µg/ml). 
Most importantly, these studies demonstrated 
that specifi c LDL binding appeared to be required 
in the process by which LDL normally sup-
pressed HMG-CoA reductase activity and fur-
ther, the binding of LDL to fi broblasts from 
patients homozygous for familial hypercholester-
olemia was defective and appeared to explain the 

previously reported failure of LDL to suppress 
the synthesis of this enzyme in fi broblasts iso-
lated from these patients [ 21 ].  

   Lipoprotein Degradation by Cells 
 While studying the binding of  125 I-LDL to normal 
fi broblasts, Brown and Goldstein noted that the 
 125 I-LDL bound to cells was ultimately degraded 
to form a product that was dialyzable and which 
could no longer be precipitated with trichloracetic 
acid (TCA) [ 22 ]. In subsequent studies [ 23 ] they 
refi ned this technique to include an additional step 
in which the acid-soluble material appearing in the 
culture media harvested after cells were incubated 
with  125 I-LDL at 37 °C for several hours was oxi-
dized with hydrogen peroxide and then extracted 
with chloroform. This step eliminated the artifac-
tual contamination of the small amount of radio-
active free iodide that persisted in the  125 I-LDL 
preparation despite extensive dialysis. Control 
studies conducted by incubating the  125 I-LDL 
preparation at 37 °C in culture media without cells 
revealed that the formation of this iodide-free, 
acid-soluble degradative product of LDL was 
absolutely dependent on the presence of cells and, 
furthermore, was linear with time up to at least 
30 h. The use of this cell-free, spontaneous degra-
dation control became routine for all subsequent 
studies of lipoprotein metabolism by cells. Most of 
the TCA-soluble material secreted into the culture 
medium was identifi ed to be  125 I-tyrosine. Uptake 
of LDL by both the specifi c, high-affi nity process 
and also the nonspecifi c, lower-affi nity process 
results in degradation of the lipoprotein, and the 
degradation processes appear to be similar [ 22 ].  

   Lipoprotein Accumulation by Cells 
 To demonstrate the conversion of bound  125 I-LDL 
to acid-soluble material, cultured human fi bro-
blast cells were fi rst preincubated at 4 °C with 
 125 I-LDL. These conditions permit the LDL to 
bind to cell surface receptors as demonstrated by 
continued LDL susceptibility to protease degra-
dation [ 21 ,  22 ] even after 4 h incubation, but 
without appearance of  125 I-acid-soluble material 
in the media. Cells which had been preincubated 
at 4 °C with  125 I-LDL were then transferred to 
medium without  125 I-LDL and were additionally 
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incubated at either 4° or 37 °C. At the beginning 
of this second incubation, all radioactivity bound 
to the cells was precipitable with TCA. When the 
cells were incubated at 37 °C, nearly all this 
bound radioactivity was released into the cell cul-
ture medium within 3 h, and approximately two 
thirds had been converted to acid-soluble mate-
rial. In contrast, when the cells were incubated at 
4 °C, only about one third of the  125 I bound to the 
cells was released, and all the radioactivity was 
precipitable by TCA. The difference in the 
amounts of radioactivity localized to cells incu-
bated at 37 °C (bound and internalized, but not 
degraded LDL) compared to that found in cells 
incubated at 4° (bound LDL only) is considered 
to be accumulated LDL. These types of studies 
are not conducted as often as those measuring 
lipoprotein binding or degradation.  

   Studies of Glycated LDL Metabolism by 
Human Macrophages 
 We have used the techniques described above to 
investigate the metabolism of in vivo glycated 
LDL by cultured human macrophages. Using 
sequential ultracentrifugation we isolated LDL 
(1.019 <  d  < 1.063 g/ml) from 10 adult patients 
with type 1 diabetes and from 10 age-, sex-, and 
race-matched non-diabetic subjects to serve as 
controls [ 24 ]. The HbA1c level in the diabetic 
patients and in the nondiabetic, control subjects 
averaged 8.2 ± 0.6 and 5.6 ± 0.1 %, respectively. 
We incubated human monocyte-derived macro-
phages with increasing concentrations of  125  I- LDL 
from each diabetic patient and matched control 
subject for 20 h at 37 °C and then determined the 
amount of  125 I-TCA-soluble (non-iodide) mate-
rial formed by the cells and secreted into the 
 culture medium. We calculated the rates of high-
affi nity, receptor-mediated degradation of the 
LDL as the difference between LDL degradation 
levels in cells incubated with only  125 I-LDL and 
parallel incubations containing  125 I-LDL plus a 
25-fold excess of non-radiolabeled LDL. 
Corrections were made for the small amounts of 
 125 I-acid-soluble material that was found in paral-
lel incubations without cells. We determined 
there was no signifi cant difference between the 
receptor-mediated degradation of LDL isolated 
from control subjects and diabetic patients. 

Unexpectedly, we observed a signifi cant increase 
( p  < 0.05) in the rates of total and non-high- 
affi nity receptor-mediated degradation of LDL 
from diabetic patients compared to that isolated 
from control subjects. We determined that there 
were no statistically signifi cant differences in the 
lipid composition of LDL isolated from the two 
groups, and therefore, we investigated whether 
abnormalities in apoB could be responsible for 
the altered pattern of degradation. 

 ApoB can also be covalently modifi ed by 
incubation with glucose in vitro and is similar to 
the LDL from diabetic patients (modifi ed in 
vivo). We determined that the level of glycation 
in LDL from the diabetic patients was increased 
four-fold over that determined in LDL from the 
control subjects. This was a critical observation 
because these results suggested the presence of 
an abnormality in LDL apoproteins that could 
alter LDL metabolism by macrophages even in 
patients who were in relatively good glycemic 
control (HbA1c 8.2 ± 0.6 %) and whose LDL 
lipid composition was normal. We pursued addi-
tional studies to determine the mechanism 
responsible for the enhanced degradation of LDL 
from diabetic patients by human macrophages. 

 To further investigate the interaction of gly-
cated LDL with human macrophages, we modi-
fi ed LDL in vitro by incubating LDL isolated 
from plasma pooled from young, healthy, eugly-
cemic donors with glucose for seven days at 
37 °C, which we have shown will increase the 
fructoselysine content of the LDL to levels 
observed in LDL isolated from diabetic patients 
[ 25 ]. As reviewed in the chapter on lipoprotein 
glycation, fructoselysine is an early glycation 
product. We incubated  125 I-labeled native and in 
vitro glycated LDL (glc-LDL) with human mac-
rophages and determined the rates of LDL degra-
dation [ 26 ]. We determined that the rates of total 
degradation of glc-LDL were greater than those 
of control LDL, particularly at high LDL concen-
trations. More signifi cantly, the degradation of 
glc-LDL by the classic LDL receptor pathway 
was slightly less than that of control LDL. This 
suggested that the increase in degradation of glc-
LDL was mediated by a pathway independent of 
the classic LDL receptor [ 26 ]. Additional studies 
in our laboratory demonstrated that the increased 
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degradation of glc-LDL by human macrophages 
was not mediated by the scavenger receptor or by 
carbohydrate receptors known to be expressed on 
human macrophages. This series of studies sug-
gested that in human macrophages, there exists a 
low-affi nity, high-capacity pathway that enhances 
the uptake and degradation of glc-LDL.  

   Cellular Metabolism of Lipoprotein 
Cholesterol 
 The early seminal studies conducted by Brown 
and Goldstein [ 27 ] clearly demonstrated that 
LDL, but not VLDL or HDL, could signifi cantly 
reduce the activity of HMG-CoA reductase in 
fi broblasts. Subsequent studies further revealed 
that when LDL was incubated with cultured fi bro-
blasts, there was a 30- to 40-fold increase in the 
rate of incorporation of  14 C-oleate into the fatty 
acid fraction of cellular cholesteryl esters [ 28 ]. 
Most importantly, the stimulation of cholesteryl 
ester formation by LDL occurred despite the fact 
that endogenous synthesis of unesterifi ed choles-
terol was completely suppressed by the lipopro-
tein. That is, exogenous cholesterol in the LDL 
rather than endogenous cholesterol synthesized 
by the cell appeared to provide the cholesterol 
substrate for cellular cholesterol esterifi cation. 

 Using this same approach, we determined that 
LDL isolated from hyperglycemic, normolipid-
emic diabetic patients stimulated cholesteryl 
ester synthesis rates in human macrophages sig-
nifi cantly more than LDL isolated from nondia-
betic, control subjects [ 24 ]. We further determined 
that the increase in cellular cholesteryl ester syn-
thesis in cells incubated with LDL from diabetic 
patients did not result from increases in choles-
terol content in the LDL compared to LDL from 
the control subjects but rather resulted from 
enhanced catabolism of the LDL particles by the 
glycated LDL receptor present on human macro-
phages as detailed above. We further demon-
strated that the enhancement in cholesteryl ester 
synthesis by macrophages exposed to glc-LDL 
was paralleled by intracellular accumulation of 
cholesteryl ester [ 26 ]. 

 Lastly, these fi ndings clearly demonstrate the 
importance of glycation of apoprotein B in LDL 
on inducing abnormal LDL-macrophage interac-
tion. They are also of interest because they 

 suggest the presence of abnormal lipoprotein 
metabolism in diabetes even in patients who are 
in relatively good glycemic control and whose 
plasma lipid and lipoprotein levels are normal.    

    Future Directions 

 It is expected that these or related tools to study 
lipoprotein metabolism will continue to be of use 
in the assessment of systemic and cellular lipo-
protein metabolism. They have contributed to our 
understanding of lipoprotein metabolism in dia-
betes (and in health and other disease states) and 
of the effects of lipoprotein modifi cations, such 
as by glycation. Other clinical, animal, and cell 
culture research has demonstrated that changes in 
lipoproteins levels and composition can promote 
atherosclerosis and the retinal and renal compli-
cations of diabetes. Moderately effective treat-
ments have been developed to reduce the 
lipid-related vascular damage, but unfortunately 
such complications still occur. Residual risk may 
reside within alterations in lipoprotein metabo-
lism, including the cellular handling (and 
responses to) lipoproteins. The tools described 
herein, most likely used with other cell biology, 
molecular techniques, and drug development 
tools, may facilitate the development of treat-
ments to tightly control dyslipoproteinemia and 
reduce the vascular complications of diabetes.     
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           Introduction 

 Type 2 diabetes mellitus (T2DM) markedly 
increases the risk of all forms of cardiovascular 
disease [ 1 ,  2 ]. Endothelial dysfunction (ED), or 
endotheliopathy, is an early indicator of diabetic 
vascular disease and independently predicts car-
diovascular risk [ 3 ]. Major factors that contribute 
to ED include dyslipoproteinemia [ 4 ], oxidative 
stress and infl ammation [ 5 – 7 ]. Dysglycemia, 
hypertension and insulin resistance are clearly 
important, but probably chiefl y operate through 
oxidative stress and pro-infl ammatory pathways 
[ 5 ,  8 ,  9 ]. Both invasive and non-invasive methods 
for assessing endothelial function have generated 
a wealth of knowledge concerning the pathogen-
esis and therapeutic regulation of endotheliopa-
thy in T2DM [ 3 ,  10 ]. We review this area with a 
focus on dyslipoproteinemia.  

    Endothelial Function 

    Normal Endothelial Function 
and Nitric Oxide 

 The endothelium maintains vascular homeostasis 
through multiple regulatory functions, including 
the release of several vasoactive factors that main-
tain vessel wall tone and blood fl uidity, while lim-
iting smooth muscle cell proliferation and 
infl ammation [ 10 – 12 ]. Arguably, the most impor-
tant of the endothelium derived molecules is nitric 
oxide (NO), although maintenance of endothelial 
function also involves endothelin-1 (ET-1), angio-
tensin II, prostacyclin and endothelial- derived 
hyperpolarizing factor (EDHF) [ 3 ]. 

 In response to shear stress or activation of 
muscarinic receptors by the G-protein signalling 
pathway, endothelial NO synthase (eNOS) is 
activated. This generates, in a tightly coupled 
process, NO and citrulline from  l -arginine, 
molecular oxygen and reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH) [ 3 ,  11 ]. 
NO released by this process stimulates soluble 
guanylate cyclise (Fig.  13.1a ). The production of 
cyclic guanosine 3′,5′-monophosphate (cGMP) 
results in vasodilation and inhibits chemotaxis 
and platelet aggregation [ 13 ].
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       In Vivo Measurement of Endothelial 
Function 

 Endothelial function may be measured indirectly 
in the peripheral circulation by assessing the 
vasodilatory responses of conduit and resistance 
arteries to stimuli that increase NO release 
(Table  13.1 ) [ 3 ,  13 ,  16 ]. In the brachial artery, 
shear stress is generated by hyperemia following 
an induced period of local ischemia, and fl ow-
mediated dilatation (FMD) is measured using 
high-resolution ultrasonography or even mag-
netic resonance imaging [ 17 ,  18 ]. Blood fl ow 
changes in the forearm microcirculation follow-
ing hyperemia, or intra-arterial infusion of mus-
carinic receptor agonists such as acetylcholine, 
can be measured using venous occlusion strain- 
gauge plethysmography [ 19 ,  20 ]. An emerging 

non-invasive clinical tool to assess ED is digital 
peripheral arterial tonometry (PAT) (Endo-PAT, 
Itamar Medical) [ 21 ,  22 ].

   Endothelial function in coronary arteries may 
also be assessed, in response to pharmacological 
agonist or shear stress stimuli, using quantitative 
angiography to measure vessel diameter changes 
[ 23 ]. Non-invasive methods, such as positron 
emission tomography, may also be undertaken, 
but are costly [ 13 ]. 

 Circulating biomarkers may be measured as 
indirect indices of endothelial cell damage, acti-
vation and infl ammation (Table  13.1 ) [ 24 – 30 ]. 
Impaired mobilization or depletion of endothelial 
progenitor cells derived from bone marrow are 
involved in the pathogenesis of ED, and their cir-
culating levels can also be used as a marker of ED 
[ 31 – 34 ]. Recently, a relationship between pro-
genitor cells and cell-derived microparticles has 
been demonstrated [ 33 ]. Microparticles (MP) are 
small membrane-shed vesicles derived from cell 
surfaces under conditions of cellular activation or 
injury/apoptosis [ 33 ,  35 ]. Thus, endothelial- 
derived microparticles (EMP) may be potential 
markers of ED [ 33 ,  35 ]. Vascular extracellular 
superoxide dismutase (ecSOD) activity, the 
major antioxidant enzyme system of the vessel 
wall, was substantially reduced in patients with 
CAD and closely associated with NO-mediated 
vasodilation, suggesting that reduced ecSOD 
activity contributes to the reduced bioavailability 
of NO [ 36 ]. However, measurement of ecSOD 
requires the intravenous injection of heparin; 
therefore, its utility as a surrogate marker of ED 
in the clinical setting is less practicable.   

    Endothelial Dysfunction 

    Endothelial Dysfunction: Uncoupling 
of eNOS 

 Endothelial dysfunction refl ects an imbalance 
between release of vasodilator and vasoconstric-
tor endothelial-derived factors. A decrease in the 
bioavailability of NO, involves either a decrease 
in NO synthesis or inactivation of NO due to 
increased endothelial production of reactive 
 oxygen species (ROS) [ 37 ]. With increased oxi-

  Fig. 13.1    ( a ) Nitric oxide (NO) is produced from 
 l - arginine  and molecular oxygen (O 2 ) by endothelial 
nitric oxide synthase (eNOS) in a tightly “coupled” pro-
cess involving tetrahydrobiopterin (BH 4 ) and NADPH. ( b ) 
In diabetes, increased redox imbalance (due to increased 
NADH/NADPH) and decreased availability of BH 4  (due 
to oxidation) leads to “uncoupling” of NO production. 
This results in transfer of electrons to O 2  to form superox-
ide (O 2  •− ). Superoxide in turn reacts with and consumes 
NO, forming the oxidant species peroxynitrite (OONO − ). 
Hence, oxidative stress and endothelial dysfunction are 
further increased [ 14 ]. Adapted from Katusic ZS [ 15 ]       
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dative stress, tetrahydrobiopterin (BH 4 ), a cofac-
tor that tightly regulates NO production, is 
oxidized resulting in the uncoupling of eNOS 
and reduced NO production [ 14 ]. Elevated levels 
of asymmetric dimethylarginine (ADMA), an 
endogenous inhibitor of eNOS through competi-
tion with  l -arginine, may further reduce NO pro-
duction [ 13 ]. This perpetuates a cycle of vascular 
oxidative stress through the transfer of electrons 
to molecular oxygen, forming oxidant species 
such as superoxide and peroxynitrite, which fur-
ther consumes NO and increases oxidative stress 
(Fig.  13.1b ) [ 14 ,  38 ]. 

 Endothelial dysfunction may also involve 
altered levels of vasoconstrictors, such as endo-
thelin- 1 and angiotensin II, and other vasodila-
tors such as endothelial-derived hyperpolarizing 
factor (EDHF) and prostacyclin [ 3 ,  37 ].  

    Predictive Value of Endothelial 
Dysfunction 

 Several studies in diverse groups of subjects have 
shown that ED measured by the aforementioned 
techniques in different vascular beds is predictive 
of clinical events [ 39 – 54 ]. The principal studies 
are shown in Table  13.2 . Some of these studies 
included type 2 diabetic patients. In type 2 
 diabetic patients with normal coronary arteries, 
coronary artery dysfunction, as assessed by cold-
pressor test, was found to predict long-term car-
diovascular outcomes, with a relative risk of 4.9 

[ 49 ]. In a study of asymptomatic type 2 diabetic 
patients who underwent myocardial perfusion 
imaging, normal endothelial function had a 93 % 
negative predictive value in excluding CAD [ 50 ]. 
In patients with newly diagnosed CAD and 
impaired brachial artery FMD (40 % with diabe-
tes), a persistently impaired FMD was an inde-
pendent predictor of future cardiovascular events 
after six months of optimized lifestyle changes 
and pharmacotherapy [ 52 ]. A community based 
study in 1,016 older adults (72 % with diabetes) 
demonstrated that impaired forearm endothelial- 
dependent vasodilation was associated with a fi ve 
year risk of major adverse cardiovascular events 
[ 54 ]. A recent meta-analysis of 14 observational 
studies and a recent review, both concluded that 
FMD is predictive of cardiovascular events and 
provides prognostic information that is at least 
equal to the information gained from conven-
tional cardiovascular risk factors; however, future 
research is required to confi rm FMD’s effi cacy in 
the assessment of CVD risk [ 55 ,  56 ].

       Pathogenesis of Endothelial 
Dysfunction in Type 2 Diabetes 
Mellitus 

 Endothelial dysfunction has been demonstrated 
in T2DM in both the resistance and conduit ves-
sels of the peripheral circulation [ 57 – 61 ], as well 
as in the coronary circulation [ 62 ,  63 ]. Plasma 
levels of the soluble adhesion molecules 

    Table 13.1    Techniques and methods for assessing endothelial function in humans   

 Coronary circulation  Peripheral circulation  Circulating biomarkers 

 QC Angiography  Ultrasonography: FMD  ADMA, NO 
 PE Tomography  Plethysmography: FABF  ET-1 

 Endo-PAT  hs-CRP 
 vWF 

  Vasodilatory Stimuli   PAI-1 
 Acetylcholine  ICAM, VCAM 
 Shear Stress  Selectins 
 Nitrates  EP Cells 
 NOS inhibitors  EMP 

  Key:  QC Angiography  quantitative coronary angiography,  PE Tomography  positron emission tomography,  FMD  fl ow- 
mediated dilation,  FABF  forearm blood fl ow,  Endo-PAT  non-invasive peripheral artery tonometry,  NOS  nitric oxide 
synthase,  ADMA  asymmetric dimethylarginine,  NO  nitric oxide,  ET-1  endothelin-1,  hs-CRP  high sensitivity C-reactive 
protein,  vWF  von Willebrand factor,  PAI-1  plasminogen activator inhibitor-1,  ICAM  intercellular adhesion molecule, 
 VCAM  vascular cell adhesion molecule,  EP Cells  endothelial progenitor cells,  EMP  endothelial-derived microparticles  
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E-selectin, vascular cellular adhesion molecule 
(VCAM)-1 and intercellular adhesion molecule 
(ICAM)-1 are elevated in subjects with T2DM [ 3 , 
 29 ,  30 ,  64 ]. Similarly, increased plasma levels of 
von Willebrand factor (vWF), a measure of endo-
thelial cell damage and activation, are found in 
diabetes [ 3 ,  30 ,  64 ]. Microalbuminuria is an inde-
pendent predictor of ED and may indicate wide-
spread vascular dysfunction in diabetes [ 3 ,  65 ]. 

 The precise pathogenetic mechanisms under-
lying the development of ED in T2DM remain 
unclear, but at inception they probably involve 
uncoupling of both eNOS activity (Fig.  13.1b ), 
and mitochondrial oxidative phosphorylation 
(Fig.  13.2 ), as well as the activation of vascular 
NAD(P)H oxidase. These three mechanisms 
essentially result in increased generation of 
superoxide (O 2  •− ) radicals, eNOS uncoupling, 
and the overproduction of peroxynitrite. The 
main factors that combine to cause these bio-
chemical disturbances are dyslipoproteinemia, 
oxidative stress [ 4 ], and infl ammation [ 5 – 7 ]. 
Additional clinical factors that may contribute, 
either individually or synergistically, to ED in 
T2DM include hypertension [ 66 ], visceral obe-

sity [ 67 ], insulin resistance [ 5 ,  68 ,  69 ], postpran-
dial hyperlipidemia [ 70 – 72 ], fasting and 
postprandial hyperglycemia [ 73 – 75 ] and elevated 
levels of ADMA [ 37 ,  76 ].

   The impact of insulin resistance in T2DM 
operates at an insulin signalling level in endothe-
lial cells and in adipose tissue and skeletal mus-
cle [ 5 ]. Impaired insulin receptor substrate-1 
(IRS-1) and phosphatidylinositol (PI) 3-kinase 
insulin signalling results in decreased production 
of NO and ED on the one hand, and decreased 
glucose transporter (GLUT4) translocation and 
peripheral insulin resistance on the other. Insulin 
resistance also increases fatty acid availability 
which uncouples mitochondrial function in 
 endothelial cells. This generates ROS by increas-
ing advanced glycation end-products (AGES), 
protein kinase C (PKC) and  N -acetylglucosamine 
(glcNAC), impairing eNOS activity and inducing 
ED. Infl ammation, lipotoxicity and glucotoxicity 
are all increased in diabetes and collectively con-
tribute to insulin resistance and ED [ 5 ]. 
Figure  13.3  suggests that the pathogenesis of ED 
in T2DM has oxidative stress as the central path-
way for a wide spectrum of risk factors [ 3 ].

  Fig. 13.2    Mechanism whereby hyperglycemia and 
 elevated fatty acids induce uncoupling of mitochondrial 
oxidative phosphorylation and increased oxidative stress 

in diabetes.  ATP  adenosine triphosphate,  NADH  reduced 
nicotinamide adenine dinucleotide       
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       Treating Endothelial Dysfunction 
in Type 2 Diabetes 

 Strategies for treating ED in T2DM will neces-
sarily target the pathophysiological factors that 
underlie endotheliopathy, such as hyperglycemia, 
insulin resistance, dyslipidemia, increased oxida-
tive stress, infl ammation and hypertension [ 77 , 
 78 ]. Treatment options range from lifestyle inter-
ventions to nutritional supplements and specifi c 
pharmacological therapies. The results of 
selected intervention studies are summarized in 
Table  13.3 .

      Lifestyle Interventions 
 Diet and exercise programs aimed at achieving 
weight loss improve many of the metabolic 
abnormalities in T2DM that contribute to ED, 
such as hyperglycemia, insulin resistance, vis-
ceral obesity, hypertension and dyslipidemia. 
Weight loss and increased physical activity have 
been shown to improve ED in type 2 diabetic 
patients. In an uncontrolled study, obese insulin 

resistant subjects (including subjects with 
T2DM), who underwent a six month lifestyle 
modifi cation programme of caloric restriction 
and regular supervised exercise, achieved a 7 % 
mean reduction in body weight, with improve-
ment in brachial artery FMD and reduction in 
markers of endothelial activation and coagulation 
[ 79 ]. Insulin sensitivity, glycemic control and 
HDL- cholesterol levels also improved. 

 A randomized, crossover study of combined 
aerobic and resistance exercise training for 
eight weeks demonstrated an increase in brachial 
artery FMD and acetylcholine (ACh)-stimulated 
forearm blood fl ow (FABF) in T2DM subjects 
[ 80 ]. Although glycemic control also improved, 
reductions in HbA1c and fasting glucose were 
not correlated with changes in endothelial func-
tion. Indeed, it appears that the benefi ts of exer-
cise in improving ED are not necessarily 
dependent on improvement in traditional cardio-
vascular risk factors [ 81 ], suggesting that 
repeated exercise may also act directly on the 
vasculature via a shear stress-related mechanism, 

  Fig. 13.3    Pathogenesis and consequences of endothelial 
dysfunction in type 2 diabetes mellitus. Oxidative stress 
also contributes to endothelial dysfunction by activating 

protein kinase C, polyol, hexosamine and NFkappa B 
pathways, as well as by increasing asymmetric dimethyl-
arginine and advanced glycation end-products       
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possibly involving endothelial nitric oxide syn-
thase (eNOS) up-regulation or reduced nitric 
oxide (NO) degradation by free radicals [ 82 ]. 

 Epidemiological studies provide a large body 
of evidence supporting the association between 
cigarette smoking and cardiovascular events [ 83 ]. 
Cigarette smoking is also associated with the pre-
mature development of macrovascular and micro-
vascular complications in patients with T2DM 
[ 84 ]. Cigarette smoke increases infl ammation, 
thrombosis and oxidation of LDL-cholesterol, 
with experimental and clinical evidence support-
ing the notion that increased oxidative stress 
results in vascular dysfunction [ 83 ]. Both active 
and passive cigarette smoking are associated with 
a dose-related impairment of endothelial function 
[ 85 – 87 ]. Brachial artery FMD was assessed in 
current and former healthy young adult smokers 
[ 85 ]. Former male smokers, but not former 
female smokers, had higher FMD than current 
smokers, suggesting that endothelial function 
may improve with smoking cessation [ 85 ]. A 
larger randomized, placebo controlled study 
investigated the effects of fi ve smoking cessation 
pharmacotherapies on brachial artery FMD in 
1,504 subjects [ 88 ]. Despite a greater weight 
gain, FMD signifi cantly improved in subjects 
who quit and remained abstinent at one year, but 
did not change in those who continued to smoke 
[ 88 ]. Studies assessing the effects of smoking 
cessation in T2DM patients are warranted.  

    Lipid-Regulating Therapy 
 Lipid regulating therapies improve diabetic dyslipi-
daemia; however, the various agents work via differ-
ing mechanisms, targeting to a greater or lesser 
degree the various aspects of the dyslipoproteinae-
mia. These therapies, through both lipid lowering 
effects and direct effects on the vasculature may 
improve ED. The mechanisms and vascular ben-
efi ts of statins, fi bric acid derivatives, nicotinic 
Antiglycemic acid (niacin) and omega-3 fatty acids 
are reviewed in more detail in a subsequent section.  

    Antiglycaemic Agents and Insulin 
Sensitizers 
 Hyperglycemia contributes to ED by multiple 
mechanisms, many of which result in increased 

oxidative stress [ 89 ,  90 ]. The effect of short-term 
blood glucose control on endothelial function 
was examined in poorly controlled T2DM sub-
jects, who were randomized to improved glycae-
mic control (multi-agent therapy, including 
insulin, to achieve and maintain glycaemic tar-
gets) or usual treatment for 20 weeks: no differ-
ence in brachial artery FMD was found between 
the treatment groups [ 9 ]. 

   Insulin Therapy 
 Insulin treatment not only reduces glycemia, but 
may also directly increase endothelial NO pro-
duction through 1-phosphotidylinositol 3-kinase 
signalling [ 92 ]. In an uncontrolled study in 
T2DM subjects on oral hypoglycemic therapy, 
switching to pre-meal insulin lispro at a dose to 
maintain equivalent glycemic control, improved 
fasting and postprandial brachial artery FMD, an 
effect that was further augmented by concomitant 
vitamin C therapy [ 93 ]. 

 In uncontrolled studies in T2DM patients 
treated with oral hypoglycemic therapy, the addi-
tion of insulin treatment improved glycemia con-
trol and brachial artery FMD [ 94 ] or forearm 
vascular reactivity [ 95 ,  96 ]. A randomized, con-
trolled trial in T2DM subjects with ischemic heart 
disease showed that insulin therapy reduced 
HbA1c levels and improved insulin-stimulated, 
but not unstimulated, FABF response to ACh [ 97 ].  

   Sulphonylureas and Insulin Secretagogues 
 Sulphonylureas reduce glycemia by binding to 
specifi c (SUR1) receptors, resulting in closure of 
pancreatic beta-cell potassium-dependent ATP 
channels and stimulation of endogenous insulin 
secretion. However, controlled, crossover studies 
of glibenclamide therapy in T2DM subjects did 
not show any change in acetylcholine-stimulated 
FABF response compared with metformin or pla-
cebo [ 98 ,  99 ], and treatment with either gliben-
clamide or glimepiride did not alter brachial artery 
FMD compared with diet treatment alone [ 100 ]. 
One double-blind, randomized, crossover trial in 
T2DM subjects suggested that gliclazide reduced 
FABF responses to hyperemia compared with 
glibenclamide, possibly due to differential bind-
ing of these agents to sulphonylurea receptors 

13 Endothelial Dysfunction and Dyslipidemia in Type 2 Diabetes…
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[ 101 ]. However, another study did not show any 
difference between these two agents on ACh-
stimulated FABF [ 102 ]. In a randomized cross-
over study, treatment with repaglinide (a 
short-acting insulin secretagogue), but not glib-
enclamide, increased brachial artery FMD in 
diet-treated T2DM subjects; improvement in 
endothelial function was correlated with changes 
in postprandial glycemia [ 103 ]. In subjects with 
impaired glucose tolerance, ED following a glu-
cose challenge was related to the level of hyper-
glycemia. Reduction in the glycaemic response 
following a single dose of repaglinide, amelio-
rated ED in a glucose dependent manner [ 104 ].  

   Metformin 
 Although its main anti-hyperglycemic action is 
to suppress hepatic gluconeogenesis, possibly by 
stimulation of AMP-activated kinase pathways, 
metformin may also increase insulin sensitivity 
in peripheral tissues. In a placebo-controlled 
trial, metformin treatment increased ACh- 
stimulated FABF and insulin sensitivity in diet- 
treated T2DM patients [ 105 ]. However, another 
randomized, double-blind, placebo-controlled 
trial in T2DM patients failed to show improve-
ment in insulin sensitivity or ACh-stimulated 
FABF with metformin therapy, despite improved 
glycemic control [ 106 ].  

   Thiazolidinediones 
 Thiazolidinediones improve insulin sensitivity 
and reduce glycemia via PPAR-gamma receptor- 
mediated effects on adipocytes resulting in 
decreased hepatic glucose output and increased 
peripheral glucose uptake by skeletal muscle 
[ 107 ]. In addition, as PPAR-gamma receptors are 
also present in the endothelium, vascular smooth 
muscle cells and macrophages, these agents may 
also have direct anti-infl ammatory and anti- 
atherogenic effects on the vasculature. 

 In a randomized, double-blind, placebo- 
controlled trial, troglitazone increased brachial 
artery FMD in recently diagnosed T2DM sub-
jects without macrovascular disease, but not in 
subjects with more long-standing disease or mac-
rovascular complications [ 108 ]. In a small uncon-
trolled trial, pioglitazone-treated T2DM subjects 

showed improvement in brachial artery FMD, 
with a signifi cant association between changes in 
FMD and insulin sensitivity [ 109 ]. In a random-
ized, double-blind, placebo-controlled, crossover 
study in T2DM subjects, pioglitazone was also 
shown to increase brachial artery FMD, but 
improvement in endothelial function was not cor-
related with favourable changes in plasma insu-
lin, free fatty acids, adiponectin or C-reactive 
protein (CRP) [ 110 ]. In double-blind, crossover 
trials, rosiglitazone was shown to increase ACh- 
stimulated FABF in T2DM patients [ 106 ,  111 ].  

   Alpha-Glucosidase Inhibitors 
 Administration of a single dose of Acarbose, an 
alpha-glucosidase inhibitor that targets postpran-
dial hyperglycemia, has been shown to attenuate 
postprandial impairment of hyperemic FABF 
response in diet-treated T2DM patients [ 112 ].  

   Incretins 
 Glucagon-like peptide (GLP)-1 is an incretin that 
reduces glycemia by stimulating insulin secre-
tion, suppressing glucagon secretion and slowing 
gastrointestinal motility. Gliptins inhibit dipepti-
dyl peptidase-4, thereby increasing incretin lev-
els which in turn increases insulin secretion and 
decreases glycemia, predominantly through post-
prandial mechanisms [ 113 ]. In a randomized 
crossover study, infusion of recombinant GLP-1 
was shown to increase brachial artery FMD in 
T2DM subjects, without any change in insulin 
resistance [ 114 ]. In a randomized crossover 
study, improved postprandial endothelial  function 
following a single subcutaneous injection of 
exenatide (a DPP4 inhibitor) in T2DM patients 
was associated with decreased triglyceride but 
not glucose concentrations [ 113 ].  

   Amylin Agonists 
 Pramlintide, a synthetic amylin agonist, is associ-
ated with modest improvements in HbA1c levels 
and weight loss in insulin requiring T2DM patients. 
[ 115 ,  116 ] Pramlintide has also been shown to 
improve cardiovascular risk factors in T2DM 
patients: modest reductions in triglyceride levels 
[ 117 ] and improvement in markers of infl amma-
tion and oxidation have been reported [ 116 ,  117 ].  
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   Other Emerging Therapies for T2DM 
 Type 2 sodium-glucose cotransporter inhibitors 
(SGLT2) have been shown to normalize glycemia 
by promoting renal glucose excretion in animal 
models [ 118 ]. Evidence suggests that succinobu-
col, a probucol analogue, has protective effects in 
diabetes via antiatherosclerotic, anti-infl amma-
tory, antioxidant and potential antidiabetic activi-
ties [ 119 ]. 

 Future longer-term cardiovascular outcome 
studies and postprandial arterial function studies, 
investigating the effects of incretins, gliptins, 
alpha-glucosidase inhibitors, amylin agonists, 
and succinobucol in statin-treated T2DM patients 
are warranted to establish if their effects translate 
to improved cardiovascular outcomes.   

    Antihypertensive Agents 
 In hypertension, increased oxidative stress and 
release of endothelial-derived constricting fac-
tors result in ED [ 8 ]. The coexistence of diabetes 
and hypertension has been shown to have an 
additive deleterious effect on endothelial func-
tion in the forearm resistance arteries [ 120 ]. 
Hyperglycemia increases the production of 
angiotensin II (Ang II) in the vessel wall [ 121 ]. 
Ang II stimulates vascular NAPH oxidase, 
increasing oxidative stress [ 122 ] and NF-kappaB 
activity, thereby activating infl ammatory cyto-
kines and vascular expression of cell adhesion 
molecules [ 9 ]. Hence, renin-angiotensin system 
(RAS) inhibition may improve endothelial func-
tion by reducing vascular oxidative stress and 
infl ammation. Ang II may also promote release 
and production of vasoconstrictors such as endo-
thelin-1 and prostaglandin- H2, which contribute 
to ED and hypertension. 

   Angiotensin-Converting Enzyme (ACE) 
Inhibitors 
 In a small uncontrolled study in hypertensive 
T2DM subjects, treatment with perindopril 
reduced blood pressure but did not improve 
methacholine-stimulated FABF [ 123 ]. However, 
a randomized, open parallel group study showed 
that quinapril treatment increased serotonin- 
stimulated FABF in T2DM subjects, perhaps by 
increasing vascular adiponectin expression [ 124 ]. 

In T2DM patients with proteinuria, improvement 
in brachial artery FMD following short term 
ramipril treatment was associated with a 
 reduction in serum hsCRP and plasma long 
 pentraxin 3 (PTX3) [ 125 ]. Furthermore, a dou-
ble-blind, placebo- controlled crossover study 
showed that enalapril lowered blood pressure and 
improved ACh-stimulated FABF in T2DM sub-
jects without vascular disease [ 126 ].  

   Angiotensin Receptor Antagonists 
 In randomized, controlled crossover trials, angio-
tensin type 1 receptor antagonists were shown to 
improve both FABF response to ACh and 
brachial artery FMD in subjects with T2DM 
[ 127 – 130 ]. Improvement in endothelial function 
occurred despite no signifi cant change in blood 
pressure, and may relate to other treatment effects 
on oxidative stress, infl ammation and endothelial 
cell activation.  

   Aldosterone Antagonists 
 On a cautious note, a randomized, double-blind, 
placebo-controlled trial showed that treatment 
with spironolactone worsened ACh-stimulated 
FABF in T2DM subjects, possibly due to wors-
ening of glycemic control and increase in plasma 
Ang II [ 131 ].  

   Calcium Channel Blockers 
 Evidence for the effects of calcium channel 
blockade (CCB) on endothelial dysfunction is 
inconsistent. In a comparative study of 
 antihypertensive agents, CCB (amlodipine) did 
not improve brachial artery FMD in patients with 
CAD [ 132 ]. In contrast, amlodipine improved 
endothelial function in hypertensive patients 
[ 133 ]. A study examining the effects CCB on 
endothelial function in hypertensive patients sug-
gests a divergent effect for different types of these 
agents: efonidipine, a T- and L-type CCB, but not 
nifedipine, an L-type CCB, improved endothelial 
function and markers of oxidative stress [ 134 ]. 
Further, in patients with stable angina pectoris, 
combination CCB and ACE inhibition improved 
endothelial function, arterial stiffness and urinary 
albumin excretion more effectively than CCB 
alone [ 135 ]. However, in hypertensive T2DM 
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patients with proteinuria, treatment with amlo-
dipine, valsartan (an angiotensin II receptor 
blocker) or a combination of both, improved bra-
chial artery FMD and proteinuria. Improvement 
in endothelial function was associated with 
reductions in PTX3 and soluble TNF-like weak 
inducer of apoptosis (sTWEAK) [ 136 ].   

    Antioxidants and Nutritional 
Supplements 
 Supplementation with antioxidants and/or factors 
essential to NO production may potentially 
improve ED in T2DM by re-coupling eNOS and 
mitochondrial function, as well as decreasing 
vascular NAD(P)H oxidase activity. 

 Increased oxidative stress in T2DM may dis-
rupt coenzyme Q 10  (CoQ 10 ) composition and lev-
els, resulting in defective antioxidant defences and 
further exacerbating oxidative stress and increas-
ing membrane fl uidity [ 14 ,  137 ,  138 ]. In endothe-
lial cells this may lead to uncoupling of eNOS and 
a reduction in the release and subsequent activity 
of NO. CoQ 10  as a potent antioxidant may decrease 
oxidative stress by not only quenching reactive 
oxidant species, but also by “recoupling” mito-
chondrial oxidative phosphorylation, thereby 
reducing superoxide production [ 14 ]. CoQ 10  sup-
plementation improved brachial artery FMD in 
treatment naive diabetic patients with dyslipid-
emia, but there was no change in glyceryl-trinitrate 
mediated endothelial- independent response, fore-
arm vascular reactivity or plasma F 2 -isoprostanes 
[ 139 ,  140 ]. However, CoQ 10  supplementation did 
not improve microcirculatory endothelial function 
in type 2 diabetic patients, despite repleted plasma 
CoQ 10  concentrations [ 141 ]. 

 Vascular responses to several other antioxi-
dants and nutritional supplements have been 
examined, with inconsistent results being 
reported. Vitamin C (ascorbic acid) and vitamin 
E (tocopherol) have well-described antioxidant 
properties. However, studies examining their 
effect on ED in T2DM patients have yielded 
mixed results, some demonstrating benefi t [ 142 –
 148 ], while others have failed to show an effect 
[ 149 – 153 ]. Alpha-lipoic acid, another compound 
with free radical-scavenging activity, was 
shown to improve ACh-stimulated FABF [ 143 ]. 

Despite the potential for vascular benefi t with the 
polyphenolic antioxidants present in red wine 
[ 154 ,  155 ], benefi t has not been demonstrated in 
T2DM patients [ 156 ]. Supplementation with 
 l -arginine, a principal substrate for eNOS, 
improved both brachial artery FMD and post-
ischaemic forearm hyperaemia in T2DM women 
[ 148 ]. Oxidation of tetrahydrobiopterin (BH 4 ) 
may lead to uncoupling of eNOS, reducing NO 
production and further generating oxidant spe-
cies. Intra-arterial BH 4  infusion was shown to 
improve FABF response to ACh in T2DM sub-
jects [ 157 ]. Folic acid, a strong peroxynitrite 
scavenger, may also protect BH 4  from oxidation, 
reversing eNOS uncoupling [ 158 ]. Folic acid has 
been shown to improve FABF and brachial artery 
FMD in T2DM patients [ 159 – 161 ].  

    Miscellaneous Therapies 
   Phosphodiesterase Inhibitors 
 The vasorelaxation effect of NO on vascular 
smooth muscle is mediated by cyclic GMP 
(cGMP), which is catabolised by phosphodies-
terase (PDE). PDE inhibitors, which are used to 
treat erectile dysfunction, increase the bioavail-
ability of cGMP, which activates protein kinase 
G thereby promoting vasodilatation and a penile 
erection. Sildenafi l, a selective PDE-5 inhibitor, 
has been shown to increase brachial artery FMD 
in a double-blind, placebo-controlled, cross-
over study in T2DM men with erectile dysfunc-
tion [ 162 ].  

   Estrogen Therapy 
 Epidemiological studies have suggested a protec-
tive effect of estrogen on cardiovascular risk, but 
intervention trials of sex hormone replacement in 
post-menopausal women have reported no bene-
fi t, and even a possible initial adverse effect, on 
cardiovascular outcomes [ 163 ,  164 ]. Although 
estrogen therapy may protect endothelial func-
tion by up-regulating endothelial NO production, 
reducing the formation of cyclooxygenase (COX) 
derived endothelium-derived contracting factors 
and have favorable effects on lipids and blood 
pressure, it may also have adverse effects in 
increasing vascular infl ammation and cell adhe-
sion [ 8 ,  165 ]. The effect of  hormone replacement 
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therapy on endothelial function in post- 
menopausal T2DM women has been inconsistent 
[ 166 – 169 ].  

   Testosterone Therapy 
 In men with testosterone defi ciency brachial 
artery FMD has been reported to be both 
increased [ 170 ,  171 ] and impaired [ 172 – 174 ]. 
Testosterone defi ciency is associated with ele-
vated triglyceride and low HDL-cholesterol con-
centrations [ 175 ] and this could explain its 
association with impaired endothelial function. 
Evidence for the effect of testosterone replace-
ment on endothelial function is inconsistent, 
however. Testosterone replacement for 12 weeks 
reduced FMD in hypogonadal men [ 171 ]. In a 
small study, hypogonadal men were found to 
develop impaired FMD four weeks following tes-
tosterone pellet implantation [ 176 ]. In contrast, 
in a randomized, placebo-controlled study, 
12 weeks of testosterone replacement improved 
brachial artery reactivity in men with CAD [ 177 ]. 
Studies of the effect of testosterone replacement 
on endothelial function in diabetic men with 
androgen defi ciency are warranted.  

   Tumour Necrosis Factor (TNF)-Alpha 
Inhibitors 
 The pro-infl ammatory cytokine tumour necrosis 
factor (TNF)-alpha may contribute to ED by 
stimulating vascular NADPH oxidase and 
increasing superoxide production and oxidative 
stress. However, in a randomized crossover study, 
pentoxifylline, an inhibitor of TNF-alpha pro-
duction, did not alter ACh-stimulated FABF in 
T2DM subjects, despite reduction in serum TNF- 
alpha levels [ 178 ].  

   Xanthine Oxidase Inhibitors 
 Xanthine oxidase is an enzyme present in endo-
thelial cells that when activated increases oxida-
tive stress. In a small randomized placebo-controlled 
trial allopurinol, an inhibitor of xanthine oxidase, 
was shown to improve ACh- stimulated FABF, and 
hence resistance artery function in mildly hyper-
tensive T2DM subjects. There was no reduction in 
blood pressure, however [ 179 ].     

    Diabetic Dyslipidemia 

    Pathogenesis of Diabetic 
Dyslipidemia in Type 2 Diabetes 

 Dyslipidemia is a common risk factor and a 
strong predictor of CVD in T2DM patients [ 180 ]. 
Elevated plasma concentrations of triglycerides 
and reduced high-density lipoprotein (HDL)-
cholesterol, in both the fasting and postprandial 
states, are the major lipoprotein abnormalities in 
diabetic dyslipidemia. The accumulation of 
small dense low-density lipoprotein (sdLDL) 
particles and triglyceride-rich lipoproteins 
(TRLs), including chylomicron remnants and 
very-low density lipoprotein (VLDL) remnants, 
are also characteristic of the atherogenic lipid 
profi le [ 181 – 184 ]. These abnormalities are 
refl ected by increased plasma concentrations of 
non-HDL cholesterol and apolipoprotein B-100 
(apoB) [ 182 ]. In the postprandial state there is an 
increase in plasma TRLs and their remnants and 
qualitative changes in low-density lipoprotein 
(LDL) and HDL particles [ 181 ]. Therefore, 
hypertriglyceridemia is a marker of a range of 
lipoprotein abnormalities not routinely measured 
in clinical practice [ 182 ]. 

 The aetiology of diabetic dyslipidemia is com-
plex [ 185 ,  186 ]. It relates collectively to hypergly-
cemia [ 187 ], insulin resistance [ 187 ], 
hyperinsulinemia [ 187 ,  188 ], abdominal visceral 
adipose disposition and increased liver fat content 
[ 188 ], and dysregulated fatty acid metabolism 
[ 188 ]. Insulin resistance increases fatty acid fl ux 
from visceral adipose tissue to the liver, inducing 
increased liver fat content, over production of 
VLDL 1  particles [ 181 ,  188 ] and a reduction in the 
inhibitory effect of insulin on hepatic apoB secre-
tion [ 189 – 191 ]. Hyperglycemia further aggra-
vates the overproduction of VLDL 1 , in particular 
increased VLDL 1  triglyceride production rate 
[ 187 ]. Collectively, plasma glucose, insulin and 
free fatty acids explain approximately half of the 
variation in VLDL 1  production rate [ 187 ]. 

 Impaired chylomicron clearance in T2DM 
results from the reduced activity of lipoprotein 
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lipase (LPL), an endothelial bound enzyme, and 
decreased receptor-mediated endocytosis in the 
liver [ 181 ,  192 ,  193 ]. VLDL 1  particles compete 
with chylomicrons and its remnants for clearance 
by saturating the lipolytic capacity of LPL and 
the activity of hepatic receptors [ 181 ,  192 ]. 
Hepatic secretion of apolipoprotein CIII (apo-
CIII) is also increased in insulin resistance. This 
small protein, which is attached to VLDL, con-
tributes to the delayed clearance of TRLs by 
inhibiting LPL and the binding of remnant TRLs 
to hepatic clearance receptors [ 192 ]. These 
mechanisms collectively account for postpran-
dial lipaemia [ 181 ,  192 ] and may be an important 
causal mechanism of ED in T2DM and treatment 
targets for reducing residual cardiovascular risk. 

 Important compositional and atherogenic 
changes in lipoproteins are seen in T2DM [ 181 ]. 
An increased VLDL triglyceride pool leads to 
cholesterol depletion and triglyceride enrichment 
of LDL and HDL, mediated via the action of cho-
lesteryl ester transfer protein (CETP) [ 181 ,  182 ]. 
Increased phospholipid transfer protein (PLTP) 
activity may contribute to hypertriglyceridemia 
and compositional changes in HDL. Further, the 
over activity of hepatic lipase, commonly 
increased in T2DM, increases the lipolysis of tri-
glyceride enriched LDL and HDL particles [ 3 ,  4 ]. 
Compositional changes in HDL are also medi-
ated by the actions of lipoprotein lipase (LPL) 
[ 181 ]. Collectively, these compositional changes 
produce smaller and denser lipoprotein particles 
that are potentially more atherogenic. Small 
dense LDL particles more easily penetrate the 
arterial wall and have a higher binding affi nity to 
intimal proteoglycans than more buoyant larger 
LDL particles [ 3 ,  181 ,  194 ,  195 ]. In the intima, 
retained LDL particles are modifi ed when 
exposed to oxidative stress, with sdLDL having 
an increased sensitivity to oxidation; glycation of 
LDL further increases this susceptibility to oxi-
dation [ 181 ]. A predominant feature of diabetic 
dyslipidemia is low HDL-cholesterol concentra-
tions with greater reductions in HDL 2  than HDL 3  
[ 181 ]. In parallel to these reductions in HDL par-
ticles are reductions in plasma levels of apolipo-
protein A-I (apoA-I) and apoA-II and HDL 

lipoproteins containing both Apo A-I and Apo 
A-II (LpA-I:A-II) [ 3 ,  181 ,  196 ]. These composi-
tional changes in HDL particles are important in 
respect to ED and atherogenicity, as they are 
associated with a reduction in rates of reverse 
cholesterol transport and a decrease in the direct 
anti-atherogenic effects of HDL, including its anti-
oxidant, anti-infl ammatory and anti- thrombotic 
effects [ 3 ,  197 – 199 ]. These lipoprotein abnor-
malities and the associated risk of ED and cardio-
vascular disease in T2DM may be determined by 
various genes that regulate lipid and lipoprotein 
functionality, for example, LPL [ 200 ], apolipo-
protein E [ 201 ], apoC-III [ 202 ,  203 ] and CETP 
[ 204 ]. This suggests a connection for the genetic 
control of ED in T2DM [ 3 ].  

    Treatment of Diabetic Dyslipidemia 

 Current clinical guidelines emphasize lifestyle 
modifi cations and pharmacotherapy for the 
reduction of dyslipidemia and CVD risk in 
T2DM patients [ 205 ,  206 ]. 

    Lifestyle Interventions 
 Initial management should include an individual-
ized lifestyle modifi cation programme to opti-
mize weight loss and glcyemic control. Benefi ts 
of weight reduction in T2DM increase steadily 
with increasing weight loss and include 
 reductions in waist circumference, blood pres-
sure, fasting glucose, HbA 1c  and serum triglycer-
ides, resulting in improved metabolic control and 
CVD risk factor reduction [ 207 ,  208 ]. In the 
Look AHEAD (Action for Health in Diabetes) 
study, weight loss and improved physical fi tness 
in type 2 diabetic patients was associated with 
improved glcyemic control and CVD risk factor 
reduction [ 208 ,  209 ]. In type 2 diabetic patients, 
a reduction in insulin resistance and fat mass fol-
lowing prolonged aerobic exercise resulted in 
improvements in lipoprotein metabolism [ 210 ].  

    Lipid Regulating Therapy 
 Should dyslipidemia persist following a trial of 
intensifi ed lifestyle changes, the next approach is 
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pharmacotherapy, either an intensifi cation of 
statin therapy or the addition of a second lipid 
regulating agent. 

   Hydroxymethylglutaryl (HMG)-CoA 
Reductase Inhibitors (Statins) 
 Patients with an increasing number of metabolic 
syndrome components, with or without diabetes, 
have a progressive risk of CVD, and derive 
greater incremental benefi t from higher dose 
statin therapy [ 211 ]. Statin therapy in hypertri-
glyceridemic patients, with and without T2DM, 
reduces triglyceride concentrations by up to 45 % 
[ 212 – 216 ], in a dose dependent manner and pro-
portional to LDL-cholesterol lowering [ 215 , 
 216 ]. Statin-treated patients with combined low 
LDL-cholesterol (<1.8 mmol/L) and low triglyc-
eride (<1.7 mmol/L) levels had the lowest CHD 
event rate in the PROVE IT-TIMI 22 trial [ 217 ]. 
Evidence suggests that statins may mediate tri-
glyceride lowering in T2DM by increasing the 
catabolism of TRL- triglyceride [ 213 ] and the 
TRL’s VLDL1-ApoB, VLDL2-ApoB and IDL- 
ApoB [ 218 ]. Statins may further mediate triglyc-
eride lowering by reducing the production rate 
and secretion of VLDL1-ApoB [ 218 ].  

   Fibric Acid Derivatives 
 A recent meta-analysis concluded that fi brates 
are effective in reducing CVD events, primarily 
by prevention of coronary events [ 219 ]. The 
lipid-regulating effects of fi brates, mediated via 
PPAR-alpha receptor, are predominantly to pro-
mote fatty acid catabolism and reverse choles-
terol transport, resulting in triglyceride lowering 
and increase in HDL-cholesterol and LDL parti-
cle size [ 107 ]. In a subgroup analysis of the 
Helsinki Heart Study, diabetic patients when 
compared with non-diabetic subjects were more 
dyslipidemic, at higher CVD risk and achieved a 
modest but non-signifi cant reduction in CVD risk 
with gemfi brozil therapy [ 220 ]. The Fenofi brate 
Intervention and Event Lowering in Diabetes 
(FIELD) study demonstrated that fenofi brate 
reduced CVD events in hypertriglyceridemic 
T2DM patients with or without low HDL- 
cholesterol [ 221 ]. Indeed, in FIELD a post hoc 

analysis showed that the greatest benefi t of feno-
fi brate therapy was seen in patients with triglyc-
erides ≥2.3 mmol/L and reduced HDL-cholesterol; 
a relative risk reduction of 27 % was demon-
strated [ 221 ]. 

 The benefi ts of combined fi brate and statin 
therapy was examined in the Action to Control 
Cardiovascular Risk in Diabetes (ACCORD)-
Lipid study. In ACCORD-Lipid, 5,518 
simvastatin- treated patients with diabetes were 
randomized to receive either fenofi brate or pla-
cebo. Compared to simvastatin alone, 4.7 years 
of combination therapy did not reduce the rate of 
major fatal or nonfatal cardiovascular events 
[ 222 ]. However, in a valid pre-specifi ed analysis 
of patients with triglycerides >2.3 mmol/L and 
HDL-cholesterol <0.9 mmol/L (approximately 
17 % of the ACCORD-Lipid population), com-
bined therapy achieved an additional 31 % reduc-
tion in cardiovascular risk, though this did not 
achieve statistical signifi cance [ 222 ]. ACCORD 
Lipid did not support the use of combined statin 
and fenofi brate therapy in the majority of T2DM 
patients [ 222 ], but in those who have hypertri-
glyceridemia with or without low HDL- 
cholesterol, despite intensifi cation of statin 
therapy, adding a fi brate may be benefi cial in 
reducing residual CVD risk.  

   Nicotinic Acid (Niacin) 
 Niacin is one of the oldest lipid regulating thera-
pies and remains the most potent therapy avail-
able for increasing HDL-cholesterol [ 223 ,  224 ]. 
Many of niacin’s effects are thought to derive 
from its action on adipose tissue [ 225 ]. However, 
the cellular mechanism for Niacin’s lipid- lowering 
effects were not fully elucidated until the identifi -
cation in 2003 of a G protein-coupled receptor 
GPR109A (HM74A), which is highly expressed 
in adipose tissue and acts as a high affi nity recep-
tor for nicotinic acid and mediates it antilipolytic 
effects [ 223 ,  226 – 229 ]. By binding to GPR109A, 
niacin inhibits hormone-sensitive lipase activity, 
resulting in decreased free fatty acid (FFA) release 
from adipose tissues. This results in a decreased 
fl ux of FFA to the liver that may reduce triglycer-
ide production and subsequent hepatic VLDL 
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production [ 226 ,  230 ,  231 ]. Niacin may also 
directly and non-competitively inhibit hepatic 
diacylglycerol acyl transferase (DGAT-2), the 
key enzyme in triglyceride synthesis [ 231 ,  232 ]. 
Although niacin increases HDL-cholesterol by 
up to 30 % (at therapeutic doses), a mechanism 
for this HDL raising effect remains to be fully 
elucidated but it may involve the down-regulation 
of the HDL-catabolism receptor [ 224 ,  230 ,  233 , 
 234 ]. The lipid- regulating effects of niacin may 
be further mediated through PPAR-mediated 
transcriptional regulation and may involve all 
three PPAR isoforms, alpha (α), gamma (γ) and 
delta (δ) [ 225 ]. 

 Niacin has been shown to be effective in low-
ering cardiovascular risk when used as monother-
apy [ 182 ,  235 – 237 ], with recent post hoc analyses 
of the Coronary Drug Project demonstrating that 
the benefi ts were independent of hyperglycemia, 
metabolic syndrome and diabetes [ 182 ,  237 –
 239 ]. Combination therapy with a stain and nia-
cin is associated with regression of coronary 
atherosclerosis and carotid intima–media thick-
ness (CIMT) in patients at high cardiovascular 
risk with low HDL-cholesterol levels, including 
those with diabetes [ 240 – 243 ]. These benefi cial 
effects may refl ect the reduction in triglycerides 
and increase in HDL-cholesterol seen with ER 
Niacin [ 182 ]. 

 However, the question of whether adding nia-
cin to statin therapy translates to improved car-
diovascular outcomes in T2DM remains 
unanswered. The Atherothrombosis Intervention 
in Metabolic Syndrome with Low HDL- 
cholesterol/High Triglyceride and Impact on 
Global Health Outcomes (AIM-HIGH) study 
was discontinued after 36 months of follow-up 
due to lack of clinical benefi t from the addition of 
ER Niacin to statin (± ezetimibe) therapy, despite 
signifi cant improvements in HDL-cholesterol 
and triglycerides [ 244 ]. The Heart Protection 
Study-2 and the Treatment of HDL to reduce the 
incidence of vascular events (HPS2-THRIVE), 
due to report in 2013, will address if adding ER 
Niacin to statin therapy reduces CVD events in 
high-risk patients with prior vascular disease, a 
signifi cant proportion having the metabolic syn-
drome or diabetes [ 245 ].  

   Omega-3 Fatty Acids 
 Supplementation with omega-3 fatty acid ethyl 
esters (eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA)), at doses of 3–4 g daily, 
lower plasma triglycerides particularly in patients 
with hypertriglyceridemia [ 182 ,  192 ]. Evidence 
suggests combined statin and omega-3 fatty acid 
therapy may reduce cardiovascular events. In the 
Gruppo Italian per lo Studio della Sopravvi-
venza nell’Infarto Miocardio GISSI-Prevenzione 
(GISSI-Prevenzione) study, combination EPA/
DHA dosed at 1 g daily reduced all cause mortal-
ity and sudden death in subjects with previous 
myocardial infarction [ 246 ]. The Japan 
Eicosapentaenoic Acid Lipid Intervention Study 
(JELIS) demonstrated a reduction in major car-
diovascular events with combined omega-3 fatty 
acids (EPA 1,800 mg daily) and low dose statin 
(pravastatin 10 mg or simvastatin 5 mg daily) 
compared to statin alone [ 247 ]. However, this car-
diovascular benefi t may relate in part to the anti-
arrhythmic effects of omega-3 fatty acids and is 
independent of minor changes in plasma triglyc-
erides [ 182 ,  192 ]. A comprehensive review of the 
cardiovascular effects of omega-3 fatty acids has 
recently been published [ 248 ]. Importantly, there 
is no published outcome evidence demonstrating 
the benefi cial effects of treating residual hypertri-
glyceridemia with omega-3 fatty acid therapy in 
statin-treated T2DM patients [ 182 ].  

   Cholesteryl Ester Transfer Protein (CETP) 
Inhibition 
 Cholesteryl ester transfer protein (CETP) inhibi-
tors have the potential to correct diabetic dyslip-
idemia by inhibiting the heteroexchange of 
neutral lipids among lipoproteins in both fasting 
and postprandial states. In subjects with low 
HDL-cholesterol concentrations, 4 weeks of 
torcetrapib treatment, alone or in combination 
with atorvastatin, resulted in a dose-related 
increase in plasma HDL-cholesterol and reduc-
tions in triglyceride and LDL-cholesterol con-
centrations [ 249 ,  250 ]. The off-target effects of 
torcetrapib on blood pressure are not seen with 
other CETP inhibitors, such as anacetrapib, dal-
cetrapib and evacetrapib, so that this class of 
agents may still have a role as second line agents 
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in the management of diabetic dyslipidemia 
[ 251 ]. However, the preliminary results from the 
Dal-VESSEL study were reported as showing no 
effect of dalcetrapib on FMD, but the Dal- 
PLAQUE study [ 252 ] suggested a small trend to 
improvement in plaque volume; diabetic subjects 
were not specifi cally studied and the effect on 
clinical endpoints must await publication of the 
Dal- OUTCOMES study. The effect of CETP 
inhibitors on endothelial function in diabetes 
warrants investigation, however.    

    Evidence That Lipid Regulation 
Improves Endothelial Function 
in Diabetes 

 The rationale for lipid regulation of diabetic dys-
lipidemia is well supported by studies showing 
correction of endothelial dysfunction. The results 
of selected intervention studies utilizing lipid 
regulating therapy are reviewed below and sum-
marized in Table  13.4. 

      Hydroxymethylglutaryl (HMG)-CoA 
Reductase Inhibitors (Statins) 
 Statins, inhibitors of hydroxymethylglutaryl 
(HMG)-CoA reductase, have been proven in 
large clinical trials to reduce cardiovascular mor-
tality in a wide range of population subgroups, 
including subjects with diabetes [ 253 ]. Apart 
from their main effect in lowering LDL- 
cholesterol, statins may also have direct anti- 
infl ammatory and antioxidant effects on the 
vasculature [ 77 ]. Statins have been shown to 
improve endothelial function in non-diabetic 
subjects with dyslipidaemia [ 254 ,  255 ], but 
results in T2DM subjects have been inconsistent 
and contradictory. Uncontrolled studies have not 
shown any benefi t of statin therapy on serotonin- 
stimulated forearm blood fl ow (FABF) or bra-
chial artery FMD in T2DM subjects [ 256 – 259 ]. 
One trial suggested improvement in endothelial 
function in a subgroup who achieved greater 
LDL-lowering [ 259 ], but another showed no ben-
efi t despite intensive lipid-lowering [ 257 ]. 

 A number of randomized, placebo-controlled 
studies have shown a benefi cial effect of statins on 

brachial artery FMD in T2DM subjects: [ 127 ,  260 –
 262 ] on treatment improvement in endothelial func-
tion occurred within days, prior to any plasma lipid 
changes and was correlated with a reduction in oxi-
dative stress, infl ammation and endothelial cell acti-
vation [ 127 ,  260 ,  262 ]. Compared with placebo, 
atorvastatin was associated with a reduction in vas-
cular cell adhesion molecules (VCAM1) and 
E-selectin, suggesting an improvement in endothe-
lial function in T2DM patients that was independent 
of the lipid- regulating effects of atorvastatin [ 263 ]. 
In male subjects with stable atherosclerosis (30 % 
with diabetes), treatment with rosuvastatin or atorv-
astatin inhibited Rho/Rho kinase pathway activity 
and this inhibition was associated with improve-
ment in brachial artery FMD in the absence of a 
reduction in plasma LDL-cholesterol level [ 264 ]. In 
statin-naïve, hypertriglyceridemic T2DM patients 
who had no history of CVD, atorvastatin or rosuv-
astatin signifi cantly improved FMD and plasma 
levels of CRP, but associations between FMD and 
CRP or triglycerides were not reported [ 265 ]. In a 
recent study in normocholesterolemic T2DM 
patients with no evidence of CAD, four weeks of 
low dose atrovastatin (10 mg/day) signifi cantly 
improved brachial artery FMD compared with pla-
cebo. A third of the patients in this study were 
reported to have had dyslipidemia at baseline, but 
on-treatment lipids were not reported [ 266 ]. 

 However, there are randomized, double-blind, 
placebo-controlled studies that have shown no 
effect of statin therapy on brachial artery FMD in 
subjects with T2DM [ 267 ,  268 ], despite improve-
ments in dyslipidaemia [ 269 – 271 ]. Studies 
examining the effect of statin therapy on forearm 
vascular reactivity in T2DM subjects have shown 
improvement with atorvastatin [ 149 ], but not 
with cerivastatin [ 272 ]. However, in the latter 
study, ACh-stimulated FABF increased with co- 
infusion of L-NMMA (inhibitor of NOS), sug-
gesting an effect of treatment on non-NO 
vasoactive mediators, such as EDHF.  

    Emerging LDL-Cholesterol Lowering 
Therapies 
 Emerging LDL-cholesterol lowering therapies 
merit investigation of their vascular effects in 
T2DM patients. Inhibition of proprotein convertase 
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subtilisin/kexin type 9 (PCSK9), an important 
regulator of the LDL receptor, exerts benefi cial 
effects on LDL and VLDL metabolism, but its 
role in humans is still to be elucidated [ 273 ]. 
Colesevelam, a more tolerable and potent bile 
acid sequestrant, is effective at lowering LDL- 
cholesterol either as monotherapy or in combina-
tion with a statin [ 274 ]. It has also been 
demonstrated to improve glycemic control in 
T2DM patients [ 274 ,  275 ] and could potentially 
improve endothelial function by reducing lipo-
toxicity and glucotoxicity, but no studies report-
ing its effects on endothelial function are 
available. Mipomersen, an apoB synthesis inhibi-
tor, has been shown to reduce apoB, LDL- 
cholesterol and lipoprotein (a) in patients with 
familial hypercholesterolemia on maximally tol-
erated lipid-lowering therapy and in healthy vol-
unteers and patients with mild to moderate 
hypercholesterolemia [ 276 – 278 ]. Studies in 
T2DM patients are required.  

   Fibric Acid Derivatives 
 In addition to their lipid-regulating effects, 
fi brates may also reduce vascular infl ammation 
and endothelial cell activation. In randomized 
controlled studies fenofi brate and related drugs 
appear to have a reasonably consistent benefi cial 
effect on endothelial function in both non- 
diabetic and T2DM subjects. Fenofi brate has 
been shown to improve brachial artery FMD in 
non-diabetic subjects with mixed hyperlipidemia 
or primary hypertriglyceridemia [ 279 ,  280 ]. 
Fenofi brate improved brachial artery FMD in 
statin-naïve T2DM patients with dyslipidemia 
[ 281 ]. However, fenofi brate alone did not signifi -
cantly improve forearm microcirculatory func-
tion in such patients [ 140 ]. Moreover, Chew et al. 
recently demonstrated that fenofi brate and CoQ 10  
independently and interactively lowered 24-h 
ambulatory blood pressure [ 282 ] consistent with 
their benefi cial effects on endothelial function in 
resistance arterioles. Ciprofi brate and gemfi bro-
zil have been shown to improve brachial artery 
FMD in type 2 diabetic subjects in fasting and 
postprandial states [ 283 ,  284 ]. However, 
12 weeks of fenofi brate therapy in T2DM patients 
did not improve microvascular endothelial- 

dependent function when assessed by skin blood 
fl ow response to the iontophoresis of acetylcho-
line [ 285 ]. In these studies, the effects of fenofi -
brate on markers of oxidative stress and insulin 
sensitivity were also inconsistent [ 140 ,  281 ,  283 ]. 

 Although short-term fenofi brate therapy may 
improve endothelial function [ 279 – 281 ], a sub-
study of the longer-term FIELD study showed no 
such treatment effect on carotid intima–media 
thickness, augmentation index or biomarkers of 
endothelial function in T2DM patients [ 286 ]. 
However, the FIELD study subjects were mostly 
low risk (as evidenced by the low CVD event 
rate) and had not been selected for having ED at 
baseline. 

 Fenofi brate also has benefi cial microvascular 
effects. In FIELD, monotherapy with fenofi brate, 
when compared with placebo, signifi cantly 
reduced the need for laser therapy for diabetic 
retinopathy [ 287 ] and may delay albuminuria 
progression and impairment of renal function 
[ 288 ]. Recent reports from ACCORD show that 
both the addition of fenofi brate to simvastatin 
and intensive glycemic therapy reduced progres-
sion of diabetic retinopathy [ 289 ,  290 ]. In T2DM 
patients with hypertriglyceridemia and retinopa-
thy, adding a fi brate to statin therapy and weight 
loss, may be safe and effective treatment options 
for cardiovascular and retinopathy risk reduction 
compared with intensifi cation of hypoglycemic 
and/or statin therapy.  

   Nicotinic Acid (Niacin) 
 Niacin may also improve endothelial function 
and reduce CVD events through direct effects on 
the vasculature [ 225 ]. Two studies have reported 
on niacin monotherapy: In a controlled study in 
22 healthy men with low HDL-cholesterol 
(<1.04 mmol/L) no-fl ush niacin 1.5 g/day for 
12 weeks signifi cantly improved FMD but no 
change was demonstrated in plasma lipids or 
chylomicron remnants suggesting a direct vascu-
lar effect by niacin [ 291 ]. In metabolic syndrome 
patients allocated to ER niacin (1,000 mg/day) or 
placebo for 52 weeks, niacin improved FMD by 
22 % ( p  < 0.001), signifi cantly regressed CIMT, 
decreased high sensitivity C-reactive protein 
(hsCRP) by 20 % ( p  = 0.013) and signifi cantly 
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improved plasma lipids (HDL-cholesterol, LDL- 
cholesterol and triglycerides) [ 292 ]. No studies 
have reported on patients with T2DM. 
Collectively, these studies demonstrate that nia-
cin is effective in improving endothelial function 
in subjects with low HDL-cholesterol. Further, 
improvements in both lipids and infl ammatory 
markers suggest that both lipid-mediated and 
direct mechanisms are involved in the benefi cial 
vascular effects of niacin.  

   Omega-3 Fatty Acids 
 Omega-3 fatty acids derived from marine fi sh oil 
predominantly lower triglycerides, but may also 
have benefi cial effects on HDL subfractions and 
LDL-particle size, as well as direct actions on the 
vasculature to reduce infl ammation and endothe-
lial cell activation [ 293 ]. Randomized, double- 
blind, controlled trials of omega-3 fatty acid 
supplementation in T2DM subjects have shown 
improvement in ACh-stimulated FABF [ 294 ], but 
no change in brachial artery FMD [ 295 ]. In 
hypertriglyceridaemic T2DM subjects, inclusion 
of omega-3 fatty acids in a meal containing pre-
dominantly unsaturated fatty acids reduced post-
prandial lipaemia and improved brachial artery 
FMD [ 296 ], possibly by attenuating the post-
prandial rise in lipoprotein subclass containing 
apolipoproteins B and C (LpB:C) [ 297 ]. In sub-
jects with metabolic syndrome it is possible that 
improvement in forearm vasodilator response is 
attributable to docosahexaenoic acid (DHA) and 
not the eicosapentaenoic acid (EPA) component 
of fi sh oils [ 298 ].  

   Probucol 
 Experimental evidence suggests that probucol 
may limit oxidative LDL modifi cation and reduce 
atherogenesis [ 299 ]. Probucol reduced coronary 
restenosis rates following percutaneous translu-
minal coronary angioplasty [ 300 ] and CIMT in 
patients with hypercholesterolaemia [ 301 ]. In 
T2DM patients, administration of probucol or 
atorvastatin decreased urinary 8-hydroxy-2′-
deoxyguanosine, a biomarker of overall systemic 
oxidative stress in vivo, probucol having a greater 
effect in patients with higher oxidative stress at 
baseline [ 302 ]. Whether probucol improves 
endothelial function and decreases cardiovascu-

lar (CV) events in diabetes have not been 
examined. 

 In summary, the lipid regulating agents dis-
cussed above (statins, fi brates, niacins and 
omega-3 fatty acids) all correct diabetic dyslipid-
emia, improving lipid and lipoprotein composi-
tion and concentrations to varying degrees and 
by different mechanisms (Table  13.5 ). 
Collectively, these agents have been demon-
strated to improve ED, but not all the fi ndings are 
consistent. Endothelial dysfunction is a complex 
condition with multiple factors contributing to its 
pathogenesis. A multifactorial strategy that com-
bines lipid regulating drug therapy with other 
interventions, such as lifestyle changes, insulin 
sensitizers and antioxidant and cofactor supple-
mentation, is likely to achieve the best cardiovas-
cular outcome.

      Combination Therapies 
 In large prospective clinical outcome trials (HPS, 
CARDS, TNT and CTT meta-analysis) the resid-
ual risk of CVD events in T2DM remains high, 
despite achievement of optimal or near optimal 
LDL-cholesterol levels with statin therapy [ 253 , 
 303 – 305 ]. Studies examining the effects of 
statins on ED have demonstrated inconsistent and 
contradictory results (Table  13.4 ) [ 127 ,  149 , 
 260 – 272 ]. It is possible that in T2DM, treatment 
with a single therapeutic agent may not ade-
quately improve endothelial function. Several 
complementary treatment options are possible. 

   Statins and Fibrates 
 In T2DM combination statin and fi brate therapy 
can signifi cantly benefi t dyslipidemia and cardio-
vascular risk status [ 306 – 309 ]. However, there is 
limited evidence investigating the effects of com-
bined statin/fi brate therapy on ED in T2DM 
patients. In a randomized, double-blind, cross-
over study, fenofi brate signifi cantly improved 
brachial artery FMD and forearm microcircula-
tory function in statin-treated T2DM patients 
with LDL-Cholesterol <2.6 mmol/L and ED 
[ 310 ]. Improvement in FMD was inversely asso-
ciated with on-treatment LDL-cholesterol and 
apoB concentrations, indicating that the improve-
ment in endothelial function may in part relate to 
enhanced reduction in LDL-cholesterol and apoB 
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concentrations [ 310 ]. In contrast, microvascular 
endothelial function, assessed by skin blood fl ow 
response to iontophoresis of acetylcholine and 
sodium nitroprusside and skin maximum hyper-
aemia to local heating, was not improved in 
T2DM subjects treated with combination cerivas-
tatin and fenofi brate therapy [ 285 ]. 

 Both statin and fi brate therapies have been 
shown to improve biomarkers of infl ammation 
in subjects with T2DM. In 300 subjects with 
diabetic dyslipidaemia, simvastatin or fenofi -
brate alone or in combination, lowered levels of 
plasma hsCRP and lipoprotein-associated 
phospholipase A 2  (Lp-PLA 2 ). However, there 
was no additive effect from the combination 
therapy [ 311 ].  

   Statins and Niacins 
 Nicotinic acid effectively raises HDL-cholesterol, 
lowers triglycerides and increases LDL particle 
size [ 224 ]. In diabetic subjects combination nia-
cin and atorvastatin therapy improves the athero-
genic lipid profi le more effectively than 
monotherapy [ 312 ]. Combined statin and niacin 
therapy has been shown to reduce the progression 
of coronary and carotid artherosclerosis [ 240 –
 243 ]. Two studies have reported on the effects of 
combined statin/niacin therapy on endothelial 
function in patients with CAD [ 313 ,  314 ]. In 
these studies, the addition of niacin signifi cantly 
improved endothelial function in patients with 
low HDL-cholesterol levels [ 313 ,  314 ]. In the 

Oxford Niaspan Study, the effect of modifi ed- 
release nicotinic acid (Niaspan) on atherosclero-
sis and endothelial function was assessed in 
statin-treated patients with low HDL-cholesterol, 
together with either (1) T2DM and CAD, (2) 
carotid atherosclerosis or (3) peripheral athero-
sclerosis; 65 % of the patients had T2DM. 
Compared with placebo, 12 months of niacin 
treatment signifi cantly reduced carotid athero-
sclerosis, but did not alter either aortic distensi-
bility or brachial artery FMD [ 315 ]. In a parallel 
group study, 15 statin-treated T2DM with LDL- 
cholesterol <2.5 mmol/L and ED were 
 randomized to niacin (nicotinic acid prolonged 
release) or no additional therapy [ 316 ]. Niacin 
signifi cantly improved small artery vasodilatory 
function and compliance and reduced serum 
triglycerides by 47 %. An inverse association 
between maximal forearm post-ischemic blood 
fl ow and change in serum triglycerides, sug-
gests that a reduction in triglycerides may in 
part explain the improvement in endothelial 
function [ 316 ].  

   Statins and Antioxidants 
 In patients with ischemic cardiomyopathy (40 % 
with diabetes), atorvastatin (10 mg/day) signifi -
cantly improved post-ischemic FABF. However, 
the co-administration of vitamin E (400 IU/day) 
with atorvastatin blunted the effect of atorvas-
tatin on post ischemic FABF, although the effect 
remained signifi cant [ 317 ]. 

   Table 13.5    Possible mechanisms of action of four lipid-regulating agents that improve endothelial function, Adapted 
from Woodman et al. 2005   

 Parameter  Statins  Fibrates  Niacins  Omega-3 fatty acids 

 ↓ LDL-cholesterol  ++  ±  +  ± 
 ↑ LDL particle size  +  ++  ++  + 
 ↓ Triglyceride  +  +++  ++  ++ 
 ↓ Chylomicron remnants  ++  ±  ±  ± 
 ↑ HDL-cholesterol  +  ++  +++  ± 
 ↑ PPAR activation/expression  +  +++  ++  + 
 ↓ Vascular infl ammation  +  +  +  + 
 ↑ NO production  +  +  +  ± 
 ↓ Endothelin-1 synthesis/expression  +  +  ±  ± 
 ↓ Oxidative stress  +  +  +  + 

   LDL  low density lipoprotein,  NO  nitric oxide,  PPAR  peroxisome proliferator-activated receptor,  statin  HMG-CoA 
reductase inhibitor, ↓ indicates decreased, ↑ indicates increased, + indicates minor effect, ++ indicates moderate effect, 
+++ indicates major effect, ± indicates equivocal effect  
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 Given the potential for statins to inhibit the 
cellular synthesis of plasma CoQ 10 , a by-product 
of isoprenoid metabolism, their full benefi t on 
improving endothelial function may be blunted 
[ 318 ,  319 ]. In a randomized, double-blind, cross-
over study, CoQ 10  supplementation signifi cantly 
improved FMD in statin-treated T2DM patients 
with LDL-cholesterol <2.5 mmol/L and ED 
[ 320 ]. CoQ 10  supplementation has been shown to 
improve ecSOD levels and endothelial relaxation 
of the brachial artery in patients with CAD (20 % 
with diabetes and 80 % statin-treated) [ 321 ], 
indicating that the benefi cial effects of CoQ 10  on 
endothelial function are in part related to 
improvements in local vascular oxidative stress.  

   Statins and Antihypertensive 
Agents 
 Statins and antihypertensive agents such as ACE 
inhibitors, angiotensin II receptor antagonist, or 
calcium channel blockers, have differing mecha-
nisms of action on the arterial wall. Therefore it 
is conceivable that in combination they will have 
an additive and synergistic effect on endothelial 
function [ 127 ,  322 – 324 ]. In hypercholesterol-
emia T2DM patients, ramipril combined with 
simvastatin signifi cantly improved FMD and 
reduced malondialdehyde (MDA) and hs-CRP 
levels compared to ramipril or simvastatin alone 
[ 322 ]. Both ramipril alone and combination ther-
apy improved adiponectin levels and insulin sen-
sitivity, but there was no additive effect with 
combination therapy [ 322 ]. In T2DM, postpran-
dial hyperglycemia and hypertriglyceridemia 
independently and cumulatively decreased FMD 
and increased biomarkers of infl ammation. Short- 
term treatment (one week) with atorvastatin and 
irbesartan, alone or in combination counterbal-
anced these detrimental effects, combination 
therapy being more effective than either mono-
therapy [ 127 ]. Longer-term studies utilizing 
combined statin and ARB therapy in T2DM are 
required. In patients with hypercholesterolemia 
and hypertension, evidence supports the anti- 
atherosclerotic effects of combined statin and 
calcium channel blocker therapy, particularly the 
combination of amlodipine and atorvastatin [ 323 , 
 325 – 327 ].  

   Fibrates and Antioxidants 
 In dyslipidemic type 2 diabetic patients with ED, 
combination fenofi brate and CoQ 10  signifi cantly 
improved endothelium-dependent and -indepen-
dent forearm blood fl ow response to intra-arterial 
vasodilator infusions [ 140 ]. Moreover, it has 
recently been demonstrated that fenofi brate and 
CoQ 10  independently and interactively lowered 
24-h ambulatory blood pressure [ 282 ], consistent 
with their benefi cial effects on endothelial func-
tion in resistance arterioles. This synergistic 
effect of fenofi brate and CoQ 10  in improving 
endothelial function may involve co- activation of 
PPAR-α in endothelial and smooth muscle cells, 
improving the production and action of NO and 
decreasing the synthesis of endothelin-1.  

   Other Combinations: Ezetimibe, Omega-3 
Fatty Acids, CETP Inhibitors 
 In subjects with T2DM, co-administration of 
ezetimibe on background statin therapy signifi -
cantly lowered CRP to a greater extent than that 
of statin alone [ 328 ]. In the Stop Atherosclerosis 
in Native Diabetics Study (SANDS), aggressive 
LDL-cholesterol lowering with statins alone or 
statins plus ezetimibe resulted in similar regres-
sion of CIMT in those patients who achieved 
equivalent LDL-cholesterol reductions [ 329 ], but 
the comparative therapeutic effects on endothe-
lial function were not studied. Omega-3 fatty 
acid supplementation has been consistently 
shown to improve endothelial function in T2DM 
[ 294 ,  296 ,  298 ], but whether it enhances the 
effect of statins and other agents reviewed above 
remains to be demonstrated. 

 Dalcetrapib, a CETP inhibitor, was investi-
gated in the dal-VESSEL study for its effi cacy 
and safety on endothelial function, blood pres-
sure, lipids and clinical outcomes in patients with 
CHD or CHD risk equivalent and below average 
HDL-cholesterol; 45 % of patients had T2DM. 
Patients were also treated with a statin and/or 
other cholesterol lowering agents to a LDL- 
cholesterol <2.6 mmol/L [ 330 ]. In this random-
ized, double-blinded, placebo controlled study, 
36 weeks of dalcetrapib reduced CETP activity by 
almost 50 % and HDL-cholesterol by 30 %, but 
brachial artery FMD, ambulatory blood pressure 
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and biomarkers of infl ammation, oxidative stress 
and coagulation did not alter with either dalcetra-
pib or placebo [ 331 ].    

    Guidelines for the Management 
of Diabetic Dyslipidemia 

 Several guidelines provide evidence-based rec-
ommendations for addressing diabetic dyslipid-
emia [ 205 ,  206 ,  332 – 336 ] and two recent reports 
focus more specifi cally on elevated triglycerides 
and low HDL-cholesterol [ 337 ,  338 ]. Table  13.6  
summarizes the recommended treatment targets 
for diabetic dyslipidemia.

   In patients with T2DM, lowering of LDL- 
cholesterol remains the primary focus of thera-
peutic interventions [ 205 ,  206 ,  332 ,  333 ]. In 
T2DM patients with overt CVD or in those at 
high risk (over the age of 40 years with one or 
more other major CVD risk factor) statin therapy 
and therapeutic lifestyle changes (TLCs) should 
be initiated regardless of baseline lipid levels. In 
lower risk patients, statin therapy should be initi-
ated if LDL-cholesterol levels remain above 
2.6 mmol/L following TLC efforts or in those 
with several CVD risk factors [ 205 ]. These rec-
ommendations are supported by evidence of 
CVD reduction in diabetic patients in large 
outcome- based clinical trials and of improve-
ment in endothelial function with statin therapy 
[ 127 ,  253 ,  260 – 262 ,  303 – 305 ]. If LDL- 
cholesterol target levels are not achieved with a 

maximum tolerated statin dose, then adding a 
second therapeutic agent (ezetimibe, fi brate, or 
niacin) may be required [ 205 ]. For patients with 
elevated triglycerides (>2.3 mmol/L) the use of 
non-HDL cholesterol as a secondary treatment 
target (a non-HDL cholesterol goal of 0.78 
mmol/L above the patients LDL-cholesterol 
goal) is recommended [ 206 ,  332 ]. ApoB, a 
 measure of LDL particle number is also a 
 recommended treatment target in patients at 
 cardiometabolic risk [ 333 ,  336 ]. In these 
patients, combination therapy with a second 
lipid regulating agent (fi brate, niacin, or Omega 
3 fatty acids) or intensifi cation of LDL-
cholesterol lowering is recommended [ 206 ,  333 , 
 337 ]. Evidence from ACCORD supports the 
use of combined statin and fenofi brate therapy 
in hypertriglyceridemic T2DM patients 
(ACCORD-lipid 2010). There is also limited 
evidence suggesting improvement in endothelial 
function with combination therapy; statin and 
fi brate in T2DM patients [ 310 ], or statin and nia-
cin in patients with and without T2DM [ 313 , 
 314 ,  316 ]. However, with combination therapy 
the risk of myopathy is increased requiring 
patient education and monitoring. Patients with 
severely elevated triglycerides (>5.5 mmol/L) 
are at risk of pancreatitis and the treatment prior-
ity is to reduce triglycerides by dietary modifi ca-
tions and pharmacotherapy [ 333 ]. To mitigate 
this risk the FDA has approved the use of 
omega-3 fatty acid ethyl esters as an adjunct to 
dietary interventions [ 182 ,  192 ].   

   Table 13.6    Recommended treatment targets for diabetic dyslipidemia   

 NCEP ATP III 
[ 206 ,  332 ]  ADA [ 205 ,  333 ]  NHFA [ 334 ] 

 European 
guidelines [ 335 – 337 ] 

 LDL-cholesterol 
(mmol/L) 

 Very high risk  <1.8  <1.8  <2.0  <1.8 
 High risk  <2.6  <2.6  <2.5  <2.5 

 Triglycerides 
(mmol/L) 

 <1.7  <1.5  <1.7 

 HDL-cholesterol 
(mmol/L) 

 Male  >1.0  >1.0  >1.0 
 Female  >1.3  >1.0  >1.2 

 Non-HDL cholesterol 
(mmol/L) 

 Very high risk  <2.6  <2.6  <2.6 
 High risk  <3.4  <3.4  <3.3 

 ApoB (g/L) [ 3 ,  7 ]  Very high risk  <0.8  <0.8 
 High risk  <0.9  <1.0 
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    Conclusion 

 T2DM patients are at markedly increased risk of 
CVD events. Endothelial dysfunction (ED) is the 
earliest manifestation of vascular involvement in 
diabetes and heralds the increased risk of CVD. 
ED can be examined indirectly in the peripheral 
circulation by several non-invasive methods. 
Studies of ED serve two useful purposes in car-
diovascular research. First, they can help identify 
agents that could be tested as monotherapy or 
combination therapy in clinical endpoint trials. 
Second, they can provide mechanisms for the 
cardiovascular benefi ts of these treatments. 
Clinical trials of interventions on ED may be 
hampered by subject selection bias, statistical 
underpowering and technical imprecision in 
measurements. These factors may account for 
variation in fi ndings among some of the studies 
reviewed. As methodologies are refi ned, mea-
surement of endothelial function could in time 
provide a practical clinical tool for risk stratify-
ing patients and guiding the intensity of treat-
ments to reverse or prevent progression of 
cardiovascular disease in diabetes. 

 Therapeutic interventions, including lifestyle 
changes and lipid-regulating agents, correct dia-
betic dyslipidaemia via several mechanisms. 
They have also been shown to improve ED, but 
not all studies demonstrate a consistent benefi t. 
Together with dyslipoproteinemia, increased oxi-
dative stress is a major factor involved in the 
pathogenesis of ED in T2DM. Supplementation 
with antioxidants may also potentially improve 
endothelial dysfunction in T2DM, but the 
reported effects on endothelial function have 
again not always been consistent. Other interven-
tions, including  l -arginine and folate supplemen-
tation and PDE-5 inhibitors, have been 
demonstrated to improve ED in diabetes, but 
there is no consistent evidence that they reduce 
cardiovascular events in clinical trials. These and 
other new and emerging therapies require investi-
gation in longer term clinical outcome studies. 

 Therapeutic guidelines recommend a multi-
factorial lifestyle and pharmacotherapy approach 
for the management of CVD risk in T2DM. 

Treatment targets have been specifi ed for LDL- 
cholesterol, non-HDL cholesterol (or apoB), 
 glycated hemoglobin and blood pressure. 
Interventions, such as lipid regulating therapy, 
ACE inhibitors, metformin and fi sh oils, have 
been shown to reduce cardiovascular events in 
large clinical endpoint trials. However, in these 
trials residual risk of CVD events (i.e. the risk of 
cardiovascular events which persists in many 
patients despite the intervention being tested) in 
statin-treated patients remains high, despite the 
achievement of optimal or near optimal plasma 
LDL-cholesterol concentrations. 

 There are reasonable data suggesting that 
residual diabetic dyslipidemia and CV risk in 
diabetics on a statin may be targeted with fenofi -
brate, there being no clinical endpoint trials at 
present supporting adding niacin or marine- 
derived n-3 polyunsaturated fatty acids. High 
residual CV risk is seen with a spectrum of inter-
ventions (e.g. anti-glycemic, anti-hypertensive, 
anti-dyslipidemic treatments) tested in trials and 
employed in the standard care of the patient with 
diabetes. Well-designed studies of endothelial 
function in appropriately selected volunteers 
afford a good opportunity to test new therapeutic 
interventions and their eventual utilization in the 
care of the diabetic patient.     
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           Introduction 

    Diabetic nephropathy is the most common cause 
for end-stage renal disease worldwide and has a 
signifi cant impact on the quality of life and lon-
gevity. It may affect up to a third of all patients 
with type 1 diabetes [ 2 ,  38 ,  102 ], and nephropa-
thy is also a signifi cant complication of type 2 
diabetes [ 10 ,  11 ,  85 ]. The clinical course varies 
substantially, but in a typical case, the fi rst indi-
cations of kidney injury appear within two 
decades of diabetes: urinary albumin excretion 
increases, blood pressure rises, and gradually the 

glomerular fi ltration rate (GFR) begins to decline 
with a concurrent increase in mortality [ 31 ,  38 , 
 39 ,  96 ]. Glycemic control is the critical modifi -
able factor to delay and prevent diabetic nephrop-
athy and other comorbidities [ 59 ]. The detrimental 
vascular effects of impaired glycemic control 
could be mediated by lipids and lipoproteins, and 
therefore the connection between serum lipopro-
tein lipids and diabetic nephropathy is clinically 
important. 

 Patients with chronic kidney disease have a 
greater risk of atherosclerosis and adverse vascu-
lar events, and diabetes adds to this risk even fur-
ther [ 98 ]. As kidney function declines, secondary 
metabolic effects and adverse changes in lipopro-
tein metabolism follow [ 54 ,  81 ]. For instance, 
increased triglycerides and decreased HDL cho-
lesterol concentrations as well as impaired clear-
ance of VLDL particles are commonly seen 
[ 114 ]. Cardiovascular disease is the most com-
mon cause of death in patients with end-stage 
renal disease both in patients with and without 
diabetes. But in diabetes, the crucial changes 
seem to occur earlier: for instance, patients with 
type 1 diabetes and albuminuria have a dramati-
cally increased risk of premature death even 
before their glomerular reserve is lost to the point 
of end-stage renal disease (Fig.  14.1 ). In particu-
lar, the lipoprotein lipid profi le is correlated with 
albuminuria and predicts adverse outcomes [ 48 , 
 110 ]. However, the good news is that patients 
with type 1 diabetes without any signs of renal 
disease show no excess mortality beyond that of 
the general population [ 38 ,  78 ].
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   The triad of poor glycemic control, obesity, 
and albuminuria indicates a high-risk vascular 
phenotype [ 68 ,  74 ]. All three risk factors overlap 
and are concurrently associated with dyslipid-
emia, particularly in the form of increased 
 triglycerides and decreased HDL cholesterol. 
This also means that it is diffi cult to ascertain 
causal relationships between serum lipoproteins 
and diabetic kidney injury since both compart-
ments may be parts of a larger complex of sys-
temic atherogenic perturbations. Particularly in 
type 2 diabetes, lipid abnormalities such as high 
triglycerides, excessive postprandial lipidemia, 
small dense LDL cholesterol, and low levels of 
HDL cholesterol are frequently seen [ 106 ]. 
Hence, similar lipid abnormalities as in patients 
with end-stage renal disease are often observed in 
patients with type 2 diabetes even prior to the 
diagnosis of diabetes. The evidence regarding the 
kidney pathology is also unclear: it may be con-
founded by age-related phenomena and seems to 
be less related to urinary albumin excretion or 
GFR than in type 1 diabetes [ 32 ]. In this section, 

we primarily focus on the combined diagnostic 
and prognostic signifi cance of kidney disease and 
lipoproteins in (type 1) diabetes and briefl y dis-
cuss the biological implications to the lipoprotein 
composition and functionality.  

    Conventional Lipoprotein Lipids, 
Albuminuria, and Kidney 
Function 

 Patients with type 1 diabetes but without compli-
cations show no adverse changes in their clinical 
lipid profi le (total triglycerides, cholesterol, and 
HDL cholesterol), and patients with good glyce-
mic control often have more favorable lipids than 
the background population [ 21 ,  76 ,  109 ]. On the 
other hand, plasma lipid abnormalities were 
reported in patients with nephropathy in a num-
ber of earlier studies [ 49 ,  50 ,  113 ], and the asso-
ciation between dyslipidemia and diabetic 
nephropathy has since been confi rmed in several 
larger studies (Table  14.1 ).

  Fig. 14.1    Prospective analysis of all-cause mortality in 
the FinnDiane cohort. Prospective analysis of all-cause 
mortality in the FinnDiane cohort of type 1 diabetes after 
an average of 7 years of follow-up. At baseline, 2,296 
patients had normal AER, 504 had microalbuminuria, 
579 had macroalbuminuria, and 293 had end-stage renal 

disease. Plot  a  depicts the adjusted hazard ratios with 
respect to normal AER. Plot  b  depicts the standardized 
mortality rate with respect to the age and sex groups in the 
Finnish background population (reference value was set 
to 1.0). The fi gure was adapted from [ 38 ]       
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   Table 14.1    Conventional lipid profi le in patients with type 1 diabetes and diabetic nephropathy   

 Study  Design  Albuminuria 
 Kidney 
dysfunction  Additional details 

 DCCT/EDIC [ 48 ]  Cross-sectional,  N  = 968  ↑TG, ↓HDL-C, 
↑TotC, ↑LDL-C 

 n/a  HDL-C signifi cant only in 
univariate analyses 

 DCCT/EDIC [ 24 ]  Progression from incident 
microalbuminuria to 
macroalbuminuria,  N  = 325, 
13-year follow-up 

 ↑TG, ↑TotC, 
↑LDL-C 

 No fi ndings  Lower baseline TG, TotC, 
and LDL-C associated with 
regression to normal AER 

 Estudio 
Diamante [ 25 ] 

 Cross-sectional,  N  = 1,822  ↑TG, ↑TotC  ↑TG, ↑TotC  LDL-C not reported 

 EURODIAB 
[ 65 ] 

 Cross-sectional,  N  = 2,205  ↑TG, ↓HDL-C, 
↑TotC, ↑LDL-C 

 n/a  Sex-dependent fi ndings on 
HDL-C 

 EURODIAB 
[ 12 ,  13 ] 

 Progression from normal 
AER,  N  = 1,134, 7.3-year 
follow-up 

 ↑TG, ↓HDL-C, 
↑TotC, ↑LDL-C 

 n/a  LDL-C and HDL-C 
signifi cant when adjusted 
for diabetes duration, 
glycemic control, and 
baseline AER 

 EURODIAB [ 35 ]  Progression from 
microalbuminuria,  N  = 352, 
7.3-year follow-up 

 ↑TG  n/a  Lower baseline TG 
associated with regression 
to normal AER 

 FinnDiane [ 109 ]  Cross-sectional,  N  = 2,927  ↑TG, ↓HDL-C, 
↑TotC, ↑LDL-C 

 ↑TG, ↓HDL-C, 
↑TotC, ↑LDL-C 

 LDL-C and HDL-C 
signifi cant in 
macroalbuminuria and ESRD 

 FinnDiane [ 110 ]  Progression to micro-, 
macroalbuminuria or ESRD, 
 N  = 2,304, 5.4-year follow-up 

 ↑TG, ↑TotC  ↑TG, ↓HDL-C, 
↑TotC, ↑LDL-C 

 Pittsburgh [ 17 ]  Progression from normal 
AER,  N  = 256, 2-year 
follow-up 

 ↑TG, ↑LDL-C  n/a  TotC not reported 

 Pittsburgh [ 77 ]  Progression to 
macroalbuminuria or ESRD, 
 N  = 485, 10-year follow-up 

 ↑TG, ↑TotC, 
↑LDL-C 

 ↑TG, ↑TotC, 
↑LDL-C 

 Lipids signifi cant only if 
progression within the fi rst 
5-year period 

 Nephropathy 
Family Study [ 64 ] 

 Progression from normal 
AER,  N  = 895, 2.3-year 
follow-up 

 ↑TG, ↑TotC  n/a  Higher non-HDL 
cholesterol associated with 
progression 

 German Diabetes 
Documentation 
System [ 88 ] 

 Progression to micro-, 
macroalbuminuria or ESRD, 
 N  = 27,805, 2.5-year follow-up 

 ↑TG, ↑TotC, 
↑LDL-C 

 ↑TG, ↑TotC, 
↑LDL-C 

 Dyslipidemia 
(TotC > 200 mg/dL, 
LDL-C > 160 mg/dL or 
TG > 150 mg/dL) 
associated with progression 

 Angers cohort 
[ 41 ] 

 Progression to micro-, 
macroalbuminuria or ESRD, 
 N  = 297, 7-year follow-up 

 ↑TG, ↓HDL-C  ↑TG, ↓HDL-C  Elevated plasma creatinine 
was used as an additional 
diagnostic category 

 Steno Diabetes 
Center [ 44 ] 

 Rate of GFR decline,  N  = 301, 
6.7-year follow-up 

 n/a  ↑TotC  Only TotC reported 

 Steno Diabetes 
Center [ 45 ] 

 Progression to micro- or 
macroalbuminuria,  N  = 277, 
18-year follow-up 

 See details  n/a  Lower baseline TotC 
associated with regression 
to normal AER 
 Only TotC reported 

 Joslin Study [ 83 ]  Regression from 
microalbuminuria,  N  = 386, 
6-year follow-up 

 See details  n/a  Lower baseline TG and 
TotC associated with AER 
reduction 

   Abbreviations :  AER  urinary albumin excretion rate,  ESRD  end-stage renal disease,  TG  triglycerides,  TotC  total cholesterol, 
 HDL-C  HDL-cholesterol,  LDL-C  estimated LDL-cholesterol,  n/a  not available  
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       DCCT/EDIC 

 The Diabetes Control and Complications Trial 
(DCCT) was a multicenter clinical trial that com-
pared intensive diabetes therapy with the current 
conventional treatment (between 1983 and 1993) 
in a cohort of 1,441 patients with type 1 diabetes. 
During the trial, the intensively treated patients 
had lower total triglycerides, total cholesterol, and 
calculated LDL cholesterol, but HDL  cholesterol 
was unaffected [ 22 ]. At the same time, a signifi -
cant reduction in the incidence of albuminuria 
was observed [ 23 ]. Specifi c analyses of urinary 
albumin excretion rate and serum lipoprotein lip-
ids were made for the combined trial and follow-
up period in the Epidemiology of Diabetes 
Interventions and Complications (EDIC) cohort 
of 968 patients [ 48 ]. Triglycerides, cholesterol, 
and calculated LDL cholesterol were increased in 
patients with microalbuminuria (40 < AER < 
300 mg/24 h) and macroalbuminuria (AER > 
300 mg/24 h) when tested for the overall trend 
and adjusted for age, diabetes duration, hyperten-
sion, hemoglobin A1c, body mass index (BMI), 
waist–hip ratio (WHR), and DCCT randomiza-
tion group. A decreasing trend was observed for 
HDL cholesterol in women and in the full  dataset, 
but these associations could be fully explained 
by the aforementioned risk factors and 
confounders. 

 The risk factors for long-term renal outcomes 
were examined in the 14th year of the EDIC 
Study in 325 patients [ 24 ] who developed persis-
tent microalbuminuria (30 < AER < 300 mg/24 h) 
and were subsequently followed for regression to 
normal AER (36 %), progression of macroalbu-
minuria (30 %), and/or declining kidney function 
(18 %). Kidney function was determined by esti-
mated glomerular fi ltration rate (eGFR). Total 
triglycerides, cholesterol, and calculated LDL 
cholesterol were associated with progression to 
macroalbuminuria (increased concentrations) 
and regression to normal AER (decreased con-
centration). No associations were detected for 
incident impaired eGFR, and HDL cholesterol 
failed to predict the renal outcomes altogether.  

    EURODIAB 

 Cross-sectional associations between conven-
tional lipoprotein measures and albuminuria were 
also seen in the EURODIAB IDDM Complications 
Study [ 65 ]. The set of 3,250 patients with type 1 
diabetes were recruited from 16 European coun-
tries and represent age groups from 15 to 60 
years. Increased concentrations of triglycerides, 
cholesterol, and calculated LDL cholesterol 
were observed for microalbuminuria 
(20 < AER < 200 µg/min) or macroalbuminuria 
(AER > 200 µg/min) for both sexes. Increased 
concentrations of triglycerides, cholesterol, and 
calculated LDL cholesterol were observed for 
microalbuminuria (20 < AER < 200 µg/min) or 
macroalbuminuria (AER > 200 µg/min) for both 
sexes. Furthermore, HDL cholesterol was 
decreased in patients with macroalbuminuria and, 
overall, the lipid abnormalities were more pro-
nounced in the macroalbuminuric group. Of note, 
diabetes duration was highlighted as an important 
factor: associations between serum lipoprotein 
lipids and microalbuminuria were seen only in 
those patients with >5 years of duration. 

 A set of 1,134 patients with normal baseline 
AER were followed for a mean of 7.3 years in the 
EURODIAB Prospective Complication Study. 
The incidence of microalbuminuria was 12.6 %, 
which corresponds to 18 new cases per 1,000 per-
son-years. In a multivariate model, baseline hemo-
globin A1c, AER, triglycerides, and waist–hip 
ratio predicted the progression to microalbumin-
uria [ 12 ]. A sub-study of 352 patients with base-
line microalbuminuria identifi ed increased AER, 
suboptimal metabolic control, excess body fat, 
and peripheral neuropathy as signifi cant risk fac-
tors for the progression to macroalbuminuria [ 35 ]. 
During an average of 7.3 years, 51 % regressed to 
normal AER, 36 % remained microalbuminuric, 
and 14 % progressed to macroalbuminuria. 
Overall, the lipoprotein lipids were not associated 
with the progressive kidney phenotype. However, 
fasting triglyceride concentration at baseline was 
a weak predictor of progression, and the lowest 
concentration was seen in the group that regressed.  
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    FinnDiane 

 The Finnish Diabetic Nephropathy Study 
(FinnDiane) represents a population-based 
sample of long-standing type 1 diabetes in 
Finland. In cross-sectional analyses of 2,927 
patients, patients with normal urinary albumin 
excretion rate (AER < 30 mg/24 h) had the low-
est, and those with macroalbuminuria 
(AER > 300 mg/24 h) had the highest triglycer-
ide concentrations [ 109 ]. Glomerular fi ltration 
rate was also associated with lipid abnormali-
ties: patients with impaired kidney function 
(eGFR < 60 mL/min/1.73 m 2 ) had higher tri-
glycerides, total cholesterol, and lower HDL 
cholesterol than patients with normal kidney 
function (eGFR > 90 mL/min/1.73 m 2 ) or 
patients with mildly impaired kidney function 
(60 < eGFR < 90 mL/min/1.73 m 2 ). 

 In the prospective part of the FinnDiane Study, 
2,304 patients with type 1 diabetes, followed for a 
mean of 5.4 ± 2.0 years, were examined [ 110 ]. 
Baseline triglycerides predicted progression of 
kidney disease at all stages, including progression 
to micro- and macroalbuminuria and to end- stage 
renal disease. These associations could not be 
fully explained by conventional risk factors other 
than baseline AER. Several lipid variables pre-
dicted progression to end-stage renal disease, but 
when eGFR was included in the model, total cho-
lesterol was the only signifi cant lipid predictor. 

 The defi nition of the kidney disease pheno-
type may infl uence the results. In a model where 
normal AER and microalbuminuric groups were 
pooled, triglycerides predicted progression to 
macroalbuminuria, and the results could not be 
fully explained by either baseline AER or eGFR. 
When the patient set was divided into quartiles of 
triglycerides, the highest quartile had consis-
tently higher hazard ratios for progression at all 
stages of nephropathy. From a practical point of 
view, however, no clear threshold could be 
observed for triglycerides and the progression of 
diabetic nephropathy.  

    Pittsburgh EDC 

 A total of 658 patients with childhood onset of type 
1 diabetes were included in the Pittsburgh 
Epidemiology of Diabetes Complications Study. A 
2-year follow-up study of 256 patients indicated 
that poor glycemic control, increased LDL choles-
terol, long duration of diabetes, and high systolic 
blood pressure at baseline were predictive of inci-
dent microalbuminuria, defi ned as AER > 20 µg/
min [ 17 ]. Glycemic control was a signifi cant pre-
dictor in all subgroup analyses. In men, age and 
AER were also important predictors, whereas 
duration of diabetes and triglycerides were impor-
tant in women. Calculated LDL cholesterol was 
signifi cant in patients with type 1 diabetes duration 
<20 years, but triglycerides and systolic blood 
pressure predicted progression in the group with at 
least 20 years of duration. In a more recent study, 
485 patients with or without overt nephropathy at 
baseline (AER < 200 µg/min) were followed for 10 
years [ 77 ]. Estimated glucose disposal rate (a sur-
rogate marker for insulin sensitivity) was predictive 
of overt nephropathy during the full follow-up. 
White blood cell count, triglycerides, calculated 
LDL cholesterol, non-HDL cholesterol, and sys-
tolic blood pressure predicted progression during 
the fi rst 5 years of follow-up.  

    German Diabetes Documentation 
System 

 The German Diabetes Documentation System 
cohort includes children, adolescents, and adults 
with a largely pediatric and adolescent onset of 
type 1 diabetes from Germany and Austria. A set 
of 27,805 patients were followed for an average 
of 2.5 years. The study revealed that triglycerides 
and LDL cholesterol were signifi cant risk factors 
for the development of microalbuminuria [ 88 ]. 
Dyslipidemia, defi ned as at least one lipid vari-
able over the cutoff level of >200 mg/dL for total 
cholesterol, >160 mg/dL for LDL cholesterol, 
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and >150 mg/dL for triglycerides, was associated 
with the development of overt nephropathy.  

    Nephropathy and Dyslipidemia 
in Type 2 Diabetes 

 Type 2 diabetes itself is strongly linked to similar 
lipoprotein abnormalities that are seen in patients 
with type 1 diabetes and microvascular complica-
tions, and it is therefore problematic to isolate 
the nephropathy-related changes from the back-
ground dyslipidemia. Nevertheless, more adverse 
lipid profi les are observed in patients with 
nephropathy, although the conventional lipids 
seem to hold limited prognostic utility. For 
instance, impaired kidney function was investi-
gated in the Health Professionals Follow-Up 
Study (HPFS). In a cross-sectional sub-study of 
732 men with type 2 diabetes [ 62 ], non-HDL 
cholesterol and triglycerides were increased from 
the highest (>90 mL/min/1.73 m 2 ) to the lowest 
eGFR category (<60 mL/min/1.73 m 2 ). On the 
other hand, a prospective analysis of 516 type 2 
diabetic women from the Nurses’ Health Study 
showed that an estimated eGFR decline of over 
25 % during an 11-year follow-up was not asso-
ciated with the conventional lipid profi le [ 63 ]. 

 A dyslipidemic pattern was observed in 275 
Taiwanese patients [ 112 ]: increased total choles-
terol and non-HDL cholesterol, especially when 
combined with hypertriglyceridemia, were sig-
nifi cantly associated with albuminuria (defi ned 
as ACR > 30). In 1,557 Italian patients with type 
2 diabetes, microalbuminuria was associated 
with diabetes duration, glycemic control, and 
blood pressure, but not with the lipid measures in 
univariate analyses [ 92 ]. 

 The UK Prospective Diabetes Study examined 
patients with newly diagnosed type 2 diabetes and 
followed a subset of 4,031 patients with urinary 
albumin < 30 mg/L and a subset of 5,032 patients 
(criteria not mutually exclusive) with normal cre-
atinine clearance (>60 mL/min/1.73 m 2 ) at base-
line [ 90 ]. Increased plasma triglycerides were 
associated with incident micro- and macroalbu-
minuria, but not with declining creatinine clear-
ance. The opposite was true for total and calculated 
LDL cholesterol: increased baseline concentra-

tions predicted impaired creatinine clearance at 
follow-up. Decreased HDL cholesterol was also 
predictive of impaired creatinine clearance. 

 In a prospective study of 671 American 
Indians [ 28 ], high HDL cholesterol was inversely 
associated with incident increase in AER in 
women after 3.9 years of follow-up, and a sug-
gestive positive association was found for triglyc-
erides in men. Incident microalbuminuria 
(30 < AER < 300 mg/24 h) and macroalbuminuria 
(AER > 300 mg/24 h) were investigated in a set of 
574 Israeli patients with a recent onset of type 2 
diabetes [ 89 ]. The results were compatible with 
the previous reports: the combination of hyper-
tension, increased total cholesterol, and poor gly-
cemic control indicated the group at high risk for 
incident diabetic nephropathy. 

 A set of 3,667 type 2 diabetic patients with 
AER < 20 µg/min and eGFR > 60 mL/min/1.73 m 2  
were examined in the Swedish National Diabetes 
Register for incident diabetic nephropathy [ 1 ]. 
Increased triglycerides and decreased HDL cho-
lesterol at baseline predicted incident albumin-
uria (20 % of individuals) and both were also 
predictive of impaired eGFR. On the other hand, 
total or LDL cholesterol were not signifi cant pre-
dictors. Of note, wider prescription of medica-
tions for lipidemia and hypertension were the 
most likely causes for overall decreases in LDL 
cholesterol and blood pressure at follow-up. 

 A study of the Hong Kong Diabetes Registry 
approached the issue from the opposite angle: the 
researchers reported that in a prospective cohort 
of 2,761 type 2 diabetic patients (2.8-year follow-
 up), macroalbuminuria predicted the incidence of 
abnormally high total cholesterol and calculated 
LDL cholesterol, while reduced eGFR predicted 
abnormally low HDL cholesterol    [ 118 ].  

    Interpretation of the 
Epidemiological Data 

 The cross-sectional analyses suggest that 
increased triglycerides, total cholesterol and LDL 
cholesterol, and a reduction in HDL cholesterol 
are typically seen in patients with diabetes and 
nephropathy. The dyslipidemia is more evident in 
advanced nephropathy, but this could be a conse-
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quence of poor glycemic control that, by itself, 
promotes the development of microvascular inju-
ries. Furthermore, altered nutritional status and 
secondary effects of kidney failure may curb the 
increase in cholesterol but simultaneously cause 
an imbalance between triglycerides and HDL 
cholesterol when patients approach end-stage 
renal disease [ 14 ,  86 ]. 

 Interestingly, when both hemoglobin A1c and 
BMI are high in type 1 diabetes, the lipid profi le 
resembles that of the dyslipidemia typically 
observed in type 2 diabetes and the metabolic 
syndrome [ 68 ,  108 ]. The weight-adjusted insulin 
dose tends to be similar or even higher in these 
patients [ 70 ], which suggests that the dyslipid-
emia in today’s type 1 diabetes could be at least 
partially related to increased insulin resistance 
rather than inadequate insulin administration. 

This fi ts to the concept of “double diabetes” and 
insulin resistance as major pathogenetic contrib-
utors to diabetic nephropathy [ 37 ,  58 ]. 

 The classical linear analyses may hide the 
inherent complexity of the lipoprotein lipid pro-
fi le. Figure  14.2  depicts the same dataset that was 
introduced in Fig.  14.1 , but this time dissected by 
a multivariate nonlinear visualization method. 
Details of the self-organizing map (SOM) are 
available in supplements of previously published 
articles [ 68 ,  70 ]. Briefl y, the method assigns a 
two-dimensional coordinate on the map for each 
patient based on the observed biochemical pro-
fi les. The map can then be colored according to a 
trait such as cholesterol concentration or preva-
lence of nephropathy in a given area. The idea is 
similar to coloring the world map based on average 
income or prevalence of diabetes—in that case 

  Fig. 14.2    Self-organizing map analysis of 4,197 patients 
with type 1 diabetes from the FinnDiane Study. The fi g-
ure can be interpreted the same way as a geographical 
map. Suppose the  rectangular  area is a map of a city, and 
the city is divided into  hexagonal  neighborhoods. In each 
neighborhood, the residents correspond to patients who 
are similar with respect to their serum and urine bio-
chemical profi les. The locations of individuals were 
mathematically optimized by the self-organizing map 

algorithm (in a geographical map the locations would be 
physical coordinates). For the visualization, the  rectan-
gular  map is colored based on the average characteristics 
in a neighborhood. For example, patients in the  top  part 
of the map show a high prevalence of diabetic nephropa-
thy, which is indicated by the  red color  (Plot  a ). Diabetic 
nephropathy was defi ned as macroalbuminuria or end-
stage renal disease. The fi gure was adapted from [ 68 ]       
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the coordinates represent geographical locations. 
In Fig.  14.2 , the map is always the same, so if a 
patient is located on the top-left corner in Plot a, 
he or she is also located in the top-left corner in 
every other plot.

   The connection between diabetic nephropathy 
and mortality is obvious (Fig.  14.2a, b ), as one 
would expect based on Fig.  14.1 . The top part of 
the map contains most of the patients with 
nephropathy, older age, and longer duration of 
diabetes. The patterns of lipids are more compli-
cated: low concentrations of triglycerides, total 
cholesterol, and LDL cholesterol consistently 
characterize the patients with no nephropathy, 
but greater diversity can be observed in the upper 
half. In linear analysis, triglycerides and choles-
terol would emerge as positive regressors, but it 
is possible that only a subset of individuals actu-
ally show this positive relationship. Furthermore, 
HDL cholesterol appears to show a completely 
perpendicular pattern with respect to nephropa-
thy, which could represent an additional indepen-
dent modulating effect on vascular risk. 

 Figure  14.2  was created from a single cohort, 
the nonlinear method can lead to over- 
interpretation, and further work is needed to vali-
date the observed patterns. Nevertheless, these 
results highlight the inherent biological complex-
ity that may be missed by traditional approaches. 
For a practicing clinician, the heterogeneity is a 
challenge: those patients that have complications 
also show the greatest lipoprotein diversity. It is 
also possible that elevated cholesterol in one 
patient is more dangerous than in another, so 
additional information on the causal links is of 
great interest.  

    Can Dyslipidemia Cause 
Nephropathy? 

 In prospective analyses, the picture is similar and 
conventional lipids are a part of the overall risk 
profi le that is linked to poor glycemic control. In 
particular, total triglyceride concentration was a 
predictive marker at different stages of albuminuria 
in multiple studies: higher values were associated 
with progression and lower values with regres-

sion of albuminuria. Furthermore, dyslipidemia 
is associated with a faster progression of renal 
disease [ 65 ,  72 ,  77 ,  95 ,  97 ]. Although it is diffi -
cult to ascertain causal links based on the current 
clinical data, the practical message is clear: if 
lipids are abnormal, particularly in combination 
with smoking, hypertension, and obesity, the 
prognosis is considerably worse. 

 Atherosclerosis and glomerulosclerosis 
exhibit similar features [ 26 ] and it has been 
hypothesized that a compensatory increase in 
hepatic output of circulatory lipids follows the 
urinary loss of albumin. This in turn initiates a 
self-perpetuating cycle of glomerular and tubular 
events that aggravate and maintain progressive 
decline in kidney function [ 94 ]. There is some 
experimental evidence to support this theory. 
When guinea pigs and rats were fed cholesterol- 
rich food in a number of studies, they developed 
various forms of glomerular and other injuries, 
and the effects could be modulated by partial or 
unilateral nephrectomy and hypertension [ 41 ,  56 , 
 84 ]. On the other hand, cholesterol alone may not 
be suffi cient to initiate the disease processes 
since not all hyperlipidemic animals develop glo-
merular lesions. Moreover, nondiabetic human 
individuals with elevated cholesterol or triglycer-
ides rarely develop kidney disease, so it is plau-
sible that hyperglycemia (particularly in type 1 
diabetes) and/or hypertension (particularly in 
type 2 diabetes) are necessary causative partners 
of hyperlipidemia on the path to diabetic kidney 
injury.  

    Lipoprotein Subclasses and 
Albuminuria in Type 1 Diabetes 

 Chronic kidney disease per se is associated with 
multiple lipoprotein abnormalities, but before 
these direct effects of kidney insuffi ciency begin, 
dysfunctions in lipid transfer proteins, lipopro-
tein formation, and clearance may be present in 
albuminuric patients. There is also evidence of 
mechanistic links to lipotoxicity in the nephrons [ 94 ], 
and the epidemiological fi ndings of increased tri-
glycerides and cholesterol in the circulation 
 suggest that lipoproteins provide the fuel for 
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these lipotoxic processes. Lipoprotein particles 
comprise a heterogeneous group of lipid trans-
port vehicles with diverse tasks and multiple 
characteristics such as size, density, and compo-
sition. In this respect, the conventional lipopro-
tein lipids are summary measures—more specifi c 
measurement techniques may reveal subtle lipo-
protein defects that contribute to diabetic 
 microvascular injury. 

    VLDL Subclasses 

 In the DCCT/EDIC Study, lipoprotein subclasses 
were measured by a proton NMR spectroscopic 
method for 958 patients with type 1 diabetes [ 48 , 
 79 ]. The strongest signals for albuminuria were 
obtained for the VLDL and HDL subclasses, 
whereas the LDL subclasses were weaker indica-
tors of kidney disease. The total lipid contents in 
medium and small VLDL subclasses were sig-
nifi cantly associated with AER, and the two were 
the only lipoprotein measures that were signifi -
cant in women after adjusting for other risk fac-
tors. In men, all VLDL subclasses were increased 
in patients with increased AER, and differences 
were also observed in other lipoprotein measures. 
On the other hand, VLDL size was not associated 
with albuminuria. 

 Lipoprotein subclasses were measured by 
NMR in a subset of 325 type 1 diabetic patients 
from the FinnDiane cohort [ 69 ], although the 
methodology to extract subclass data from the 
NMR spectra was different from the one used in 
the DCCT/EDIC. The extra-large and large 
VLDL subclasses were signifi cantly different 
between patients without (AER < 300 mg/24 h) 
or with macroalbuminuria (AER > 300 mg/24 h). 
The strongest positive correlations with continu-
ous AER were observed for large VLDL choles-
terol. Furthermore, the constituent lipids (such as 
triglycerides and phospholipids) in extra-large 
and medium VLDL subclasses were signifi cant 
covariates of AER. 

 VLDL particles from ultracentrifugation 
and their relationships with the progression of 
diabetic nephropathy were investigated by 
Thomas et al. in a follow-up of 152 patients with 

type 1 diabetes [ 107 ]. No associations (when 
adjusted for other risk factors) were detected 
between VLDL measures and progression 
from normal AER (<20 mg/min at baseline), 
nor between VLDL and eGFR decline in the 
macroalbuminuric group (AER > 200 mg/min). 
On the other hand, VLDL triglycerides predicted 
progression from microalbuminuria (20 < AER < 
200 µg/min at baseline).  

    IDL and LDL Subclasses 

 The calculated Friedewald LDL cholesterol, 
which also includes cholesterol from IDL, was 
a signifi cant covariate of AER in the DCCT/
EDIC Study [ 48 ]. At subclass level, the lipid 
mass within IDL was increased in men with 
macroalbuminuria, but not in women. Only 
small LDL was signifi cantly increased, and 
there was also evidence of gender interaction 
with AER. Men showed a decrease in LDL size, 
and both sexes showed an increase in LDL par-
ticle concentration in the macroalbuminuric 
group. Oxidation of LDL was investigated via 
fl uorescence ratio and delta absorbance, but 
there were no differences between the AER cat-
egories. Of note, Lp(a) was also similar between 
the AER groups. 

 The Pittsburgh EDC Study Group employed 
the same NMR method as the DCCT/EDIC to 
examine 42 matched pairs of progressors and 
nonprogressors with respect to overt nephropathy 
(AER > 200 µg/min or serum creatinine > 
153 µmol/L or renal failure). Decreased LDL 
particle size emerged as the most important lipo-
protein measure [ 119 ], and the results also sug-
gested that lipoprotein lipids are less important 
during the initial increase in AER, with larger 
effects in the later stages of albuminuria. 

 LDL subclass lipids were not signifi cant indi-
cators of albuminuria in the cross-sectional anal-
ysis of the subset from the FinnDiane Study 
[ 69 ]. In a prospective analysis, baseline IDL and 
LDL subclasses were associated with the pro-
gression of albuminuria, but not from macroal-
buminuria (and impaired eGFR) to end-stage 
renal disease [ 70 ]. 
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 Thomas et al. reported that LDL cholesterol, 
LDL free cholesterol, and LDL mass, measured 
by ultracentrifugation, predicted the progression 
from normal AER [ 107 ]. Furthermore, IDL tri-
glycerides predicted the progression from micro-
albuminuria, whereas only decreased LDL size 
was associated with declining eGFR in the mac-
roalbuminuric group.  

    Apolipoprotein B 

 Each lipoprotein particle in the VLDL–IDL–
LDL cascade contains a single apolipoprotein 
B-100 molecule (apoB), and measuring apoB 
therefore works as a pooled measure of the circu-
lating particle concentrations for these lipopro-
teins [ 19 ]. In the DCCT/EDIC Study, apoB was a 
signifi cant covariate of AER and creatinine clear-
ance for both sexes [ 48 ]. Furthermore, these 
associations could not be fully explained by con-
founders or traditional risk factors. Findings in 
the FinnDiane Study were similar: apoB was 
increased in microalbuminuric patients, even 
more in macroalbuminuric patients, and apoB 
was also associated with progression across the 
albuminuria categories [ 109 ,  110 ]. A nested case- 
control approach within the EURODIAB 
Prospective Complications Study found that in 
224 patients with type 1 diabetes, apoB was sig-
nifi cantly increased both in the micro- and mac-
roalbuminuric groups [ 12 ,  13 ].  

    HDL Subclasses 

 HDL cholesterol is decreased in patients with 
macroalbuminuria, and the size, function, and 
composition of HDL particles is altered during 
the course of diabetic kidney disease. In the 
DCCT/EDIC, the HDL subfraction was split into 
large HDL and small. Total lipid content of large 
HDL particles was decreased in patients with 
macroalbuminuria, but small HDL was increased 
in both men and women, which fi ts to the assumed 
roles [ 48 ]. Furthermore, HDL particle size was 
inversely correlated with AER. 

 The HDL subfraction was divided into four sub-
classes in the FinnDiane sub-study with serum 
NMR data [ 69 ]. Patients with macroalbuminuria 
had decreased cholesterol and other constituent lip-
ids in large HDL (the second largest subclass), and 
weaker inverse associations were also detected for 
medium HDL lipids, esterifi ed cholesterol in the 
largest HDL, and total lipids in small HDL. In the 
prospective analysis, depletion of large HDL cho-
lesterol was observed in patients who progressed at 
shorter duration [ 70 ]. Surprisingly, the largest HDL 
subclass was positively correlated with LDL lipids 
and elevated in patients at risk for progression 
from normal AER or microalbuminuria. 

 The HDL subfraction can also be divided 
according to buoyancy: the HDL 2  subclass repre-
sents large buoyant particles, whereas the HDL 3  
denotes smaller and denser particles. HDL 3  cho-
lesterol was investigated by an enzymatic method 
in the main FinnDiane cohort. In cross-sectional 
analysis, both HDL 2  (estimated as non-HDL 3 ) 
and HDL 3  cholesterol were decreased in patients 
with macroalbuminuria and in patients with 
impaired eGFR [ 109 ]. In prospective analysis, 
the pattern was similar when progressors were 
compared with nonprogressors for each baseline 
nephropathy category [ 110 ]. However, the pro-
gressor groups were different with respect to gen-
der and diabetes duration. When traditional risk 
factors were taken into account, HDL 3  choles-
terol was positively associated with progression 
from normal AER to microalbuminuria.  

    Apolipoproteins A-I and A-II 

 ApoA-I and apoA-II are major structural compo-
nents of HDL particles, and their concentrations 
are correlated with HDL lipids [ 87 ]. Kahri et al. 
compared HDL particles between 52 patients 
with normal AER, 37 with microalbuminuria 
(20 < AER < 200 µg/min), and 64 with macroal-
buminuria (AER > 200 µg/min). HDL 2  choles-
terol was higher in patients with normal AER, but 
no differences were detected with respect to 
apoA-I or apoA-II, or HDL particles with or 
without apoA-II [ 52 ]. 
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 Surprisingly, apoA-I was a borderline positive 
covariate of albuminuria in men in the DCCT/
EDIC, and there was also a positive association 
with creatinine clearance [ 48 ]. Results from the 
FinnDiane Study were also somewhat unex-
pected: neither A-I nor A-II showed a clear trend 
for AER or eGFR in cross-sectional analysis, but 
increased apoA-II and decreased apoA-I/A-II 
ratio predicted progression from normal AER in 
prospective analysis [ 109 ,  110 ]. In the subset of 
325 patients from the main FinnDiane cohort, 
apoA-II was correlated with total cholesterol and 
serum phosphatidylcholine in a network model 
and increased in patients with a high risk of inci-
dent albuminuria [ 70 ].   

    Lipoprotein Abnormalities in 
Chronic Kidney Disease and Their 
Relevance to Diabetic Nephropathy 

 Loss of kidney function results in multiple sys-
temic effects on metabolism, and lipoproteins are 
also affected [ 7 ,  114 ]. The most marked changes 
can be summarized as (1) reduced clearance of 
apoB-containing lipoproteins and their remnants, 
(2) accumulation of small and dense and oxidized 
LDL particles, and (3) impaired maturation of 
HDL particles. Some of these effects may depend 
on the renal replacement therapies. For instance, 
peritoneal dialysis causes plasma albumin loss 
and is linked to increased LDL and total choles-
terol due to increased cholesterol biosynthesis, 
whereas hemodialysis seems not to have similar 
adverse effects [ 6 ,  18 ]. Of note, excess apoB- 
containing lipoproteins have been observed in 
nephrotic proteinuria, where depletion of plasma 
albumin is also common [ 60 ]. 

 Chylomicrons are large triglyceride-rich lipo-
protein particles with a single apolipoprotein 
B-48, and they deliver dietary fatty acids from the 
intestine to the rest of the body. The VLDL par-
ticles are the hepatic counterparts with a single 
apolipoprotein B-100, and the triglyceride-poor 
remnants of both classes are taken up by the liver 
[ 73 ]. The release of the triglyceride content from 
VLDL particles requires apolipoproteins E and 

C-II from mature cholesterol-rich HDL particles 
[ 114 ]. In chronic kidney disease, however, HDL 
fails to mature properly [ 71 ], which then disrupts 
the normal release of triglycerides from the 
VLDL and their subsequent conversion to IDL 
and ultimately to triglyceride-free LDL that can 
be cleared by the liver. 

 The lipoprotein subclass data on diabetic 
nephropathy supports the concept of impaired 
clearance of VLDL, as elevated VLDL subclass 
lipids were observed in multiple studies and in 
different disease stages. However, patients with 
type 1 diabetes and albuminuria show signs of 
“double diabetes,” and both impaired clearance 
and increased VLDL synthesis are likely to be 
responsible for the dyslipidemia [ 106 ,  115 ]. It is 
possible that the balance between VLDL synthe-
sis and clearance changes as kidney injuries 
advance. Therefore, although increases in VLDL 
subclasses can be observed during the entire 
course of diabetic nephropathy, the causes may 
be different for low-grade albuminuria, protein-
uria with a suffi cient glomerular reserve, and 
end-stage renal disease. 

 Small and dense LDL particles are considered 
highly atherogenic and have been linked with 
increased risk of cardiovascular disease [ 80 ]. In 
addition, oxidation of LDL makes the particles 
more prone to infi ltrate vascular walls and pro-
mote the infl ammatory cascade that leads to 
intima-media thickening and accumulation of 
atherosclerotic plaque [ 116 ]. Decreased LDL 
size was a signifi cant predictor for the progres-
sion of diabetic nephropathy in several studies, 
and increased concentration of small LDL lipids 
was also observed. This modifi cation of LDL 
subclass distributions is probably connected to 
the clearance of the entire VLDL–IDL–LDL 
pool [ 47 ,  53 ]. In the DCCT, oxidation of LDL 
was not found to be different between AER cate-
gories [ 48 ], but more studies are needed to ascer-
tain if LDL oxidation is important in the 
pathogenesis of diabetic nephropathy. 

 The HDL fraction contains a complex set of 
multifunctional particles at different stages of 
maturation [ 36 ]. In general, HDL particles are 
protective against vascular diseases: they are able 
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to remove excess cholesterol from peripheral tis-
sues, attenuate oxidative stress, and may have 
anti-infl ammatory properties [ 3 ,  67 ,  93 ]. When 
kidney function declines, HDL fails to mature 
properly to its cholesterol-rich form and remains 
as a small lipid-poor particle, and this may 
explain the inverse association with the conven-
tional HDL cholesterol [ 54 ]. Decreased HDL 
subclasses were detected in a number of studies 
on diabetic nephropathy, but results on apolipo-
proteins A-I and A-II (the major structural pro-
teins) were confl icting, and it is diffi cult to say if 
the number of particles is affected. Nevertheless, 
an inverse correlation between HDL size and 
AER was observed, and increased small HDL (a 
correlate of insulin resistance and elevated tri-
glycerides) may predict nephropathy, which fi ts 
to the concept of impaired HDL maturation as a 
signifi cant defect also in diabetic nephropathy.  

    Lipid Medications and Diabetic 
Nephropathy 

 In the previous sections we have discussed the 
various lipoprotein defects that are associated 
with kidney injury. Several pharmacological 
agents are available to correct atherogenic 
changes in lipoprotein metabolism, and their ben-
efi cial effects in the general population have been 
established in numerous studies. Statins are 
effective cholesterol-lowering drugs due to their 
direct inhibitory effect on the HMG-CoA reduc-
tase, which is a central enzyme in hepatic choles-
terol synthesis [ 61 ]. Fenofi brates are synthetic 
ligands to the peroxisome proliferator-activated 
receptor alpha (PPARα), and the lipid-lowering 
mechanisms include the activation of lipoprotein 
lipase, reduced production of apolipoprotein 
C-III, and the subsequent clearance of VLDL and 
IDL particles [ 8 ]. A summary of clinical trials 
where renal outcomes were investigated is listed 
in Table  14.2 . The discussion here is centered on 
the potential renoprotective effects of the drugs, 
and therefore explicit results on cardioprotection 
are omitted. It is, however, important to stress 
that in many of the studies a signifi cant reduction 
in cardiovascular events was seen, especially in 
patients with early stages of nephropathy.

       Effect of Statins on Kidney Function 
or Urinary Albumin Excretion 

 Pravastatin or simvastatin treatments produced 
a modest reduction in the rate of eGFR decline, 
and atorvastatin was associated with eGFR 
improvement in people with (or at risk of) coro-
nary heart disease [ 5 ,  46 ,  100 ,  111 ]. In a meta- 
analysis of 39,704 patients with and without 
diabetes, eGFR decline was 1.22 mL/min per 
year slower with statin treatment [ 99 ]. However, 
the majority of participants already had cardio-
vascular disease, the between-study heterogene-
ity in the effect of statins was substantial, and 
subgroup analyses showed no statistical signifi -
cant differences in patients with diabetic kidney 
disease. Albuminuria or proteinuria (1,323 
patients) was modestly reduced (0.6 units of 
SD) in statin recipients, but again the between-
study heterogeneity in the effect of statins was 
large. In another meta-analysis regarding the 
effects of statins on albuminuria in 1,384 
patients with and without diabetes, a propor-
tional reduction in albuminuria and  proteinuria 
was seen in 13 of 15 studies [ 27 ]. 

 In a study with 197,551 veterans, statin treat-
ment was associated with a 13 % decrease in the 
development of renal dysfunction, possibly by 
other than lipid-dependent mechanisms [ 104 ]. 
The Heart Protection Study (HPS), including 
patients with diabetes or occlusive arterial dis-
ease, found that simvastatin treatment was associ-
ated with a smaller decrease in eGFR, and the 
effect was slightly larger among patients with dia-
betes [ 15 ]. The Collaborative Atorvastatin 
Diabetes Study (CARDS), including patients with 
type 2 diabetes without prior cardiovascular dis-
ease, found that atorvastatin treatment was associ-
ated with a modest improvement in the annual 
change in estimated GFR, and this was most 
apparent in patients with albuminuria, but no sig-
nifi cant infl uence on the incidence of albuminuria 
was seen [ 16 ]. In a sub-study of the Treating to 
New Targets (TNT) trial in patients with coronary 
artery disease, both 10 and 80 mg of atorvastatin 
increased eGFR in patients with diabetes, with or 
without moderate chronic kidney disease, and 
with a higher increase in eGFR in patients treated 
with the 80 mg atorvastatin dose [ 101 ].  
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    Statins and Chronic Kidney Disease 

 Statins modestly reduced proteinuria (311 
patients, −0.73 g/24 h), but did not improve eGFR 
(548 patients) in a meta-analysis of patients with 
chronic kidney disease [ 103 ]. Fatal and nonfatal 
cardiovascular events were reduced, but no sig-
nifi cant effect on all-cause mortality was seen. In 
another meta-analysis of only pre-dialysis 
patients [ 75 ], statins reduced all-cause mortality 
(18,781 patients, relative risk 0.81), and in a third 
meta-analysis including nine trials with atorvas-
tatin treatment for 4,194 patients with pre- dialysis 
chronic kidney disease, a signifi cant effect on 
eGFR was reported [ 105 ]. 

 Atorvastatin showed a suggestive preventive 
effect on cardiovascular events but failed to 
reduce cerebrovascular events or mortality in Die 
Deutsche Diabetes Dialyse (4D) trial of 1,225 
patients with type 2 diabetes on hemodialysis 
[ 117 ]. Another statin drug, rosuvastatin, was not 
effective in the prevention of cardiovascular 
events in A Study to Evaluate the Use of Rosu-
vastatin in Subjects on Regular Hemodialysis: 
Assessment of Survival and Cardiovascular 
Events (AURORA) of 2,779 hemodialysis 
patients [ 30 ]. Rosuvastatin did reduce the num-
ber of fi rst cardiovascular events and all-cause 
mortality by more than 40 % during an average of 
2 years of follow-up in patients with only modest 

   Table 14.2    Lipid-lowering treatment and progression of diabetic nephropathy   

 Study  Design  Intervention  Renal outcome  Details 

 DAIS [ 4 ]  T2DM without 
nephropathy,  N  = 314, 
3.3-year follow-up 

 Fenofi brate 200 mg 
or placebo 

 Reduced progression 
to microalbuminuria 

 Higher AER at trial end 
for 8 % on fenofi brate 
and 18 % on placebo 

 FIELD [ 57 ]  T2DM, majority 
without overt nephropathy, 
 N  = 9,795, 5-year follow-up 

 Fenofi brate 200 mg 
or placebo 

 Small reduction 
in progression 
of albuminuria 

 Statistically signifi cant if 
pooled with regression 
of albuminuria 

 FIELD 
washout 
sub-study [ 20 ] 

 T2DM,  N  = 661  Fenofi brate 200 mg 
or placebo 

 Slower decline 
in eGFR, reduction 
in ACR 

 Initial but reversible 
increase in plasma 
creatinine 

 ACCORD [ 34 ]  T2DM, high vascular 
risk,  N  = 5,518, 4.7-year 
follow-up 

 Fenofi brate 160 mg 
and Simvastatin 
20–40 mg or placebo 
and Simvastatin 
20–40 mg 

 Small reduction 
in progression to 
micro- or 
macroalbuminuria 

 Reduced dose of 
fenofi brate if 
eGFR < 50 mL/min per 
1.73 m 2  

 Heart 
protection 
study [ 15 ] 

 T1DM (3 %), T2DM 
(26 %), and arterial disease 
without diabetes (71 %), 
 N  = 20,270, 4.6-year 
follow-up 

 Simvastatin 40 mg 
or placebo 

 Slightly slower 
decline in eGFR 

 Effect on eGFR larger in 
patients with diabetes 

 CARDS [ 16 ]  T2DM, no prior CVD, 
34 % impaired eGFR, 
 N  = 2,838, 3.9-year 
follow-up 

 Atorvastatin 10 mg 
or placebo 

 Minor improvement 
in eGFR 

 No effect on albuminuria 
incidence 

 TNT [ 101 ]  T2DM, coronary heart 
disease,  N  = 1,431, 
4.8-year follow-up 

 Atorvastatin 10 mg 
or Atorvastatin 80 mg 

 Improvement in 
eGFR in both 
treatment groups 

 ALERT [ 29 ]  Renal transplant recipients, 
13 % diabetes,  N  = 2,102, 
6-year follow-up 

 Fluvastatin 40 mg 
or Fluvastatin 80 mg 
or placebo 

 No effect  GFR was measured 
directly in a subset of 
439 patients 

 SHARP [ 9 ]  Dialysis or pre- dialysis 
patients, 20 % diabetes, 
 N  = 9,270, 4.9-year 
follow-up 

 Simvastatin 20 mg 
and Ezetimibe 10 mg 
or placebo 

 No effect on renal 
disease progression 

 Simvastatin 20 mg alone 
in 1,054 patients for 1 
year 

   Abbreviations :  T1DM and T2DM  type 1 and type 2 diabetes,  AER  urinary albumin excretion rate,  ACR  urinary albumin-
to- creatinine ratio,  eGFR  estimated glomerular fi ltration rate,  CVD  cardiovascular disease  
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kidney disease [ 91 ] in the Justifi cation for the 
Use of Statins in Prevention—an Intervention 
Trial Evaluating Rosuvastatin (JUPITER). 
However, no effect on eGFR was seen at 12 
months of follow-up. 

 A combination therapy of simvastatin and 
ezemitibe (an inhibitor of cholesterol absorption 
in the gut) reduced the number of major athero-
sclerotic events by 17 % in 9,270 patients in the 
Study of Heart and Renal Protection (SHARP) 
trial [ 9 ]. The study set included both pre-dialysis 
and dialysis patients, but the study was under-
powered to analyze the endpoints in these groups 
separately. Measures of kidney disease in pre- 
dialysis patients were not signifi cantly affected 
by the combination therapy. 

 Fluvastatin treatment had no signifi cant effect 
on the incidence of renal graft loss, doubling of 
serum creatinine, decline in GFR, or major 
adverse cardiac events during a 5-year follow-up 
of 2,102 renal transplant recipients in the 
Assessment of Lescol in Renal Transplantation 
(ALERT) study [ 29 ,  42 ]. Of note, fewer nonfatal 
myocardial infarctions and cardiac deaths were 
observed in the fl uvastatin group. In a subsequent 
analysis of the study population after a 7-year 
follow-up, open-label fl uvastatin treatment 
reduced the risk of the fi rst major cardiac event 
by 21 %, but no signifi cant difference in graft loss 
or total mortality was seen [ 43 ].  

    Fenofi brates 

 Fenofi brate treatment of patients with type 2 dia-
betes reduced the progression of microalbumin-
uria in the Diabetes Atherosclerosis Intervention 
(DAIS) and in the Fenofi brate Intervention and 
Event Lowering in Diabetes (FIELD) studies [ 4 , 
 33 ,  57 ]. However, the effect sizes were modest. In 
an additional study of the FIELD cohort with a 
washout period, an initial and reversible increase 
was seen in plasma creatinine, but during a follow-
 up of 5 years, fenofi brate slowed eGFR loss, and a 
greater benefi t of eGFR preservation with fenofi -
brate treatment was seen in those with baseline 
dyslipidemia [ 20 ]. A combination of fenofi brate 

and simvastatin modestly reduced progression to 
micro- or macroalbuminuria compared to simvas-
tatin treatment alone in the Action to Control 
Cardiovascular Risk in Diabetes (ACCORD) 
trial [ 34 ]. In a meta-analysis of fi brate studies 
including albuminuria data from the studies above 
(15,731 patients), fenofi brate reduced the risk of 
albuminuria progression by 14 % [ 52 ].  

    Clinical Utility of Lipid Treatment 
in Diabetic Nephropathy 

 Overall, lipid-modifying treatments seem to 
have a modest effect on the development of 
albuminuria and the decline of eGFR. As dis-
cussed in the previous sections, the causal links 
between lipoprotein lipids and kidney injury are 
tentative, which may explain the lack of strong 
effects. Of note, improving glycemic control 
and aggressive treatment of hypertension are 
effective in protecting the kidneys [ 23 ,  82 ], and 
life style interventions have benefi cial effects on 
the total systemic metabolism, including lipids. 
Most of the evidence on lipid drugs comes from 
patients with detectable vascular problems; it is 
not known if lipid-based interventions in an ear-
lier phase could provide benefi ts that are lost at 
later stages of diabetic nephropathy. 
Furthermore, trials with hard renal endpoints 
and direct GFR measurements (not only esti-
mated GFR which is dependent on creatinine 
production and excretion) are needed to clarify 
the situation. 

 Should the dyslipidemia in patients with 
diabetic nephropathy be medicated? There is a 
consistent body of evidence that reducing the ath-
erogenicity of lipoproteins is benefi cial in most 
population groups. Accordingly, diabetic patients 
with albuminuria but without kidney failure 
should be medicated, perhaps even more aggres-
sively than the general population. Unfortunately, 
end-stage renal disease with or without diabetes 
seems to be a tough problem to solve. Several trials 
reported reduced rates of cardiovascular deaths, 
which is enough to warrant the prescription of 
these drugs, but the net effects on mortality have 
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been less spectacular. It is possible that the 
atherosclerotic processes that are related to dys-
lipidemia become less important as declining 
kidney function causes secondary physiological 
and metabolic disturbances. Heart failure, 
arrhythmias, and hypertensive cardiomyopathy, 
for instance, contribute to the increased cardio-
vascular risk in end-stage renal disease, and 
therefore the usefulness of lipid medication 
should be carefully assessed for these patients.  

    Concluding Remarks 

 Clinical and other research has established a 
strong link with lipoprotein metabolism and 
cardiovascular disease during the past century. 
At the same time, the sequence of events from the 
fi rst signs of albuminuria, followed by persistent 
proteinuria and culminating in cardiovascular 
deaths and/or end-stage renal disease, has been 

  Fig. 14.3    Exploratory analysis of 4,197 patients with 
type 1 diabetes by a self-organizing map (SOM) of bio-
chemical measures [ 68 ]. The SOM algorithm produces a 
two-dimensional layout of the individuals based on their 
biochemical profi les: the distance on the map is propor-
tional to the similarity of the biochemical profi les, which 
means that a specifi c region on the map contains patients 
with mutually similar metabolic features, whereas the 
patients on opposite sides are metabolically different. 
The map itself is just the layout, but this layout can be 
colored with respect to different clinical traits, or sub-
groups of patients. Here, men and women were visual-
ized separately (although both were analyzed with the 
same map). The  grayscale  on the two colorings was 
determined based on the vitality status of the patients 

during an average of 8-year follow-up. The numbers on 
the map depict the relative mortality rate compared with 
the background population of similar age. The results 
show that patients with the characteristics of the meta-
bolic syndrome (Phenotype D) and patients with 
advanced nephropathy (Phenotype C) are at high risk of 
premature death. Patients with favorable lipids show 
lower mortality compared to the metabolic syndrome 
phenotype despite a higher age and similar prevalence of 
diabetic nephropathy (Phenotype B vs. D).  Abbreviations : 
 AER  urinary albumin extretion rate,  AHT  anti-hyperten-
sive treatment,  BP  blood pressure,  CRP  C-reactive pro-
tein,  DMDur  type 1 diabetes duration,  DN  diabetic 
nephropathy,  DR  diabetic retinopathy,  MetS  metabolic 
syndrome,  sCrea  serum creatinine       
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described in patients with diabetes. It is therefore 
plausible that the interplay between dyslipidemia 
and diabetic kidney disease may form the basis 
for the excess mortality in diabetes. 

 Figure  14.3  depicts a multivariate summary of 
the FinnDiane Cohort. This data-driven visualiza-
tion is essentially the clinical picture of Finnish 
patients with a long-standing type 1 diabetes, and 
the six model phenotypes from A to F could be 
real patients walking into the clinic for a checkup. 
Advanced kidney disease is associated with the 
highest absolute mortality (Phenotype C), but age-
adjusted risk for premature death is, in fact, equally 
high in younger patients with the dyslipidemic, 
metabolic syndrome characteristics (Phenotypes 
D). In contrast, patients with the opposite pattern 
have an overall favorable metabolic profi le with-
out any excess mortality (Phenotype A). How 
much of the differences between A and D are due 
to a patient’s life choices and the quality of care and 
how much of it comes from genetic heterogeneity? 
At this point, our knowledge is insuffi cient to 
answer this question. Nevertheless, Phenotype A 
and the lipid profi le therein may represent an ideal 
treatment target that protects from the long-term 
complications, and any means from life style inter-
ventions to new pharmacological agents should be 
employed to achieve it.

   Observational data supports the connection 
between micro- and macrovascular complica-
tions, and lipids are the prime candidates for the 
connecting agents. However, specifi c trials on 
dyslipidemia as a predictor or causative factor to 
the onset of diabetic kidney disease are sparse. In 
particular, most lipid drug trials have focused on 
late vascular events such as myocardial infarc-
tions, and at that point it may be too late to inves-
tigate diabetic nephropathy. Primary prevention 
is most effective before signifi cant atheroscle-
rotic lesions develop, and in this respect the 
potential links between serum lipid profi le and 
early stages of diabetic nephropathy—as a proxy 
for a vulnerable vascular phenotype—should be 
investigated more thoroughly. 

 Finally, patients with diabetic kidney disease 
may be more vulnerable to the effects of dyslip-
idemia than the general population. For instance, 
the commonly used threshold for triglycerides 

may be too high for patients with type 1 diabetes, 
since the majority of patients are below the limit 
while still having a high incidence of cardiovas-
cular disease and microvascular complications. 
It is also important to remember that cholesterol 
in the modern world is typically twice as high as 
in hunter-gatherer communities, regardless of 
diabetes status. Tighter lipid control is therefore 
warranted in situations of impaired glycemic 
control to avoid a double hit on vascular health.     
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           Core Messages 

•     Diabetic retinopathy (DR) is generally viewed 
as a consequence of hyperglycemia, but to a 
large extent, it may be driven by effects of 
plasma lipoproteins.  

•   The effects of plasma lipoproteins in DR have 
been underestimated because of their indirect 
nature, i.e., they are predominantly conse-
quences of lipoprotein leakage (extravasation) 
through damaged inner and outer blood- retinal 
barriers, rather than a direct initiation of vas-
cular damage. After extravasation, lipopro-
teins become severely modifi ed by glycation 
and oxidation and, as a result, toxic towards 
numerous types of retinal cells. They then pro-
mote not only further vascular damage and 
leakage but also a generalized retinal injury.  

•   The extent of capillary leakage is a more criti-
cal determinant of lipoprotein-mediated retinal 
injury in diabetes than the extent of dyslipid-
emia. In contrast to the arterial intima, the 
unique structure of retinal capillaries means 
that no lipoprotein extravasation occurs under 
normal conditions (i.e., with intact blood-retinal 
barriers in the absence of diabetes), making 

dyslipidemia largely irrelevant to retinal health. 
In diabetes, blood-retinal barrier breakdown 
develops only slowly, explaining why the 
associations between plasma lipoproteins and 
severity of DR are relatively weak (although 
statistically signifi cant) and disguising the 
subsequent importance of lipoproteins in 
propagating retinal injury.     

    Introduction: Diabetic Retinopathy 

    With suffi ciently long survival, almost everyone 
with diabetes mellitus eventually develops some 
degree of retinal damage (diabetic retinopathy 
(DR)), but the rate of progression and its severity 
vary greatly among individuals. This is true even 
when conventional risk factors such as duration 
of diabetes and severity of long-term hyperglyce-
mia are taken into account. DR is one of the most 
feared complications of diabetes [ 1 ] and is a leading 
cause of blindness in the working-age population 
[ 2 ]. According to a report from the (US) National 
Eye Institute, about 50 % of people with diabetes 
have at least some degree of retinopathy, and in 
the USA, approximately 1 person in 400 has 
sight-threatening retinal disease caused by diabe-
tes [ 3 ]. In type 1 diabetes, in which the duration 
of diabetes is clear-cut (there is no prolonged 
asymptomatic phase as in type 2 diabetes), clini-
cal disease typically does not develop within the 
fi rst 5 years, yet even during this phase, it is evi-
dent that subclinical retinal injury is taking place. 
This was elegantly demonstrated in a dog model 
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of DR by Engerman and Kern [ 4 ]. Once present, 
DR may broadly be classifi ed into three stages: 
background disease, non-proliferative diabetic 
retinopathy (NPDR), and an advanced, sight-
threatening-phase, proliferative diabetic retinop-
athy (PDR). Fortunately, the latter develops in 
only a minority of patients [ 5 ]. PDR is character-
ized by the growth, in response to retinal isch-
emia, of abnormal new, fragile blood vessels. 
These vessels invade the vitreous humor and are 
leaky and prone to hemorrhage. 

 The normal retina is a highly specialized 
tissue bounded on the inside by the inner limiting 
membrane and on the outside by the basement 
membrane of the retinal pigment epithelium 
(RPE) (Bruch’s membrane) (Fig.  15.1 ). 
Counterintuitively, the light-sensing rods and 
cones are located in the outer retina, immediately 
inside the RPE, so that light must pass through 
the overlying retinal “circuitry” (ganglion cell 
nuclei and plexiform layers) and blood vessels to 
reach them. Signals to the brain pass inward from 

the rods and cones, through the ganglion cell 
layers, to axons which travel across the inner-
most layer of the retina to reach the optic disc and 
optic nerve. “Müller cells” are glial cells which 
span all the layers of the retina vertically: they are 
essential to retinal health and perform a 
macrophage- like function. Sooner or later, all 
types of retinal cell may be injured in diabetes. 
Most, but not all, investigators believe that the 
initial lesion is in the microvasculature.

   The retina has a dual blood supply. The central 
retinal artery, a branch of the ophthalmic artery, 
enters the eye at the optic nerve head and branches 
across the inner retina. It is readily visualized with 
an ophthalmoscope, and in diabetes, perhaps 
because of this easy visual access, abnormalities 
of its vascular tree serve to defi ne the severity of 
DR. The capillaries of this inner retinal circula-
tion are highly specialized: endothelial cells have 
tight junctions which form the inner blood-retinal 
barrier (IBRB), while pericytes are more numer-
ous than in any other capillary bed, equaling the 

  Fig. 15.1    Retinal cells and blood supply: (Modifi ed from: 
Fulton, A.B. et al., Retinal degenerative and hypoxic isch-
emic disease. Doc Ophthalmol. 2009;118:55–61; and repro-
duced with permission).  Abbreviations :  GCL  ganglion 

cell layer,  IPL  inner plexiform layer,  INL  inner nuclear 
layer,  OPL  outer plexiform layer,  ONL  outer nuclear 
layer,  RPE  retinal pigment epithelium,  BRB  blood-retinal 
barrier       
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number of endothelial cells. The pericytes are 
contractile and regulate retinal blood fl ow (the 
highest in the body per gram of tissue); they 
also regulate the growth and maintain the func-
tion of the endothelial cells and IBRB. On the 
outside of the retina, the ophthalmic artery also 
supplies the choroidal circulation, which lies 
between Bruch’s membrane and the underlying 
sclera. This vascular bed is separated from the 
neural retina by the outer blood-retinal barrier 
(OBRB), which is formed by tight junctions 
between the RPE monolayer. The choroidal cir-
culation provides a majority (65–70 %) of the 
oxygen and nutrients consumed by the retina [ 6 ], 
but it is not visible with the ophthalmoscope, and 
so in this location, the effects of diabetes are less 
well-defi ned. 

 As mentioned, early DR is defi ned by damage 
to the inner retinal capillaries, specifi cally 
 pericyte loss and leakage of the IBRB. 
Ophthalmoscopically, “microaneurysms” appear 
and are thought to be the result of proliferation of 
endothelial cells following loss of pericytes. 
Other features include “hard exudates,” which 
are accretions of lipid-rich material following 
vascular leakage, and “soft exudates,” areas of 
retinal edema resulting from ischemia. Later in 
the disease process, macular edema and neovas-
cularization may be evident, and both are major 
causes of vision loss as a result of retinal detach-
ment and/or hemorrhage [ 1 ,  2 ,  7 – 9 ]. 

 For decades, two assumptions dominated DR 
research. First, DR was viewed as a “microvascu-
lar complication of diabetes”: one in which the 
retinal insult is primarily or entirely vascular in 
both its origin and its progression, specifi cally 
involving damage to the highly specialized inner 
retinal capillaries. Second, hyperglycemia has 
been viewed as the primary cause of both early 
and advanced disease. While both of these con-
tentions still hold strong elements of truth, it has 
also become clear that they are oversimplifi cations. 
The injury in DR is not confi ned to the capillaries 
(and consequent ischemia) but rather affects 
many (perhaps all) varieties of retinal cell. 
Hyperglycemia is now regarded as necessary, but 
not suffi cient, for DR to develop: other factors 
modulate disease severity, and understanding 

these will bring new opportunities for prevention 
and therapeutic intervention. In this chapter, we 
describe the development of a new lipoprotein- 
related concept for the propagation of DR which 
is consistent with a generalized retinal injury and 
which adds a new mechanism, in addition to 
effects of elevated glucose levels.  

    The Initiation of DR 

 The earliest preclinical event in the evolution of 
DR is unclear. It is likely to vary from one person 
to another, to involve several simultaneous 
insults, and to be scattered in space and time 
across the retina. Breakdown of the IBRB is an 
early feature: it may result from metabolic or 
osmotic injury from high (and fl uctuating) plasma 
glucose levels or intermittent exposure of the 
capillary endothelium to the severe metabolic 
stresses that accompany uncontrolled diabetes 
(“diabetic ketoacidosis”). Such stresses include 
acidosis, osmotic stress, and elevation of plasma 
ketone bodies and free fatty acids. Supporting 
this, it is thought that recurrent diabetic ketoaci-
dosis may be a risk factor for retinopathy [ 10 ]. 
Another early feature of DR, pericyte loss, may 
occur independently of, or as a result of, injury to 
endothelial cells and/or the IBRB but, regardless, 
will itself lead to endothelial injury and IBRB 
leakage [ 9 ]. Such leakage can be detected by 
fl uorescein angiography and occurs at the pre-
clinical phase [ 11 ]. Furthermore, studies using 
microspheres show that particles as large as 
100 nm diameter can leak from retinal capillaries 
in the early, preclinical stages of DR in vivo in 
animal studies [ 12 ]. This is of relevance to our 
present subject, since all major classes of plasma 
lipoproteins are smaller than these microspheres 
(HDL: ~9 nm; LDL: ~20 nm; VLDL: 50–70 nm) 
and therefore can become extravasated early in 
the course of DR. 

 In summary, metabolic stresses of diabetes, 
including exposure to elevated glucose, free fatty 
acids, osmotic stress, and other factors, may initi-
ate inner retinal capillary leakage, allowing the 
retina to be fl ooded with plasma constituents that 
normally are rigorously excluded. It is also 
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possible that the earliest stages of diabetes, prior 
to IBRB leakage, may lead directly to dysfunc-
tion of other cell types (Müller cells, neurons, 
RPE, the choroidal circulation), but these effects 
are not yet well-defi ned. We contend that, while 
hyperglycemia and inner retinal capillary dam-
age may indeed be dominant initial causal factors 
and features of retinal injury in DR, they are soon 
followed by a cascade of events in which extrava-
sated, glycated, and oxidized lipoproteins are 
important promoters of endothelial, IBRB, and 
pericyte injury. As vicious cycles of vascular 
injury ensue, these modifi ed lipoproteins may 
promote a generalized retinal injury. As detailed 
in this chapter, there is evidence that these pro-
cesses are well advanced by the time clinical 
retinopathy becomes detectable.  

    Treatment Considerations for DR 

 The ideal treatment for DR would arrest its devel-
opment in the pre-clinical phase. Efforts in this 
regard currently focus on control of modifi able 
risk factors, most notably hyperglycemia, and 
indeed, it appears that complete control of glyce-
mia would completely prevent DR. Unfortunately, 
in the foreseeable future, it is very unlikely that 
normalization of glucose levels will be achieved 
for more than a small proportion of people 
affected by the diabetes epidemic worldwide. 
Fortunately, new knowledge of disease mecha-
nisms means that specifi c measures may be 
developed to block progression even in the pres-
ence of hyperglycemia. For example, treatments 
that would enhance the integrity of the IBRB 
would hold promise. Existing treatments for DR 
address only advanced disease. Laser treatment 
entirely ablates areas of the retina that are isch-
emic, removing the angiogenic stimulus that 
drives PDR in neighboring regions, but in effect 
it sacrifi ces peripheral vision to save central 
vision. More recently, specifi c anti-angiogenic 
therapies given by intermittent intravitreal injec-
tion also aim to inhibit PDR but, by defi nition, 
are effective only when an ischemia-induced 
angiogenic stimulus has already developed, i.e., at 
a late stage in disease development.  

    Evidence Supporting a Role for 
Plasma Lipoproteins in DR 

 Numerous studies have sought to defi ne associa-
tions between lipoprotein levels and severity of 
DR, either cross-sectionally or prospectively. 
There are many challenges to this work: large 
numbers of subjects must be studied, the plasma 
lipoprotein system is highly complex (there are 
many potential metrics), DR severity and pro-
gression over time must be assessed objectively 
(even the fact that a person has two eyes creates 
challenges), disease progression takes years, and 
there are numerous confounding clinical variables 
to be considered (age, sex, diabetes duration, long-
term glycemia, renal function, medications over 
time, and many others). Despite these challenges, 
a consistent message has emerged from studies 
over the past 50 years [ 13 – 41 ] (including some 
recent large cohort studies reviewed below 
 [ 39 – 41 ]), revealing signifi cant associations 
between adverse lipoprotein levels and DR. 
Despite this, interest has been muted because the 
strength of these associations has been weak 
compared with (a) that between DR and hyper-
glycemia [ 42 ,  43 ] and (b) those between plasma 
lipoproteins and risk for atherosclerosis [ 44 ,  45 ]. 

 The term “dyslipidemia” requires defi nition: 
it will be used to describe both quantitative and 
qualitative alterations of lipoproteins found in 
plasma. The former usage is the standard one and 
refers to altered levels of simple measures of 
plasma lipids, e.g., total or LDL cholesterol, 
HDL cholesterol, and triglycerides. The latter 
usage includes modifi cation of lipoprotein parti-
cles (e.g., by glycation of apolipoproteins and 
phospholipids, and/or oxidation of any compo-
nent, but especially unsaturated fatty acids), 
structural changes, altered distribution of sub-
classes defi ned in various ways, and composi-
tional changes in the ratios of component lipids 
and individual apolipoproteins. Many of these 
qualitative changes result from or are enhanced 
by the presence of diabetes, most obviously gly-
cation and oxidation. While enhanced glycation 
of lipoproteins occurs in plasma in diabetes [ 46 ], 
oxidation predominantly occurs outside the 
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 circulation, after extravasation and sequestration 
in vessel walls, as is established in atherogenesis. 
Strictly speaking, these extravascular modifi ca-
tions and effects of lipoproteins are distinct from 
properties found in plasma, i.e., they are not 
“dyslipidemia.” 

 In the past, many cross-sectional studies in type 
1 and type 2 diabetes have described correlations 
between retinopathy and standard measures of 
plasma cholesterol, including total and LDL-
cholesterol and LDL:HDL cholesterol ratio [ 14 –
 24 ,  38 ] while some found correlations with plasma 
triglycerides [ 17 ,  18 ,  25 ,  28 ]. A series of studies 
from the 1960s suggested that lipid-lowering 
interventions, specifi cally clofi brate, may reduce 
retinal hard exudates [ 29 – 38 ].    Recently, two large 
and important prospective studies of patients with 
type 2 diabetes, Action to Control Cardiovascular 
Risk in Diabetes (ACCORD) [ 47 ] and the 
Fenofi brate Intervention and Event Lowering in 
Diabetes (FIELD) Study [ 48 ], demonstrated very 
signifi cant benefi ts of another fi brate drug, feno-
fi brate, in preventing the need for laser treatment 
for DR. The mechanisms for this benefi cial effect 
are currently unknown but under investigation. 

 More recently, associations of plasma lipopro-
teins with DR have been addressed in more detail. 
We studied 988 type 1 diabetic patients (440 
women and 548 men) from the Diabetes Control 
and Complications Trial (DCCT) [ 41 ]. We mea-
sured detailed lipoprotein characteristics, includ-
ing conventional lipid profi les, nuclear magnetic 
resonance lipoprotein subclass profi le (NMR- 
LSP), apoA1, apoB, lipoprotein(a), and suscepti-
bility of LDL to oxidation [ 41 ], to DR as assessed 
by the rigorous DCCT protocol (serial seven- 
fi eld stereo retinal photographs read centrally 
[ 43 ,  49 ]). In brief, the lipid parameters that were 
positively associated with DR included serum tri-
glycerides, serum concentrations of low-density 
lipoprotein (LDL), LDL particle concentration, 
and ApoB. The severity of retinopathy was nega-
tively associated with HDL-cholesterol. In men, 
but not in women, higher levels of small-dense 
LDL and lower levels of large buoyant LDL were 
associated with severe DR, and for HDL, similar 
size-based associations were observed. In gen-
eral, an atherogenic plasma lipoprotein profi le 
was associated with more severe retinal disease 

(and of note, DR is a known risk factor for 
 atherosclerosis in people with diabetes [ 50 ]). The 
Hoorn study [ 39 ], which included 2,484 50- to 
74-year-old Caucasians, yielded similar fi ndings 
in type 1 and type 2 diabetes (including newly 
diagnosed and known diabetes) in a population-
based cross- sectional study. The prevalence of 
retinopathy was positively associated with serum 
cholesterol and triglyceride levels, and elevated 
plasma total and LDL-cholesterol levels showed 
associations with retinal hard exudates. 
Furthermore, the Pittsburgh Epidemiology of 
Diabetes Complications (EDC) Study [ 40 ] of a 
large type 1 diabetes cohort demonstrated that 
serum triglycerides and, to a lesser extent, higher 
levels of LDL-cholesterol were associated with 
the progression of retinopathy. Progression to 
proliferative retinopathy was related to higher 
LDL-cholesterol, serum triglycerides, as well as 
albumin excretion rate, and glycated hemoglo-
bin. Furthermore, a recent report demonstrated 
that apoAI, apoB, and the apoB:apoAI ratio were 
signifi cantly and independently associated with 
DR in a cross-sectional study of 224 diabetic 
patients (85 type 1; 139 type 2) [ 51 ]. 

 Overall, several points are notable. The asso-
ciations between the plasma lipoprotein charac-
teristics and DR are, in general, statistically highly 
signifi cant, but only moderate in magnitude. Also, 
in people who do not have diabetes, dyslipidemia 
does not cause retinal disease. Finally, dyslipid-
emia is very clearly associated with atherosclero-
sis not only in the presence [ 52 – 56 ] but also in 
the absence of diabetes. Taken together, the evi-
dence suggests an indirect effect of plasma lipo-
proteins in the retina, one which is contingent 
upon unique properties of that tissue and upon 
unique effects of diabetes. We posit that this 
relates to the presence of the IBRB and its break-
down in diabetes.  

    Extravasated, Modifi ed LDL 
in the Pathogenesis of DR 

 In atherosclerosis, elevated plasma levels of LDL 
and/or modifi ed LDL (oxidized LDL: ox-LDL) are 
associated with cardiovascular disease [ 52 – 56 ], 
but both the modifi cation of LDL and its harmful 

15 Roles of Extravasated and Modifi ed Plasma Lipoproteins in Diabetic Retinopathy



306

effects occur primarily in the arterial intima, not 
in plasma. We have developed a new concept: 
that LDL (and by extension, other plasma lipo-
proteins) mediate a signifi cant proportion of reti-
nal injury in diabetes, but do so indirectly, not by 
initiating vascular damage, but rather by becoming 
extravasated through leaking inner (and perhaps) 
outer blood-retinal barriers, subsequently being 
modifi ed by glycation and oxidation, thereby 
becoming toxic towards any cells in the vicinity. 
Initially, such damage is patchy and the nearby 
cells are vascular, but later with more severe leak-
age, extravasated lipoproteins could permeate 
throughout all layers of the retina, which is only 
~249 µm in total thickness [ 57 ].  

    Effects of Modifi ed LDL on Retinal 
Capillary Vascular Cells 

 We have accrued considerable evidence of injuri-
ous effects of modifi ed LDL towards a variety of 
retinal cell species in culture. Generally we 
employed two control conditions: not only native 
(N-)LDL (i.e., unmodifi ed LDL), comparing its 
effects to modifi ed forms, but also serum-free 
medium, recognizing that in the healthy retina, 
no extravasation of plasma lipoproteins occurs. 
We utilized degrees of in vitro modifi cation and 
LDL concentrations designed to simulate conser-
vatively the stresses present in diabetes in vivo. 
Initially, we investigated the effects of normal 
and mildly modifi ed human LDL (from healthy 
donors) on bovine retinal capillary endothelial 
cell and pericytes. These modifi ed LDLs, pre-
pared in vitro, were intended to simulate charac-
teristics of circulating, plasma lipoproteins, not 
those that had undergone more severe oxidation 
after extravasation. This work was intended to 
address the question of whether mild glycation 
and/or oxidation of plasma LDL might contrib-
ute to the initiation of retinal capillary injury. 
We found that indeed, survival of both endothe-
lial cells and pericytes decreased with exposure 
to low levels of modifi ed LDL and that toxicity 
increased in the following order: glyca-
tion < mild oxidation < combined glycation/mild 
oxidation [ 58 ]. 

 In our more recent cell culture work, we have 
employed more severe degrees of LDL modifi ca-
tion, again imposed in vitro on LDL from healthy 
donors, to simulate lipoproteins that have become 
extravasated. To prepare “highly-oxidized gly-
cated LDL” (HOG-LDL), N-LDL was fi rst gly-
cated (as would happen in plasma in diabetes), 
then copper oxidized to simulate its fate after 
extravasation [ 59 – 61 ]. In all of this work, it is 
essential to maintain conditions that are patho-
physiologically relevant. It is of interest that 
antibodies raised against copper-oxidized LDL 
(that had been prepared by a similar protocol to 
our own) recognized in vivo oxidized LDL in 
atheromatous plaque and, in our hands, in human 
diabetic retinae (see below). The concentration of 
LDL employed is also critical. In our work, cells 
are typically exposed to a range of concentra-
tions, of which the highest is about half of typical 
plasma levels. Tissue levels in the diabetic retina 
are unknown, but estimates of ApoB levels in ath-
eromatous plaque suggest they may be 2–79 times 
 higher  than in plasma [ 62 ,  63 ]. This surprising 
fi nding may be explained by extensive sequestra-
tion of LDL in vessel walls as a result of covalent 
cross-linking, and it is reasonable to expect a 
similar effect in the diabetic retina.  

    Modifi ed LDL Mediates Apoptosis 
of Retinal Capillary Endothelial 
Cells and Pericytes 

 As detailed above, our early studies demonstrated 
that mild modifi cation of LDL resulting from 
separate or combined processes of glycation and 
oxidation is implicated in chronic retinal capil-
lary injury and thus perhaps to the initiation of 
DR [ 58 ], acting in concert with hyperglycemia. 
Using more severely modifi ed HOG-LDL, we 
showed that oxidative stress and infl ammation 
are associated with LDL-induced retinal cell 
death. HOG-LDL enhanced intracellular reactive 
oxygen species (ROS), 3-nitrotyrosine (3-NT), 
tyrosine nitration of prostacyclin synthase, per-
oxynitrite (ONOO − ) formation, inducible nitric 
oxide synthase (iNOS) expression, and nitric 
oxide (NO) production, in parallel with induction 
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of monocyte chemoattractant protein-1 (MCP-1) 
secretion and nuclear factor-kappaB (NF-kappaB) 
activation in human retinal capillary pericytes 
[ 64 ,  65 ]. Thus, HOG-LDL has pro-infl ammatory 
and pro-oxidant effects on retinal pericytes. 
HOG-LDL also induced DNA fragmentation, 
activated the caspase cascade, and inhibited cell 
proliferation in pericytes, consistent with a pos-
sible contributory role in the apoptotic pericyte 
loss that occurs in vivo in DR [ 61 ,  66 ]. Exposure 
to HOG-LDL versus N-LDL induced similar 
phosphorylation of mitogen-activated protein 
kinase (MAPK) signaling pathways including 
extracellular signal-regulated kinase (ERK), p38, 
and Jun N-terminal kinase (JNK), and blockade 
of the ERK, p38, and JNK pathways did not 
inhibit apoptosis of pericyte induced by HOG- 
LDL, suggesting that apoptosis induced by HOG- 
LDL is independent of the activation of MAPK 
signaling pathways [ 60 ]. Recently, we implicated 
Wnt signaling pathways in DR [ 67 ,  68 ]. Wnt sig-
naling pathways regulate cell proliferation and 
differentiation, apoptosis, stem cell maintenance, 
angiogenesis, infl ammation, fi brosis, and carci-
nogenesis [ 69 ]. In our studies, modifi ed LDL 
resulted in Wnt pathway activation via oxidative 
stress [ 68 ], and further studies are in progress. 
In conclusion, this body of cell culture work indi-
cates that modifi ed LDL, if it comes in contact 
with specialized retinal cells, can activate multi-
ple intracellular pathways consistent with known 
characteristics of DR.  

    Modifi ed LDL Infl uences Gene 
Expression in Human Retinal 
Capillary Pericytes 

 Complementing the studies described above, we 
used gene array studies to investigate the effects 
of 24 h exposure to HOG-LDL versus N-LDL in 
human retinal pericytes [ 61 ]. These revealed 60 
genes that were altered, including members of 
functional pathways involving fatty acid, eico-
sanoid, and cholesterol metabolism; fi brinolytic 
regulation; cell growth and proliferation; cell 
stress responses; the kinin system; and angiogen-
esis, indicating that HOG-LDL elicits gene 

expression in retinal pericytes that may contribute 
to pericyte loss and other retinal abnormalities in 
DR. Pro-apoptotic and pro-angiogenic responses 
to HOG-LDL may be of particular importance in 
this regard [ 70 ]. Microarray analysis also showed 
that matrix metalloproteinase 1 (MMP1), MMP2, 
MMP11, MMP14, and MMP25 and tissue inhibi-
tor of metalloproteinase1 (TIMP1), TIMP2, 
TIMP3, and TIMP4 were expressed in pericytes. 
Of these, only TIMP3 mRNA showed altered 
regulation, being expressed at signifi cantly lower 
levels in response to HOG-LDL versus N-LDL 
[ 56 ]. Quantitative PCR and immunoblotting of 
cell/matrix proteins confi rmed the reduction in 
TIMP3 mRNA and protein in response to HOG-
LDL.    In contrast to cellular TIMP3 protein, anal-
ysis of secreted TIMP1, TIMP2, and MMP1 and 
collagenase activity indicated no changes in their 
production in response to modifi ed LDL. Thus, 
HOG-LDL selectively infl uences tissue inhibitor 
of metalloproteinase- 3 gene expression and protein 
production among in pericytes and might contrib-
ute to microvascular abnormalities in DR [ 59 ].  

    Aminoguanidine Mitigates Toxicity 
in Human Retinal Capillary 
Pericytes Exposed to HOG-LDL 

 Much evidence suggests benefi cial effects of 
aminoguanidine in experimental DR, including 
prevention of abnormal endothelial cell prolifera-
tion [ 71 ], reduction of pericyte dropout [ 71 ,  72 ], 
inhibition of the development of retinal microan-
eurysms [ 72 ] and acellular capillaries [ 72 ], pre-
vention of arteriolar thrombosis [ 73 ], and 
reduction of retinal capillary-associated base-
ment membrane thickening [ 74 ]. These benefi ts 
have been found in various animal models includ-
ing diabetic dogs [ 72 ], streptozotocin-induced 
diabetic rats [ 71 ,  74 ], and diabetic and hyperten-
sive rats [ 73 ]. Typically, aminoguanidine was 
administered by intraperitoneal (i.p.) injection 
(~25–50 mg/kg) or adding into diet (~3.0 g/kg) or 
drinking water (~50 mg/100 ml). In vitro, we 
found that remarkably low concentrations of 
aminoguanidine (in the nanomolar range) 
blocked cytotoxic modifi cation of LDL exposed 
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to stresses including oxidation and glycation that 
simulate the diabetic environment [ 75 ], thus pro-
tecting retinal capillary cells from previously 
modifi ed LDL. This action may contribute to the 
benefi cial effects of aminoguanidine observed in 
experimental DR. The effi cacy of aminoguani-
dine at nanomolar concentrations suggests an 
action through scavenging reactive carbonyls 
(whether generated by oxidative or metabolic 
processes) rather than by NOS inhibition that 
occurs at higher concentrations [ 75 ,  76 ]. 
Unfortunately, in a clinical trial of oral amino-
guanidine (300 mg/day), three patients developed 
glomerulonephritis [ 77 ], and further human stud-
ies have not taken place. However, local adminis-
tration of this drug to the eye could still represent 
a potential intervention, potentially bringing its 
benefi cial effects while avoiding systemic side 
effects.  

    Effects of Pigment Epithelium 
Derived Factor 

 PEDF is a glycoprotein with neurotrophic, 
anti-oxidative, and anti-angiogenic properties. 
Previous studies have shown that decreased ocu-
lar levels of PEDF are associated with DR [ 78 –
 80 ]. Intravitreal injection of PEDF reduced 
vascular leakage in rat models of diabetes and 
oxygen-induced retinopathy (OIR), likely 
resulting from the decreased levels of retinal 
infl ammatory factors including VEGF, VEGF 
receptor-2, MCP-1, tumor necrosis factor alpha 
(TNF-α), and intercellular adhesion molecu-
lar-1 (ICAM-1) [ 81 ]. In cultured retinal capil-
lary endothelial cells, PEDF treatment decreased 
TNF alpha and ICAM-1 expression under 
hypoxia. Downregulation of PEDF expression 
by siRNA leads to increased levels of VEGF 
and TNF alpha secretion in retinal Müller cells. 
Taken together, PEDF is a novel endogenous 
anti- infl ammatory factor in the eye. As stated 
above, HOG-LDL, but not N-LDL, signifi -
cantly increased ONOO(−) formation, NO pro-
duction, and iNOS expression in human retinal 
capillary pericytes [ 65 ]. These changes were 
alleviated by PEDF. Moreover, PEDF signifi -

cantly ameliorated HOG-LDL-induced ROS 
generation through upregulation of superoxide 
dismutase 1 expression [ 65 ]. Overall, PEDF is a 
potential candidate for the prevention or inhibi-
tion of DR, operating at least in part by inhibit-
ing the effects of oxidized LDL [ 65 ,  81 ].  

    Immunologic Consequences 

 An intriguing possibility is that extravasated and 
modifi ed LDL may trigger an immune response 
and the resulting modifi ed LDL immunocom-
plexes might mediate retinal injury (Fig.  15.2 ). 
Such effects have been implicated in atherogene-
sis. Increased levels of oxidized LDL immuno-
complexes are associated with the development of 
coronary calcifi cation [ 82 ,  83 ]. In addition, oxi-
dized LDL and advanced glycation end product- 
modifi ed LDL (AGE-LDL) in circulating 
immunocomplexes are associated with progres-
sion and increased levels of carotid intima-media 
thickness (IMT), demonstrating that ox-LDL 
immune complexes have pro- infl ammatory and 
proatherogenesis properties in type 1 diabetes 
[ 82 ,  83 ]. However, the potential roles and mecha-
nisms of modifi ed LDL immunocomplexes in DR 
have not been addressed.

       Evidence for the Presence 
of Modifi ed Lipoproteins 
in the Diabetic Retina 

 Clearly, our hypothesis requires demonstration of 
the actual presence of modifi ed lipoproteins in the 
diabetic retina and their absence in the healthy 
retina. Recently, we obtained characterized 
human retinae postmortem from nondiabetic and 
type 2 diabetic individuals with varying degrees 
of DR [ 61 ] (Fig.  15.3 ) and performed immunohis-
tochemistry to detect oxidized LDL and ApoB 
(ApoB100, a marker of LDL and VLDL). Staining 
was absent in non-diabetic subjects but present in 
those with diabetes, correlating with severity of 
retinopathy across three categories (no clinical 
retinopathy, non-proliferative DR, and PDR). 
Thus, lipoprotein extravasation in diabetic retinae 

M. Wu and T.J. Lyons



309

was clear-cut and was present even in subjects 
with no clinical DR (consistent with a causative 
role for future DR), but was entirely absent in 
healthy retinae from non-diabetic individuals. 
Ox-LDL was prominent in inner retina (ganglion 
cell layer (GCL)) where most blood fl ow is from 
the central retinal artery. In PDR, ox-LDL was 
also present in the outer retina, near the RPE, 
which is supplied by the choroidal circulation. 
This could represent permeation of extravasated 
LDL from the inner to all retinal layers, or it could 
suggest leakage of the OBRB as an additional 
mechanism for DR. Besides ox- LDL, intra-retinal 
immunofl uorescence of ApoB was also present in 
diabetic human retinae, paralleling the fi ndings 
with ox-LDL and correlating with the severity of 
DR [ 61 ]. In addition, in retinal sections from sub-
jects with PDR, macrophage infi ltration was 
prominent—suggesting signifi cant infl ammation 
and another parallel with atherogenesis.

   In summary, the data suggest that lipoproteins 
from plasma may play a central, and heretofore 
unrecognized, role in propagating retinal injury, 
even though the associations of plasma lipopro-
teins with the severity of retinopathy are relatively 
weak. Ox-LDL is known to be toxic to many cell 
types, including vascular and neural cells, and may 
therefore perpetuate retinal injury. These observa-
tions support the concept that plasma lipoproteins 
(which we can study relatively easily) may modu-
late disease risk, but extravasated lipoproteins 
(much less accessible and likely to be signifi cantly 
modifi ed) are the direct mediators of DR. From this 
it follows that effective treatments must correct not 
only adverse quantitative plasma lipoprotein levels 
but also a spectrum of qualitative abnormalities 
in both plasma and tissues and, perhaps most 
important, the processes that lead to IBRB leakage 
and those by which lipoproteins and cells interact 
in tissues, at the sites of disease.  

  Fig. 15.2    Potential consequences of extravasated LDL 
in the progression of retinal injury in diabetic retinopathy: 
After extravasation, LDL becomes severely modifi ed by 
glycation and oxidation and, as a result, toxic towards 

numerous types of retinal cells. In addition, extravasated 
and modifi ed LDL may trigger an immune response, and 
the resulting modifi ed LDL immunocomplexes may 
mediate retinal injury       
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    Conclusion 

 Diabetes and its vascular complications including 
DR is epidemic worldwide. In many settings, the 
disease process proceeds unchecked for years or 
decades before detection. Better identifi cation of 
risk factors, better understanding of disease 
mechanisms, and the development of effective 
screening, prevention, and treatment strategies 
are critical in meeting these challenges. Residual 
risk (plasma lipoprotein abnormalities that per-
sist after conventional treatment) is a new con-
cept in the role of dyslipidemia in the pathogenesis 
of vascular disease. The described effects of 
modifi ed LDL (and by extension, other lipopro-
teins) in the retina are analogous to effects in 

atherogenesis in cardiovascular diseases, but 
represent an entirely new area in ocular and DR 
research. As stated above, extravasated LDL and 
subsequently modifi ed LDL (ox-LDL) are pres-
ent in diabetic human retinae, correlating with 
severity of DR. Modifi ed LDL has toxic effects 
on retinal cells, most thoroughly defi ned in peri-
cytes, contributing to retinal dysfunction and 
vision loss. Further studies are necessary to eluci-
date more details regarding these mechanisms, 
such as involvement of the Wnt pathway [ 67 ,  68 , 
 84 ] and endoplasmic reticulum (ER) stress [ 85 –
 87 ], and to explore new interventions that may 
prevent IBRB leakage or the effects of modifi ed 
lipoproteins in the retina after extravasation. 
These new treatments will address the earliest, 
pre-clinical stages of DR and could obviate the 

  Fig. 15.3    Immunostaining for ox-LDL in retinae from 
type 2 diabetic patients: Staining was observed in all dia-
betic groups, even before the onset of clinically detectable 
DR. The fl uorescent signal intensity increased with DR 
severity, but was absent in non-diabetic retinae. Image 

reproduced with permission from Wu, M., et al., 
Intraretinal leakage and oxidation of LDL in diabetic 
retinopathy. Invest Ophthalmol Vis Sci, 2008; 49: 2679–
85.  Abbreviations :  ONL  outer nuclear layer,  INL  inner 
nuclear layer       
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need for today’s late-stage interventions. They 
have potential for a major impact on the health of 
the nation and the world and on health-care costs.     
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     Abbreviations 

   ADA    American Diabetes Association   
  Apo    Apolipoprotein   
  HDL    High-density lipoprotein   
  LDL    Low-density lipoprotein   
  P:S    Polyunsaturated to saturated fat ratio   
  TG    Triglycerides   
  VLDL    Very low density lipoprotein   

         General Considerations 

    Lipid changes occur quickly in response to diet, 
and in two weeks 80 % of the maximal effect is 
seen, with no further change beyond four weeks. If 
diet is maintained, then the effect on circulating 
lipid levels is persistent. Regardless of the back-
ground diet, or if the study is parallel or crossover, 
then contrasting the effect of two diets on lipids at 
the end of four weeks is more than adequate to see 
a clear effect. Washout periods are not required. 
BMI, diabetes control, nor type of diabetes does 
not appear to interact with responses to fat or fi ber, 
but they do appear to be related to response to cho-
lesterol and plant sterols.  

    Dietary Fat and Lipoproteins 

    Saturated, n6 Polyunsaturated, 
and Monounsaturated Fat 

 In non-diabetic subjects the effects of dietary 
saturated, polyunsaturated, and monounsaturated 
fat are well described in a meta-analysis of 60 
clinical trials published in 2003 by Mensink et al. 
[ 1 ]. In this paper 1 % of energy from saturated fat 
elevated LDL-cholesterol by 0.03 mmol/L when 
it replaced carbohydrate, while n6 polyunsatu-
rated fat lowered LDL-cholesterol levels by 
0.02 mmol/L when it replaced carbohydrate. 
The concentration of HDL-cholesterol was ele-
vated by about 0.01 mmol/L by saturated and 
unsaturated fat in comparison with carbohydrate. 
Thus an absolute 10 % energy reduction in satu-
rated fat (a very large change) and replacement of 
this fat entirely with n6 polyunsaturated fat would 
lower LDL-cholesterol levels by 0.5 mmol/L 
(or about 14–15 %). If the 10 % saturated fat 
were replaced entirely by carbohydrate, then 
LDL- cholesterol would fall by 0.3 mmol/L, 
HDL- cholesterol would fall by 0.1 mmol/L, and 
triglyceride levels would rise by 0.24 mmol/L. 
Is there any evidence that people with diabetes 
behave in a different way to changes in dietary fat 
composition? Somewhat surprisingly, it is diffi -
cult to answer this question as there have been a 
very limited number of studies in people with 
diabetes—either type 1 or type 2 diabetes—and 
much of the focus has been on glycemic rather 
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than lipid control. All studies contained very 
small numbers of volunteers, except for the 
Oxford study. 

 The Oxford study was begun at a time (1973) 
when the standard dietary advice was a high fat 
(40 % of energy), low-carbohydrate diet (maxi-
mum of 40 % of energy) and little attention was 
paid to the type of fat in the diet, which was mostly 
saturated. The study contrasted the standard diet 
with a modifi ed fat diet of 30 % of energy with a 
polyunsaturated/saturated (P/S) fat ratio of 0.9 or 
above. Two hundred and fi fty people with newly 
diagnosed type 2 diabetes were enrolled between 
1973 and 1976 [ 2 ]. Total cholesterol levels were 
0.7 mmol/L lower on the modifi ed fat diet averaged 
over 1, 3, and 5 years, which is consistent with an 
estimated reduction in saturated fat of about 15 % 
and an increase in polyunsaturated fat of 10 % [ 3 ]. 
Dietary records were not collected. 

 In a controlled study by Storm et al. [ 4 ], a pal-
mitic acid-rich diet (16 % of energy) increased 
total cholesterol compared with a carbohydrate- 
rich diet or a stearic acid-rich diet (13 % of 
energy) for 3 weeks each, but surprisingly LDL- 
and HDL-cholesterol were not different. 
However, only 15 volunteers with type 2 diabetes 
were included in this relatively short study, and 
the difference in LDL-Cholesterol levels (based 
on total cholesterol changes) may have been 
about 0.2–0.3 mmol/L, which is about half of that 
expected. A 6-week study in 16 patients with 
type 2 diabetes compared 20 % of energy as satu-
rated fat with 20 % as monounsaturated fat and a 
20 % trans monounsaturated fat diet [ 5 ]. Lipids, 
lipoprotein, and apoB levels were the same on the 
three diets, which would not have been expected. 
A very small study in Pima Indians ( n  = 7) by 
Abbott et al. [ 6 ] showed a fall in LDL-cholesterol 
levels by 17 % with a change in saturated fat of 
14 % of energy, and the changes were very simi-
lar to those seen in the nondiabetic subjects in the 
same study. Kinetic studies showed that these 
changes were due to slower conversion of VLDL 
to LDL. HDL-cholesterol and fasting TG con-
centrations were not signifi cantly altered. Heine 
et al. [ 7 ] performed a 30-week study of two diets, 
one with a low polyunsaturated to saturated fat 
ratio (P:S 0.3) and one with a P:S of 1.0, in 14 
patients with type 2 diabetes in a crossover study. 

Total dietary fat was 37–38 % with linoleic acid 
increasing from 4.2 to 10.9 %. LDL-cholesterol 
levels declined by 9.8 % ( p  < 0.01) during the 
high P:S diet. The change in LDL-cholesterol 
levels of 0.4 mmol/L is what would be expected 
based on the Mensink meta-analysis. A combina-
tion of weight loss and reduced dietary saturated 
fat lowered LDL-cholesterol levels by 10–17 % 
with a high-carbohydrate or high-monounsatu-
rated fat diet respectively [ 8 ]. 

 Overall, despite the small number of studies, 
the data suggest that people with type 2 diabetes 
respond to dietary lipid changes in the same way 
as non-diabetic subjects. However, a Cochrane 
review in 2007 [ 9 ] of dietary advice for adults with 
type 2 diabetes, which examined 18 trials of more 
than six months duration with 1,467 participants 
and a wide variety of dietary interventions, con-
cluded that there was insuffi cient data to conclude 
anything other than that exercise lowered HbA1c.   

    Dietary Fat vs. Carbohydrate 

 Much of the major disagreements in nutrition over 
the last 20 years for people with type 2 diabetes 
have related to replacing saturated fat with carbo-
hydrate as opposed to unsaturated fat. For many 
years (1970s–1990s), a very high- carbohydrate 
(and high-fi ber) diet was strongly advocated, 
although some researchers suggested high-carbo-
hydrate diets were theoretically not optimal 
because of the lowering of HDL- cholesterol and 
elevation of fasting triglyceride levels (which is 
also seen to the same degree in non-diabetic sub-
jects). The meta-analysis ( n  = 133 subjects, nine 
studies) of Garg in 1998 [ 10 ] focused on compar-
ing high-carbohydrate diets (49–60 % of energy) 
with high-monounsaturated fat diets (24–33 % 
monounsaturated fat, 37–50 % total fat). A high-
monounsaturated fat diet was associated with a 
reduction in fasting triglyceride levels of 
0.36 mmol/L (19 %) and a reduction in VLDL-
cholesterol levels of 22.5 %. HDL- cholesterol 
levels increased by 0.05 mmol/L or 4 %. The 
remainder of the fat in both diets was 7–21 %, 
presumably about 5 % polyunsaturated fat with 
the remainder being saturated fat, but surprisingly 
in the meta-analysis, neither of these two fats was 
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mentioned. LDL-cholesterol levels were not 
different between the two diets, but the data are 
uninterpretable in relation to the effect of saturated 
fat, and one can only assume that saturated fat was 
not different between diets. The lack of difference 
between carbohydrate and monounsaturated fat on 
LDL-cholesterol levels is consistent with the 
Mensink data [ 1 ] in non-diabetic subjects. 

 A later meta-analysis by Kodama et al. [ 11 ] 
examined 19 studies with 306 patients and again 
showed no effect of a high-carbohydrate diet on 
LDL-cholesterol levels with a rise in triglycer-
ides of 13 % and a lowering of HDL-cholesterol 
levels of 8 %. These changes are similar to that 
expected in non-diabetic subjects [ 12 ]. Whether 
these changes with a high-carbohydrate diet pro-
mote an increased risk of cardiovascular disease 
(CVD) is not clear, but there are no data available 
to refute this suggestion. Secondary intervention 
studies in non-diabetic subjects suggest that 
replacing saturated fat with carbohydrate is not 
benefi cial, whereas replacing it with n6 polyun-
saturated fat is benefi cial [ 13 ]. A (pro- atherogenic) 
smaller LDL particle size in those following a 
high-carbohydrate diet may contribute to the 
adverse effect [ 12 ].    

 Replacing carbohydrate with protein and/or 
polyunsaturated fat would be expected to have 
similar effects to replacing it with monounsatu-
rated fat. This was demonstrated by Thompson 
et al. [ 14 ] and a small ( n  = 11 participants) study 
of a high protein, lower carbohydrate Paleolithic 
diet that showed a reduction in triglycerides lev-
els of 0.4 mmol/L and an increase in HDL- 
cholesterol levels of 0.08 mmol/L [ 15 ]. Although 
the Paleolithic diet had a lower glycemic load 
than the standard American Diabetes Association 
(ADA) diet, it was also reduced in energy and the 
3 kg weight loss may account for some or all of 
these effects.  

    Relationship Between Diet and 
Coronary Events in People with 
Type 2 Diabetes 

 Although there is now considerable controversy 
about the role of dietary saturated fat and choles-
terol in promoting CVD, the data in people with 

type 2 diabetes are relatively clear in the US 
Nurses’ Health Study [ 16 ]. Between 1980 and 
1998, 619 new cases of CVD (nonfatal myocar-
dial infarction, fatal coronary heart disease, and 
stroke) occurred in 5,672 women with type 2 dia-
betes. The relative risk (RR) of CVD for an 
increase of 200 mg cholesterol/1,000 kcal was 
1.37 ( p  = 0.003). Each 5 % of energy intake from 
saturated fat, as compared with equivalent energy 
from carbohydrates, was associated with a 29 % 
greater risk of CVD (RR: 1.29  p  = 0.04). Keys 
score (1.26 × (2 x% saturated fat − % polyunsatu-
rated fat) + 1.5 × square root dietary cholesterol in 
mg/1000 kcal) was the most powerful predictor 
after multivariate adjustment ( p  = 0.001). The ratio 
of polyunsaturated to saturated fat was inversely 
associated with the risk of  fatal  CVD ( p  = 0.007). 
Replacement of 5 % of energy from saturated fat 
with equivalent energy from monounsaturated fat 
was associated with a 37 % lower risk of CVD.     

    Fish Oil 

 A Cochrane meta-analysis in 2008 examined 23 
randomized controlled trials (1,075 participants 
with type 2 diabetes), with a mean treatment 
duration of 8.9 weeks [ 17 ]. The mean dose of 
omega-3 PUFA used in the trials was 3.5 g/day. 
Among those taking omega-3 PUFA circulating 
triglyceride levels were signifi cantly lowered by 
0.45 mmol/L ( p  < 0.00001) and levels of VLDL- 
cholesterol lowered by 0.07 mmol/L ( p  = 0.04). 
LDL-cholesterol levels were raised by 
0.11 mmol/L ( p  = 0.05). No signifi cant changes in 
levels of total or HDL-cholesterol, HbA1c, fast-
ing glucose, fasting insulin, or in body weight 
were observed. The decrease in VLDL-cholesterol 
levels was signifi cant only in trials of longer dura-
tion and in hypertriglyceridemic patients.     

    Dietary Cholesterol 

 A meta-analysis of 17 studies of dietary choles-
terol in non-diabetic subjects showed that the 
addition of 100 mg dietary cholesterol/day 
increased the ratio of total to HDL-cholesterol 
by 0.020 U, total cholesterol concentrations by 
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0.056 mmol, LDL-cholesterol by 0.05 mmol/L, 
and HDL-cholesterol concentrations by 
0.008 mmol/L [ 18 ]. 

 Dietary cholesterol had little effect either on 
total- or LDL-cholesterol-in 31 overweight, insu-
lin-resistant postmenopausal women over four 
weeks, and the effect was no different to the 34 
women who were insulin sensitive [ 19 ]. A further 
4-week study in insulin-sensitive individuals con-
suming four eggs/day showed a signifi cant increase 
in non-HDL-cholesterol levels and in infl amma-
tory markers in insulin-sensitive individuals, 
which was not observed in lean or obese insulin- 
resistant individuals, but the difference between 
the groups was not statistically different [ 20 ].  

    Cholesterol Synthesis and 
Absorption 

 Cholesterol synthesis can be assessed by the cir-
culating level of lathosterol, an intermediate in 
the cholesterol synthetic pathway, while absorp-
tion can be assessed by measuring the level of 
plant sterols sitosterol and campesterol or the 
level of an endogenous bacterial cholesterol 
metabolite, cholestanol. All of these are trans-
ported in lipoproteins and the higher the lipopro-
tein level, the higher the sterol level, so adjustment 
needs to be made for the level of the carrier. 

 Insulin-sensitive individuals had higher plant 
sterol levels and lower lathosterol levels, indica-
tive of higher cholesterol absorption and lower 
cholesterol synthesis. In 761 men of varying 
degrees of glucose tolerance, including 76 with 
type 2 diabetes, cholesterol synthesis markers 
were lowest and absorption markers highest in 
normoglycemia. Sitosterol was lower in subjects 
with impaired fasting glucose, impaired glucose 
tolerance, and type 2 diabetes compared with 
normoglycemic subjects (111–115 ± 7 vs. 
136 ± 3 µmol × 100/mmol of cholesterol,  p  < 0.05). 
Campesterol levels were also signifi cantly lower 
in these groups relative to the normoglycemic 
control subjects. Peripheral insulin sensitivity 
evaluated by the Matsuda index was associated 
with the lathosterol/sitosterol ratio in the entire 

population ( r  = −0.457,  p  < 0.001) and with 
that of lathosterol/cholestanol independently of 
obesity [ 21 ]. 

 Clinical research on dietary cholesterol and 
diabetes management is very limited, and there 
are no clinical intervention trials that have inves-
tigated the role of egg consumption in people 
with type 2 diabetes. 

 A small study in ten male volunteers with type 
1 diabetes showed that 800 mg/day of cholesterol 
for three weeks increased LDL-cholesterol levels 
by 12 % with a 7 % increase in control subjects. 
HDL-cholesterol levels remained the same but 
tended to increase in control subjects [ 22 ]. High- 
cholesterol absorption markers, e.g., sitosterol or 
campesterol, and low-cholesterol synthesis mark-
ers, e.g., lathosterol, appear to characterize type 1 
diabetes [ 23 ], and these differ from people with 
type 2 diabetes [ 24 ]. 

 Obesity is inversely related to fractional 
 cholesterol absorption both in diabetic and non-
diabetic subjects [ 25 ], but absorption is lower in 
subjects with type 2 diabetes [ 26 ]. Cholesterol 
absorption effi ciency was 29 ± 1 % in obese sub-
jects with diabetes vs. 42 ± 2 % in the obese con-
trol subjects ( p  < 0.01). Cholesterol synthesis was 
higher (17 ± 1 vs. 14 ± 1 mg/kg/day;  p  < 0.05) and 
neutral sterol and bile acid excretion and choles-
terol turnover tended to be higher in the group 
with diabetes than in the control group. Blood 
glucose (measured twice one week apart) was 
positively related to cholesterol synthesis in the 
diabetic group ( r  = 0.663,  p  < 0.01) and in the con-
trol group ( r =  0.590,  p  < 0.05), suggesting that 
the higher blood glucose level, the higher the 
cholesterol synthesis. In 16 obese patients with 
type 2 diabetes, baseline cholesterol absorption 
and synthesis were related to respective serum 
sex hormone-binding globulin, glucose, and 
insulin values. Weight reduction of 6 kg increased 
cholesterol absorption effi ciency and the ratio of 
serum plant sterols to cholesterol—indicators of 
cholesterol absorption—increased by 28 % 
( p  < 0.01) and 20–31 % ( p  < 0.05 for both) and 
reduced blood glucose by 14 %. Serum choles-
terol levels did not change but serum triglyceride 
levels fell by 13 % [ 26 ].  
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    Plant Sterols 

 Plant sterols are the plant equivalent of cholesterol 
and are found in cell walls and membranes. They 
differ from cholesterol by small changes to the side 
chain. They can be found naturally in oil seeds and 
cooking oils and are a normal part of the diet—up 
to 400–800 mg/day. Stanols are the same except for 
the removal of a double bond in the cholesterol 
nucleus. Some foods such as milk, margarine, 
orange juice, cheese, and chocolate are sometimes 
supplemented with sterols or stanols and deliver 
2–2.5 g/day when consumed as directed. 

  Type 2 diabetes . The data above would suggest that 
obese subjects with type 2 diabetes would be less 
sensitive to dietary cholesterol and in turn less sen-
sitive to the effects of dietary plant sterols. However, 
plant sterols appear to be just as effi cacious in 
people with type 2 diabetes as in nondiabetic 
 subjects. Plant sterols (1.8 g/day) for 21 days sig-
nifi cantly reduced ( p  < 0.05) LDL- cholesterol con-
centrations from baseline levels in 15 nondiabetic 
and 14 type 2 diabetic subjects by 15.1 and 26.8 %, 
respectively, and these were not statistically differ-
ent from each [ 27 ]. A meta- analysis of fi ve clinical 
trials, involving seven groups ( n  = 148 subjects 
with type 2 diabetes, with follow-up range of 
3–12 weeks) found the use of sterols/stanols 
 signifi cantly reduced LDL- cholesterol levels by 
0.30 mmol/L (9 %,  p  < 0.01), with no apparent 
effect on triglycerides and a trend towards raising 
HDL-cholesterol levels. These results are exactly 
the same as those seen in a meta-analysis of non-
diabetic subjects [ 28 ]. 

  Type 1 diabetes . Excellent effi cacy of plant ste-
rols is also seen in patients with type 1 diabetes 
with [ 29 ] or without [ 30 ] the concomitant use of 
statins.  

    Epidemiology of Cholesterol Intake 
and CVD 

 Despite the limited effect of dietary cholesterol 
on fasting lipids, egg consumption of one per day 
doubles the risk of coronary heart disease in 

women and all-cause mortality in men with 
type 2 diabetes compared with an intake of one 
egg per week [ 31 ,  32 ]. The incidence of type 2 
diabetes is also increased with higher egg intake 
[ 33 ,  34 ].  

    Fiber 

 Very high fi ber diets were actively promoted and 
studied in the 1980s both for glycemic and lipid 
control [ 35 – 38 ], but interest faded as patients 
found the diets too diffi cult or they were found in 
some studies to be ineffective [ 39 – 41 ]. 

 A more recent small intervention study, pub-
lished in the  New England Journal of Medicine  
[ 42 ], in 13 patients with type 2 diabetes com-
pared a high-fi ber diet which provided 50 g of 
total fi ber per day (as soluble and insoluble fi ber 
25 g each), with the standard ADA diet contain-
ing 24 g of total fi ber per day, with 8 g as soluble 
fi ber and 16 g as insoluble fi ber. No fi ber supple-
ments were used. As compared with the ADA 
diet, the high-fi ber diet resulted in a lower fasting 
plasma total cholesterol concentration (by 6.7 %, 
 p  = 0.02), a lower plasma triglyceride concentra-
tion (by 10.2 %,  p  = 0.02), and a lower plasma 
VLDL-cholesterol concentration (by 12.5 %, 
 p  = 0.01). The fasting plasma LDL-cholesterol 
concentration was 6.3 % lower with the high- 
fi ber diet, but this was not statistically signifi cant 
( p  = 0.11), almost certainly due to the small size 
of the study. There were no signifi cant differ-
ences between the two diets in fasting plasma 
HDL-cholesterol concentrations. 

 A 6-month Canadian study [ 43 ] compared a 
low-glycemic-index (GI) diet with a high-fi ber 
diet in 210 participants with type 2 diabetes. 
The high-cereal fi ber diet included 35 g of fi ber, 
GI of 86, and glycemic load of 201. The low-GI 
diet included 42 g of fi ber, GI of 62, and glyce-
mic load of 141. There was an increase of 
 HDL- cholesterol levels in the low-GI diet by 
1.7 mg/dL compared with a decrease of HDL-
cholesterol by −0.2 mg/dL in the high-cereal 
fi ber diet ( p  = 0.005), but this occurred only after 
about 16 weeks and was not associated with a 
change in triglyceride levels, so it is hard to 
conceive of a mechanism and may just be noise, 
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although HbA1c improved modestly in the low-
GI diet. LDL-cholesterol levels did not change. 

 The effects of specifi c types of dietary fi bre 
are now summarized.

Wheat bran has no effect on lipid levels in type 2 
diabetes [ 44 ] nor does adherence to a high- fi ber, 
high-vegetable Mediterranean diet [ 45 ], admit-
tedly in a small study. 

Psyllium in a low dose (3.5 g three times/day) in 
40 participants for 2 months does not appear to 
signifi cantly lower LDL-cholesterol or triglycer-
ide levels compared to a control group [ 46 ]. 
However, higher doses of psyllium (15 g/day) 
can signifi cantly lower triglyceride levels com-
pared with control when enough participants are 
studied ( n  = 125) [ 47 ]. Psyllium has also been 
demonstrated to lower LDL-cholesterol levels in 
some studies [ 48 ,  49 ].

Oat bran can lower LDL-cholesterol—an extra 
15 g of fi ber from oat bran lowered LDL- 
cholesterol levels by 0.77 mol/L, but this study 
[ 50 ] was very small ( n  = 8). 

Stabilized rice bran (20 g/day for 12 weeks) low-
ered LDL-cholesterol levels by 13.7 % compared 
with the control group in a parallel study in 28 
subjects with type 2 diabetes [ 51 ]. Triglyceride 
levels were also lowered by 0.5 mmol/L. 

Guar gum is well established as being able lower 
LDL-cholesterol levels [ 52 – 54 ], but is not widely 
used. It would appear from the limited number of 
studies (except for guar) that soluble fi ber can 
reduce LDL-cholesterol and triglyceride levels to 
the same degree as in nondiabetic subjects [ 55 ].  

    Low-Glycemic-Index Carbohydrate 

 As noted above, replacing fat with carbohydrate 
lowers HDL-cholesterol and increases triglycer-
ide levels. In most of these studies, the GI of the 
carbohydrate was not assessed. Low-GI carbohy-
drate may have lesser effects on these lipid levels 
compared with high-GI carbohydrates. A meta- 
analysis was performed by Opperman et al. [ 56 ] 

in 2004 who examined lipid changes in 13 stud-
ies (eight in people with type 2 diabetes). Seven 
of the ten studies found an improvement in mean 
LDL-cholesterol concentrations on a low-GI 
diet. Overall, low-GI diets tended to decrease 
LDL- cholesterol concentrations; however, it was 
not  statistically signifi cant (change 0.15 (95 % 
CI 0.   31, 0.00) mmol/L;  p  = 0.06). The GI of the 
diets was decreased by 21 (SD 10) units. In type 
2 diabetes subjects, it appeared that LDL-
cholesterol concentrations were decreased to a 
greater extent (0.18 mmol/L,  p  = 0.06) than in 
healthy subjects. Only six of the 13 studies 
showed an improvement in triglyceride concen-
trations with a low-GI diet, and the overall 
change was not statistically signifi cant (change 
0.03 mmol/L,  p  = 0.73). When divided into sub-
groups, no signifi cant difference was found 
within type 2 diabetes, coronary heart disease, 
or healthy subjects. No effect was observed 
when only subjects with elevated triglyceride 
concentrations were included. Lowering the GI 
of food did not cause an overall signifi cant 
change in mean HDL-cholesterol levels. 

 In a 1-year Canadian study [ 57 ], subjects with 
type 2 diabetes managed by diet alone ( n  = 162) 
were randomly assigned to receive high- 
carbohydrate, high-glycemic-index (high-GI), 
high-carbohydrate, low-glycemic-index (low-
 GI), or low-carbohydrate, high-monounsaturated 
fat (low-CHO) diets. With the low-GI diet, over-
all mean triglyceride levels were 12 % higher and 
HDL-cholesterol levels were 4 % lower than with 
the low-CHO diet ( p  < 0.05), despite a 26 % lower 
glycemic load. The lack of benefi t of a low-GI/
low-GL diet on triglyceride and HDL-cholesterol 
levels confi rms the short-term meta-analytic 
results, but it is not clear why there were adverse 
changes. LDL-cholesterol responses were not 
different between the diets. 

 Epidemiological studies, such as the Zutphen 
Elderly Study [ 58 ] and the EURODIAB 
Complications Study [ 59 ], failed to show a 
 relationship between LDL-cholesterol concen-
trations and low-GI diets, while other cross-
sectional studies, such as the Survey of British 
Adults (1986–1987) [ 60 ] and the Third National 
Health and Nutrition Examination Survey (1988–
1994) [ 61 ], found an increase in HDL-cholesterol 
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concentrations with long-term low-GI diets. No 
relationship was found between low-GI diets and 
triglyceride concentrations [ 58 ,  59 ].  

    Fructose 

 Fructose for many years was promoted as very 
suitable for people with diabetes because it low-
ered plasma glucose and insulin levels and 
improved HbA1c levels when it replaced starch, 
glucose, or sucrose. Gannon [ 62 ] showed a high- 
fruit and high-vegetable diet with little starch 
lowered 24 hour blood glucose levels without 
adverse effects on triglyceride levels compared 
with a high-starch diet or a usual American diet. 
30–60 g/day of pure fructose supplementation 
(6–12 % of energy) for 3–12 months had no 
adverse effects on lipids [ 63 – 67 ] or lipid metabo-
lism [ 68 ]. A very high intake of fructose (>20 % 
of energy) has been found to elevate lipids in 
some studies [ 69 – 72 ], but not in others [ 73 ,  74 ].  

    Weight Loss 

    Non-diabetic Subjects 

 Aucott [ 75 ] conducted a systematic review of 
studies that included lifestyle interventions for 
adults (18–65 years), with a mean baseline BMI 
<35 kg/m 2 , with weight and lipid differences over 
2 years. Between 1990 and 2010, 14 studies were 
identifi ed. From meta-regression they found that a 
1 kg maintained weight loss in the long term 
(2–3 years) could be expected to result in reduc-
tions of 1.3 % in total cholesterol, 1.6 % for tri-
glycerides, and 0.34 % for LDL-cholesterol levels 
with a 4 % increase of HDL-cholesterol levels. 

 An earlier meta-analysis by Poobalan [ 76 ] of 
13 long-term studies (both cohort and surgical 
and non-surgical and drug-based weight loss 
interventions) with a follow-up of more than 
two years found that total cholesterol concentra-
tions had a signifi cant positive linear relationship 
with weight change ( r  = 0.89), where change in 
weight explained about 80 % of the cholesterol 
difference variation. For every 10 kg weight loss, 
a drop of 0.23 mmol/L in total cholesterol levels 

may be expected (about 5 %). Triglycerides and 
LDL-cholesterol concentrations were similarly 
related to weight loss, with a 10 kg change 
producing a 0.25 mmol/L and a 0.20 mmol/L 
change respectively. HDL-cholesterol changes 
were not related to weight loss. Participants in the 
two long-term meta-analyses could be on lipid- 
lowering medication. 

 In a meta-analysis of 70 short-term dietary 
weight loss studies in nondiabetic subjects, 
Dattilo and Kris Etherton [ 77 ] found that for 
every kilogram decrease in body weight, there 
was a 0.05 mmol/L decrease in total cholesterol 
levels (about 8–10 %,  p  < 0.0 1), a 0.02 mmol/L 
decrease in LDL-cholesterol levels ( p  < 0.001), a 
0.007 mmol/L decrease in HDL-cholesterol for 
active weight loss ( p  < 0.05), a 0.009 mmol/L 
increase in HDL-cholesterol for stabilized weight 
loss ( p  < 0.01), and a 0.015 mmol/L decrease in 
triglyceride levels ( p  < 0.05). Correlations 
between weight loss and lipid changes were of 
the order of 0.3–0.4 and were much lower than in 
the long-term studies. 

 In the LIFE study [ 78 ] of 212 participants 
without diabetes, BMI fell in women from 35 to 
33.7 kg/m 2  over 30 months and from 35 to 33 kg/
m 2  in men, with a nadir at 12 months in both. In 
women, multivariate-adjusted HDL-cholesterol 
concentrations at 6-month follow-up was signifi -
cantly lower than at baseline, and at subsequent 
time points HDL-cholesterol concentration was 
signifi cantly higher than at 6-month follow- up, 
with no signifi cant differences between the later 
time points, which however were not signifi -
cantly different from baseline. In men the small 
decrease at six months was not statistically sig-
nifi cant but later rises in HDL-cholesterol levels 
were, with a maximum change at 18 months of 
about 10 %. Triglyceride levels were signifi cantly 
lower than baseline at six months but rose back to 
and beyond baseline in women, but remained low 
in men.   

    Diabetic Subjects 

 For participants with diabetes, there are much 
fewer studies available. The Look Ahead study 
was a very large randomized study ( n  = 5,145) 
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of intensive lifestyle interventions (ILI) or stan-
dard treatment (DSE) in overweight or obese 
individuals with type 2 diabetes [ 79 ]. After 
four years, ILI participants had a greater percent-
age of weight loss than DSE participants (−6.15 
vs. −0.88 %;  p  < 0.001) and superior improve-
ments in HDL- cholesterol levels (3.7 vs. 2.0 mg/
dL;  p  < 0.001) and triglyceride levels (−25.6 vs. 
−19.75 mg/dL;  p  < 0.001) averaged across all 
4 years. Reductions in LDL-cholesterol levels 
were greater in DSE than ILI participants (−11.3 
vs. 12.8 mg/dL;  p  = 0 0.009) owing to greater use 
of medications to lower lipid levels in the DSE 
group. The effects on triglyceride levels were not 
statistically signifi cant at four years but the HDL- 
cholesterol level difference was consistent across all 
four years. These effects on lipid levels were lower 
than those in the long-term meta-analyses quoted 
above, but not different from those of the 2-year 
studies in nondiabetic subjects from Shai and Sacks 
[ 80 ,  81 ]. However, HDL-cholesterol changes were 
very similar to the meta-analysis of short-term 
studies by Dattilo and Kris Etherton [ 77 ]. 

 A weight loss of 4.5 kg in 2,906 patients in the 
UKPDS reduced triglyceride levels by 
0.41 mmol/L in men and 0.23 mmol/L in women 
with an HDL-cholesterol increase of 0.02 and 
0.01 mmol/L, respectively. LDL-cholesterol lev-
els did not change [ 82 ].  

    Glycemic Control 

 In 2,220 type 2 diabetic patients (aged 
35–91 years; male/female ratio, 1.07), HbA1c 
levels showed direct and signifi cant correlations 
with total cholesterol, triglyceride, and LDL- 
cholesterol levels and inverse correlation with 
levels of HDL-cholesterol [ 83 ]. In Italian diabe-
tes outpatient clinics, abnormal lipids were asso-
ciated with markedly higher HbA1c levels [ 84 ] in 
12,222 patients. On multiple regression, triglyc-
eride levels were associated with HbA1c after 
adjustment for age, BMI and diabetes treatment, 
and a variety of other factors, while HDL- 
cholesterol levels were related to HbA1c levels in 
men only.  

    Interventions to Improve Glycemic 
Control 

 A Dutch study [ 85 ] which targeted a strict fasting 
capillary glucose of <6.5 mmol/L vs. a less strict 
regimen of <8.5 mmol/L in 214 patients over 
two years looked at individual changes in HbA1c 
vs. lipid changes. Individuals in whom HbA1c 
levels decreased had signifi cant favorable con-
current changes in triglycerides  r  = 0.26 with 
HbA1c changes ( p  = 0.001) with an absolute dif-
ference of 0.25 mmol/L between those whose 
HbA1c fell (−0.17 mmol/L) vs. those whose 
HbA1c rose (0.08 mmol/L). Changes in LDL- 
and HDL-cholesterol levels were not statistically 
signifi cant. The difference in HbA1c between the 
two groups was 1.09 %. 

 In the Veterans Affairs Cooperative study in 
513 male type 2 diabetes patients over two years, 
triglyceride levels decreased in the intensive- 
treatment arm from 2.25 ± 0.27 to 1.54 ±
 0.14 mmol/L at 1 year ( p  = 0.004) and to 
1.74 ± 0.18 mmol/L at 2 years ( p  = 0.03); there 
was no change in the standard-treatment arm. 
Total cholesterol levels decreased in the intensive- 
treatment arm at 1 year from 5.4 ± 0.21 to 
4.99 ± 0.13 mmol/L ( p  = 0.02); there was no 
change in the standard-treatment arm. Levels of 
LDL- and HDL-cholesterol decreased in the 
standard-treatment arm only after two years, 
from 3.44 ± 0.13 to 3.16 ± 0.10 mmol/L ( p  =0.02) 
and from 1.10 ± 0.03 to 1.00 ± 0.03 mmol/L 
( p  < 0.001), respectively. Levels of apolipoprotein 
B decreased in both treatment arms ( p  < 0.001), 
and apolipoprotein A1 levels decreased in the 
standard-treatment arm ( p  < 0.01). A 2.1 % dif-
ference in HbA1c levels was achieved over the 
2-year period [ 86 ]. 

 The DCCT study [ 87 ] and the study by Cusp 
et al. [ 88 ] have shown falls in LDL-cholesterol 
with intensive diabetes treatment. The latter 
study was very small ( n  = 12) and the fall in 
HbA1c achieved with 80 IU of insulin was 3.7 % 
over 16 weeks. In the DCCT with 1,441 patients 
with type 1 diabetes, changes in LDL-cholesterol 
levels were small, 0.1–0.2 mmol/L, but the risk 
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of developing an LDL-cholesterol level of 
>4 mmol/L was reduced by 40 % in the intensive 
diabetes treatment group, although rates were 
about 1 per 100 patient years or less. Mean 
HbA1c level in the intensive- and conventional- 
treatment groups differed by about 2% through-
out the follow-up period (7.2 vs. 9.1 %, 
respectively,  p  < 0.001).  

    Alcohol Intake 

 A moderate alcohol intake is associated with 
about a 30 % lower incidence of type 2 diabetes 
but high alcohol intake and binge drinking 
increases the risk of type 2 diabetes [ 89 ,  90 ]. 
Alcohol intake in people with type 2 diabetes in 
the EPIC study [ 91 ] did not reduce mortality, 
although a prospective cohort study in older peo-
ple showed an 80 % reduction in death due to 
coronary heart disease with 14 g or more of alco-
hol/day [ 92 ] before and after adjustment for lev-
els of HDL-cholesterol and total cholesterol. In 
Japanese men with type 2 diabetes, alcohol intake 
was directly related to HDL-cholesterol levels 
and hypertension, but the lowest triglyceride 
level was in the 1–22 g alcohol/day intake group 
compared with the nondrinker group [ 93 ]. There 
appear to be no alcohol intervention studies in 
people with diabetes.  

    Exercise 

 In a Cochrane meta-analysis [ 94 ], 14 randomized 
controlled trials comparing supervised or well- 
documented (aerobic, resistance, or mixed) 
exercise against “no exercise” in type 2 diabetes 
were identifi ed involving 377 participants. Most 
studies had three 30–60 min exercise sessions per 
week. Trials ranged from eight weeks to 
12 months duration. No specifi c exercise program 
was given to the control group, but there were no 
reports on their incidental activity. The exercise 
intervention signifi cantly decreased plasma tri-
glyceride levels (−0.25 mmol/L, 95 % CI −0.48 
to −0.02). No signifi cant difference was found 

between groups in plasma cholesterol levels or 
LDL-cholesterol or HDL-cholesterol levels.  

    Smoking 

 A recent meta-analysis [ 95 ] of observational 
studies in 130,000 people with diabetes showed 
the relative risk comparing smokers with non-
smokers was 1.48 for total mortality (27 studies), 
1.36 for cardiovascular mortality (nine studies), 
1.54 for CHD (13 studies), 1.44 for stroke (nine 
studies), and 1.52 for MI (seven studies). The 
increased risk of smoking is similar to people 
without diabetes. Smoking lowers HDL-
cholesterol levels. The major lipid-related effect 
of smoking cessation is an increase (of about 0.1 
mmol/L or 3.9 mg/dl) [ 96 ].  

    New Research Areas 

 Given the association between cholesterol intake 
and CVD events in people with diabetes, a 
cholesterol- feeding trial in people with both type 1 
and type 2 diabetes needs to be done, focused not 
just on LDL- and HDL-cholesterol levels, but adhe-
sion molecules and other infl ammatory markers. 

 Long-term dietary intervention studies exam-
ining low salt, low saturated fat, high polyunsatu-
rated fat, and high fruit, vegetables, and fi ber over 
a 3-year period need to be done with surrogate 
cardiovascular measures such as carotid intima- 
medial thickness as an endpoint.  

    Conclusions 

 There is a very limited amount of data related to 
the lifestyle effects on lipoproteins specifi cally 
involving people with diabetes. What data are 
available suggest they respond in a similar way to 
people without diabetes to lifestyle measures. 
The expected responses of LDL-cholesterol 
levels to dietary changes are summarized in 
Table  16.1 . The effect of dietary cholesterol 
needs further exploration.

16 Effects of Lifestyle (Diet, Plant Sterols, Exercise) and Glycemic Control on Lipoproteins in Diabetes



324

            References 

     1.    Mensink RP, Zock PL, Kester AD, Katan MB. Effects 
of dietary fatty acids and carbohydrates on the ratio of 
serum total to HDL cholesterol and on serum lipids 
and apolipoproteins: a meta-analysis of 60 controlled 
trials. Am J Clin Nutr. 2003;77(5):1146–55.  

    2.    Simpson RW, Mann JI, Eaton J, Moore RA, Carter R, 
Hockaday TDR. Improved glucose control in 
maturity- onset diabetes treated with high-
carbohydrate- modifi ed fat diet. BMJ. 1979;1:1753–6.  

    3.    Howard-Williams J, Patel P, Jelfs R, et al. 
Polyunsaturated fatty acids and diabetic retinopathy. 
Br J Ophthalmol. 1985;69:15–8.  

    4.    Storm H, Thomsen C, Pedersen E, Rasmussen O, 
Christiansen C, Hermansen K. Comparison of a 
carbohydrate- rich diet and diets rich in stearic or pal-
mitic acid in NIDDM patients. Effects on lipids, gly-
cemic control, and diurnal blood pressure. Diabetes 
Care. 1997;20(12):1807–13.  

    5.    Christiansen E, Schneider S, Palmvig B, Tauber- 
Lassen E, Pedersen O. Intake of a diet high in trans 
monounsaturated fatty acids or saturated fatty acids. 
Effects on postprandial insulinemia and glycemia in 
obese patients with NIDDM. Diabetes Care. 
1997;20(5):881–7.  

    6.    Abbott WG, Swinburn B, Ruotolo G, Hara H, Patti L, 
Harper I, Grundy SM, Howard BV. Effect of a high- 
carbohydrate, low-saturated-fat diet on apolipoprotein 
B and triglyceride metabolism in Pima Indians. J Clin 
Invest. 1990;86(2):642–50.  

    7.    Heine RJ, Mulder C, Popp-Snijders C, van der Meer J, 
van der Veen EA. Linoleic-acid-enriched diet: long- 
term effects on serum lipoprotein and apolipoprotein 
concentrations and insulin sensitivity in noninsulin- 
dependent diabetic patients. Am J Clin Nutr. 
1989;49(3):448–56.  

    8.    Heilbronn LK, Noakes M, Clifton PM. Effect of 
energy restriction, weight loss, and diet composition 
on plasma lipids and glucose in patients with type 2 
diabetes. Diabetes Care. 1999;22(6):889–95.  

    9.    Nield L, Moore HJ, Hooper L, Cruickshank JK, Vyas 
A, Whittaker V, Summerbell CD. Dietary advice for 

treatment of type 2 diabetes mellitus in adults. 
Cochrane Database Syst Rev. 2007;3, CD004097.  

    10.    Garg A. High-monounsaturated-fat diets for patients 
with diabetes mellitus: a meta-analysis. Am J Clin 
Nutr. 1998;67(3 Suppl):577S–82.  

    11.    Kodama S, Saito K, Tanaka S, Maki M, Yachi Y, Sato 
M, Sugawara A, Totsuka K, Shimano H, Ohashi Y, 
Yamada N, Sone H. Infl uence of fat and carbohydrate 
proportions on the metabolic profi le in patients with 
type 2 diabetes: a meta-analysis. Diabetes Care. 
2009;32(5):959–65.  

    12.    Krauss RM, Blanche PJ, Rawlings RS, Fernstrom HS, 
Williams PT. Separate effects of reduced carbohy-
drate intake and weight loss on atherogenic dyslipid-
emia. Am J Clin Nutr. 2006;83(5):1025–31. 

      13.    Mozaffarian D, Micha R, Wallace S. Effects on coro-
nary heart disease of increasing polyunsaturated fat in 
place of saturated fat: a systematic review and meta- 
analysis of randomized controlled trials. PLoS Med. 
2010;7(3):e1000252. Review.  

    14.    Thomsen C, Rasmussen OW, Hansen KW, Vesterlund 
M, Hermansen K. Comparison of the effects on the 
diurnal blood pressure, glucose, and lipid levels of a 
diet rich in monounsaturated fatty acids with a diet 
rich in polyunsaturated fatty acids in type 2 diabetic 
subjects. Diabet Med. 1995;12(7):600–6.  

    15.    Jönsson T, Granfeldt Y, Ahrén B, Branell UC, Pålsson 
G, Hansson A, Söderström M, Lindeberg S. Benefi cial 
effects of a Paleolithic diet on cardiovascular risk fac-
tors in type 2 diabetes: a randomized cross-over pilot 
study. Cardiovasc Diabetol. 2009;8:35.  

    16.    Tanasescu M, Cho E, Manson JE, Hu FB. Dietary fat 
and cholesterol and the risk of cardiovascular disease 
among women with type 2 diabetes. Am J Clin Nutr. 
2004;79:999–1005.  

    17.    Hartweg J, Perera R, Montori V, Dinneen S, Neil HA, 
Farmer A. Omega-3 polyunsaturated fatty acids 
(PUFA) for type 2 diabetes mellitus. Cochrane 
Database Syst Rev. 2008;1, CD003205.  

    18.    Weggemans RM, Zock PL, Katan MB. Dietary cho-
lesterol from eggs increases the ratio of total choles-
terol to high-density lipoprotein cholesterol in 
humans: a meta-analysis. Am J Clin Nutr. 2001;
73(5):885–91.  

    19.    Reaven GM. Insulin resistance, dietary cholesterol, 
and cholesterol concentration in postmenopausal 
women. Metabolism. 2001;50:594–7.  

    20.    Tannock LR, O’Brien KD, Knopp RH, et al. 
Cholesterol feeding increases C-reactive protein and 
serum amyloid A levels in lean insulin-sensitive sub-
jects. Circulation. 2005;111:3058–62.  

    21.    Gylling H, Hallikainen M, Pihlajamäki J, Simonen P, 
Kuusisto J, Laakso M, Miettinen TA. Insulin sensitiv-
ity regulates cholesterol metabolism to a greater 
extent than obesity: lessons from the METSIM Study. 
J Lipid Res. 2010;51(8):2422–7. Epub 2010 May 1.  

    22.    Romano G, Tilly-Kiesi MK, Patti L, et al. Effects of 
dietary cholesterol on plasma lipoproteins and their 
subclasses in IDDM patients. Diabetologia. 1998;41:
193–200.  

   Table 16.1    Effects of dietary changes on circulating 
LDL-cholesterol levels   

 Dietary component 
 LDL-cholesterol 
lowering (%) 

 Saturated fat reduction 15–10 %   5 
 Polyunsaturated fat increase 5–10 %   3 
 Plant sterols 2 g/day  10 
 Oat bran 15 g/day   5 
 Low-GI carbohydrate in place of 
high-GI 

  5 

 Total possible change  28 

P. Clifton



325

    23.    Gylling H, Tuominen JA, Koivisto VA, Miettinen TA. 
Cholesterol metabolism in type 1 diabetes. Diabetes. 
2004;53(9):2217–22.  

    24.    Miettinen TA, Gylling H, Tuominen J, Simonen P, 
Koivisto V. Low synthesis and high absorption of cho-
lesterol characterize type 1 diabetes. Diabetes Care. 
2004;27(1):53–8.  

    25.    Simonen PP, Gylling HK, Miettinen TA. Diabetes 
contributes to cholesterol metabolism regardless of 
obesity. Diabetes Care. 2002;25(9):1511–5.  

     26.    Simonen P, Gylling H, Howard AN, Miettinen TA. 
Introducing a new component of the metabolic syn-
drome: low cholesterol absorption. Am J Clin Nutr. 
2000;72:82–8.  

    27.    Lau VW, Journo M, Jones PJ. Plant sterols are effi ca-
cious in lowering plasma LDL and non-HDL choles-
terol in hypercholesterolemic type 2 diabetic and 
nondiabetic persons. Am J Clin Nutr. 2005;81(6):
1351–8.  

    28.   Abumweis SS, Barake R, Jones PJ. Plant sterols/sta-
nols as cholesterol lowering agents: a meta-analysis 
of randomized controlled trials. Food Nutr Res. 
2008;52. doi:   10.3402/fnr.v52i0.1811    .  

    29.    Hallikainen M, Kurl S, Laakso M, Miettinen TA, 
Gylling H. Plant stanol esters lower LDL cholesterol 
level in statin-treated subjects with type 1 diabetes by 
interfering the absorption and synthesis of choles-
terol. Atherosclerosis. 2011;217(2):473–8. Epub 
2011 Apr 5.  

    30.    Hallikainen M, Lyyra-Laitinen T, Laitinen T, 
Moilanen L, Miettinen TA, Gylling H. Effects of plant 
stanol esters on serum cholesterol concentrations, 
relative markers of cholesterol metabolism and endo-
thelial function in type 1 diabetes. Atherosclerosis. 
2008;199(2):432–9. Epub 2007 Dec 11.  

    31.    Hu FB, Stampfer MJ, Rimm EB, et al. A prospective 
study of egg consumption and risk of cardiovascular 
disease in men and women. JAMA. 1999;281:
1387–94.  

    32.    Djousse L, Gaziano JM. Egg consumption in relation 
to cardiovascular disease and mortality: the physi-
cians’ health study. Am J Clin Nutr. 2008;87:964–9.  

    33.    Liese AD, Weis KE, Schulz M, Tooze JA. Food intake 
patterns associated with incident type 2 diabetes: the 
insulin resistance atherosclerosis study. Diabetes 
Care. 2009;32:263–8.  

    34.    Djousse L, Gaziano JM, Buring JE, Lee IM. Egg con-
sumption and risk of type 2 diabetes in men and 
women. Diabetes Care. 2009;32:295–300.  

    35.    Rivellese A, Riccardi G, Giacco A, Pacioni D, 
Genovese S, Mattioli PL, Mancini M. Effect of dietary 
fi bre on glucose control and serum lipoproteins in dia-
betic patients. Lancet. 1980;2(8192):447–50.  

   36.    Karlström B, Vessby B, Asp NG, Boberg M, 
Gustafsson IB, Lithell H, Werner I. Effects of an 
increased content of cereal fi bre in the diet of type 2 
(non-insulin-dependent) diabetic patients. 
Diabetologia. 1984;26(4):272–7.  

   37.    Riccardi G, Rivellese A, Pacioni D, Genovese S, 
Mastranzo P, Mancini M. Separate infl uence of 

dietary carbohydrate and fi bre on the metabolic con-
trol in diabetes. Diabetologia. 1984;26(2):116–21.  

    38.    Lousley SE, Jones DB, Slaughter P, Carter RD, Jelfs 
R, Mann JI. High carbohydrate-high fi bre diets in 
poorly controlled diabetes. Diabet Med. 1984;1(1):
21–5.  

    39.    Scott AR, Attenborough Y, Peacock I, Fletcher E, 
Jeffcoate WJ, Tattersall RB. Comparison of high fi bre 
diets, basal insulin supplements, and fl exible insulin 
treatment for non-insulin dependent (type II) diabet-
ics poorly controlled with sulphonylureas. BMJ. 
1988;297:707–10.  

   40.    Hollenbeck CB, Coulston AM, Reaven M. To what 
extent does increased dietary fi ber improve glucose 
and lipid metabolism in patients with noninsulin- 
dependent diabetes mellitus (NIDDM). Am J Clin 
Nutr. 1986;43:16–24.  

    41.    Beattie VA, Edwards CA, Hosker JP, Cullen DR, 
Ward JD, Read NW. Does adding fi bre to a low 
energy, high carbohydrate, low fat diet confer any 
benefi t to the management of newly diagnosed over-
weight type II diabetics? Br Med J (Clin Res Ed). 
1988;296(6630):1147–9.  

    42.    Chandelier M, Garg A, Lutjohann D, von Bergmann 
K, Grundy SM, Brinkley LJ. Benefi cial effects of high 
dietary fi ber intake in patients with type 2 diabetes 
mellitus. N Engl J Med. 2000;342(19):1392–8.  

    43.    Jenkins DJ, Kendall CW, McKeown-Eyssen G, Josse 
RG, Silverberg J, Booth GL, Vidgen E, Josse AR, 
Nguyen TH, Corrigan S, Banach MS, Ares S, Mitchell 
S, Emam A, Augustin LS, Parker TL, Leiter LA. 
Effect of a low-glycemic index or a high-cereal fi ber 
diet on type 2 diabetes: a randomized trial. JAMA. 
2008;300(23):2742–53.  

    44.    Jenkins DJ, Kendall CW, Augustin LS, Martini MC, 
Axelsen M, Faulkner D, Vidgen E, Parker T, Lau H, 
Connelly PW, Teitel J, Singer W, Vandenbroucke AC, 
Leiter LA, Josse RG. Effect of wheat bran on glycemic 
control and risk factors for cardiovascular disease in 
type 2 diabetes. Diabetes Care. 2002;25(9):1522–8.  

    45.    Itsiopoulos C, Brazionis L, Kaimakamis M, Cameron 
M, Best JD, O'Dea K, Rowley K. Can the 
Mediterranean diet lower HbA1c in type 2 diabetes? 
Results from a randomized cross-over study. Nutr 
Metab Cardiovasc Dis. 2011;21(9):740–7. Epub 2010 
Jul 31.  

    46.    Sartore G, Reitano R, Barison A, Magnanini P, Cosma 
C, Burlina S, Manzato E, Fedele D, Lapolla A. The 
effects of psyllium on lipoproteins in type II diabetic 
patients. Eur J Clin Nutr. 2009;63(10):1269–71. Epub 
2009 Jul 22.  

    47.    Rodriguez-Moran M, Guerrero-Romero F, 
 Lazcano- Burciaga GJ. Lipid- and glucose-lowering 
effi cacy of Plantago Psyllium in type II diabetes. J 
Diabetes Complications. 1998;12:273–8.  

    48.    Anderson JW, Allgood LD, Turner J, Oeltgen PR, 
Daggy BP. Effects of psyllium on glucose and serum 
lipid responses in men with type 2 diabetes and 
hypercholesterolemia. Am J Clin Nutr. 1999;70(4):
466–73.  

16 Effects of Lifestyle (Diet, Plant Sterols, Exercise) and Glycemic Control on Lipoproteins in Diabetes

http://dx.doi.org/10.3402/fnr.v52i0.1811


326

    49.    Sierra M, García JJ, Fernández N, Diez MJ, Calle AP. 
Therapeutic effects of psyllium in type 2 diabetic 
patients. Eur J Clin Nutr. 2002;56(9):830–42.  

    50.    Pick ME, Hawrysh ZJ, Gee MI, Toth E, Garg ML, 
Hardin RT. Oat bran concentrate bread products 
improve long-term control of diabetes: a pilot study. 
J Am Diet Assoc. 1996;96(12):1254–61.  

    51.    Cheng HH, Huang HY, Chen YY, Huang CL, Chang 
CJ, Chen HL, Lai MH. Ameliorative effects of stabi-
lized rice bran on type 2 diabetes patients. Ann Nutr 
Metab. 2010;56(1):45–51. Epub 2009 Dec 15.  

    52.    Uusitupa M, Siitonen O, Savolainen K, Silvasti M, 
Penttilä I, Parviainen M. Metabolic and nutritional 
effects of long-term use of guar gum in the treatment 
of noninsulin-dependent diabetes of poor metabolic 
control. Am J Clin Nutr. 1989;49(2):345–51.  

   53.    Lalor BC, Bhatnagar D, Winocour PH, Ishola M, 
Arrol S, Brading M, Durrington PN. Placebo- 
controlled trial of the effects of guar gum and metfor-
min on fasting blood glucose and serum lipids in 
obese, type 2 diabetic patients. Diabet Med. 1990;
7(3):242–5.  

    54.    Vuorinen-Markkola H, Sinisalo M, Koivisto VA. Guar 
gum in insulin-dependent diabetes: effects on glyce-
mic control and serum lipoproteins. Am J Clin Nutr. 
1992;56(6):1056–60.  

    55.    Anderson JW, Allgood LD, Lawrence A, Altringer 
LA, Jerdack GR, Hengehold DA, et al. Cholesterol- 
lowering effects of psyllium intake adjunctive to diet 
therapy in men and women with hypercholesterol-
emia: meta-analysis of 8 controlled trials. Am J Clin 
Nutr. 2000;71:472–9.  

    56.    Opperman AM, Venter CS, Oosthuizen W, Thompson 
RL, Vorster HH. Meta-analysis of the health effects of 
using the glycaemic index in meal-planning. Br J 
Nutr. 2004;92(3):367–81.  

    57.    Wolever TM, Gibbs AL, Mehling C, Chiasson JL, 
Connelly PW, Josse RG, Leiter LA, Maheux P, 
Rabasa-Lhoret R, Rodger NW, Ryan EA. The 
Canadian Trial of Carbohydrates in Diabetes (CCD), 
a 1-y controlled trial of low-glycemic-index dietary 
carbohydrate in type 2 diabetes: no effect on glycated 
hemoglobin but reduction in C-reactive protein. Am J 
Clin Nutr. 2008;87(1):114–25.  

     58.    Van Dam RM, Visscher AWJ, Feskens EJM, Verhoef 
P, Kromhout D. Dietary glycemic index in relation to 
metabolic risk factors and incidence of coronary heart 
disease: the Zutphen Elderly Study. Eur J Clin Nutr. 
2000;54:729–31.  

     59.    Buyken AE, Toeller M, Heitkamp G, Karamaros B, 
Rottiers R, Muggeo M, Fuller J, The EURODIAB 
IDDM Complications Study Group. Glycemic index 
in the diet of European outpatients with type 1 diabe-
tes: relations to glycated hemoglobin and serum 
 lipids. Am J Clin Nutr. 2001;73:574–81.  

    60.    Frost G, Leeds AA, Doré CJ, Madeiros S, Brading S, 
Dornhorst A. Glycaemic index as a determinant of 
serum HDL-cholesterol concentration. Lancet. 
1999;353(9158):1045–8.  

    61.    Ford ES, Liu S. Glycemic index and serum high- 
density lipoprotein cholesterol concentration among 
us adults. Arch Intern Med. 2001;161(4):572–6.  

    62.    Gannon MC, Nuttall FQ, Westphal SA, Fang S, 
Ercan-Fang N. Acute metabolic response to high- 
carbohydrate, high-starch meals compared with 
moderate- carbohydrate, low-starch meals in subjects 
with type 2 diabetes. Diabetes Care. 1998;21(10):
1619–26.  

    63.    Osei K, Bossetti B. Dietary fructose as a natural 
sweetener in poorly controlled type 2 diabetes: a 12 
month crossover study of effects on glucose, lipopro-
tein, and apolipoprotein metabolism. Diabet Med. 
1989;6:506–11.  

   64.    Osei K, Falko J, Bossetti BM, Holland GC. Metabolic 
effects of fructose as a natural sweetener in the physi-
ologic meals of ambulatory obese patients with type II 
diabetes. Am J Med. 1987;83(2):249–55.  

   65.    Grigoresco C, Rizkalla SW, Halfon P, Bornet F, 
Fontvielle AM, Bros M, Dauchy F, Tchobroutsky G, 
Slama G. Lack of detectable deleterious effects on 
metabolic control of daily fructose ingestion for 2 mo 
in NIDDM patients. Diabetes Care. 1988;11:546–50.  

   66.    Anderson JW, Story LJ, Zettwoch NC, Gustafson NJ, 
Jefferson BS. Metabolic effects of fructose supple-
mentation in diabetic individuals. Diabetes Care. 
1989;12:337–44.  

    67.    McAteer EJ, O'Reilly G, Hadden DR. The effects of 
one month high fructose intake on plasma glucose and 
lipid levels in non-insulin-dependent diabetes. Diabet 
Med. 1987;4(1):62–4.  

    68.    Thorburn AW, Crapo PA, Beltz WF, Wallace P, 
Witztum JL, Henry RR. Lipid metabolism in non-
insulin- dependent diabetes: effects of long-term treat-
ment with fructose-supplemented mixed meals. Am J 
Clin Nutr. 1989;50:1015–22.  

    69.    Crapo PA, Kolterman OG, Henry RR. Metabolic con-
sequence of two-week fructose feeding in diabetic 
subjects. Diabetes Care. 1986;9:111–9.  

   70.    Bantle JP, Swanson JE, Thomas W, Laine DC. 
Metabolic effects of dietary fructose in diabetic sub-
jects. Diabetes Care. 1992;15:1468–76.  

   71.    Bantle JP. Dietary fructose and metabolic syndrome 
and diabetes. J Nutr. 2009;139(6):1263S–8.  

    72.    Abraha A, Humphreys SM, Clark ML, Matthews DR, 
Frayn KN. Acute effects of fructose on postprandial 
lipaemia in diabetic and non-diabetic subjects. Br J 
Nutr. 1998;80:169–75.  

    73.    Koivisto VA, Yki-Järvinen H. Fructose and insulin 
sensitivity in patients with type 2 diabetes. J Intern 
Med. 1993;233:145–53.  

    74.    Malerbi DA, Paiva ES, Duarte AL, Wajchenberg BL. 
Metabolic effects of dietary sucrose and fructose in 
type II diabetic subjects. Diabetes Care. 
1996;19:1249–56.  

    75.    Aucott L, Gray D, Rothnie H, Thapa M, Waweru C. 
Effects of lifestyle interventions and long-term weight 
loss on lipid outcomes – a systematic review. Obes 
Rev. 2011;12(5):e412–25.  

P. Clifton



327

    76.    Poobalan A, Aucott L, Smith WCS, Avenel A, Jung R, 
Broom J, Grant AM. Effects of weight loss in over-
weight/obese individuals and long-term lipid outcomes 
– a systematic review. Obes Rev. 2004;5(1):43–50.  

     77.    Dattilo AM, Kris-Etherton PM. Effects of weight 
reduction on blood lipids and lipoproteins: a meta- 
analysis. Am J Clin Nutr. 1992;56:320–8.  

    78.    Yatsuya H, Jeffery RW, Erickson DJ, Welsh EM, 
Flood AP, Jaeb MA, Laqua PS, Mitchell NR, Langer 
SL, Levy RL. Sex-specifi c HDL cholesterol changes 
with weight loss and their association with anthropo-
metric variables: the LIFE study. Obesity (Silver 
Spring). 2011;19(2):429–35.  

    79.    Look AHEAD Research Group, Wing RR. Long-term 
effects of a lifestyle intervention on weight and car-
diovascular risk factors in individuals with type 2 dia-
betes mellitus: four-year results of the Look AHEAD 
trial. Arch Intern Med. 2010;170(17):1566–75.  

    80.    Shai I, Schwarzfuchs D, Henkin Y, Shahar DR, 
Witkow S, Greenberg I, Golan R, Fraser D, Bolotin A, 
Vardi H, Tangi-Rozental O, Zuk-Ramot R, Sarusi B, 
Brickner D, Schwartz Z, Sheiner E, Marko R, Katorza 
E, Thiery J, Fiedler GM, Blüher M, Stumvoll M, 
Stampfer MJ. Dietary intervention randomized con-
trolled trial (DIRECT) group. Weight loss with a low- 
carbohydrate, Mediterranean, or low-fat diet. N Engl 
J Med. 2008;359(3):229–41.  

    81.    Sacks FM, Bray GA, Carey VJ, Smith SR, Ryan DH, 
Anton SD, McManus K, Champagne CM, Bishop 
LM, Laranjo N, Leboff MS, Rood JC, de Jonge L, 
Greenway FL, Loria CM, Obarzanek E, Williamson 
DA. Comparison of weight-loss diets with different 
compositions of fat, protein, and carbohydrates. N 
Engl J Med. 2009;360(9):859–73.  

    82.    Manley SE, Stratton IM, Cull CA, Frighi V, Eeley EA, 
Matthews DR, Holman RR, Turner RC, Neil HA, 
United Kingdom Prospective Diabetes Study Group. 
Effects of three months’ diet after diagnosis of type 2 
diabetes on plasma lipids and lipoproteins (UKPDS 
45). Diabet Med. 2000;17(7):518–23.  

    83.    Ahmad Khan H. Clinical signifi cance of HbA1c as a 
marker of circulating lipids in male and female type 2 
diabetic patients. Acta Diabetol. 2007;44(4):193–200. 
Epub 2007 Sep 1.  

    84.    Comaschi M, Coscelli C, Cucinotta D, Malini P, Manzato 
E, Nicolucci A, SFIDA Study Group-Italian Association 
of Diabetologists (AMD). Cardiovascular risk factors 
and metabolic control in type 2 diabetic subjects attend-
ing outpatient clinics in Italy: the SFIDA (survey of risk 
factors in Italian diabetic subjects by AMD) study. Nutr 
Metab Cardiovasc Dis. 2005;15(3):204–11.  

    85.    Becker A, van der Does FE, van Hinsbergh VW, 
Heine RJ, Bouter LM, Stehouwer CD. Improvement 
of glycaemic control in type 2 diabetes: favourable 
changes in blood pressure, total cholesterol and 

triglycerides, but not in HDL cholesterol, fi brinogen, 
Von Willebrand factor and (pro)insulin. Neth J Med. 
2003;61(4):129–36.  

    86.    Emanuele N, Azad N, Abraira C, et al. Effect of inten-
sive glycemic control on fi brinogen, lipids, and lipo-
proteins: veterans affairs cooperative study in type II 
diabetes mellitus. Arch Intern Med. 1998;158:
2485–90.  

    87.    The Diabetes Control and Complications Trial 
(DCCT) Research Group. Effect of intensive diabetes 
management on macrovascular events and risk factors 
in the diabetes control and complications trial. Am J 
Cardiol. 1995;75:894–903.  

    88.    Cusi K, Cunningham GR, Comstock JP. Safety and 
effi cacy of normalizing fasting glucose with bedtime 
NPH insulin alone in NIDDM. Diabetes Care. 
1995;18:843–5.  

    89.    Carlsson S, Hammar N, Grill V, Kaprio J. Alcohol 
consumption and the incidence of type 2 diabetes: a 
20-year follow-up of the Finnish twin cohort study. 
Diabetes Care. 1998;21(10):1619–26.  

    90.    Koppes LL, Dekker JM, Hendriks HF, Bouter LM, 
Heine RJ. Moderate alcohol consumption lowers 
the risk of type 2 diabetes: a meta-analysis of pro-
spective observational studies. Diabetes Care. 
2005;28(3):719–25.  

    91.    Sluik D, Boeing H, Bergmann MM, Schütze M, 
Teucher B, Kaaks R, Tjønneland A, Overvad K, 
Arriola L, Ardanaz E, Bendinelli B, Agnoli C, Tumino 
R, Ricceri F, Mattiello A, Spijkerman AM, Beulens 
JW, Grobbee DE, Nilsson PM, Melander O, Franks 
PW, Rolandsson O, Riboli E, Gallo V, Romaguera D, 
Nöthlings U. Alcohol consumption and mortality in 
individuals with diabetes mellitus. Br J Nutr. 2011;
15:1–9.  

    92.    Valmadrid CT, Klein R, Moss SE, Klein BE, 
Cruickshanks KJ. Alcohol intake and the risk of coro-
nary heart disease mortality in persons with older- 
onset diabetes mellitus. JAMA. 1999;282(3):239–46.  

    93.    Wakabayashi I. Association between alcohol drinking 
and metabolic syndrome in Japanese male workers 
with diabetes mellitus. J Atheroscler Thromb. 
2011;18(8):684–92.  

    94.    Thomas DE, Elliott EJ, Naughton GA. Exercise for 
type 2 diabetes mellitus. Cochrane Database Syst Rev. 
2006;3, CD002968.  

    95.      Qin R, Chen T, Lou Q, Yu D. Excess risk of mortality 
and cardiovascular events associated with smoking 
among patients with diabetes: meta-analysis of 
 observational prospective studies. Int J Cardiol. 
2013;167(2):342–50.  

    96.   Maeda K, Noguchi Y, Fukui T. The effects of cessa-
tion from cigarette smoking on the lipid and lipopro-
tein profi les: a meta-analysis. Prev Med. 
2003;37:283–290.    

16 Effects of Lifestyle (Diet, Plant Sterols, Exercise) and Glycemic Control on Lipoproteins in Diabetes



329A.J. Jenkins et al. (eds.), Lipoproteins in Diabetes Mellitus, Contemporary Diabetes,
DOI 10.1007/978-1-4614-7554-5_17, © Springer Science+Business Media New York 2014

           Introduction 

 Many wise people have made statements relevant 
to the practice of medicine, including Hippocrates 
(c. 460 BC–370 BC) who commented that “Life is 
short, the art of medicine long; the opportunity is 
fl eeting, experience perilous, and decisions diffi -
cult”. More recently, in 1982 Richard Doll stated 
that “Every time a doctor treats a patient…he is 
performing an experiment” .  Fortunately in this 
era of evidence-based medicine, we have many 
studies and, specifi cally, randomized controlled 
trials (RCTs) to guide clinical practice, including 
individual patient care, the development of treat-
ment algorithms and guidelines, and to inform 
public health policy. 

 As diabetes mellitus, dyslipidemia and their 
vascular complications are increasingly common 

and costly, both in personal and economic terms, 
many research studies related to the management 
of lipoproteins in people with diabetes have been 
conducted, are in progress and are in development. 
The most directly relevant to clinical practice is the 
randomised controlled trial (RCT). Most RCTs in 
the fi eld of lipoproteins in diabetes relate to adults 
with type 2 diabetes mellitus or to an admixture of 
people with type 1 diabetes and type 2 diabetes. 
Lipid drug studies are sometimes conducted spe-
cifi cally in youth with type 1 diabetes, such as part 
of the Adolescent type 1 Diabetes cardio-renal 
Intervention Trial (AdDIT) study which is evaluat-
ing the effects of a statin and an ACE inhibitor (or 
their combination) on surrogate vascular end 
points [ 1 ]. The conduct of such studies and their 
translation from the research setting to clinical 
practice has undoubtedly contributed to the 
improving outcomes of diabetes and its risk of car-
diovascular disease. In this chapter we describe the 
elements of a good RCT, the challenges to its con-
duct, aspects to consider when reporting or reading 
and assessing a clinical trial, including its general-
izability to clinical practice and the future of RCTs.  

    Defi nition 

 An RCT is a prospective scientifi c experiment 
comparing the effects of a specifi c treatment 
strategy in an experimental group with an alternate 
strategy in a similar (control) group, in which 
chance (randomization) determines to which group 
each subject is allocated, so as to reduce bias [ 2 ]. 
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 Most RCTs related to lipoproteins in diabetes 
evaluate the clinical effects of a single lipid drug 
vs. a placebo, as in the Scandinavian Simvastatin 
Survival Study (4S) Study [ 3 ], Collaborative 
Atorvastatin Diabetes Study (CARDS) [ 4 ] and 
Fenofi brate Intervention and Event Lowering in 
Diabetes (FIELD) [ 5 ] Study, or test a combina-
tion vs. a single treatment, such as in the Action 
to Control Cardiovascular Risk in Diabetes 
(ACCORD)-LIPID [ 6 ] study, which tested feno-
fi brate and simvastatin vs. placebo and simvas-
tatin in adults with type 2 diabetes. In the Heart 
Protection Study (HPS) [ 7 ], simvastatin vs. pla-
cebo and combination antioxidant vitamins E, C 
and beta-carotene vs. placebo were evaluated in a 
2 × 2 factorial designed trial. 

 Common RCT end points are usually hard 
clinical events such as mortality, myocardial 
infarction, leg amputation, nephropathy or reti-
nopathy or a combination thereof. Some alter-
nate RCT end points are intermediate measures 
of vascular damage such as carotid intima medial 
thickness, the results of pulse-wave analysis 
or lipoprotein-related measures such as LDL- 
cholesterol levels. Rather than testing a drug, some 
RCTs related to lipoproteins in diabetes will test 
the effects of a diet or lifestyle, as discussed in 
another chapter in this book.  

    Precursors to and Phases of an RCT 

  Preclinical Research . An RCT usually stems from 
many years of costly biochemical, cell- based, 
animal and human preclinical research. Prior to 
and after the conduct of an RCT testing a pharma-
ceutical agent, there are several general “phases” of 
trials. A drug may be tested in more than one phase 
simultaneously, in different trials, and some trials 
may overlap two phases. Many regulatory and 
ethics committee approvals are also required, 
ideally including trial registration. 

 There are fi ve phases of trials, as described 
below [ 8 ]. 

  Phase 0 . A phase 0 trial is an exploratory study 
usually conducted in a small number of subjects 
(often less than 20) using subtherapeutic doses. 

  Phase 1 . Phase 1 studies are early stage testing in 
human subjects, predominantly to evaluate the 
safety and pharmacologic aspects such as drug 
absorption, distribution, excretion and half-life. 
Subjects are usually healthy volunteers and often 
young adults. Usually small numbers of subjects 
(10–20) are tested, often in specialised facilities. 

  Phase 2 . Phase 2 studies are usually conducted in 
larger groups (often 100–300) of people with the 
condition of interest, in this case diabetes, so as 
to demonstrate safety and effi cacy. A phase 2 
study of a lipid drug in people with diabetes may 
report side effects, effects on renal and liver func-
tion and on glycemia and lipid levels. 

  Phase 3 . Phase 3 studies aim to provide conclu-
sive evidence with regard to the safety and effec-
tiveness of a test drug. A phase 3 RCT usually 
involves hundreds to thousands, even tens of 
thousands of subjects, with the condition of inter-
est (e.g. diabetes) in multiple centers in multiple 
countries. 

  Phase 4 . After regulatory body approval (e.g. by 
the USA’s Federal and Drug Administration 
(FDA)), phase 4 studies monitor long-term safety 
and effi cacy, and are essential, as often people 
given the drug differ clinically from those sub-
jects in whom the earlier phase studies were con-
ducted. If there are suffi cient concerns, drugs 
may be removed from clinical use at this stage.  

    Elements of a Good RCT 

 The quality of RCTs and the evidence resulting 
from them can vary; hence it is important not 
only that the clinicians, scientists and statisti-
cians involved in their planning and conduct have 
a good understanding of optimal RCT design and 
conduct, and also that people who may utilize 
RCT results in their clinical practice or in their 
own research can assess study quality [ 2 ]. 

 Important elements of an RCT include subject 
selection, randomization and masking, study end 
point choice and measurement, statistical power 
and data analysis, the reporting and interpretation 
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of study outcomes, recognition of potential con-
founders and relevance to clinical practice. 

  General Study Considerations . An RCT must be 
of suffi cient scientifi c quality to be able to satis-
factorily answer the questions of interest; to 
account for the potential confounders, such as 
arising from different responses to treatment 
between men and women or between younger 
and older subjects; and to control for statistical 
uncertainty (Type 1 and Type 2 errors, discussed 
below). Scientifi c quality would include ensuring 
suffi cient numbers of participants are recruited, 
accuracy in the measurement of the study out-
comes, appropriate number of repeated measure-
ments (where required), well-implemented 
methods of randomization and allocation con-
cealment and minimal attrition and low rates of 
missing/incomplete observations on patients. 
Study outcomes refer to measurements pertain-
ing to an individual patient, such as success/fail-
ure, time to an event or levels/scores in the case 
of continuous measurements. Study end points 
on the other hand generally refer to the summary 
measures of the benefi t of the intervention over 
the control and are usually differences in mean 
levels (for continuous outcomes), odds ratios or 
differences in proportions (binary outcomes) and 
hazard or risk ratios (time to event). 

 Sample size calculations in an RCT are usu-
ally based on the minimum clinical difference 
that is deemed worthwhile between the control 
and intervention groups in the primary study out-
come. This chosen difference to seek is usually 
based on results of previous studies, if they exist, 
on clinical judgement, from epidemiologic stud-
ies and from likely cost of treatment, and refl ects 
the potential importance and value of the benefi t 
which could be provided by the intervention in 
clinical practice. If the study outcome is a clinical 
vascular event, larger studies for several years are 
usually required. Further, the phenomenon of 
metabolic memory may delay the clinical mani-
festations of modifying lipoprotein levels. Study 
size impacts on the statistical power of a study 
(and vice versa). The statistical power of a study 
is the likelihood that the study will correctly 
identify a true advantage of a tested intervention 

compared with control, i.e. it is the probability 
that a true effect of a certain (usually clinically 
useful) size will be detected, and a statistically 
signifi cant result will be obtained from an RCT 
of a given size. In general this likelihood is fi xed 
in the study design and generally set at 80 or 
90 %, based on numerous assumptions. Thus if a 
study on many thousands of patients (not likely 
to be repeated) is planned, the investigators 
would want the chance of the study “missing the 
targeted effect” (if it really is benefi cial) to be 
small, usually 1 in 10 chance—i.e. 90 % power, 
or a 9 in 10 chance of the study correctly declar-
ing a signifi cant difference. For other studies (e.g. 
cancer trials), a 4 in 5 chance is often deemed 
suffi cient. The chance of missing the targeted 
effect is referred to as the Type 2 error (a statisti-
cal term) and is the complement of the power, i.e. 
power + Type 2 error = 1. Fixing the power is 
required to determine the sample size of the 
study, and so the calculations underpinning the 
planned sample size (including assumed control 
group event rates, expected compliance losses, 
designed power, chosen level of signifi cance [ p  
value] and size of treatment effect being sought) 
are usually performed in the design stage before 
the RCT begins and need to be included in appli-
cations for RCT funding and also in the study 
reports. 

 The inclusion and exclusion criteria are 
important parts of an RCT and subsequently 
impact on the translation of the trial results to 
clinical practice. Both should be carefully con-
sidered in study design and described in detail in 
all RCT reports. Ideally the subjects included 
will represent those who are expected to benefi t 
from the treatment being tested in the RCT and 
are representative of the majority with the condi-
tion of interest. The exclusion criteria are usually 
designed to avoid participation of those perceived 
to be at high risk of potential harm by either treat-
ment or who may confound the study outcomes, 
such as those with limited life expectancy from 
other causes or with, for example, severe renal or 
liver disease. 

  Randomization  is the process used to allocate 
willing and eligible participants to one or other 
study treatment, hence into either the intervention 
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or the control arm of an RCT, and aims to ensure 
similarity between the two groups at baseline, 
such that any observed differences emerging 
from the trial are related to the intervention (   or to 
the play of chance ( p  values and confi dence inter-
vals quantify the likelihood of chance differences 
of the magnitude observed)). The randomization 
process intends to preferential assignment to any 
of the RCT arms. When the randomization is not 
equal (e.g. 2:1), the treatment assignment is still 
randomly allocated but weighted to the group 
receiving the higher number of patients. Subjects 
should generally only be randomized after writ-
ten informed consent has been provided, and they 
(and usually also the investigators) should remain 
masked to which treatment group they have been 
allocated (discussed below). In most RCTs, ran-
domization is done “centrally”, away from the 
investigators and trial participants, and often 
involves telephone, the Internet or interactive 
voice-activated programmes, which must be avail-
able around the clock, particularly for international 
multicenter RCTs. If the randomization procedure 
has worked well, the major demographic groups of 
the treatment arms at baseline should not differ sig-
nifi cantly regarding such variables as age, sex, dia-
betes duration, baseline lipids, blood pressure, 
smoking status and glycemic control (e.g. HbA1c 
levels), except occasionally by chance alone. 

 There are several types of randomization in 
common use [ 9 ]. In a  simple randomization  pro-
cess, each trial subject has an equal chance of 
being assigned to the intervention arm or the con-
trol group. This type of randomization can be 
achieved using random numbers from a statistical 
textbook or more commonly using a computer- 
generated algorithm. 

  Stratifi ed randomization  is sometimes used to 
achieve better balance between groups on factors 
which are known to infl uence study outcomes. For 
example, separate random allocation sequences 
may be used for men and for women or for people 
with diabetes with, vs. without, prior diabetic renal 
damage or cardiovascular disease to ensure better 
balance between groups on these factors. 

  Permuted block randomization  is commonly 
used for small RCTs (of less than 1,000 sub-
jects), as simple randomization can sometimes 

result in large chance differences in factors (e.g. 
such as gender) between treatment groups. In 
block randomization, blocks having equal num-
bers of control and intervention allocations (e.g. 
two controls (C) and two intervention (I) sub-
jects in a block of four) are used, with the order 
of treatments in the block being randomly per-
muted. For example, a block of four subjects has 
six possible treatment arrangements: CCII, CICI, 
CIIC, IICC, ICIC and ICCI. A random number 
sequence is used to choose the particular block, 
which then sets the allocation order. A minor 
drawback of block randomization however is that, 
if at the end of the study there are numerous 
incompleted blocks in use across many centers, 
there may still be a substantial overall imbalance in 
the number of participants allocated to each of the 
treatment(s). A further limitation is that, unless the 
block sizes are allowed to vary randomly in length 
(e.g. 4, 6, 4, 8, 6), the overall sequence can some-
times be identifi ed, resulting in the potential 
ability to predict the next treatment allocation to 
be issued should you choose to randomize a par-
ticular patient. 

  Dynamic random allocation  methods, also 
known as adaptive allocation, are an alternate ran-
domization procedure. This process allocates trial 
participants to the RCT treatment arms by fi rst 
checking the allocation tallies of similar partici-
pants who have already been randomised, so as to 
achieve the best balance between treatment groups 
across all nominated stratifi cation variables. 
Stratifi ed minimisation and dynamic balanced ran-
domization are two examples. Computer- based 
algorithms are able to facilitate this process. 

  Unsuitable randomization methods  include 
alternate allocation to control or intervention 
groups, or allocation based on the day of clinic 
attendance or birth date, or sealed envelopes held 
at the site. With these methods, it cannot be guar-
anteed that the process has not been breached 
(e.g. by transilluminating envelopes or by 
 re-scheduling a patient’s randomization day) and 
that each patient was truly randomly allocated to 
their originally assigned treatment. 

 The allocation status should of course be con-
cealed from the site staff and the participant. This 
process is called allocation concealment. 
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  Blinding or Masking . RCTs in the fi eld of lipo-
proteins in diabetes usually involve subjects 
being randomized to one of two groups, one of 
which will receive a single active drug and the 
other of which will receive a matching placebo, 
as in CARDS [ 4 ]. In some RCTs, one active drug 
that is usually the best currently available treat-
ment is given to all subjects, and one test drug or 
matching placebo is added (such as in the 
ACCORD–LIPID study). Masking refers to the 
process by which the treatment allocation is hid-
den from the people involved in the study [ 10 ].

 Double blind  refers to both the participant and 
the investigators being unaware of the treatment 
allocation. This process serves to minimize 
potential for observer bias to occur and also for 
participants dropping out because of knowledge 
of treatment arm or, if possible, through other 
means of acquiring one of the treatments, for 
example, if they were determined to receive a 
specifi c treatment. The masking of whether a 
treatment is active or placebo is more feasible in 
RCTs with tablet therapies, unlike surgical trials 
or device-related trials; however when there are 
very common and specifi c drug effects, such as 
fl ushing with nicotinic acid, this can be diffi cult. 
For example, in the recent AIM-HIGH trial, [ 11 ] 
low-dose nicotinic acid was added to the 
“placebo” to induce some fl ushing, but the dose 
used was suffi cient to elevate HDL-C levels. 
With lipoprotein-related studies, a potential con-
founder is that some trial participants and their 
general practitioners, either inadvertently or in a 
desire to try to work out if the person is receiving 
the active drug, will order and discuss a lipid pro-
fi le. In our experience this has resulted in some 
trial participants choosing to cease participation 
in the trial as they determined (rightly or wrongly) 
that they were not allocated to the active treat-
ment arm. 

  Outcomes . There are usually multiple outcomes in 
RCTs, and what the primary, secondary and some-
times even tertiary outcomes are should be pre-
stated and the trial planned with appropriate study 
duration to be able to detect realistic changes, 
to provide adequate statistical power to avoid 
Type 1 or Type 2 errors, and to enable appropriate 

subgroup analyses. Outcomes, which are usually 
measured for each study participant, may range 
from hard clinical events, e.g. death, to intermedi-
ate measures such as carotid IMT, to lipid levels. 

  Statistical Power and Data Analysis . Statistical 
analysis of RCT data provides an estimate of the 
magnitude of difference in outcome rates between 
the groups, and the probability that the trial 
results could have occurred by chance alone. 
A commonly used cut-off at which statistical sig-
nifi cance is taken is at  p  < 0.05, meaning that the 
probability of the trial result (e.g. drug benefi t 
over placebo) occurring by chance alone is less 
than 5 %. This value is referred to as the signifi -
cance level of the trial, and the complement 
(95 %) the confi dence level. It may be thought 
of as the level we are prepared to accept of a 
false- positive result. If there are multiple RCT 
end points, statistical signifi cance may be taken 
at lower  p  values. There are two types of statisti-
cal errors that can occur in an RCT: Type 1 error 
(chance of a false-positive result) and Type 2 
error (chance of missing a true benefi t). 

  Type 1 error  refers to concluding that there is 
a real difference between treatments (or groups) 
when none exists, i.e. rejecting the null hypothe-
sis when it is correct. 

  Type 2 error  refers to concluding that there is no 
effect of treatment when one does truly exist, i.e. 
accepting the null hypothesis when it is incorrect. 

 Clinical signifi cance is a judgement that an 
effect is large enough to change the way a patient 
should be treated. Clinicians and those devising 
treatment algorithms and health policy can be 
assisted in these judgements by calculations of 
the number of patients needed to treat (NNT) to 
derive benefi t (discussed below) and the hazard 
or odds ratios. The hazard ratio is the proportion 
of subjects in the intervention arm of the RCT (as 
the numerator) compared with the proportion of 
subjects in the control arm (as the denominator) 
having a (predefi ned) event during the RCT time 
period. 

  The number needed to treat  is the number of 
patients who must be treated to prevent one specifi ed 
event. It is the reciprocal of the absolute risk reduc-
tion. The NNT with a particular drug may vary 
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according to the subject characteristics. For exam-
ple, in the FIELD study the NNT with fenofi brate 
for approximately 5 years to prevent one amputation 
in all FIELD subjects was 197, but the NNT to pre-
vent one amputation in patients with a previous foot 
ulcer or amputation was only 25 [ 12 ].  

    Challenges of Conducting an RCT 
Related to Lipoproteins in Diabetes 
Mellitus 

 There are many challenges to conducting and 
interpreting the results of an RCT related to 
lipoproteins in diabetes. Some can be at least 
partially, if not fully, controlled by study 
design, but others cannot, but still should be 
addressed. Challenges include aspects related 
to diabetes and its complications and to lipo-
proteins, study outcome defi nitions and their 
measurement and study reporting and general-
izability. It is also important to recognise that 
people who participate in an RCT can enjoy 
lower adverse clinical outcome rates, even if 
allocated to a placebo arm, than those who do 
not. This phenomenon of people tending to 
perform better when in a study is called the 
Hawthorne effect and was fi rst described in a 
Harvard-based study evaluating the relation-
ship between productivity and the work envi-
ronment in an industrial setting, the Hawthorne 
Works Plant [ 13 ]. The day-to-day efforts of a 
person with diabetes, including attention to 
their diet, exercise, non-smoking status, foot 
care and adherence to recommended treat-
ments, can all substantially impact their 
weight, vascular risk factors and development 
of diabetes complications and potentially the 
magnitude of observed response, or lack 
thereof, to a lipoprotein-targeted intervention. 

    Different Types and Stages of 
Diabetes 

 The type of diabetes, be it type 1 or type 2 diabe-
tes, the stage and duration of diabetes and the 
level of glucose control can impact lipoprotein 
levels and potentially the response to treatment 

being tested in an RCT. The amount of endogenous 
insulin production and degree of insulin resis-
tance can differ substantially in both types of dia-
betes, and this and the level of glycemic control, 
usually refl ected by HbA1c levels, can impact 
lipoproteins. Hypertriglyceridemia and low 
HDL-cholesterol levels are more common in type 
2 diabetes than in type 1 diabetes, and this dyslip-
idemic profi le is accentuated by poor glycemic 
control, obesity or renal dysfunction [ 14 ,  15 ]. 
The number of people with type 1 or type 2 
diabetes, their glucose control modality and level 
and complication status, should be considered 
and reported and subgroup analyses performed if 
there are enough subjects available to provide 
adequate statistical power.  

    Multiple Risk Factors for 
Complications Including Genetic and 
Epigenetic Effects 

 As mentioned above, lipoprotein levels are impacted 
by many variables, some of which are fi xed, for 
example, genotypes affecting lipoprotein levels [ 16 ] 
and treatment response [ 17 ], and others may vary 
over time, such as diet, smoking, exercise and 
medication adherence. All these things tend to 
balance out between treatment arms in larger 
studies but may still confound trial results in 
smaller trials of just a few hundred people. 
Epigenetic effects may enable environmental factors 
and even the lipoprotein-targeting drug to modulate 
the effects of the inherited genotype [ 18 ]. 

 Whilst abnormal lipid levels are major risk 
factors for both the macrovascular and microvas-
cular complications of diabetes [ 14 ,  15 ], other 
factors such as age, diabetes duration, family his-
tory, poor glycaemic control, hypertension, 
smoking, obesity and periodontal disease [ 19 ] 
contribute to the development and progression of 
vascular disease in diabetes and hence may 
impact rates of complication development.  

    Slow Vascular Disease Development 

 Atherosclerosis and its related clinical events of 
myocardial infarction (which is often silent in 
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people with diabetes), stroke, claudication, 
 gangrene and amputation, retinopathy, nephropa-
thy and neuropathy develop over years to decades. 
Atherosclerosis can begin in youth, even in the 
absence of diabetes, and the process of this 
infl ammatory process is accelerated in diabetes 
[ 20 ]. Because of this, if vascular events or even 
some intermediate measures of vascular damage 
such as carotid intima media thickness (IMT) are 
RCT outcomes, then the lipid-related study will 
need to last for years to modify these. Many lipid 
drug trials in diabetes with vascular event end 
points have a 5-year intervention period, and to 
increase the number of events that will accrue 
and statistical power, large numbers (thousands) 
of subjects are included. The use of intermediate 
end points, such as vascular function (e.g. fl ow- 
mediated dilation, pulse-wave analysis) and 
structural changes (such as assessed by coronary 
artery intravascular ultrasound (IVUS), carotid 
IMT), which may change over shorter time 
frames are sometimes used in RCTs. These stud-
ies usually still take several years to complete 
and may have lesser impact on clinical practice. 
An additional factor to consider is that of meta-
bolic memory (also known as the legacy effect) 
of glucose control, which has been demonstrated 
in both type 1 and type 2 diabetes [ 21 ,  22 ].  

    Metabolic Memory or the Legacy 
Effect 

 These comparable terms were coined in relation-
ship to the DCCT/EDIC (type 1 diabetes) and the 
10-year follow-up of the United Kingdom 
Progression of Diabetes Study (UKPDS) type 2 
diabetes studies. The legacy effect refers to the 
phenomenon by which the body’s tissues, includ-
ing arteries, retinae, kidneys and nerves, continue 
to respond to poor or good glycemic control for 
years after the glucose control has improved or 
worsened. This memory can last for years. The 
UKPDS data demonstrates a legacy effect of 
 glycemia for 10 years after 10 years with an 
HbA1c ≈ 7.0 % [ 21 ]. This is in keeping with the 
time frame of metabolic memory in type 1 diabe-
tes evidenced by the DCCT/EDIC study, in 

which ≈ 5.9 years of intensive vs. conventional 
diabetes management (HbA1c 9 vs. 7 %) lowered 
vascular complication rates for 8–12 or more 
years [ 22 ]. It is not yet clear if there is a threshold 
level for metabolic memory and how long this 
effect is maintained for a given time at each 
HbA1c level across the full HbA1c spectrum. 

 This legacy effect may also apply to other 
non-glucose vascular risk factors. The UKPDS 
also examined if there was a legacy effect for 
tight vs. less-tight blood pressure control. Whilst 
the UKPDS showed clear vascular complication 
benefi t for lower blood pressure levels, the 
UKPDS follow-up study did not fi nd evidence 
for persistence of benefi t beyond the randomised 
period [ 23 ]. Potential mitigating circumstances 
are the relatively high blood pressure targets 
during the UKPDS. 

  What about lipid memory?  Some early lipid diet 
or drug trials with post-trial follow-up found per-
sistent cardiovascular and mortality benefi t in those 
with lower on-trial lipid levels, even though lipid 
level differences ceased soon after study end [ 24 ,  
 25 – 28 ]. As yet, there are no specifi c lipid-related 
studies exclusively in diabetes for which the legacy 
effect has been published, and given the major ben-
efi t of lipid-lowering drugs in type 2 diabetes, it 
could be ethically diffi cult to conduct such a study 
in the future. 

 Such metabolic memory for glucose, and 
potentially for lipid levels, means that the full 
impact of a lipoprotein-targeted intervention in 
diabetes may not be fully evident until many 
years after its commencement. The extremely 
high human and economic costs of running large 
and long-duration RCTs related to lipoproteins in 
people with diabetes usually require major phar-
maceutical industry support and/or support from 
multiple funding agencies.  

    Variability in Some RCT End Points 

 When considering RCTs related to vascular 
damage in diabetes, one should consider the 
variability of the vascular end point measure. 
Microaneurysms, a commonly used indicator 
of diabetic retinopathy, can regress [ 29 ]. 
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Albuminuria, a commonly used measure of 
 diabetic nephropathy, is highly variable within 
an individual, being affected by such factors 
as exercise, blood pressure and glycemia. 
Even without a specifi c intervention, such as 
angiotensin- converting enzyme (ACE) inhibitor 
drugs, increased albuminuria levels can sponta-
neously regress in people with type 1 diabetes 
[ 30 ]. It is now recognised that in people with dia-
betes, renal function, refl ected by glomerular fi l-
tration rate or creatinine clearance, may still 
decline even in the absence of increased urinary 
albumin loss [ 31 ]. Other renal function measures 
commonly used to characterise trial subjects and 
which may be an RCT end point include serum 
creatinine levels, time till doubling of serum cre-
atinine levels, circulating cystatin C levels, end- 
stage renal disease and commencement of renal 
dialysis or renal transplantation [ 32 ]. Renal func-
tion effects in RCTs may differ according to 
which renal function end point is chosen. 

 Measurement issues can also impact RCT 
results. Factors such as subject preparation 
(e.g. prandial status will greatly alter triglyceride 
levels), biological variation (e.g. circadian and 
seasonal effects), issues related to sample collec-
tion, storage and processing, the quality of the 
assays chosen, operator-dependent factors and 
any human or undetected instrument error may 
impact RCT biomarker levels. 

 In RCTs traditional lipid levels    (and other 
detailed lipoprotein-related characteristics such 
as lipoprotein composition, size, apolipoprotein 
content, related enzyme activities, lipoprotein 
modifi cations (discussed in other book chapters) 
such as non-enzymatic glycation and oxidation 
and lipoprotein function) can vary greatly over 
time. Whilst circulating lipoproteins exist only 
for hours to days, in most RCTs related to lipo-
proteins in diabetes, measures of lipoprotein 
quantity or quality are usually only evaluated at 
several time points, which may be months, some-
times years apart. Whilst HbA1c levels refl ect 
mean blood glucose levels over the previous 
2–3 months, as yet there are no equivalents 
for lipid levels. Furthermore for lipoprotein and 
vascular disease-related RCTs, it must be remem-
bered that lipoprotein levels in blood are measured, 

yet this is not the site of disease. It is the amount 
of lipoprotein that has accumulated within the 
vasculature that is of major importance to clinical 
events. As an example, oxidized LDL is more 
atherogenic than unmodifi ed (normal) LDL, and 
oxidized LDL levels are 70-fold higher in the 
arterial wall than in blood [ 33 ], yet intravascular 
oxidized levels cannot be measured in an RCT. 
Similarly, infl ammatory markers, such as serum 
C-reactive protein (CRP) and soluble forms of 
the vascular cell adhesion molecules (CAMs), 
are often measured in serum samples from RCTs 
[ 34 ,  35 ], yet it is likely the level of infl ammation 
within the arteries, retinae and renal tissue that 
matters most. Indeed many blood- and urine-
based biomarkers that are measured in RCTs are 
not at the site of disease, though still often corre-
late with the risk of event and/or treatment benefi t. 
In some studies the study outcome is the circulat-
ing level or quality of a lipoprotein.  

    Pleiotropic Effects 

 Drug treatments used in RCTs related to lipopro-
teins in diabetes may also have pleiotropic effects 
which can favorably or unfavorably affect study 
end-points. Many pleiotropic effects of some 
lipid drugs, such as statins and fi brates, are rele-
vant to vascular health and include anti- 
infl ammatory, antioxidant, antiplatelet and 
anticlotting effects, vasodilation, angiogenesis-
related effects and alterations in cell signalling 
and genetic effects [ 36 ,  37 ]. Not all pleiotropic 
effects are potentially vasoprotective, for exam-
ple, fenofi brate increases levels of the vascular 
risk marker homocysteine [ 38 ]. 

 It is important to consider the potential contri-
bution of pleiotropic drug effects in RCT report-
ing and assessment, though it cannot be readily 
quantifi ed. Whilst lipid levels, including elevated 
triglycerides and low HDL-cholesterol levels, 
are commonly associated with and predictive of 
the vascular complications of diabetes and of 
regression of increased albuminuria [ 14 ,  15 ], 
fenofi brate, which substantially lowers triglycer-
ide levels and increases apoA1 and HDL levels, 
was associated with signifi cant improvements 
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in diabetic retinopathy [ 39 ], nephropathy [ 40 ] 
and amputations [ 12 ] in the FIELD study. In the 
FIELD study most of these major microvascular 
benefi ts were reported not to clearly relate to 
changes in traditional lipid levels. Preliminary 
data analyses of combined microvascular and 
combined macrovascular end points in the FIELD 
study support independent associations with fac-
tors related to oxidative stress, infl ammation and 
adipokines and effects of fenofi brate on circulat-
ing levels of many of these biomarkers.   

    Reporting and Interpreting RCT 
Results 

 In reporting or assessing and interpreting the 
results of an RCT, the underlying hypothesis, 
aims, methods and results should be clearly pre-
sented, along with a balanced discussion of the 
study outcomes, strengths and weaknesses of the 
study design, similarities and differences with 
previous studies, remaining or new questions and 
clinical implications. The appropriateness and 
limitations of the study design (e.g. length of 
intervention), subject inclusion and exclusion cri-
teria, clinical and laboratory tools used and statis-
tical power should be considered, and the authors, 
prompted if need be by their manuscript review-
ers and editors, should provide suffi cient detail to 
enable a thorough assessment [ 41 ].  

    Adverse Events 

 There must be suffi cient detail collected and 
reported in an RCT to judge the severity and rela-
tionship of possible adverse events to the 
treatment(s) allocated. A defi nition of adverse 
events has been adopted by the International 
Conference on Harmonization [ 42 ], which is a 
collaboration between drug marketing regula-
tory bodies in the USA, the European Union 
and Japan. “An adverse event is any untoward 
medical occurrence in a patient or clinical 
investigation subject administered a pharma-
ceutical product and which does not necessarily 
have a causal relationship with this treatment. An 

adverse event therefore can be any unfavorable 
and unintended sign (including an abnormal 
laboratory fi nding), symptom or disease tempo-
rarily associated with the use of a medicinal 
(investigational) product, whether or not related 
to the medicinal (investigational) product.” A 
subset of adverse events is that of adverse drug 
reactions, which are those unfavorable conditions 
that may reasonably be related to the drug, pro-
vided it was used in the approved dose range in 
the target population for the treatment of the 
appropriate disease. 

 Adverse events or drug reactions can be 
classifi ed as serious or non-serious. A serious 
adverse event is one that (a) causes death, (b) is 
life- threatening, (c) necessitates or prolongs an 
inpatient hospital stay, (d) causes persistent or 
signifi cant disability or (e) causes a birth defect. 
An example of a serious adverse event in a lipid 
drug RCT is that of rhabdomyolysis possibly due 
to statin treatment (sometimes aggravated by 
another concomitant medication) and non- serious 
adverse events may include headache, rash or 
lethargy. Non-serious adverse events are usually 
divided into those that can confi dently be regarded 
as not being drug related, whilst others are classi-
fi ed as those that are either defi nitely or possibly 
drug related. 

 So as to enable comparison between different 
RCTs, adverse events are usually listed by body 
system, e.g. cardiovascular, gastrointestinal and 
renal. Commonly used schemes are those of the 
International Classifi cation of Diseases (ICD) 
[ 43 ] and the Medical dictionary for regulatory 
activities (MedRA) [ 44 ]. 

 As stated by the Declaration of Helsinki World 
Medical Association, “it is the duty of the physi-
cian in medical research to protect the life, health, 
privacy and dignity of the human subject” [ 45 ]. 
To facilitate this in RCTs, the research subjects 
should be advised to report any changes in their 
well-being, and the trial nurses and doctors 
should document and report the details. A data 
safety and monitoring committee (DSMC) or 
board of independent, preappointed and appro-
priately experienced people can review the events 
whilst unmasked to treatment allocation. They 
play a vital role in ensuring RCT subject safety 
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and can mandate the early cessation of an RCT as 
soon as it is evident that the treatment being 
tested is harmful or benefi cial overall. For exam-
ple, the ILLUMINATE trial of a CETP inhibitor, 
torcetrapib, was ceased early due to an excess of 
harm (including death and severe hypertension) 
[ 46 ]. CARDS [ 4 ] was intended to be a 4-year pri-
mary prevention double-blind trial of atorvastatin 
10 mg/day vs. matching placebo in patients with 
type 2 diabetes with an LDL-cholesterol level 
≤160 mg/dL, fasting triglycerides ≤600 mg/dL 
and at least one additional cardiovascular risk 
factor. The study end was to take place after 304 
primary end points, but there was substantial 
benefi t of atorvastatin seen on the planned interim 
analysis, after 149 primary end points, and the 
independent steering committee recommended 
that the study should be stopped early. This 
(CARDS) result and similar fi ndings among peo-
ple with diabetes from the Heart Protection Study 
[ 7 ] were some of the major RCT fi ndings in this 
area to infl uence clinical practice, such that many 
people with type 2 diabetes are now offered statin 
treatment to reduce CVD risk.  

    Generalizability of RCT Results to 
Clinical Practice 

 In 1980, Bernard Fisher said “I consider the pro-
spective randomized trial mechanism one of the 
most important advances of this century and the 
most effective method available for transferring 
medical practice from an art to a science”. 

 One of the main purposes for conducting 
RCTs is to guide clinical practice. In making 
clinical decisions for individual patients, prepar-
ing guidelines or deciding public policy, major 
factors to be considered include the relevance of 
the RCT to the clinical question, the similarity of 
the RCT participants to those in question, the 
quality of the RCT and whether other evidence, 
including the outcomes of other RCTs, agree. 

 RCTs often focus on one or two interventions 
which are given to specially selected well- 
motivated and usually treatment-adherent subjects 
who will be monitored relatively closely compared 
to usual clinical practice. In the “real world”, 

patients may differ from subjects in the RCT, 
and because of this need to compare applicability 
to the clinical care setting, subject inclusion and 
exclusion criteria and demographics should be 
described in detail. Potential differences relate to 
age—clinical care subjects may be older or 
younger or of different ethnic background to 
the RCT participants. They may have multiple 
co-morbidities, which may include renal or liver 
dysfunction, which may impact drug handling. 
They may be taking many other medications, 
excess alcohol or recreational drugs which may 
increase the risk of drug interactions. As another 
example, two major RCTs of fenofi brate in peo-
ple with type 2 diabetes demonstrated protective 
effects against diabetic retinopathy [ 39 ,  47 ], but 
this evidence may not apply directly to people 
with type 1 diabetes. Such a trial has been planned 
(see FAME 1 Eye study at trials.gov), but not yet 
conducted. Whilst RCTs of statins have shown 
vascular benefi t in tens of thousands of subjects, 
those with advanced renal or liver disease, or 
moderate degrees or both, which are not uncom-
mon in clinical practice, have usually been 
excluded. (The SHARP trial has now demon-
strated benefi ts of simvastatin and ezetimibe in 
combination to reduce. cardiovascular events in 
people with advanced renal disease [ 48 ].) It is 
because of such factors that the (Phase 4) market-
ing surveillance and reporting of major adverse 
events and drug interactions are very important. 
Regulatory bodies can add safety warnings or 
even withdraw a therapy after its approval for use 
in clinical practice. For example, the FDA has 
issued safety warnings against the use of full- dose 
(80 mg) simvastatin, due to higher rates of myo-
sitis [ 49 ]. Post-marketing surveillance also led to 
warnings against the combination of a statin with 
a fi brate other than fenofi brate, due to the higher 
risk of myositis [ 50 ]. 

 Apart from the effi cacy of a therapy in treating 
lipoprotein disorders in people with diabetes, 
other aspects should be considered. This includes 
the rates and types of adverse effects of the treat-
ment and the acceptability of the treatment regi-
men and any required monitoring. As dyslipidemia 
per se is not associated with symptoms (unless 
there is severe hypertriglyceridemia, which can 
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cause acute pancreatitis and eruptive xanthomata 
[ 51 ]) and long-term  treatment is needed, the ease 
of adherence should be high and side effects min-
imal to achieve good long-term compliance in 
practice. Another important aspect to consider in 
the translation of RCT results to clinical practice 
is the economic costs to the individual and others 
who cover the treatment costs. Health economics 
analyses and quality of life data related to an 
RCT can be helpful in this regard.  

    Landmark Trials of Lipoprotein 
Treatments in Diabetes 

 In recent decades several RCTs related to lipo-
protein treatments in diabetes have resulted in 
changes to clinical practice. Effects on clinical 
practice are usually greater after two or more 
large RCTs are supportive. As summarised in 
Table  17.1 , the major statin trials addressing the 
value of lowering LDL-cholesterol in diabetes 
have been the HPS, ALLHAT-LLT, ASCOT- 
LLA, CARDS, 4D, ASPEN and MEGA trials 
and A-Z, TNT, IDEAL and SEARCH trials, all 
of which have included more than 1,000 indi-
viduals with diabetes in their trials, though of 
these, only the CARDS, 4D and ASPEN trials 
were conducted solely among people with diabe-
tes [ 52 ]. Furthermore, only the HPS and ALERT 
trials have included more than 200 individuals 
each with type 1 diabetes (Table  17.2 ) [ 53 ].

    Collectively, however, they provide in meta- 
analysis (see below) strong evidence of the value 
of statin therapy in reducing vascular risk among 
people with both type 1 and type 2 diabetes 
(Fig.  17.1 ) [ 53 ].

   The trials of fi brate therapy have also been of 
great interest for the treatment of people with dia-
betes. Both the FIELD study and then the 
   ACCORD-LIPID study were conducted exclu-
sively among people with type 2 diabetes, and 
both demonstrated large benefi ts to lower CVD 
risk among those individuals with dyslipidemia 
(low HDL-c and high TG), despite negative 
overall primary end points among all subjects 
[ 5 ,  6 ,  54 ]. This has been a highly consistent 
fi nding in all of the large fi brate trials. Further, 

both studies demonstrated highly signifi cant and 
large reductions in measures of retinopathy [ 39 , 
 47 ], in both cases a prespecifi ed other end point. 
FIELD in addition demonstrated reduced ampu-
tations with fenofi brate [ 12 ], and in both trials, 
new or progression of albuminuria was reduced 
with treatment [ 6 ,  40 ]. 

Major results in individuals with diabetes are 
keenly awaited from the currently underway 
large scale trials of Proprotein Convertase 
Subtilisin/Kexin type 9 (PCSK9) inhibitors, 
which demonstrate a profound lowering of LDL-
cholesterol levels, even when added to high dose 
statin therapy [ 55 ,  56 ].  

    Combining Results from RCTs 

  Systematic Reviews : A systematic review is a 
synthesis of published results and conclusions 
of previous relevant investigations. There are 
explicit methods for the literature search, study 
appraisals and data analysis to answer a clearly 
stated a priori research question. The related 
term “meta-analysis” refers to the statistical 
techniques used in a systematic review, which 
pool the results of several RCTs. Both RCTs 
and systematic reviews of RCTs can provide 
valuable health-care decision support. RCTs 
are often helpful to address a specifi c question 
such as whether low- or high-dose statin ther-
apy is more effective at reducing cardiovascular 
events, and sometimes a single RCT will pro-
vide clear-cut evidence, such as in the CARDS. 
However when the effect sizes in the RCT 
results are contrasting or modest, a systematic 
review can be helpful. An example of a helpful 
systematic review relates to the use of statins 
in people with diabetes (discussed above). The 
Cholesterol Trialists Treatment Collaboration 
was able to demonstrate benefi t of statin therapy 
for people with type 1 diabetes [ 53 ], among 
other fi ndings. 

  The Art of Medicine : There are not always 
clear-cut results of RCTs available to answer all 
clinical questions related to the treatment of lipo-
proteins in people with diabetes. This may relate 
to lack of resources to conduct the required stud-
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ies, contrasting results of similar RCTs, or be due 
to a suitable RCT still being in progress. For 
example, there are no RCTs of statins in only 
people with type 1 diabetes for the primary pre-
vention of cardiovascular disease, nor are there 
RCTs related to the use of fi brates or a fi brate and 
a statin to reduce microvascular events in type 1 
diabetes. In these situations, expert opinion 
groups or the individual clinician must decide. 
Factors they may take into consideration are the 
results of RCTs in related groups (e.g. they may 
use the results of RCTs in type 2 diabetes patients 
or in nondiabetic subjects to decide treatment 
recommendations for people with type 1 diabe-
tes). Results of case series, pilot studies and 
judgement based on knowledge of the disease 
process and effects of treatment may also be 
infl uential. The physician should discuss the rea-
sons and risks behind their treatment recommen-
dations, which may include not using a drug 
treatment, with the patient and regularly review 
the medical evidence and adjust their treatment 
recommendations accordingly. Such is the art of 
medicine.  

    Other Resources 

 The purpose of this chapter has been to provide an 
overview of relevant issues to the conduct and 
interpretation of RCTs related to lipoproteins in 
diabetes. This proper design, conduct and report-
ing of an RCT is a large enough topic for several 
textbooks [ 57 ,  58 ] and courses. For readers who 
wish to learn more about RCTs, there are many 
courses, papers, websites and textbooks that may 
be of assistance. Discussions with trialists and 
studying or working as part of a multidisciplinary 
team experienced in RCTs are also valuable tools.  

    The Future of RCTs of Treatments 
Related to Lipoproteins in Diabetes 

    Diabetes mellitus and lipid problems are com-
mon and costly health conditions. Existent non-
pharmacologic and drug therapies for the treatment 
of lipid disorders have already improved clinical 
outcomes for people with diabetes, but residual 

   Table 17.2    Number of participants with diabetes by trial   

 Diabetes mellitus  No diabetes 

 Type 1  Type 2 a   Any type 

 4S  24 (0.5 %)  178 (4.0 %)  202 (4.5 %)  4,242 (95.5 %) 
 WOSCOPS  8 (0.1 %)  68 (1.0 %)  76 (1.2 %)  6,519 (98.8 %) 
 CARE  193 (4.6 %)  393 (9.4 %)  586 (14.1 %)  3,573 (85.9 %) 
 Post CABG  27 (2.0 %)  89 (6.6 %)  116 (8.6 %)  1,235 (91.4 %) 
 AFCAPS/TexCAPS  0  155 (2.3 %)  155 (2.3 %)  6,450 (97.7 %) 
 LIPID  106 (1.2 %)  676 (7.5 %)  782 (8.7 %)  8,232 (91.3 %) 
 GISSI-P  120 (2.8 %)  462 (10.8 %)  582 (13.6 %)  3,689 (86.4 %) 
 LIPS  39 (2.3 %)  163 (9.7 %)  202 (12.0 %)  1,475 (88.0 %) 
 HPS  615 (3.0 %)  5,348 (26.0 %)  5,963 (29.0 %)  14,573 (71.0 %) 
 PROSPER  51 (0.9 %)  572 (9.9 %)  623 (10.7 %)  5,181 (89.3 %) 
 ALLHAT-LLT  0  3,638 (35.1 %)  3,638 (35.1 %)  6,717 (64.9 %) 
 ASCOT-LLA  0  2,527 (24.5 %)  2,527 (24.5 %)  7,778 (75.5 %) 
 ALERT  280 (13.3 %)  116 (5.5 %)  396 (18.8 %)  1,706 (81.2 %) 
 CARDS  3 (0.1 %)  2,835 (99.9 %)  2,838 (100 %)  0 
 Total  1,466 (1.6 %)  17,220 (19.1 %)  18,686 (20.7 %)  71,370 (79.3 %) 

  Data are number (%) 
  a Includes 13 participants with diabetes of unknown type
(Reprinted from The Lancet, 371(9607), Cholesterol Treatment Trialists’ (CTT) Collaborators, 
Kearney PM, Blackwell L, Collins R, Keech A, Simes J, Peto R, Armitage J, Baigent C. Effi cacy 
of cholesterol-lowering therapy in 18,686 people with diabetes in 14 randomised trials of statins: a 
meta-analysis., pp:117–25. Copyright (2008), with permission from Elsevier.)  
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risk remains high, including some related to quan-
titative and qualitative changes in lipoproteins. As 
discussed in another chapter, additional treat-
ments, including more effi cient drugs from exis-
tent drug classes, new classes of drugs and 
gene-based therapies agents, are emerging. After 
rigorous preclinical testing and testing in phases 0, 
1 and 2 clinical trials, some therapies will reach the 

(phase 3) RCT stage and, if successful, clinical 
practice and post-marketing (phase 4) surveil-
lance. The size, workload and cost of such RCTs 
are usually extremely high. To maximise the 
knowledge gained from RCTs and the cost-
effectiveness of relevant research, it is desirable, 
and usual practice, to obtain consent for and store 
blood, including DNA, and urine for future analy-

  Fig. 17.1    Proportional effects on major vascular events per mmol/L reduction in LDL cholesterol by baseline prognos-
tic factors in participants with diabetes
Rate ratios (RRs) are plotted comparing outcome in participants who were allocated statin treatment to that in those 
allocated control, along with their CIs. The area of each square is proportional to the amount of statistical information 
in that particular category. Diamonds or squares to the left of the solid line indicate benefi  t with treatment, but this is 
signifi cant (i.e., p<0·05 and p<0·01, respectively) only if the diamond or horizontal line does not overlap the solid line. 
The RRs are weighted to represent the reduction in the rate per 1 mmol/L LDL cholesterol reduction achieved by treat-
ment at 1 year after randomisation. Tests for trend are shown for subgroups involving three categories, heterogeneity 
tests for those involving two. GFR glomerular fi ltration rate.
(Reprinted from The Lancet, 371(9607), Cholesterol Treatment Trialists’ (CTT) Collaborators, Kearney PM, Blackwell L, 
Collins R, Keech A, Simes J, Peto R, Armitage J, Baigent C. Effi cacy of cholesterol-lowering therapy in 18,686 people with 
diabetes in 14 randomised trials of statins: a meta-analysis., pp:117-25. Copyright (2008), with permission from Elsevier.)       
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ses. Sometimes the  biomarkers subsequently 
quantifi ed were not known of at the time, or the 
earlier available assays lacked sensitivity or speci-
fi city. With the evolution of medical science, 
increasingly sophisticated biomarkers are avail-
able. Such tools as MRIs, IVUS, PET scans, 
microRNAs, microparticles, circulating stem cells, 
epigenetics, proteomics and metabolomics can 
help evaluate the disease process in living subjects 
and assay results can provide mechanistic insights. 
Often these studies require separate research 
funding, but existent data and a biorepository 
from a well-conducted RCT make this type of 
research extremely cost-effective and also usually 
time-effective. Most importantly, RCTs related 
to lipoproteins in diabetes have made substantial 
contributions to the well-being of people with 
diabetes, and further RCTs in this area should 
continue to do so in the future.     
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           Introduction 

 This chapter begins by briefl y discussing the 
basic biologic impact of HMG-CoA reductase 
inhibitor or “statin” therapy on dyslipidemia in 
diabetic patients, emphasizing the important dis-
tinction between cholesterol and lipoprotein par-
ticles. Next, section II focuses on randomized 
clinical trials that have investigated the impact of 
statin therapy on cardiovascular events in dia-
betic patients. This section selectively discusses 
the details of four large trials, which account for 
the majority of data supporting the use of statins 
in patients with diabetes mellitus. We then place 
the evidence in perspective and describe an 
example of implementing the evidence in prac-
tice. Finally, section III addresses the observation 
that despite the notable impact of statin therapy, 
there remain a signifi cant number of patients in 
the treatment arms of clinical trials who continue 
to sustain cardiovascular events. This “residual 
risk,” along with the biology of dyslipidemia, 

invokes the potential role of lipoprotein targets 
that may serve as more accurate measurements of 
atherosclerotic risk than current cholesterol 
parameters and, therefore, better guide statin 
treatment in diabetic patients.  

    Section I: Impact of Statin Therapy 
on Dyslipidemia 

 Understanding the central impact of statin therapy 
on dyslipidemia requires attention to the key role 
of atherogenic lipoprotein particles in the basic 
biology of atherosclerosis itself. Atherosclerosis 
begins with lipoprotein deposition in the arterial 
wall, which propagates through further lipopro-
tein deposition and subsequent infl ammatory 
responses [ 1 ,  2 ]. The lipoprotein is made up of a 
core of lipid elements including cholesteryl esters 
and triglycerides surrounded by surface phospho-
lipids and apolipoproteins. Atherogenic lipopro-
teins include low-density lipoprotein (LDL), 
intermediate-density lipoprotein (IDL), very low-
density lipoproteins (VLDL) and their remnants, 
and lipoprotein (a) (Lp(a)). Each of these athero-
genic lipoproteins contains one copy of apolipo-
protein B (apoB) on their surface. Proteoglycans 
in the arterial wall contain binding sites that rec-
ognize apoB, leading to retention of the particles, 
and therefore the presence of more circulating 
atherogenic particles translates into an increased 
risk of initiation and propagation of atherosclero-
sis. Lipoprotein matrix interactions are discussed 
in detail in Chaps.   9     and   11    . 
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 Notably, in the presence of diabetic dyslipid-
emia, the atherogenic particle concentration 
in plasma is frequently underestimated by 
 lipoprotein cholesterol measurements. Along 
with higher levels of triglycerides and smaller 
high- density lipoprotein (HDL) particles, there is 
a trend towards small dense LDL (sdLDL) [ 3 ], 
particularly in those with type 2 diabetes. Because 
of the predominance of sdLDL in diabetic sub-
jects, atherogenic potential is better refl ected by 
measurements of apoB than LDL-C, which fre-
quently underestimates the concentration of LDL 
particles in this setting. Diabetic patients com-
monly have normal LDL-C, but elevated apoB, 
which may be substantially contributory to the 
particularly high diabetic vascular risk despite 
largely normal LDL-C. 

 While statin therapy exerts some effect on all 
lipid parameters, the most important effect is on 
apoB-containing lipoproteins. Statin therapy low-
ers LDL-C and non-HDL-C levels to a larger 
degree than LDL particle concentration (LDL-P) 
and overall atherogenic particle concentration as 
measured by apoB [ 4 ]. For example, in the com-
bined analysis of the Treating to New Targets 
(TNT) and the Incremental Decrease in End 
Points through Aggressive Lipid-Lowering 
(IDEAL) trials, LDL-C, non-HDL-C, and apoB 
levels were measured in nearly 19,000 patients 
with established coronary heart disease who were 
assigned to usual-dose or high-dose statin treat-
ment [ 5 ]. In the patients on moderate statin doses 
(either atorvastatin 10 mg, simvastatin 20 mg, or 
40 mg), LDL-C (101–102 mg/dL) and non-HDL-
 C (129–132 mg/dL) were reduced to the 30–35th 
percentile for the American population; however, 
the corresponding apoB levels (107–113 mg/dL) 
were still markedly high relative to the American 
population at the 56–64th percentile. In the high 
statin dose arms (atorvastatin 80 mg), LDL-C 
(75–80 mg/dL) and non-HDL-C (101–102 mg/
dL) levels were reduced to the 10–14th percentile 
for the American population. The corresponding 
apoB levels (84–91 mg/dL) were at the 20–31st 
percentile for the American population. The dis-
crepancy between cholesterol reduction and par-
ticle reduction was also evident in the type 2 
diabetic patients treated with statin therapy in the 

Collaborative Atorvastatin Diabetes Study 
(CARDS); LDL-C and non-HDL-C were lowered 
by 40.9 and 38.1 %, while apoB levels were 
reduced by only 24.3 % [ 6 ]. While numerous 
studies have undoubtedly shown the effect of 
statin therapy in reducing cardiovascular events in 
diabetic patients, the discordance between choles-
terol and particle reduction may in part explain the 
high residual risk remaining after statin therapy.  

    Section II: Impact of Statin Therapy 
on Cardiovascular Events 
in Diabetic Patients 

    Evidence from Key Randomized 
Clinical Trials 

    Heart Protection Study 
 The TIMRC/BHF Heart Protection Study (HPS) 
opened a new clinical era by providing the fi rst 
clear justifi cation for routine use of statin therapy 
in diabetic patients at suffi ciently high risk for 
major cardiovascular events [ 7 ,  8 ]. Prior to HPS, 
only ~1,500 secondary prevention and ~200 pri-
mary prevention diabetic patients had participated 
in randomized statin trials. The HPS enrolled 
5,963 diabetic patients (2,912 were free of occlu-
sive arterial disease) and an additional 14,573 non-
diabetic patients in the United Kingdom between 
1994 and 1997. HPS included 615 type 1 diabetic 
and 5,348 type 2 diabetic subjects. Patients aged 
40–80 years with non-fasting total cholesterol 
concentrations ≥3.5 mmol/L (135 mg/dL) were 
randomized to 40 mg of simvastatin daily versus 
matching placebo. Average statin use was 85 % in 
the statin-allocated group compared with 17 % in 
the placebo-allocated group, yielding an average 
LDL-C difference of ~1 mmol/L (39 mg/dL). 

 In line with results from the total study popu-
lation, statin-treated diabetic patients had a 22 % 
(95 % CI 13–30) relative risk reduction (RRR, 
event rate 20.2 % versus 25.1 %,  p  < 0.0001) in 
the fi rst occurrence of major coronary events, 
stroke, or revascularization compared with their 
placebo-allocated counterparts [ 8 ]. Similar 
reductions were seen in those without baseline 
occlusive arterial disease (RRR 33 % [95 % CI 
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17–46],  p  = 0.0003) and those with baseline 
LDL-C levels <3.0 mmol/L (116 mg/dL) (RRR 
27 % [95 % CI 13–40],  p  = 0.0007). The risk 
reduction due to statin therapy did not depend on 
diabetes type, duration, or intensity of glycemic 
control; age; or hypertension. In sum, HPS 
showed that statin therapy improves outcomes 
across a broad range of patients with diabetes.  

    Anglo-Scandinavian Cardiac 
Outcomes Trial 
 The Anglo-Scandinavian Cardiac Outcomes Trial 
Lipid-Lowering Arm (ASCOT-LLA) addressed 
lipoprotein lowering in hypertensive patients in a 
2 × 2 factorial investigation [ 9 ,  10 ]. Recruitment 
occurred between 1998 and 2000 at family prac-
tices in the United Kingdom, Ireland, and Nordic 
countries. Patients aged 40–79 years without a his-
tory of coronary heart disease, with untreated 
blood pressure ≥160/100 mmHg or treated blood 
pressure ≥140/90 mmHg, and additional risk fac-
tors, including type 2 diabetes mellitus, were ran-
domized to antihypertensive treatment. Of the 
19,342 randomized patients, the 10,305 patients 
with non-fasting total cholesterol concentrations 
≤6.5 mmol/L entered the lipid- lowering arm and 
were randomized to 10 mg of atorvastatin daily 
versus placebo. A baseline diagnosis of diabetes 
was present in 2,532 of participants. After a median 
follow-up of 3.3 years, total and LDL-C concentra-
tions among diabetic patients treated with atorvas-
tatin were ~1 mmol/L (39 mg/dL) lower than those 
allocated to placebo, and the study was stopped 
early for effi cacy. Like HPS, the proportional risk 
reduction in diabetic participants was similar to 
patients without diabetes [ 10 ]. There were 116 
(9.2 %) major cardiovascular events or procedures 
in atorvastatin allocated diabetic patients and 151 
(11.9 %) events in the placebo group (hazard ratio 
0.77 [95 % CI 0.61–0.98],  p  = 0.04). For the indi-
vidual components of the composite end point, 
analyses were underpowered. 

  Collaborative Atorvastatin 
Diabetes Study  
Concentrating on diabetic patients in a primary 
prevention context, the Collaborative Atorvastatin 
Diabetes Study (CARDS) enrolled subjects from 

the United Kingdom and Ireland from 1997 to 
2001 [ 11 ]. Participating patients were 40–75 
years in age with type 2 diabetes plus at least one 
additional risk factor, including hypertension, 
retinopathy, proteinuria, or smoking. The 
CARDS trial randomized 2,838 patients to atorv-
astatin 10 mg daily versus placebo. CARDS met 
its pre-specifi ed early stopping rule for effi cacy 
two years early after accumulating an average 
follow- up of 3.9 years. An acute coronary event, 
coronary revascularization, or stroke occurred in 
127 patients allocated placebo and 83 allocated 
atorvastatin (RRR 37 % [95 % CI 17–52], 
 p  = 0.001). Relative risk reductions by individual 
outcomes were 36 % for acute coronary events, 
31 % for coronary revascularizations, and 48 % 
for stroke. A non-signifi cant 27 % reduction in 
mortality was also noted in favor of atorvastatin.  

    Antihypertensive and Lipid-Lowering 
Treatment to Prevent Heart Attack Trial 
 The lipid-lowering trial (LLT) component of the 
Antihypertensive and Lipid-Lowering Treatment 
to Prevent Heart Attack Trial (ALLHAT) [ 12 ] 
was conducted from 1994 to 1998 primarily in 
community-based North American centers, 
included 3,638 diabetic participants aged ≥55 
years, and similar in design to ASCOT-LLT. The 
ALLHAT investigators demonstrated a neutral 
effect of pravastatin 20–40 mg daily versus usual 
care on cardiovascular events over a mean follow-
 up of 4.8 years. The fi ndings of this trial do not 
contradict the aforementioned trials because there 
was a statin drop-in effect in the usual care arm. 
Nearly a third of usual care patients started lipid-
lowering therapy during the trial. As a result, 
there was only a modest differential in total cho-
lesterol (9.6 %) between groups. This difference 
between treatment groups would not be expected 
to yield meaningful differences in risk for cardio-
vascular events. Combined with other major limi-
tations of the trial, including its non-blinded 
design, the trial’s neutrality is not unanticipated.  

    Meta-Analysis 
 The strength of evidence supporting statin ther-
apy for diabetic patients is summarized in a 
 prospective meta-analysis from the Cholesterol 
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Treatment Trialists’ (CTT) Collaborators [ 13 ]. 
The four trials discussed above, HPS, ASCOT- 
LLA, CARDS, and ALLHAT-LLT, account for 
14,996 of the 18,686 patients (83 %) included in 
the CTT meta-analysis. Of the 10,355 diabetic 
patients enrolled in the trial, 35 % had type 2 dia-
betes. The 14 trials included in the analysis (see 
Table  18.1  for details) were agreed upon before 
the results of trials were known and analyses 
were pre-specifi ed. The pooled dataset provided 
greater power to assess the impact of statin ther-
apy on individual outcomes in diabetic patients 
and perform subgroup analyses.

   During an average follow-up of 4.3 years, 
3,247 major vascular events occurred in diabetic 
patients. All-cause mortality was reduced by 9 % 
per 1 mmol/L reduction in LDL-C in diabetic 
patients (RR 0.91 [99 % CI 0.82–1.01],  p  = 0.02), 
which was similar to patients without diabetes. 
As expected, the mortality reduction was attribut-
able to lower vascular mortality (RR 0.87 [99 % 
CI 0.76–1.00],  p  = 0.008) with no effect on non-
vascular mortality. Major vascular events were 
reduced by 21 % per 1 mmol/L reduction in 
LDL-C (RR 0.79 [99 % CI 0.72–0.86], 
 p  < 0.0001). Individually, each component end-
point was reduced: myocardial infarction or coro-
nary death (RR 0.78 [99 % CI 0.69–0.87], 
 p  < 0.0001), coronary revascularization (RR 0.75 
[99 % CI 0.64–0.88],  p  < 0.0001), and stroke (RR 

0.79 [99 % CI 0.67–0.93],  p  = 0.0002). Findings 
were not dependent on pre-treatment lipoprotein 
parameters and there was no threshold below 
which benefi t was absent. The proportional thera-
peutic benefi ts of statins in diabetic patients were 
also similar irrespective of type of diabetes, sex, 
age, hypertension, body mass index, smoking, 
kidney disease, or overall risk category (Fig.  18.1 ).

        Putting the Evidence in Perspective 

 Based on the CTT meta-analysis [ 13 ], in adults 
who have diabetes, it was estimated that a low- 
potency statin would prevent approximately 45 
patients per 1,000 from having a major vascular 
event over fi ve years. Given that high-potency 
statins are roughly two and one-half times as 
effective as low potency ones, a high-potency 
statin prevents approximately 113 patients per 
1,000 from having a major vascular event over 5 
years with a number needed to treat (NNT) of 9. 
This is approximately half the 5-year number 
needed to treat of 20 for a major vascular event 
found in the Justifi cation for the Use of statins in 
Prevention: An Intervention Trial Evaluating 
Rosuvastatin (JUPITER) trial [ 14 ], a primary 
prevention trial of a potent statin, rosuvastatin 
20 mg daily, that excluded diabetic patients. 
Economic analyses of randomized trials, 

   Table 18.1    Randomized clinical trials of statin therapy in diabetic patients   

 Randomized 
clinical trial 

 Original 
publication year 

 Diabetic 
subjects ( n ) 

 Study 
focus group 

 Statin type 
(mg/day) 

 Average 
follow-up (years) 

 Primary 
enrollment locations 

 4S  1994  202  CHD  Simva 20–40  5.4  Scandinavia 

 WOSCOPS  1995  76  PP (men)  Prava 40  4.9  Scotland 

 CARE  1996  586  Post-MI  Prava 40  5  USA and Canada 

 Post-CABG  1997  116  CABG  Lova 2.5–80  4.3  USA 

 AFCAPS  1998  155  PP  Lova 20–40  5.2  USA 

 LIPID  1998  782  CHD  Prava 40  6.1  Australia and New Zealand 

 GISSI  2000  582  Post-MI  Prava 20  2  Italy 

 HPS  2002  5,963  High-risk  Simva 40  5.3  UK 

 PROSPER  2002  623  Elderly  Prava 40  3.2  Scotland, Ireland, Netherlands 

 ALLHAT  2002  3,638  HTN  Prava 20–40  4.8  USA and Canada 

 LIPS  2002  202  Post-PCI  Fluva 80  3.9  Europe, Canada, Brazil 

 ASCOT  2003  2,527  HTN  Atorva 10  3.3  UK, Ireland, Nordic countries 

 ALERT  2003  396  Renal Txp  Fluva 40  5.1  Europe, Canada 

 CARDS  2004  2,838  DM  Atorva 10  4  UK and Ireland 

   CHD  coronary heart disease,  PP  primary prevention,  HTN  hypertension,  PCI  percutaneous coronary intervention,  Txp  
 transplant,  DM  diabetes mellitus  
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 including the HPS [ 15 ], have shown statin ther-
apy is cost-effective, if not cost saving, for a wide 
range of diabetic patients.  

    Implementing the Evidence 
in Practice 

 In the Steno-2 study, investigators from Denmark 
randomly assigned 160 patients with type 2 
 diabetes and microalbuminuria to a multifactorial 

intervention (lipid-lowering therapy, aspirin, 
renin-angiotensin inhibition, and tight glucose 
control) versus conventional therapy [ 16 ]. The 
study completed follow-up in 2006 after a mean 
duration of treatment of 7.8 years and additional 
mean observation period of 5.5 years. During 
the intervention phase, 85 % of the treatment 
group took statins (mean attained LDL-C 
83 mg/dL from 133 mg/dL at baseline) compared 
with 22 % of the conventional therapy group 
(mean attained LDL-C 126 mg/dL from 137 mg/dL 

  Fig. 18.1    Proportional    effects on major vascular events 
per mmol/L reduction in LDL cholesterol by baseline sub-
groups in diabetic patients. Rate ratios (RRs) are plotted 
comparing outcome in participants who were allocated 
statin treatment to control, along with their CIs. The area 
of each  square  is proportional to the amount of statistical 
information in that particular category.  Diamonds  or 
 squares  to the  left  of the  solid line  indicate benefi t with 

treatment, which is signifi cant (i.e.,  p  < 0.05 and  p  < 0.01, 
respectively) if the  diamond  or  horizontal line  does not 
overlap the  solid line . The RRs are weighted to represent 
the reduction in the rate per 1 mmol/L LDL cholesterol 
reduction achieved by treatment at 1 year after randomiza-
tion. GFR = glomerular fi ltration rate. Figure reproduced 
with permission from Elsevier [ 13 ]       
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at baseline). More than eight in ten patients in 
both groups went on to take statins in the obser-
vation phase with mean LDL-C concentrations 
converging near 70 mg/dL; however, survival 
curves continued to diverge. 

 Upon completion of follow-up, compared 
with 40 deaths in the conventional therapy group, 
only 24 patients who received multifactorial 
intervention died (hazard ratio 0.54 [95 % CI 
0.32–0.89],  p  = 0.02). Multifactorial intervention 
reduced cardiovascular mortality (hazard ratio 
0.43 [95 % CI 0.19–0.94],  p  = 0.04) and cardio-
vascular events (hazard ratio 0.41 [95 % 
CI 0.25–0.67],  p  < 0.001). Even with imperfect 
implementation (proportion of patients achieving 
ideal treatment targets was modest), the NNTs 
over the full study period (7.8 years of interven-
tion and an additional 5.5 years of follow-up) 
were impressively low: three patients to prevent 
one cardiovascular event, fi ve patients to prevent 
death from any cause, and eight patients to pre-
vent a cardiovascular death. It was concluded that 
statins and antihypertensive therapies were the 
two most infl uential therapies in reducing risk. In 
sum, Steno-2 demonstrates that early implemen-
tation of statin therapy as part of a multifaceted 
approach to risk reduction achieves dramatic 
reductions in absolute risk, and thus low numbers 
needed to treat, making primary prevention strat-
egies incorporating statin therapy in diabetic 
patients second to few if any other medical thera-
pies in modern medicine.   

    Section III: Residual Risk of 
Cardiovascular Events in Diabetic 
Patients on Statin Therapy 

    Residual Risk Data 

 In the HPS there was a 22 % relative risk reduc-
tion in major coronary events, stroke, or revascu-
larization compared with placebo [ 7 ]. However, 
there remained a residual risk where 78 % of 
events in diabetics treated with simvastatin ther-
apy were not prevented. In ASCOT-LLA there 
was a similar 23 % relative risk reduction in 
events, leaving a residual risk of 77 % [ 9 ]. Both 

HPS and ASCOT-LLA showed a reduction in 
LDL-C of approximately 40 mg/dL from base-
line. Similarly, in the summary meta-analysis 
from the CTT Collaborators, for every approxi-
mate 40 mg/dL decrease in LDL-C, there was a 
relative risk reduction of major vascular events of 
21 % [ 13 ]. 

 The residual risk in these treated diabetic sub-
jects can be attributed to a number of factors, 
some of which may be related to lipoproteins. 
Accordingly, with regard to reducing residual 
risk with statin therapy, there are two potential 
areas of focus: (1) the target lipoprotein parame-
ter measured (i.e., LDL-C, non-HDL-C, apoB, 
LDL-P) and (2) the target level of lipoprotein 
reduction.  

    Lipoprotein Epidemiology and the 
Ideal Therapeutic Target 

 Prospective observational studies have confi rmed 
that vascular event risk is more accurately pre-
dicted by measurements of atherogenic particle 
concentration than total cholesterol or LDL-C 
[ 17 ]. Non-HDL-C is the currently recommended 
method of estimating risk and treatment in 
patients with hypertriglyceridemia, as there is 
considerable variation in the distribution of cho-
lesterol content across particle classes [ 18 ]. In 
such instances, non-HDL-C is a better estimator 
of the cholesterol content of all apoB-containing 
particles and has high correlations with apoB; 
however, on an individual patient basis, there is a 
signifi cant degree of discordance between non-
HDL- C and apoB [ 4 ]. 

 Nevertheless, it has been substantially demon-
strated that apoB and LDL particle measurements 
consistently outperform cholesterol measure-
ments epidemiologically [ 17 ]. For example, in 
the Multi-Ethnic Study of Atherosclerosis 
(MESA), 6,814 patients without cardiovascular 
disease were enrolled and followed for cardiovas-
cular events. LDL particle concentration was 
measured and compared to LDL-C levels 
(Fig.  18.2 ). Discordance between the two mea-
surements was defi ned as LDL-C and particle 
 values differing by 12 percentile points (an arbi-
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trary value so that 50 % of the population was dis-
cordant). In patients with concordance, both 
LDL-C and particle concentration were associated 
with incident events. However, in those patients 
with discordance, only LDL particle concentra-
tion was associated with incident events [ 19 ]. This 
suggests that risk in those patients with elevated 
levels of circulating LDL particles may be under-
estimated by solely measuring cholesterol levels. 
In a comprehensive meta-analysis including 12 
independent reports involving more than 230,000 
subjects with nearly 23,000 events, as markers of 
cardiovascular risk, apoB (RRR 1.43; 95 % CI 
1.35–1.51) outperformed non-HDL- C (RRR 1.34; 
95 % CI 1.24–1.44) which outperformed LDL-C 
(RRR 1.25; 95 % CI 1.18–1.33) [ 20 ].

       Guidelines 

 In measuring the lipoprotein-based risk for sus-
taining acute cardiovascular events, the marker of 
choice has progressed from total cholesterol fol-
lowed by LDL-C to the evolving recommendation 
of non-HDL-C levels. These cholesterol-based 
levels have served as an imperfect proxy for the 

concentration of circulating apoB-containing 
particles, and due to its wide implementation in 
clinical medicine with a simple measurement 
platform, it has been argued that these measure-
ments should not be abandoned. However, het-
erogeneity in particle sizes, cholesterol content, 
and lipoprotein phenotypes among and within 
individuals suggests that cholesterol- based mea-
surements are not a suffi ciently accurate mea-
surement of atherogenic risk. Given this evidence, 
parameters such as apoB or LDL particle concen-
tration may be set as additional targets for many 
patients after  lipoprotein cholesterol targets have 
been reached [ 21 ]. 

 The current National Cholesterol Education 
Program Adult Treatment Panel III recommends 
LDL-C and non-HDL-C targets based on risk 
estimations. For diabetic patients, an LDL-C tar-
get of 100 mg/dL (non-HDL-C level of 130 mg/
dL) has been recommended with an optional tar-
get of 70 mg/dL (non-HDL-C level of 100 mg/
dL) for very high-risk patients such as those with 
established coronary artery disease, a recent acute 
coronary syndrome, or multiple poorly controlled 
components of the metabolic syndrome [ 18 ]. 
However, for the previously stated reasons, in 

  Fig. 18.2    Relations between LDL-C and LDL-P among 
5,598 MESA participants. ( a ) Relation of LDL-C and 
LDL-P concentrations. ( b ) Relation of LDL-C and LDL-P 
levels given in percentile units. The  dashed lines bracket  

concordant LDL-C and LDL-P values defi ned as those 
within ±12 percentile units. Reprinted with permission 
from Elsevier [ 19 ]       
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diabetic patients, these targets may not adequately 
refl ect the burden of atherogenic particles. With 
this in mind, the ADA and ACC released a con-
sensus report recommending measurement of 
apoB in addition to LDL-C and non-HDL- C in 
patients on lipid-lowering therapy. Furthermore, 
they recommended apoB targets of <80 mg/dL in 
diabetic patients with an additional risk factor 
(i.e., smoking, hypertension, family history of 
premature CAD) and <90 mg/dL in diabetic 
 subjects without additional risk factors; however, 
the rationale for these levels is not presented [ 22 ]. 
It remains unsettled whether more aggressive 
reduction of atherogenic particles, as measured 
by particle concentration or apoB, would more 
completely reduce residual risk [ 23 ]. However, 
given the known biology of atherosclerosis, there 
is a compelling scientifi c basis to research this 
question with observational evidence consistently 
showing risk reduction with progressive reduc-
tion in atherogenic apoB- containing lipoprotein 
concentration [ 13 ]. There is an association 
between the initiation of statin therapy and new-
onset type 2 diabetes mellitus, which is modest, 
on the order of 1 new case per 1,000 patient years 
[ 24 ]. Patients who develop incident diabetes on 
statin therapy are frequently insulin resistant, so 
small incremental increases in glucose levels 
attributable to statin therapy may be suffi cient to 
unmask a diagnosis of diabetes. The potential 
harm of new-onset diabetes is outweighed by 
concurrent reduction in cardiovascular morbidity 
and mortality on therapy, especially in high-risk 
patients. The epidemiologic link between statin 
initiation and type 2 diabetes mellitus should not 
substantially alter decision initiate statin therapy.   

    Conclusions 

 In association with atherogenic lipoprotein 
reduction, there is robust evidence that statin 
therapy signifi cantly lowers cardiovascular event 
rates in patients with diabetes mellitus. Multiple 
randomized clinical trials, spanning the last two 
decades, have consistently and unequivocally 
made this case. The benefi cial impact of statins 
on cardiovascular events includes reductions in 

myocardial infarction, need for coronary revas-
cularization, strokes, and cardiovascular mortal-
ity. The evidence supports a class effect as a 
number of statins have been tested. Regarding 
individual statins, atorvastatin, simvastatin, and 
pravastatin have been clinically tested in the 
largest number of diabetic patients. The tens of 
thousands of diabetic patients who have partici-
pated in randomized clinical statin trials have 
taught us that the proportional benefi t of therapy, 
or relative risk reduction, is relatively constant 
across a wide array of diabetic patient subgroups 
and predictably related to the proportion of 
LDL-C lowering. With this wealth of data, we 
have witnessed a paradigm shift, dating back to 
the publication of the Heart Protection Study, in 
the way we manage cardiovascular risk in dia-
betic patients. Statins are now justifi ably com-
monplace in the management of diabetic patients 
at various levels of risk. Further reduction of risk 
with statins may be achieved with more aggres-
sive targets based on more accurate metrics of 
atherogenic burden, such as apoB or LDL parti-
cle concentration.     
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           Introduction 

 Peroxisome proliferator-activated receptors 
(PPARs), a family of cell receptors, are closely 
involved in glucose and lipoprotein metabolism. 
As discussed elsewhere in this book, PPAR alpha 
(PPAR α) agonists, such as fenofi brate, have 
shown clinical benefi t for cardiovascular disease 
in some subgroups and for the macrovascular and 
microvascular complications of type 2 diabetes 
mellitus. This chapter reviews the basic science 
of the PPAR system and summarizes some clini-
cal PPAR modulating drug trials, with an empha-
sis on diabetes, lipoproteins, and vascular disease. 
The chapter is divided into fi ve sections:
    1.    PPAR gene and gene variants, proteins, and 

natural ligands   
   2.    Synthetic ligands: from PPAR activators to 

PPAR agonists   
   3.    The PPAR machinery with subsections on:

•    Coactivators and corepressors  
•   Metabolic modifi cation (phosphorylation, 

ubiquitination, sumoylation, and acetylation)  
•   Partial agonists or SPPARMs      

   4.    Effect of PPAR agonists in diabetes:
•    Pharmacology, in particular, in the pancreas  
•   Effects in type 1 diabetes  
•   Effects in type 2 diabetes and/or dyslipid-

emia with products reaching clinical 
development      

   5.    Conclusions and perspectives      

    PPAR Gene and Gene Variants, 
Proteins, and Natural Ligands 

 Peroxisome proliferator-activated receptors 
(PPARs) belong to a subfamily of the    nuclear 
receptors which includes the retinoic acid recep-
tors, the thyroid hormone receptors, and the 
   RevErbA-related orphan receptors [ 1 ]. The PPAR 
subfamily contains three isoforms, namely, PPAR 
α (PPARA, NR1C1), PPAR β/δ (NR1C2 identi-
fi ed here as PPAR δ), and PPAR γ (PPARG, 
NR1C3, PPAR γ1, and PPAR γ2 sub-isoforms), 
that are encoded by different genes on different 
chromosomes. 

 In humans, PPAR α is mapped on chromo-
some 22 on the regions 22q12-q13.1; 22q13.31 
with a linkage group of six genes and genetic 
markers [ 2 ]. The human PPAR γ gene is located 
on chromosome 3 at position 3p25, close to the 
retinoic acid receptor beta (RAR β) and the thy-
roid hormone receptor beta genes [ 3 – 5 ]. Two dif-
ferent human PPAR γ transcripts are expressed in 
hematopoietic cells: a 1.85-kb transcript, which 
corresponds to the full-length mRNA (PPAR γ1), 
and a shorter 0.65-kb transcript (PPAR γ2) [ 5 ]. 
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PPAR γ2 is mostly expressed in adipose tissue 
where the PPAR γ2/PPAR γ1 ratio of messenger 
RNA is directly correlated with body mass index 
and where a low-calorie diet downregulates 
PPAR γ2 messenger RNA in subcutaneous fat 
[ 6 ]. Several variants in the PPAR γ gene have 
been identifi ed, with the Pro12Ala variant having 
been the most extensively examined in epidemio-
logic studies. A strong association between PPAR 
γ 12Ala polymorphism and a reduction in type 2 
diabetes risk (odds ratio: 0.86, 95 % CI: 0.81–
0.90) was described in an updated meta-analysis 
of 60 studies involving 32,849 subjects with type 
2 diabetes mellitus (T2DM) and 47,456 control 
subjects evaluated by the Human Genome 
Epidemiology Network [ 7 ]. 

 The human PPAR δ, which was cloned from a 
human osteosarcoma cell library, is located on 
chromosome 6 at position 6p21.1-p21.2 [ 8 ]. In 
the mouse, where the fi rst PPAR, PPAR α, was 
identifi ed in 1990 by Issemann and Green [ 9 ], 
PPAR α is found on chromosome 15, PPAR γ is 
located on chromosome 6 at position E3-F1, 
while PPAR δ is found on chromosome 17 [ 10 ]. 
In both human and mouse, the PPAR transcript is 
encoded by six exons (one in the A/B domain, 

two in the C domain, one for the hinge region, 
and two for the ligand binding domain). 

 PPAR isoforms share a common domain 
structure as shown in the schematic view in 
Fig.  19.1 . Five domains designated A/B, C, D, 
E, and F are distinguishable, and each has a dif-
ferent function. The N-terminal A/B domain 
contains at least one constitutionally active 
transactivation region (AF-1) and several auton-
omous transactivation domains (AD) [ 1 ]. The 
specifi city of gene transcription is granted by 
the isoform-specifi c sequence of the A/B 
domain of the receptor [ 11 ]. Chimeric proteins 
generated by fusion with the A/B domains of 
other receptor proteins attenuate the specifi city 
of target gene activation [ 11 ]. The DNA bind-
ing domain (DBD, C domain) is the most con-
served region, which contains a short motif 
responsible for DNA binding specifi city (P-box) 
on sequences called peroxisome proliferator 
response elements (PPREs), typically contain-
ing the AGGTCA motif.

   The D domain, called a hinge, permits the 
change in shape of PPARs. The C-terminal E/F 
domain contains the ligand binding domain (LBD) 
and the AF-2 region for binding coactivators and 

  Fig. 19.1    Structure of PPARs. In the  upper panel,  the 
structure of PPARs with their four domains: 1 is the NH2 
terminal and 468 the COOH terminal for PPAR α. The 
 bottom panel  illustrates the relative activation for PPAR α 

and PPAR γ for major agonists with fenofi brate and rosi-
glitazone as behaving as specifi c activators and aleglitazar 
or pioglitazone with mixed effects       
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corepressors. When activated by ligands, PPARs 
heterodimerize with another nuclear receptor, the 
retinoid X receptor, and alter the transcription of 
target genes after binding to specifi c PPREs on 
target genes. 

    Natural ligands for PPARs are long chain fatty 
acids, saturated or not, and eicosanoids: 8-HETE 
(hydroxyeicosatetraenoic acid) and to some extent 
leukotriene B4 (LTB4) for PPAR α; 9- and 
13-HODE (hydroxyoctadecadienoic acid), two 15 
lipoxygenase metabolites of linoleic acid, and 
15-deoxy PGJ2 for PPAR γ; and prostacyclin 
(PGI2) for PPAR δ [ 12 – 14 ]. However, tissue con-
centrations are probably too low for them being 
the active ligands [ 15 ]. A new candidate endoge-
nous ligand for PPAR α in the liver is a glycero-
phosphocholine esterifi ed with palmitic and oleic 
acids 16:0/18:1-GPC or POPC (1-palmitoyl,2-
oleoyl- sn-glycero-3- phosphocholine hydroxyeico-
satetraenoic acid), which was identifi ed in the liver 
of mice by tandem mass spectrometry [ 16 ]. This 
phosphatidylcholine is displaced from PPAR α by 
the synthetic agonist Wy14643. Its portal infusion 
induces dependent gene expression of    carnitine 
palmitoyltransferase I (CPT1) in wild-type mice, 
but not in PPAR α defi cient mice. Recently, two 
other phosphatidylcholines, DLPC and DUPC 
(1,2-dilauroyl-sn-glycero-3- phospho-choline and 
1,2-(cis-cis-9,12-octadecadienoyl)-sn-glycero-3- 
phosphatidylcholine, respectively), have been 
shown to improve glucose control in two mouse 
models of insulin resistance [ 17 ]; however, they 
did not affect rosiglitazone binding to PPAR γ, and 
their effects are linked to stimulation of another 
nuclear receptor liver receptor homologue 
(LRH)-1.  

    Synthetic Ligands: From PPAR 
Activators to PPAR Agonists 

 PPAR α was fi rst cloned from a mouse liver 
cDNA library at ICI, the pharmaceutical com-
pany which developed clofi brate, the fi rst fi brate 
[ 9 ], and  subsequently in humans [ 2 ,  18 ]. Fibrates, 
which were in clinical use as lipid-lowering 
agents for 20 years before this discovery, are 
weak PPAR α agonists, effective on human PPAR 

in the micromolar range, explaining the observa-
tion that they are given in the range of 100–
1,200 mg per day. Fibrates, such as fenofi brate, 
mainly act via activation of PPAR α in the liver to 
regulate genes involved in fatty acid oxidation 
[ 19 ]. They were then called PPAR α activators, 
and their main laboratory effects are to reduce tri-
glycerides and increase high-density lipoprotein 
(HDL) cholesterol levels. The fi rst potent and 
selective PPAR α agonist acting in the nanomolar 
range with clinical data was LY518674, the 
development of which was stopped in 2007 when 
phase 2 studies showed no advantage over exist-
ing fenofi brate [ 20 ]. 

 The link between PPAR γ activation and the 
thiazolidinedione insulin-sensitizing agents pio-
glitazone and rosiglitazone was established by 
researchers at Upjohn and Glaxo in 1994 and 
1995, respectively [ 21 ,  22 ]. PPAR γ increases 
adipocyte differentiation and storage of fat. The 
short-term marker of PPAR γ activation in plasma 
is an increase in levels of the adipocytokine adi-
ponectin, which increases insulin sensitivity in 
liver and muscle [ 23 ,  24 ]. The fi rst animal results 
with PPAR δ agonists L165041 and GW501516 
were reported in 1999 by researchers at Merck 
and in 2001 at Glaxo [ 25 ,  26 ].  

    The PPAR Machinery 

 The PPAR machinery is similar to other nuclear 
receptors with sequential complexes of coactiva-
tors and corepressors with enzymatic activities 
(for review, see Rosenfeld 2006) [ 27 ] and a series 
of metabolic transformations that turn PPARs 
toward activation or direct them to degradation 
(Fig.  19.2 ). The role of these different proteins, 
their metabolic transformations, and the concept 
of selective PPAR modulator are summarized in 
the next sections. Without ligand the transcrip-
tion of DNA into messenger RNA is usually 
repressed by the binding of corepressors on the 
heterodimer PPAR–RXR, and chromatin is com-
pacted (Fig.  19.3 ). With the presence of ligand in 
the ligand binding domain, the structural changes 
in the AF-2 region permit to replace corepressors 
by coactivators, to associate remodeling of 
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 chromatin by acetylation of histones, in order for 
RNA polymerase to access the DNA and initiate 
transcription (Fig.  19.4 ). One important aspect 
common to PPAR activation is transrepression of 
infl ammatory genes under the control of nuclear 

factor kappa B (NFκB) or activated protein (AP) 
1. This transrepression is an indirect effect since 
there is no PPRE in the promoter. This was shown 
for PPAR γ on induction of tumor necrosis factor 
(TNF) α by phorbol myristate acetate in human 

  Fig. 19.2    PPAR network. Upon activation with ligand, 
PPAR heterodimerizes with RXR α and activate target 
genes (transactivation). Phosphorylation has opposite 
effect transactivation for PPAR α or its inhibition for 
PPAR γ. Sumoylation of PPAR is associated with transre-
pression which prevents transcription of NFκB or AP-1-

dependent infl ammatory genes and with a reduction of 
degradation in the proteasome. CDK5, cyclin-dependent 
kinase 5; ERK MAPK, mitogen- activated kinase; PKA 
PKC AMPK, protein kinase A or C and AMP-activated 
kinase; NCoR, nuclear corepressor; HDAC3, histone 
deacetylase 3       

  Fig. 19.3    Corepressor complex: without ligand, PPAR 
and RXR α are linked to their PPRE direct repeat 
(AGGTCA n AGGTT) by the DNA binding domain; the 
corepressors NCoR and SMRT prevent DNA transcrip-

tion. AF1 AF2 ligand- independent transactivation domains 
1 and 2; DBD, DNA binding domain; LBD, ligand binding 
domain; NCoR, nuclear corepressor; SMRT, silencing 
mediator for retinoid and thyroid hormone       
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monocytes/macrophages [ 28 ], for PPAR α on 
human aortic smooth muscle cells and  interleukin 
(IL)-1-induced IL6 expression [ 29 ,  30 ], and for 
PPAR δ with expression of monocyte chemoat-
tractant protein (MCP)-1 [ 31 ]. In human endo-
thelial cells, fenofi brate and L165041, but not 
rosiglitazone, inhibited TNF α-induced mono-
cyte adhesion, vascular cell adhesion molecule-1 
(VCAM-1) expression, and monocyte chemotac-
tic protein-1 (MCP-1) secretion through inhibi-
tion of nuclear P65 translocation, necessary for 
NFκB activation [ 32 ].

        PPAR Coactivators and Corepressors 

 The main PPAR coactivator, or at least the best 
studied one, is peroxisome proliferator-activated 
receptor γ coactivator 1 α (PGC-1 α) [ 33 ]. 
Through a number of transcription factors, 
including PPARs, PGC-1 α modulates numerous 
metabolic pathways in the liver, skeletal and car-
diac muscle, and adipose tissue, including gluco-
neogenesis and glycolysis, fatty acid synthesis, 
and oxidation. Indeed, PGC-1 α itself is subject 
to the same modulations as PPAR (see below 
through phosphorylation, ubiquitination, or 
sumoylation). Other PPAR coactivators are ste-
roid receptor coactivator 1 (SRC1) and cyclic 

adenosine 5′-monophosphate (cAMP) response 
element binding protein (CBP/P300) which pos-
sess histone acetyltransferase activity, leading to 
the decondensation of chromatin which is neces-
sary for gene transcription. 

 The main PPAR corepressors, nuclear recep-
tor corepressor (NCoR) and silencing mediator 
for retinoid and thyroid hormone (SMRT), are 
associated with histone deacetylase activity 
which maintain chromatin in a compact state. 
The role of NCoR was studied by specifi cally 
knocking out its gene in mouse adipocytes (AKO) 
or muscle (MKO). MKO mice were able to run 
longer than normal mice [ 34 ]. AKO mice had 
higher insulin sensitivity in liver, muscle, and 
adipose tissue than normal mice, with limited 
additional effect of rosiglitazone since PPAR γ 
target genes were already derepressed by NCoR 
deletion [ 35 ]. The effects of rosiglitazone to 
cause hemodilution were the same in AKO and 
normal mice. In MKO mice, exercise capacity 
and mitochondrial oxidation are enhanced by the 
loss of a transcriptional cofactor in muscle cells 
through modulation of transcription factors that 
includes PPAR δ. SMRT is a protein structurally 
similar to NCoR, which possesses different 
receptor interaction domains (RID) for different 
nuclear receptors, called RID2 for PPAR or RXR 
or RID1 for retinoid acid receptor [ 36 ].  

  Fig. 19.4    Coactivator complex: with fi xation of ligands, 
conformational changes in ligand binding domain permit 
replacement of corepressors by coactivators, of which the 

enzymatic activities acetylate, phosphorylate, or methylate 
the chromatin allowing access to DNA or RNA polymerase 
and initiation of transcription into copies of messenger RNA       
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    Phosphorylation 

    Phosphorylation of PPAR γ by extracellular sig-
nal-related kinase (ERK) 1 at serine 112 inhibits 
adipogenesis [ 37 ]. Phosphorylation of PPAR α 
on serine residues in the ligand-independent 
transactivation domain AF-1 in response to insu-
lin increases transcription activity through disso-
ciation of corepressors [ 38 ]. HMG-CoA reductase 
inhibitors (“statins”) have been shown to stimu-
late PPAR α transcription by reducing its phos-
phorylation in HepG2 cells, a synergistic effect 
with fenofi bric acid [ 39 ]. Transcriptional activa-
tion of PPAR α by bezafi brate was dose-depend-
ently increased by statins in human kidney 293T 
cells. In addition, concomitant administration of 
fenofi bric acid and pitavastatin decreased the 
transactivation of NFκB induced by phorbol 
myristate acetate (PMA) [ 40 ]. Data on PPAR δ 
phosphorylation are limited to the location of 
predicted consensus phosphorylation sites and 
inhibition of PPAR δ activation by kinase inhibi-
tors [ 41 ]. 

 It was shown recently that phosphorylation of 
PPAR γ at serine 273 by activated CDK5 leads to 
a loss of transcription of PPAR γ in adipocytes 
[ 42 ]. The cyclin-dependent kinase (CDK) 5, 
which is present in the cytoplasm and the nucleus, 
is activated by phosphorylation at tyrosine 15 
within a high glucose milieu and IL1β, by TNF α, 
or by high-fat diet. This fi nding permitted the 
same authors to discover new small molecules 
binding to PPAR γ blocking CDK5 serine 273 
phosphorylation, like thiazolidinediones (TZDs), 
with potent antidiabetic activity in insulin- resistant 
mice fed with a high-fat, high-sugar diet, without 
causing fl uid retention and weight gain [ 43 ].  

    Ubiquitination 

 Proteins are degraded in the proteasome after 
fi xation on lysine residues of repeated sequences 
of a small 76AA polypeptide called ubiquitin. In 
the absence of their ligands, PPARs are rapidly 
degraded by this process. The degradation of 
PPAR γ is increased by different TZD ligands 
[ 44 ]; conversely, ubiquitination of PPAR α is 
reduced transiently with different fi brate ligands 

[ 45 ], and ubiquitination of PPAR δ is markedly 
reduced by PPAR δ agonists [ 46 ].  

    Sumoylation 

 Sumoylation is the attachment of another poly-
peptide of 101 amino acids called SUMO, for 
small ubiquitin-like modifi er. Sumoylation at a 
lysine in the ligand binding domain of PPAR γ is 
the mechanism which converts activation of tran-
scription by rosiglitazone into repression of NFκB 
or activator protein (AP) 1 in murine macro-
phages. This prevents ubiquitination of NCoR to 
maintain repression of infl ammatory genes such 
as inducible NO synthase [ 47 ]. In adipose tissue, 
sumoylation of PPAR γ, which reduces the effect 
of rosiglitazone, is increased in the absence of the 
hepatokine fi broblast growth factor (FGF) 21 [ 48 ]. 

 Similarly, sumoylation at lysine 185 has been 
identifi ed in the hinge region of PPAR α [ 49 ]. To 
date, a potential sumoylation site for PPAR δ has 
been suggested on lysine 185, as for PPAR α. 

 Posttranslational regulation of PPARs by dif-
ferent patterns of mono- or polyubiquitination, as 
well as by mono- or polysumoylation, has been 
recently reviewed by Wadosky and Willis [ 50 ]. 
This review also reports that the coreceptor 
RXRα and the coactivators PGC-1α can be ubiq-
uitinated or sumoylated, adding to the complex-
ity of these regulatory processes.  

    Acetylation 

 Acetylation and deacetylation of genes are major 
processes affecting gene expression through 
decondensation and recondensation of chromatin. 
It also affects proteins. The fi rst nuclear receptors 
shown to be acetylated were the androgen–estro-
gen receptors; this has not been shown clearly for 
PPAR [ 51 ]. However, their key coactivator PGC-1 
α is inactivated by acetylation in high-energy 
states or deacetylated by sirtuin 1 in low-energy 
states [ 52 ]. The nicotinamide adenine dinucleo-
tide (NAD)-dependent histone deacetylases or 
sirtuins by interacting with PPARs and their 
coactivators thus provide a new level of complex-
ity to the regulation of nuclear receptors [ 53 ].  

J.C. Ansquer and C. Foucher



363

    Partial Agonists or SPPARMs 

 A partial agonist is a ligand that induces a sub-
maximal response even at full receptor occu-
pancy. It can also reduce the full PPAR γ agonist 
response. For instance, in comparison with rosi-
glitazone, troglitazone is a full agonist on murine 
3T3L1 adipocytes but a partial agonist in muscle 
C2C12 myotubes and HEK293T kidney cells 
[ 54 ]. Olefsky proposed to name selective PPAR 
modulators (SPPARMs); such products differ 
from full agonists by differential regulation of 
target genes [ 55 ]. SPPARMs are designed to sep-
arate effi cacy and adverse effect dose–response 
curves. This concept was already developed in 
nuclear receptor pharmacology, with selective 
estrogen receptor modulators (SERMs), such as 
tamoxifen or raloxifene, which recruit corepres-
sors such as NCoR to the AF-2 region, whereas 
estradiol recruits coactivators such as the gluco-
corticoid receptor-interacting protein 1 (GRIP1) 
[ 56 ] or with selective vitamin D modulators such 
as paricalcitol with differential recruitment of 
coactivators than calcitriol, the active form of 
vitamin D [ 57 ]. 

 Increasing concentrations or doses with full 
PPAR γ agonists lead to greater effi cacy but 
greater adverse events, such as weight gain and 
volume expansion. 

 PPAR γ partial agonists such as balaglitazone 
or INT131 displace a full agonist such as rosigli-
tazone. Metaglidasen, the (−) stereoisomer of 
halofenate, tested in the 1990s as a lipid-lowering 
agent, is another selective partial PPAR γ modula-
tor and is still in clinical development for its urico-
suric activity. They bind the same pocket as TZDs, 
which is required to block PPAR γ phosphoryla-
tion, but induce different conformational changes 
in PPAR γ, leading to different recruitment of 
coactivator/corepressor. As an example, INT131 
induces less recruitment of DRIP205 (vitamin 
D-interacting protein 205), a coactivator involved 
in lipid accumulation than rosiglitazone or piogli-
tazone in HEK cells [ 58 ]. The same fi nding was 
reported with fi brates: gemfi brozil induced less 
recruitment of DRIP205 than fenofi brate and 
behaves as a partial agonist to increase apoA-I 
activation. This translated in a comparative trial in 
dyslipidemic patients to a larger increase in apoA-I 

levels, a protective apoprotein in HDL, with feno-
fi brate than with gemfi brozil [ 59 ].   

    Effects of PPAR Agonists in Diabetes 

 This review is limited to PPAR activators or ago-
nists which entered clinical development in dia-
betes and/or dyslipidemia (Table  19.1 ). Few 
PPAR antagonists were synthesized and they 
were not developed for the treatment of diabetes 
[ 60 ]. GW6471, a potent PPAR α antagonist, is 
used as a pharmacological agent to test whether 
an effect is PPAR dependent or PPAR indepen-
dent. GW9662 is a PPAR γ antagonist which pro-
motes the recruitment of NCoR. Finally, 
GSK0660 and GSK3787 are PPAR δ antagonists 
for pharmacological use.

   The organs implicated in glucose control are 
listed in Table  19.2 . With their direct effects on 
gene expression and their indirect effects on 
infl ammation, and according to their tissue distri-
bution, PPARs affect most of these organs, 
beyond the liver for PPAR α, the adipose tissue 
for PPAR γ, and the skeletal muscle for PPAR δ. 
In the kidney, they have different locations: PPAR 
α is located mainly in the proximal tubule, the 
medullary thick ascending limb, and in the 
mesangium; PPAR γ in the distal medullary col-
lecting duct and glomeruli; and PPAR δ in a dif-
fuse fashion as in other organs [ 62 ]. In the brain, 
the interplay of PPAR subtypes has been shown 
in cultures of astrocytes, where the three sub-
types are present. Combined application of PPAR 
γ and PPAR δ activators increased cyclooxygen-
ase 2 expression induced by lipopolysaccharide, 
whereas the additional application of a PPAR α 
agonist abolished this effect [ 63 ].

   In the pancreas, the three PPARs are expressed 
in pancreatic β cells. PPAR α modulates fatty 
acid oxidation and PPAR γ directs them toward 
esterifi cation.    Although PPAR δ is the most abun-
dant PPAR in the pancreas at the mRNA and the 
protein level, until recently its effects on fatty 
acid oxidation have been less well studied [ 64 ]. 
PPAR δ activation increases fatty acid oxidation 
and to a larger extent than PPAR α activation. In 
the pancreas, fatty acids acutely potentiate 
glucose- stimulated insulin secretion (GSIS), but 
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their chronic exposure elevates basal insulin 
secretion and alters GSIS, a phenomenon called 
lipotoxicity. 

 Discordant results are reported in the litera-
ture with PPAR α or PPAR γ agonists. PPAR α 
was described to potentiate and PPAR γ to attenu-
ate GSIS in INS-1E cells, an immortalized insuli-
noma rat cell line [ 65 ]. On the contrary, in vivo, 
the PPAR α agonist fenofi brate impaired GSIS in 
neonatal rats receiving monosodium glutamate to 
induce obesity, while pioglitazone, a PPAR γ 
agonist, increased it in db/db mice [ 66 ,  67 ]. 

This discordance might be explained by the low 
expression level of PPAR γ in INS-1E cells. 

 Activation of PPAR δ by unsaturated FAs or a 
synthetic ligand enhanced GSIS in primary rat 
islets or INS-1E cells without affecting basal 
insulin secretion [ 64 ]. In order to maintain β cell 
function, PPAR δ would play a role of lipid 
sensor to adjust the mitochondrial fatty acid 
oxidation. It was recently suggested that 
4-hydroxynonenal (4-HNE) was one endogenous 
activating ligand of PPAR δ [ 68 ]. The level of 
reactive oxygen species (ROS), such as 4-HNE, 

   Table 19.1    Phase of clinical development reached by PPAR agonists   

 PPAR α  PPAR γ  PPAR α/γ  PPAR δ  Pan-PPAR 

 Marketed  Bezafi brate 
 Ciprofi brate 
 Fenofi brate 
 Gemfi brozil 
 Clinofi brate 
 Etofi brate 

 Pioglitazone 
 Rosiglitazone 

 No more marketed  Clofi brate     Troglitazone 
 Phase 3  Balaglitazone 

 Metaglidasen a  
 Rivoglitazone a  
 Ciglitazone 
 Farglitazar b  

 Aleglitazardd 
 Lobeglitazone 
 Muraglitazar 
 Ragaglitazar 
 Tesaglitazar 
 Imiglitazar 
 MK767 

 Phase 2  K877 
 ZYH7 
 AVE8134 
 GW590735 
 KRP-105 
 LY518674 
 CP778875 

 INT131 
 MBX2044 
 FK614 

 Cevoglitazar 
 Naveglitazar 
 Sipoglitazar 

 MBX8025 
 GW501516 
 GW0742 
 L165041 

 GFT505 c  
 Chiglitazar 
 Indeglitazar 
 Sodelglitazar 
 Netoglitazone 

   a Discontinued in diabetes 
  b Discontinued in hepatic fi brosis (McHutchison et al., 2010) [ 61 ] 
  c PPAR α/δ
dWithdrawn from clinical development in July 2013  

   Table 19.2    Organs implicated in glucose control   

 PPAR α  PPAR γ  PPAR δ 

 Liver  Increase in fat oxidation and apoA-1 
    increase insulin sensitivity 

 Decrease in steatosis 
 Increase insulin sensitivity 

 Skeletal muscle  Increase insulin sensitivity  Increase in fat oxidation 
and energy expenditure 

 Adipose tissue  Reduction in infl ammatory 
adipocytokines 

 Increase in adipocyte 
differentiation and 
adiponectin release 

 Pancreas  Amplifi cation of glucose- 
induced insulin secretion 

 Gut  Anti-infl ammatory  Increase in GLP1 production 

 Vascular wall  Increase in NO synthesis 
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is essential to β cell function, as low-level ROS 
production increases glucose-induced insulin 
secretion, whereas high levels of ROS can induce 
β cell apoptosis. 

 GSIS is also linked to infl ux of calcium ions to 
the cytosol induced by depolarization from the 
voltage-dependent Ca ++  channel. In INS-1 cells, 
the    sarco-endoplasmic reticulum Ca ++  ATPase 
(SERCA2) pump maintains intracellular Ca ++  
homeostasis, in particular, a high Ca ++  level in the 
endoplasmic reticulum. The expression of this 
pump is decreased in animal models of diabetes 
and in diabetic human islets. Pioglitazone directly 
increases expression of SERCA2 through tran-
scription of the gene and indirectly through pre-
vention of CDK5-induced phosphorylation of 
PPAR γ [ 69 ]. This experiment suggests that 
blocking CDK5 could permit to dissociate posi-
tive effects on glucose homeostasis from other 
effects from PPAR γ agonists. 

    Effects of PPAR Agonists in Type 1 
Diabetes 

 Clinical studies with PPAR agonists in type 1 dia-
betes (T1DM) are limited to their effects on lipid 
or glucose markers. One placebo-controlled ran-
domized study was conducted with fenofi brate in 
44 patients with T1DM to assess its effect alone 
or in combination with vitamin E for 8 weeks on 
copper-induced oxidation of LDL and VLDL 
particles [ 70 ]. The lag time of oxidation was sig-
nifi cantly prolonged by fenofi brate 200 mg + vita-
min E 400 IU. A placebo-controlled randomized 
study is in the planning stage to evaluate the 
effects of fenofi brate on progression of diabetic 
retinopathy in 400 adults with T1DM (  http://clin-
icaltrials.gov/ct2/show/NCT01320345    ) [ 71 ]. The 
lipid-modifying effects of bezafi brate in T1DM 
were evaluated in earlier placebo-controlled stud-
ies [ 72 ,  73 ]. Of note, this fi brate, now considered 
as an archetype pan- PPAR agonist in transactiva-
tion assays, did not improve HbA1c after 3 
months of treatment [ 40 ,  74 ]. 

 Three placebo-controlled randomized studies 
have been reported with TZDs in T1DM patients 
on insulin therapy, with modest insulin-sparing 
effects as compared to those observed in T2DM. 

In 50 overweight adults with T1DM, an 8-month 
intervention to achieve glycated hemoglobin 
level of 7.0 % required an 11 % increase in the 
daily dose of insulin in the placebo group, but no 
change in the rosiglitazone group [ 75 ]. In 36 
T1DM adolescents aged 10–18 years, the dose of 
insulin was increased by 9 % with placebo and 
reduced by 6 % with rosiglitazone after 6 months 
of treatment, with HbA1c remaining stable 
around 8.5 % [ 76 ]. In 60 lean T1DM patients 
aged 14 years or more, 6-month treatment with 
pioglitazone was associated with a signifi cant 
decrease in HbA1c (0.2 %) and in postprandial 
glucose levels (0.7 mmol/L) in the intervention 
group only, with no changes in insulin doses [ 77 ]. 
In patients with slowly progressive T1DM, diag-
nosed by the presence of glutamic acid decarbox-
ylase (GAD) antibodies, an insulin-requiring 
state defi ned by HbA1c and post-glucose 
C-peptide levels was reached at 4 years in 4/4 
subjects randomized to pioglitazone as compared 
to 1/5 subjects randomized to metformin [ 78 ]. 
Thus, the effects of TZD in T1DM sharply differ 
from those reported for T2DM prevention with 
troglitazone in TRIPOD [ 79 ], rosiglitazone in 
DREAM [ 80 ], and, more recently, pioglitazone 
in ACT-NOW [ 81 ] and from their effects on glu-
cose control in people with established T2DM.  

    Effects of PPAR Agonists in Type 2 
Diabetes and Dyslipidemia 

 For the treatment of T2DM, the fi rst TZD PPAR 
γ agonist troglitazone was introduced in the USA 
in October 1997 and was withdrawn in March 
2000 for hepatic toxicity. Rosiglitazone and pio-
glitazone were introduced in the USA in 1999 
and in Europe in 2000. In Japan, pioglitazone 
was introduced in 1999 and rosiglitazone in 
2003. The effects of pioglitazone on macrovascu-
lar events in 5,238 T2DM patients were reported 
in 2005 [ 82 ]. Although the study primary end 
point was not reached, there was a signifi cant 
16 % reduction in the main secondary end point, 
which included death from any cause, acute non-
fatal myocardial infarction, or stroke. The effect 
of TZDs on diabetes control and the controversy 
about their hazard on cardiovascular events have 

19 The PPAR System in Diabetes

http://clinicaltrials.gov/ct2/%20show/NCT01320345
http://clinicaltrials.gov/ct2/%20show/NCT01320345


366

been the subject of numerous reviews in the last 5 
years [ 83 – 85 ]. 

 The fi rst request for approval of a PPAR α/γ 
dual agonist, muraglitazar, was submitted to the 
Food and Drug Administration (FDA) for regis-
tration but was withdrawn in May 2006 after a 
combined analysis of clinical studies indicated an 
increased cardiovascular risk [ 86 ]. Such an 
increase in cardiovascular risk led to the suspen-
sion of registration of rosiglitazone in Europe in 
September 2010 and severe limitations to its use 
in the USA. Finally, in June 2011, pioglitazone 
was withdrawn from some European markets due 
to increased risk of bladder tumors, a decision 
not endorsed by the European Medicines Agency. 

 Discontinuation of the development of PPAR 
agonists occurred for multiple reasons: toxicity of 
the compound (vascular or bladder tumors in 
rodents with MK767 or ragaglitazar, respectively), 
long duration of development, clinical adverse 
events, expectation not to be better than existing 
drugs, and stopping of development efforts in the 
cardiometabolic domain. In particular, the FDA 
requested in July 2004 that 2-year rodent carcino-
genicity studies be completed and reviewed before 
proceeding to phase 3 studies of more than 6-month 
duration. This decision was made after the evalua-
tion of carcinogenicity in rodents for 11 PPAR ago-
nists, with the observation of hemangioma/
hemangiocarcinoma with 8/11 compounds and 
urinary bladder/renal pelvic transitional cell carci-
nomas with 5/6 PPAR α/γ dual agonists and piogli-
tazone (  www.fda.gov/downloads/Drugs/Guidance
ComplianceRegulatoryInformation/Guidances/
UCM071624.pdf    ) [ 87 ]. In addition, the FDA 
requested in December 2008 that new antidiabetic 
agents had to demonstrate through randomized, 
prospective clinical trials that they do not increase 
risk for cardiovascular events (  www.fda.gov/
downloads/Drugs/Guidance Compliance 
RegulatoryInformation/Guidances/UCM071627.
pdf    ) [ 88 ]. The thiazolidinedione intervention with 
vitamin D evaluation (TIDE) study, a large inter-
vention study to assess the effect of the existing 
TZDs pioglitazone and rosiglitazone on cardiovas-
cular events, planned in 16,000 T2DM patients 
at risk of CVD events was initiated in 2009 
but stopped by the FDA 1 year later leaving 

 uncertainty about the risks and benefi ts from TZDs 
(TIDE 2012) [ 89 ]. The authors stated that, had this 
study been initiated earlier, it would have provided 
clear evidence regarding the effi cacy and safety of 
rosiglitazone and pioglitazone. 

 Currently the number of PPAR agonists in 
phase 2 or phase 3 of clinical development in dia-
betes and/or dyslipidemia has been markedly 
reduced as compared to the mid-2000s 
(Table  19.3 ).

   The most promising was aleglitazar, a PPAR 
α/γ dual agonist with a large intervention study 
ALECARDIO underway in 7,000 T2DM patients 
with a recent acute coronary syndrome. They will 
be randomized to aleglitazar 150 µg or placebo 
and followed until there have been 950 primary 
events (cardiovascular death, nonfatal  myocardial 
infarction, and nonfatal stroke) and for a mini-
mum of 2.5 years for each participant (  http://
clinicaltrials.gov/ct2/show/NCT01042769)     [ 90 ]. 
The dose of 150 µg was thought to offer glyce-
mic control equal to pioglitazone and a more 
favorable effect on the lipid profi le. The PPAR α 
component is responsible for a dose-related 
increase in circulating creatinine levels, with a 
17 % reduction in measured glomerular fi ltration 
rate at the 600 µg dose [ 91 ,  92 ]. Another PPAR 
α/γ dual agonist, lobeglitazone or CKD-501, is 
currently recruiting T2DM patients in a 6-month 
comparative trial with pioglitazone (  http://clini-
caltrials.gov/ct2/show/NCT01106131    ) [ 93 ]. 

 Two PPAR α agonists are in phase 2 of devel-
opment for treatment of dyslipidemia in compari-
son with fenofi brate (K877 Kowa and ZYH7 
Zydus   http://clinicaltrials.gov/ct2/results?term=
01539616    ) [ 94 ]. The PPAR γ SPPARMs balagl-
itazone and INT131 appear to be as effective as 
pioglitazone on HbA1c levels but cause less 
weight gain in 6-month trials (  http://clinicaltrials.
gov/ct2/show/NCT00631007    ) [ 95 ,  96 ]. 

 Clinical studies with PPAR δ activators have 
been limited to short-term mechanistic studies. In 
healthy volunteer and in moderately obese sub-
jects with dyslipidemia, GW501516 10 mg once 
daily (od) for 2 weeks reduced fasting and post-
prandial triglyceride (TG) levels by 30 %, liver 
fat measured by magnetic resonance imaging by 
20 %, and urinary isoprostane levels, a marker of 
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oxidative stress, by 30 %. In a skeletal muscle 
biopsy of the thigh, the expression of carnitine 
palmitoyltransferase 1b, which permits fatty 

acid to enter the mitochondria, was increased 
suggesting increased fat oxidation [ 97 ]. In a 
 randomized, placebo-controlled, crossover trial, 

   Table 19.3    Effects of recent PPAR agonists on lipids, glycated hemoglobin, and weight   

 Design/PPAR agonist  Study groups 
 HDL-C 
%change 

 TG 
%change 

 HbA1c 
%change 

 Weight 
change 

 Nissen [ 20 ]  R,DB,6PG, 12 weeks 
  N  = 309 dyslipidemic 
 LY518674 
 PPAR α 

 Placebo 
 Feno 200 mg 
 LY 10 µg 
 LY 25 µg 
 LY 50 µg 
 LY 100 µg 

  −1 % 
 +14 % 
 +10 % 
 +16 % 
 +11 % 
  +2 % 

  +1 % 
 −33 % 
 −36 % 
 −41 % 
 −42 % 
 −35 % 

 N/A  N/A 

 NCT00631007 
[ 96 ] 

 R,DB,6PG, 24 weeks 
  N  = 367 T2DM on 
metformin/sulfonylurea 
 INT-131 
 PPAR γ 

 Placebo 
 Pio 45 mg 
 0.5 mg 
 1 mg 
 2 mg 
 3 mg 

 N/A  N/A  −0.1 % 
 −0.9 % 
 −0.3 % 
 −0.6 % 
 −0.9 % 
 −1.0 % 

 0/61 
 6/60 
 0/60 
 2/61 
 1/63 
 4/61 

 Henriksen [ 95 ]  R,DB,4PG, 26 weeks 
  N  = 409 T2DM on insulin 
 Balaglitazone 
 Partial PPAR γ 

 Placebo 
 Pio 45 mg 
 Bala 10 mg 
 Bala 20 mg 

 N/A  N/A  +0.7 % 
 −0.5 % 
 −0.3 % 
 −0.4 % 

 +0.5 kg 
 +5 kg 
 +3.5 kg 
 +5 kg 

 Henry [ 91 ]  R,DB,6PG, 16 weeks 
  N  = 332 T2DM 
 Aleglitazar 
 PPAR α/γ 
 SYNCHRONY 

 Placebo 
 Pio 45 mg 
 Ale 50 µg 
 Ale 150 µg 
 Ale 300 µg 
 Ale 600 µg 

 + 4 % 
 +16 % 
 +12 % 
 +25 % 
 +28 % 
 +27 % 

 +15 % 
 −10 % 
 −15 % 
 −30 % 
 −35 % 
 −40 % 

 +0.4 % 
 −0.3 % 
  0.0 % 
 −0.45 % 
 −0.7 % 
 −1.1 % 

 −0.8 kg 
 +1.1 kg 
 −0.2 kg 
 +0.5 kg 
 +1.2 kg 
 +2.7 kg 

 Sanwald-
Ducray [ 102 ] 

 R,DB,7PG, 6 weeks 
  N  = 65 T2DM 
 Aleglitazar 
 PPAR α/γ 

 Placebo 
 Ale 20 µg 
 Ale 50 µg 
 Ale 100 µg 
 Ale 300 µg 
 Ale 600 µg 
 Ale 900 µg 

  +3 % 
  −3 % 
 +15 % 
 +25 % 
 +18 % 
 +20 % 
 +15 % 

 +10 % 
  −5 % 
 −15 % 
 −20 % 
 −35 % 
 −25 % 
 −35 % 

 N/A  −0.2 kg 
  0.0 kg 
 −0.2 kg 
 −0.7 kg 
 −0.2 kg 
 +1.1 kg 
 +1.5 kg 

 NCT00196989 
GSK [ 101 ] 

 R,DB,7PG, 16 weeks 
  N  = 352 T2DM on diet 
and/or metformin 
 GW677954 
 Sodelglitazar 
 PPAR α/γ/δ 

 Placebo 
 Pio 30/45 mg 
 GW 2.5 mg 
 GW 5 mg 
 GW 10 mg 
 GW 15 mg 
 GW 20 mg 

  −0.5 % 
 +10 % 
 +11 % 
 +15 % 
 +18 % 
 +16 % 
 +18 % 

  −9 % 
 −10 % 
 −12 % 
 −27 % 
 −34 % 
 −26 % 
 −25 % 

 −0.4 % 
 −1.1 % 
 −0.35 % 
  0.0 % 
 −0.3 % 
 −0.2 % 
 −0.2 % 

 N/A 

 Bays [ 99 ]  R,DP,6PG, 8 weeks 
  N  = 181 dyslipidemia 
 MBX-8025 
 PPAR δ 

 Placebo 
 Atorva 20 mg M 50 mg 
 M 100 mg 
 A20 + M 50 mg 
 A20 + M 100 mg 

  +1 % 
  +2 % 
 +10 % 
 +13 % 
 +13 % 
  +2 % 

  −5 % 
 −18 % 
 −32 % 
 −33 % 
 −35 % 
 −31 % 

 N/A  Unchanged 

 Cariou [ 100 ]  R,DB, 2PG, 5 weeks 
  N  = 47 prediabetes 
 GFT505 
 PPAR α/δ 

 Placebo 
 GFT505 80 mg 

  −3 % 
  +7 % 

  −4 % 
 −32 % 

 N/A  N/A 

   R  randomized,  DB  double blind,  PG  parallel group,  Atorva  atorvastatin,  Feno  fenofi brate,  N/A  not available,  Pio  piogli-
tazone,  T2DM  type 2 diabetes. If not provided, percent changes are estimated from fi gures or calculated from actual 
means before and after treatment  
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13 obese dyslipidemic subjects received 
GW501516 2.5 mg once daily for 6 weeks. The 
GW501516 reduced apoC-III production, 
increased VLDL-apoB catabolism, and increased 
apoA-II production and HDL-cholesterol (HDL-
C) levels [ 98 ]. MBX8025, another specifi c PPAR 
δ agonist, was recently reported to reduce TG and 
increase HDL-C levels alone or in combination 
with a statin in 181 dyslipidemic patients treated 
for 8 weeks [ 99 ]. GFT505 is a PPAR α/δ cur-
rently in phase 2 with a recently completed 
3-month study in T2DM [ 100 ]. The fi rst pan-
PPAR agonist advanced to phase 2 was 
GW677954 or sodelglitazar which was discon-
tinued from clinical development due to safety 
concerns. Chiglitazar is another pan-PPAR ago-
nist in development in China.   

    Conclusion and Perspectives 

 The pharmacology of PPARs, one family of 
nuclear receptors, is extremely complex as it reg-
ulates energy stores in major organs through 
modulation of genes in lipid and carbohydrate 
metabolism as well as adaptation to stress, fast-
ing, and feeding. The natural ligands for PPARs 
are fatty acids and prostaglandins. Their fi rst syn-
thetic ligands are fi brates for PPAR α; thiazoli-
dinediones for PPAR γ; within the last 10 years 
description of few PPAR δ agonists; and then 
dual and pan-PPAR agonists. Most of these well- 
designed products have been discontinued from 
clinical development for various reasons from 
animal toxicity and clinical safety to no advan-
tage over existing drugs or hurdles to substantiate 
it. Currently, the most advanced new PPAR ago-
nist is aleglitazar, a dual PPAR α/γ agonist, which 
is being evaluated for the prevention of cardio-
vascular events in people with type 2 diabetes 
and a recent acute coronary syndrome. The pre-
vention and treatment of microvascular events, as 
shown with fenofi brate, now in clinical use for 40 
years, should represent another area of research 
for new products. The anti-infl ammatory effects 
of PPAR agonists have been well documented 
in animal experiments, although their potential 
in human disease is yet to be demonstrated. 

The search for natural PPAR ligands has been 
encouraged by the recent discovery that phospha-
tidylcholine derivatives can activate PPAR α and 
should continue for other PPARs and orphan 
nuclear receptors.     
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           Introduction 

 Coronary heart disease (CHD) and ischemic 
stroke are both primarily due to atherosclerosis. 
Due to their common pathophysiology, they are 
often considered together under the term of car-
diovascular disease (CVD). CVD is the leading 
cause of morbidity and mortality in the United 
States [ 1 ], with over three-quarters of a million 
new cases of CHD and a similar number of 
strokes each year. Lowering of levels of low- 
density lipoprotein-cholesterol (LDL-C) with 
statin monotherapy is well proven to reduce CVD 
events by about 20–50 % [ 2 ]. Importantly, the 
degree of risk reduction is proportional to the 
degree of LDL-C decrease—21 % CVD event 
decrease per 39 mg/dL (1 mmol/L) LDL-C 

decrease [ 2 ]—and an identical 21 % decrease per 
39 mg/dL decrease is seen in patients with diabe-
tes mellitus type 2 (DM-2) [ 3 ]. Due to higher 
overall CVD risk in DM-2 (other risk factors 
being equal), the absolute risk reduction is greater 
than in those without DM-2, and only 24 patients 
with DM-2 would need a statin-induced 39 mg/
dL decrease in LDL-C for 5 years to prevent one 
major CVD event. Although such treatment is 
clinically useful and generally cost-effective, it is 
important to note that the majority of CVD 
events, roughly 50–80 %, still occur despite statin 
treatment [ 4 – 7 ]. Of course, there is considerable 
interest in learning how to reduce this large resid-
ual risk. This is especially true in patients with 
high CVD risk due to strong risk factors such as 
DM-2, among whom the 50–80 % residual CVD 
risk is thus larger in absolute terms. 

 Much of the excess CVD risk in DM-2 appears 
to come from the characteristic “atherogenic dys-
lipidemia” often seen with this disorder. It con-
sists of high plasma triglyceride (TG) levels, low 
HDL-C levels, and an increased number of 
smaller, denser LDL particles and usually with-
out elevated LDL-C levels. Importantly, this clas-
sic diabetic dyslipidemia is not well addressed by 
statin treatment. Instead, it is well treated by a 
class of peroxisome proliferator activator recep-
tor (PPAR)-alpha agonists called fi brates. The 
impact of fi brates on dyslipidemia and related 
CVD risk factors, and on CVD risk itself, in 
patients with DM-2 is the focus of this chapter.  
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    Pathophysiology 
of the Atherogenic (Diabetic) 
Dyslipidemia and Atherosclerosis 

 Epidemiological studies consistently show that 
HDL-C levels are inversely associated with ath-
erosclerosis, and CVD risk [ 8 – 11 ], and that low 
HDL-C is particularly prevalent in patients with 
DM-2 [ 12 ]. Importantly, even with aggressive 
statin therapy and the achievement of low LDL-C 
levels, low HDL-C levels remain an independent 
cardiovascular risk factor, appearing to account 
for a signifi cant percentage of the residual CVD 
event risk in this setting [ 13 – 15 ]. 

 High residual CVD risk related to low HDL-C 
despite statin treatment was recently confi rmed in 
a clinical trial, Atherothrombosis Intervention in 
Metabolic Syndrome with Low HDL/High 
Triglycerides: Impact on Global Health Outcomes 
(AIM-HIGH), which recruited subjects primarily 
for prior CVD and low HDL-C levels [ 16 ]. The 
vast majority of subjects had been on statin ther-
apy prior to study entry, and as a part of the study 
protocol, all were treated with aggressive statin- 
based treatment to an LDL-C goal of less than 
80 mg/dL (median on-study LDL-C levels were 
67 or 62 mg/dL, depending on study arm, 
decreased from baseline median of 74). Although 
HDL-C levels increased with varying degrees of 
niacin treatment in both study arms, on-study 
HDL-C remained low (median 38 and 42 mg/dL, 
depending on study arm, increased from baseline 
median 35). In this setting of persistent low 
HDL-C despite extensive statin-based LDL-C 
lowering, a staggering 5.4 % of the overall subject 
population had a major CVD event per year dur-
ing the 3 years average follow-up (with or without 
added high-dose niacin treatment) [ 16 ]. Fully one-
third of the subjects had DM-2 at study entry [ 16 ]. 
It is likely, although as yet unreported, that many 
of the two-thirds of subjects without DM-2 had 
insulin resistance and that both these and subjects 
with DM-2 also had persistently high CVD rates 
despite aggressive study-related statin treatment. 

 In discussing the relationship between HDL 
levels and CVD risk, it is well to consider HDL 
composition and function. Plasma steady-state 

HDL-C levels do not directly refl ect the antiath-
erogenic and vascular protective effects of HDL 
particles. Measurement of one particular antiath-
erogenic HDL function, such as its capacity to 
promote cholesterol effl ux or to inhibit LDL oxi-
dation, can be made in cell culture systems and 
have been proposed to be more effective than 
HDL-C levels in assessing CVD risk [ 17 ]. 
Despite such promise, however, there are only 
very limited data regarding how well any particu-
lar assay of HDL function may predict athero-
sclerosis or CVD risk, and so there is no 
consensus regarding which measurement to use 
[ 18 ,  19 ]. Further, any measurement of HDL func-
tion will likely be very cumbersome for clinical 
use. In this context it is well to remember that the 
composition of a given HDL particle must deter-
mine its function(s), and thus, the appropriate 
HDL compositional assay could prove to be a 
good surrogate for measurement of HDL func-
tion. Complicating this, however, is a relative 
lack of data regarding advanced parameters of 
HDL composition, beyond total HDL-C, for 
CVD risk prediction, and the resulting lack of 
consensus regarding the HDL composition assay 
of choice. In addition to the fact that an advanced 
parameter of HDL composition is likely to be 
more diffi cult to assay than HDL-C, the relation-
ship between HDL composition and function is 
likely complicated as being not only a determi-
nant of future function but also a refl ection of 
prior function. Thus, parameters of HDL compo-
sition, such as particle size or apolipoprotein con-
tent, are likely reasonable surrogates of HDL 
function, but they require further validation in 
general and also in the particular setting of fi brate 
treatment in DM-2. 

 High TG (HTG) levels are another dyslipid-
emia commonly found in DM-2 and associated 
with increased atherosclerosis and CVD risk [ 20 ]. 
For example, studies have shown substantial 
increases in CVD risk above a TG of 200 mg/dL 
[ 21 ,  22 ]. Further, a meta-analysis of observational 
studies found a    32 % and 76 % increased risk of 
CVD in men and women, respectively, for each 
88 mg/dL increase in TG independent of HDL-C 
levels [ 23 ]. Since fi brate treatment exerts its most 
prominent lipid effect on TG levels, it is of key 
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importance in the considerations of this chapter to 
realize that plasma TG predicts CVD risk even in 
the setting of aggressive statin-based LDL-C low-
ering [ 24 – 27 ]. The association of HTG with CVD 
may be especially strong with non-fasting TG lev-
els, especially in women [ 28 ,  29 ]. 

 Despite the strength and consistency of these 
observational associations, by themselves they 
do not establish that either HTG or low HDL-C is 
a causal factor in atherosclerosis. There are many 
biological mechanisms, however, by which HDL 
may be able to prevent atherosclerosis or pro-
mote its stabilization or regression, and some of 
these have been shown to operate in human sub-
jects. This interesting and much-studied topic has 
been the object of recent reviews [ 30 – 33 ]. 

 Although there is less evidence for mecha-
nisms by which HTG could contribute directly to 
atherogenesis, compared to that for low HDL lev-
els, there are at least two ways in which TG levels 
may have direct causal effects. First, several types 
of TG-rich lipoproteins are directly atherogenic 
[ 34 ], and their excess is largely signaled by high 
plasma TG levels. Second, artery wall macro-
phages can readily lipolyze TG from TG-rich 
lipoproteins, and the products of that lipolysis can 
be pro-infl ammatory and pro-atherogenic [ 35 ]. A 
third likely contribution of HTG to atherogenesis 
is less direct. HTG is strongly associated with 
small, dense (SD) LDL particles due to exchange 
of TG for CE in the core of LDL via CETP. 
Although this initial exchange does not reduce 
core size, subsequent lipolysis of LDL TG results 
in decreased core lipid, resulting in SD LDL par-
ticles [ 36 ]. In HTG patients, a similar effect on 
HDL particles results in smaller, denser HDL and 
in accelerated renal clearance of apo A-I which is 
lost from HDL as it shrinks [ 34 ,  37 ,  38 ]. The con-
junction of these three lipid abnormalities, HTG, 
SD LDL, and low HDL-C levels, is termed “the 
atherogenic dyslipidemia,” which is relatively 
common in insulin resistance and DM-2 [ 39 ]. 

 SD LDL is associated with increased risk of 
CVD compared to larger, normal-sized LDL par-
ticles [ 40 – 43 ]. The mechanisms by which SD 
LDL appear to be more atherogenic include (1) 
increased penetration of smaller LDL from 
plasma through the endothelium into the suben-

dothelial space, (2) greater adhesion to the suben-
dothelial matrix, (3) greater susceptibility to 
become oxidized, and (4) less binding to and 
clearance by the LDL receptor [ 44 ].  

    Fibrate Effects on Lipoprotein 
Levels 

 Several studies have reported the lipid effects of 
gemfi brozil and fenofi brate (the two fi brates clin-
ically available in the USA), as outlined in two 
recent reviews, the data from which are summa-
rized in Table  20.1  [ 45 ] and Fig.  20.1  [ 46 ]. The 
greatest and most consistent effect of fi brates on 
a major lipid parameter is a decrease in TG lev-
els. In contrast with the variable changes in 
LDL-C and HDL-C levels (see below), fi brates 
always cause substantial decreases in TG levels, 
although the degree of decrease varies directly 
according to the baseline TG level (Table  20.1 ) 
[ 45 ,  46 ]. The effect of fenofi brate to reduce 
plasma TG levels is related to a signifi cant reduc-
tion in the large buoyant VLDL1 (−46.5 %; 
 P  < 0.001) which appears to be greater than in the 
smaller, denser VLDL2 (−33.3 %;  P  < 0.001) 
[ 44 ]. VLDL1-TG levels are primary determi-
nants of plasma TG and are related to SD LDL 
particles (see below).

    Fibrates may decrease, increase, or have a 
neutral effect on LDL-C levels, and baseline TG 
can be a very strong positive determinant of these 
changes (Fig.  20.2 ) [ 45 ]. The increase in LDL-C 
seen with fi brate use in the setting of a high base-
line TG level likely relates to an increase in aver-
age LDL particle size ( P  < 0.001) [ 47 – 49 ], rather 
than due to an increase in LDL particle concen-
tration. This is strongly suggested by the decrease 
in plasma apo B levels ( P  < 0.001), even when 
baseline TG is low [ 48 ], since there is one apo B 
molecule per VLDL, IDL, and LDL particle, and 
the vast majority of apo B-containing particles 
are LDL. Importantly, TG content of the large 
VLDL1 particles, which is a primary determinant 
of total plasma TG levels, is also directly related 
to the prevalence of SD LDL particles. This could 
be because large VLDL1 are direct precursors of 
SD LDL. More likely, however, it is because 
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VLDL1 drives CE depletion and TG enrichment 
of the LDL core, followed by rapid lipolysis of 
that TG, resulting in a net shrinkage of the core, 
and of the entire LDL particle [ 44 ]. Thus, the 
ability of fi brates to reduce levels of plasma TG 
in general and VLDL1 in particular appears to 
correct two major aspects of the so-called athero-
genic dyslipidemia common in DM-2: high TG 
levels and SD LDL [ 44 ].

   Low levels of HDL-C and of apo A-I clearly 
can result from HTG, by mechanisms similar to 
those for LDL size, noted above. That is, loss of 
CE and gain of TG by the HDL core is followed by 
rapid lipolysis of that TG, resulting in a net shrink-
age of the core and of the entire HDL particle. 
Shrinkage of HDL results in exit of apo A-I from 
the particle, leading to rapid glomerular fi ltration 
and permanent catabolic loss of apo A-I from the 
plasma [ 38 ,  50 ]. Interestingly, however, the 
changes in HDL composition related to lower TG 
levels [ 38 ], and for that matter, niacin treatment 

[ 51 ,  52 ], which are larger particles, increased apo 
A-I and increased Lp A-I, are the opposite of 
those seen with fi brate use, as noted below. 
This suggests that fi brate-induced lowering of 
TG levels is not the mechanism by which fi brates 
raise HDL levels. 

 In addition to the strong impact of baseline TG 
levels on fi brate lipid effects, baseline HDL-C 
levels also may alter effects of fi brate treatment 
on major lipid parameters and HDL composition. 
Fenofi brate (160 mg/day) and simvastatin 
(40 mg/day) were given for 8 weeks in 52 patients, 
with moderate to very high CHD risk, selected 
for HDL-C levels <40 mg/dL [ 49 ]. Fenofi brate 
had dramatic effects on TG and HDL-C, with a 
43 % decrease and 22 % increase, respectively, 
and baseline HDL-C was a strong inverse predic-
tor of the HDL-C increase ( R  = −0.56,  P  = 0.003). 
Despite the large increase in HDL-C with fenofi -
brate, plasma levels of the major HDL protein, 
apo A-I, did not change. In the same study, plasma 

  Fig. 20.1    Effects of gemfi brozil, fenofi brate, and clofi -
brate on major lipid parameters from a meta-analysis of 
several large randomized controlled fi brate trials. The 

name of the study or of the fi rst author and the publication 
year are noted (the numbered references are from the pub-
lication by Jun et al. [ 46 ])       
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levels of Lp A-I particles (HDL with apo A-I but 
lacking apo A-II) actually decreased following 
fenofi brate treatment but were unchanged after 
simvastatin treatment. The HDL subclass distri-
bution shifted towards smaller particles (signifi -
cant increase in small HDL and decrease in large 
HDL) with fenofi brate treatment, but no changes 
in HDL size distribution were observed with sim-
vastatin [ 49 ]. Other studies have confi rmed these 
results that fi brate treatment causes a decrease in 
average HDL size and primarily an increase in 
apo A-II content [ 48 ,  49 ,  53 ].  

    Long-Term Effects of Fibrates 
on Lipids and Lipoproteins 

 An interesting paradox of fi brate therapy is a gen-
eral lack of connection between lipid effects and 
CVD benefi ts. One manifestation is the lack of 

ability of lipid changes directly to predict reduc-
tion in CVD risk, as noted in the last section of 
this chapter. Another manifestation is that 
although lipid effects of fi brates may not be fully 
maintained throughout long-term clinical trials 
(see below), CVD effects tend to continue and 
even may increase with long-term treatment [ 54 ]. 

 In the Fenofi brate Intervention and Event 
Lowering in Diabetes (FIELD) trial, in patients 
with diabetes, fenofi brate increased HDL-C lev-
els modestly for the fi rst 2–3 years after the start 
of treatment and then returned to near baseline 
levels by the end of the study [ 55 ]. There was a 
similar result of only partial long-term persis-
tence of the initial HDL-C increase and TG reduc-
tion in the ACCORD-Lipid trial [ 56 ]. Interestingly, 
there appeared to be somewhat better preserva-
tion of HDL-C effects in the Helsinki Heart Study 
(HHS) with an average 11 % increase over the 
several years of the study [ 57 ]. Unfortunately, 

  Fig. 20.2    Baseline TG predicts change in LDL-C with fenofi brate. Data from published randomized clinical trials 
analyzed by Abourbih et al. [ 45 ]       
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obvious possible explanations of the differences 
in persistence in long-term lipid effects among 
these studies, such as differences in patient com-
pliance, do not appear to explain the discrepan-
cies in degree and durability of lipid effects.  

    Lipid and Lipid-Related Effects 
of Fibrates vs. Statins or in 
Combination with Them 

 The lipid effects of fi brates tend to be comple-
mentary to those of statins, as has been noted in 
prior reviews of various studies [ 58 ,  59 ]. For 
example, lipid effects of fenofi brate (160 mg/day) 
were compared with those of simvastatin (40 mg/
day), as noted above [ 49 ]. Fenofi brate had dra-
matic effects on TG and HDL-C, with a 43 % 
decrease and 22 % increase, respectively. In con-
trast, the TG and HDL-C changes were far less 
with simvastatin (−15 % and +6 %, respectively). 
Conversely, simvastatin signifi cantly reduced 
LDL-C and total cholesterol levels (−28 % and 
−19 %, respectively) whereas fenofi brate did not 
signifi cantly affect these parameters [ 49 ]. 

 Since the majority of dyslipidemic patients 
are treated with statins, the question of the addi-
tivity of fi brate effects on lipids to those of a 
statin is of great clinical importance. As noted in 
several studies and reviews [ 58 – 60 ], the lipid 
effects of fi brates tend to be additive (as well as 
complementary, as noted above) to those of 
statins. A special case of fi brate-statin interaction 
is the FIELD study, in which half the patients 
were randomized to double-blind fenofi brate 
treatment while statins, excluded at baseline, 
were given to a moderate number of subjects in a 
non-blinded “drop-in” fashion by non-study phy-
sicians as desired on clinical grounds. To attempt 
to assess lipid effects of fenofi brate monotherapy 
in FIELD, Hiukka et al. examined lipid parame-
ter changes with fenofi brate treatment among 
subjects followed at the Helsinki site who did not 
have drop-in statin treatment during the 5 years 
of the study [ 48 ]. Mean age of these subjects was 
62 ± 5.7 years and duration of diabetes averaged 6 
years. Differences were noted between fenofi -
brate and placebo groups for total cholesterol 

(−18.7 %;  P  < 0.001), TG (−25.8 %;  P  < 0.001), 
and LDL-C (−20.5 %;  P  < 0.001). No signifi cant 
differences were observed between fenofi brate 
and placebo groups for HDL-C levels. Part of the 
explanation for the lack of HDL-C increase may 
lie in the fact that the mean baseline levels of 
HDL-C for both fenofi brate and placebo groups 
(42.9 mg/dL) were already above the NCEP 
ATP-III cutoff for low HDL-C (<40 mg/dL) [ 61 ] 
and the fact that HDL-C increases with any agent 
are generally inversely related to baseline HDL- 
C. It must be remembered that due to the nonran-
dom nature of the statin drop-in treatment in 
FIELD, these subjects are likely not representa-
tive of FIELD subjects in general, and so inter-
pretation of lipid effects of fenofi brate in FIELD 
is unavoidably problematic.  

    Effects of Fibrates on Lipoprotein- 
Related Factors of Cholesterol 
Transport 

 A major function of HDL appears to be the pro-
motion of cholesterol removal or effl ux from 
extrahepatic cells and then delivery of that cho-
lesterol to the liver, where it can be excreted from 
the body, a process called reverse cholesterol 
transport. The initial step in this process appears 
to be through interaction of HDL with specifi c 
cell membrane transport proteins such as the 
ATP-binding cassette transporter (ABCA1) [ 62 ]. 
In contrast, the scavenger receptor B1 (SR-B1) is 
believed to play an important role in cholesterol 
transport from HDL to the liver as a last step of 
reverse cholesterol transport [ 18 ]. Using plasma 
from patients treated with fenofi brate or simvas-
tatin (as a source of HDL), cholesterol fl ux 
between cells and lipoproteins was determined in 
macrophages for ABCA1-mediated effl ux and in 
hepatoma cells for SR-B1-mediated fl ux (mea-
sured as effl ux but presumably also refl ecting the 
ability of HDL to mediate infl ux). ABCA1- 
mediated cholesterol effl ux to plasma and HDL 
was signifi cantly increased with plasma from 
fenofi brate—but not simvastatin-treated patients 
(Fig.  20.3 ) [ 49 ]. Conversely, SR-BI-mediated 
cholesterol fl ux was signifi cantly increased with 
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plasma from simvastatin—but not fenofi brate- 
treated patients (Fig.  20.3 ) [ 49 ]. Thus, a combi-
nation fenofi brate and statin therapy may be 
better than either drug alone to enhance the full 
process of reverse cholesterol transport from the 
periphery to the liver.

   Two additional factors related to HDL metab-
olism, concentration, composition, and particle 
size distribution and to reverse cholesterol trans-
port are cholesteryl ester transfer protein (CETP) 
and lecithin cholesterol acyl transferase (LCAT). 
Fenofi brate and simvastatin are reported to sig-
nifi cantly increase CETP by 17 % and 9 %, 
respectively [ 49 ]. In contrast, another study 
reported decreased CETP activity with fenofi -
brate and found that the decrease was related to 
increased LDL particle size and decreased coro-
nary intimal hyperplasia after angioplasty and 
stent placement [ 63 ]. An explanation for the con-
trast between the two studies in the fi ndings on 
fenofi brate effects on CETP activity is not readily 
available. LCAT may trend slightly, but nonsig-
nifi cantly upward with fenofi brate and simvas-
tatin therapy, by 7 % and 6 %, respectively [ 49 ].  

    Effects of Fibrates on Factors 
Related to Infl ammation and Insulin 
Resistance 

 Increased infl ammation is common in diabetes 
and appears to contribute to the excess CVD risk 
seen in this disorder. Several lines of evidence 
suggest that the inverse relationship between 

HDL-C levels and atherosclerosis may be medi-
ated in part by an anti-infl ammatory effect of 
HDL particles [ 64 ]. Thus, the low HDL-C levels 
often seen in DM-2 may be expected to contrib-
ute to the increased infl ammation seen in this dis-
order. Further, the increase in HDL-C levels seen 
with fi brate therapy might be anticipated to have 
an anti-infl ammatory effect in diabetes, as well as 
generally. 

 In addition to frequent low HDL-C levels, 
DM-2 is directly associated with increased levels 
of infl ammatory biomarkers, including C-reactive 
protein (CRP) and lipoprotein-associated phos-
pholipase A 2  (Lp-PLA 2 ) [ 65 ,  66 ]. Importantly, 
fi brate therapy can reduce levels of CRP and 
Lp-PLA 2  [ 66 ,  67 ], as well as VCAM-1 and other 
infl ammatory factors (see a recent review by 
Elkeles [ 68 ]), which presumably is a refl ection of 
its anti-infl ammatory effects. The effects of 
fi brate or statin monotherapy vs. their combina-
tion on infl ammatory biomarkers in patients with 
DM-2 has been reported by Muhlestein et al., 
who studied 300 patients with diabetes and mixed 
dyslipidemia [ 60 ]. Treatment with fenofi brate, 
simvastatin, or combined therapy reduced hs- 
CRP by 14.1 % ( P  = 0.17), 16 % ( P  =0.04), or 
15.9 % ( P  = 0.01), respectively (Fig.  20.4 ) and 
signifi cantly decreased Lp-PLA 2  by 26.9 %, 
34.5 %, and 36.2 %, respectively (all  P  < 0.001, 
Fig.  20.4 ). Interestingly, combination therapy of 
fenofi brate with simvastatin had no additive 
effects on these markers despite the tendency 
towards additive effects (noted above) on lipid 
and lipoprotein parameters [ 60 ].

  Fig. 20.3    Effl ux of cholesterol through the ABCA1-
mediated and SR-B1-mediated pathways to plasma from 
low HDL-C patients treated with fenofi brate or simvas-
tatin. Asterisk denotes  P  = 0.015 for fenofi brate increase 

on ABCA1 from baseline and  P  = 0.016 for simvastatin 
increase on SR-B1 from baseline (fi gure is adapted from 
Franceschini, et al. [ 49 ])       
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   Another effect of fi brates which is likely of 
clinical importance in treatment of patients with 
diabetes is their tendency to reduce insulin resis-
tance, particularly in patients with high TG, low 
HDL-C, and other elements of the metabolic syn-
drome [ 69 ] (see also a recent review by Elkeles 
[ 68 ]), and it has even been suggested that fi brates 
be tested for a possible ability to prevent new- 
onset DM-2 [ 68 ]. Of equal or greater importance, 
the ability of fi brate therapy to reduce CVD risk 
may relate directly to the degree of baseline insu-
lin resistance, as discussed below.  

    Effects of Fibrates on Microvascular 
Disease 

 Effects of fenofi brate on microvascular disease 
end points common in patients with diabetes 
have been explored in a meta-analysis [ 46 ] which 
included three recent trials of fenofi brate, the 
Diabetes Atherosclerosis Intervention Study 
(DAIS) [ 70 ], FIELD [ 55 ], and ACCORD-Lipid 
[ 56 ], as well as a small trial of etofi brate [ 71 ]. 

 Benefi cial effects of fenofi brate on certain 
aspects of diabetic retinopathy were reported in 
FIELD [ 72 ]. Although the pre-study primary end 
point of 2-step progression of retinopathy grade 
was not signifi cantly reduced in the overall sub-
ject population (9.6 % with fenofi brate vs. 12.3 % 
with placebo;  p  = 0.19) or in those without pre-
existing retinopathy (11.4 % vs. 11.7 %;  p  = 0.87), 
it was reduced substantially in patients with pre-
existing retinopathy (3.1 % vs. 14.6 %;  p  = 0.004) 
[ 72 ]. First laser treatment for retinopathy was 
required less often with fenofi brate than placebo 
(164 [3.4 %] vs. 238 [4.9 %] in placebo patients, 

respectively; hazard ratio [HR] 0.69, 95 % CI 
0.56–0.84;  p  = 0.0002; absolute risk reduction 
1.5 % [0.7–2.3]) [ 72 ]. Of likely importance, these 
effects were independent of traditional retinopa-
thy risk factors of glycemia and blood pressure 
and, curiously, were also independent of on-study 
lipid levels. Also, a small trial of etofi brate 
(which has never been available in the USA), 
reported only in a German-language publication, 
showed reduced retinopathy [ 71 ]. A meta- 
analysis of the results of this trial and FIELD 
showed a highly statistically signifi cant 47 % 
decrease in retinopathy (Fig.  20.5 ).

   Regarding renal function, in a meta-analysis 
of three trials of fenofi brate, there was a statisti-
cally signifi cant 14 % reduction in the risk of 
albuminuria progression (95 % CI 2–25 %; 
 p  = 0.028, see Fig.  20.5 ) [ 46 ]. Although the fre-
quency of increased serum creatinine concentra-
tions doubled ( p  < 0.0001), the absolute degree of 
increase was almost invariably modest in size and 
appears to be completely and rapidly reversible 
upon discontinuation of the medication, even 
after long-term use [ 46 ]. In FIELD, the largest of 
the three trials in this meta-analysis, there were 
14 % fewer fenofi brate-treated subjects who had 
progression and 18 % more with regression of 
albuminuria vs. those on placebo ( p  < 0.001) [ 73 ]. 
Although plasma creatinine remained higher on 
fenofi brate than on placebo throughout the study, 
the chronic rate of rise was signifi cantly slower 
(1.62 vs. 1.89 µmol/L annually,  p  = 0.01), with far 
less estimated age-related GFR loss (1.19 vs. 
2.03 mL/min per 1.73 m 2  annually,  p  < 0.001). 
Further, after fenofi brate washout at the end of 
the study, estimated GFR had fallen 72 % less 
from baseline on fenofi brate (1.9 mL min −1  

  Fig. 20.4    Comparison of 
treatment with fenofi brate, 
simvastatin, and combined 
therapy on infl ammatory 
biomarkers high-sensitivity 
C-reactive protein 
(hs-CRP) and lipoprotein 
phospholipase A 2  
(Lp-PLA 2 ) after 12 weeks. 
Adapted from Muhlestein 
et al. [ 60 ]       
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1.73 m −2 ,  p  = 0.065) than on placebo (6.9 mL/min 
per 1.73 m 2 ,  p  < 0.001), sparing 5.0 mL/min per 
1.73 m 2  (95 % CI 2.3–7.7,  p  < 0.001) [ 73 ]. Of par-
ticular interest, this greater preservation of esti-
mated GFR with fenofi brate was seen primarily 
in subjects with either (1) baseline-high TG lev-
els alone, (2) with baseline-high TG and low 
HDL-C together, or (3) TG reductions of ≥43 mg/
dL on study drug. Curiously, however, progres-
sion to end-stage renal disease was not signifi -
cantly reduced, occurring in 21 vs. 26 subjects 
with fenofi brate vs. placebo, respectively 
( p  = 0.48) [ 73 ]. Thus, the overall net effect of 
fenofi brate on renal function in DM-2 appears to 
be at least modestly favorable. Of likely clinical 
importance and possible mechanistic meaning, 
these benefi ts are predicted by the same baseline 
lipid levels and on-treatment lipid changes as are 
the CVD effects (see below). 

 Lower extremity amputation is devastating 
complication of diabetes, which appears to be a 
result both of microvascular and macrovascular 
disease. In FIELD, any lower- extremity ampu-
tation was less often needed with fenofi brate 
than with placebo (45 vs. 70 events; hazard 
ratio HR 0.64, 95 % CI 0.44–0.94;  p  = 0.02, see 
Fig.  20.6 ) [ 74 ]. This fi nding was driven entirely 
by fewer “minor” (below the ankle) amputa-
tions (18 vs. 34 events; 0.53, 0.30–0.94; 
 p  = 0.027) with no difference between groups in 
“major” (ankle or above) amputations (24 vs. 
26 events; 0.93, 0.53–1.62;  p  = 0.79, see 

Fig.  20.6 ) [ 74 ]. Interestingly, these effects of 
fenofi brate were seen primarily among patients 
without known large-vessel lower-extremity 
disease, and the benefi ts were unrelated to on-
study lipid levels.

       Effects of Fibrates 
on Atherosclerosis 

 At least six studies have assessed effects of fi brate 
treatment on atherosclerosis. Three trials (two 
with fenofi brate and one with bezafi brate) have 
used carotid ultrasound for the measurement of 
carotid intima-media thickness (CIMT). In the 
St. Mary’s, Ealing, Northwick Park Diabetes 
Cardiovascular Disease Prevention (SENDCAP) 
Study, bezafi brate showed no effect on CIMT 
[ 75 ]. A similar lack of effi cacy on carotid athero-
sclerosis was found with fenofi brate in the 
Helsinki cohort of the FIELD study [ 76 ]. A third 
study, however, found that over the 24-month 
study period, carotid wall thickness did not prog-
ress with fenofi brate, but did progress in the con-
trol group [ 77 ]. Of potential clinical relevance in 
explaining the differences among these studies, 
the two without evident carotid atherosclerosis 
benefi t were exclusively in patients with DM-2, 
while the study showing a benefi cial effect 
excluded DM-2 patients. 

 In contrast with the frequently negative fi nd-
ings in carotid atherosclerosis, particularly in 

  Fig. 20.5    Decreases in the microvascular end points of 
albuminuria and retinopathy with fi brate treatment. 
Adapted from a fi gure in a recent meta-analysis by Jun 
et al. [ 46 ]. Study references in the fi gure are as follows: 

“12” is ACCORD- Lipid [ 56 ], “16” is FIELD [ 55 ], “32” is 
DAIS [ 91 ], “21” is Emmerich [ 71 ], and “33” is a substudy 
of FIELD [ 72 ]       
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patients with DM-2, fi brates consistently have 
been found to reduce atherosclerosis in the coro-
nary arterial tree. Three published trials have 
studied the effects of fi brates on coronary athero-
sclerosis by quantitative angiography, with mini-
mum lumen diameter (MLD) as the primary end 
point, and all three have reported favorable 
results. The fi rst of these was a trial using bezafi -
brate [ 78 ] which found improvement in coronary 
lumen diameter, by quantitative coronary angiog-
raphy, in young men after a myocardial infarc-
tion. The second study, the Lopid Coronary 
Angiography Trial (LOCAT) used gemfi brozil 
and found similar benefi ts [ 79 ]. The third trial, 
Diabetes Atherosclerosis Intervention Study 
(DAIS), used fenofi brate and also found improved 
coronary atherosclerosis [ 70 ]. It is of interest to 
note that this benefi cial effect of fenofi brate on 
coronary atherosclerosis in DAIS was strongly 
related to its capacity to increase LDL particle 
size [ 47 ]. 

 The mechanisms by which fi brates might 
tend to lack benefi cial effects on carotid 

atherosclerosis, while in contrast, reproducibly 
reduce coronary atherosclerosis, are unknown. 
Interestingly, however, these regional differences 
in effects on atherosclerosis per se do correspond 
with a difference in regional effect on clinical 
events. That is, fi brates consistently reduce coro-
nary heart disease events, but have little if any 
favorable effect on the cerebrovascular event of 
stroke, as discussed below. Curiously, in this 
regard, the one study showing reduced progres-
sion of carotid atherosclerosis is the only clinical 
trial of a fi brate to report reduction in stroke in an 
overall study population [ 77 ].  

    Fibrate Effects on Macrovascular 
CVD Events in General Study- 
Subject Populations 

 There has been no single randomized clinical trial 
of suffi cient size and power to provide defi nitive 
data regarding effects of fi brate treatment on car-
diovascular events. Consideration of individual 

  Fig. 20.6    Changes in frequency of lower-extremity 
amputations with fenofi brate in the FIELD study. For 
“fi rst amputation,” patients are counted only once in each 
category. For the “multiple events analysis,” all amputa-

tions for each category are counted (Poisson method). 
“Minor” means amputations below the ankle; “major” 
means at or above the ankle. The fi gure is taken from 
Rajamani et al. [ 74 ]       
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trials can be instructive regarding certain  specifi c 
aspects of this question, and some discussion of 
data from larger individual trials is included 
below, but the best assessment of the ability of 
fi brates to reduce CVD in general or any specifi c 
CVD end point comes from meta-analyses of 
available trials. Although trials can be diffi cult to 
pool due to differences in patient population, 
drug intervention, end points, etc., effective meta-
analyses can be very instructive for the drawing 
of clinically relevant conclusions. 

 One large and fairly recent meta-analysis, by 
Abourbih and coworkers [ 45 ], looked at a total of 
20 trials, using bezafi brate, fenofi brate, and gemfi -
brozil, with 25,655 subjects in nine and seven 
 trials and 12,398 and 8,273 subjects using fenofi -
brate and gemfi brozil, respectively. Focusing on 
fi ve trials with MI data, they found a signifi cant 
22 % decrease in nonfatal MI (Fig.  20.7a ). In sharp 
contrast, focusing on six trials with mortality data, 
they found a nonsignifi cant trend towards a 5 % 
increase in all-cause mortality (Fig.  20.7b ) [ 45 ].

     Fig. 20.7    Effects of fi brate treatment on the incidence of 
major clinical events: ( a ) nonfatal myocardial infarction 
(MI) and ( b ) all-cause mortality. The name of the study or 

fi rst author and the publication year are noted. The fi gures 
are taken from the meta-analysis of Abourbih et al. [ 45 ]. 
 OR  odds ratio,  CI  confi dence interval       
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   Another, more recent, meta-analysis, by Jun 
et al. [ 46 ], was the fi rst (and only comprehensive 
one so far) to include the most recent and arguably 
most important trial of fi brate effects on CVD 
events, the ACCORD-Lipid study [ 56 ]. Due to 
differing trial selection methodology, some trials 
from the Abourbih meta-analysis were not 
included in the one by Jun, so both are discussed 
here. The Jun meta-analysis focused on studies 
selected for presenting CVD event data in at least 
100 patient-years follow-up. These 18 trials 
included 45,058 subjects who had 2,870 major 
CVD events and 3,880 deaths [ 46 ]. Among fi ve 
major trials with relevant data (two with fenofi -
brate and one each with clofi brate, gemfi brozil, 
and bezafi brate), there was a borderline signifi cant 
( p  = 0.048) 10 % decrease (relative risk, RR, of 
0.90) in major cardiovascular outcomes, which 
became a highly signifi cant 12 % decrease 
( p  = 0.002) after exclusion of the one small clofi -
brate trial (see Fig.  20.8 ) [ 46 ]. Further, among 16 
trials (six using clofi brate, three with gemfi brozil, 
four with bezafi brate, and three with fenofi brate), 

there was a highly signifi cant 13 % decrease in 
coronary events, without evidence for heterogene-
ity among trials ( p  < 0.001, see Fig.  20.9 ) [ 46 ]. In 
further analyses of various cardiovascular events 
and other major end points, as noted in Fig.  20.10 , 
pooled analysis of all studies with available data 
for each end point showed a highly signifi cant 
19 % decrease in nonfatal coronary events 
( p  < 0.0001), but only nonsignifi cant trends 
towards reductions in sudden death and cardiovas-
cular death (11 % and 7 % decreases and  p  = 0.2 
and 0.1, respectively, Fig.  20.10 ). Similarly, there 
was a modest, borderline statistically signifi cant 
trend towards a 10 % increase in nonvascular 
death (RR 1.10,  p  = 0.06), but there was no evi-
dence for any benefi t on total stroke (RR 1.03, 
Fig.  20.10 ) [ 46 ]. Curiously, with regard to stroke, 
one small clinical trial did report a statistically sig-
nifi cant reduction in stroke with fenofi brate ther-
apy [ 77 ]. Oddly, this trial does not appear in the 
Jun meta-analysis, an omission which may well 
have been inadvertent since it seems to have met 
the inclusion criteria [ 46 ].

  Fig. 20.8    Effects of fi brate treatment on major cardiovascular events. The studies are noted by study name and year of 
publication. The fi gure is taken from the meta-analysis of Jun et al. [ 46 ].  CI  confi dence interval       
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     Patient subgroup analyses were also performed 
using a composite of all coronary events, the broad 
end point most clearly reduced by fi brates 
(Fig.  20.11 ). There was a suggestion of much 
greater benefi t in treatment of patients without 
prior cardiovascular disease vs. those with a prior 
history (primary prevention vs. secondary preven-
tion, RR 0.75 vs. 0.90, respectively,  p  value for 
heterogeneity 0.07, Fig.  20.11 ). No other subgroup 

analysis approached statistical signifi cance, except 
for baseline TG levels, which difference is dis-
cussed below. Interestingly, however, intercom-
parison among studies by the specifi c fi brate used 
suggested greater benefi t with gemfi brozil (RR 
0.78, 95 % CI 0.67–0.89) than with fenofi brate 
(RR 0.91, 95 % CI 0.82–1.00), even though the 
overall heterogeneity among trials of the four 
fi brates had a  p  value of only 0.6 (Fig.  20.11 ) [ 46 ].

  Fig. 20.9    Effects of fi brate treatment on coronary events. The studies are noted by name of the study or fi rst author and 
year of publication. The fi gure is taken from the meta-analysis of Jun et al. [ 46 ].  CI  confi dence interval       
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       CVD Effects in Insulin-Resistant 
or “Prediabetic” Patients 

 The Veterans Affairs High Density Lipoprotein 
Intervention Trial (VA-HIT) study recruited sub-
jects mainly on the basis of a low HDL-C level, 
and it was not primarily designed to test 
 gemfi brozil effects in the insulin-resistant state. 
Due, however, to the strong relationship between 
low HDL-C and disorders of glucose and insulin 
metabolism, 43 % of VA-HIT patients had one or 
another insulin-resistant state: either impaired 
fasting glucose (13 %) or DM-2, whether newly 
diagnosed at the time of study entry (6 %) or pre-
viously diagnosed (25 %) [ 80 ]. A key subgroup 
analysis was performed among all subjects with-
out DM-2, whether with or without impaired 
fasting glucose, to exclude use of diabetes medi-
cations which would likely alter fasting plasma 
insulin levels. Among these patients, the quartile 
of fasting insulin level (a good surrogate for 
degree of insulin resistance) was a strong direct 
predictor of CVD risk ( P  = 0.02) [ 80 ]. 
Importantly, CVD reduction with gemfi brozil 

increased progressively across quartiles of base-
line fasting insulin levels, from a possible 15 % 
increase in the lowest quartile to reductions of 
20, 22, and 35 % in the second through fourth 
quartiles (Fig.  20.12 ), and this benefi t remained 
after adjustment for other risk factors [ 80 ]. This 
fi nding is important due to the high and rising 
 prevalence of insulin resistance throughout the 
world and due to its strength as a CVD risk fac-
tor. It is also intriguing since, paradoxically, both 
the decrease in TG and the increase in HDL-C 
were blunted with increasing insulin resistance, 
as discussed further below (Fig.  20.15 ) [ 81 ].

       CVD Effects of Fibrates in Patients 
With Diabetes Mellitus-2 

 With regard to the ability of fi brates to reduce 
CVD in patients with DM-2, three of the 17 rel-
evant studies analyzed by Jun et al. did not report 
subjects’ diabetes status [ 46 ]. In nine of the 
remaining studies, between 0 and 66 % of sub-
jects had diabetes, while in the remaining fi ve, all 
had DM-2. Importantly, coronary event reduction 

  Fig. 20.10    Effects of fi brate treatment on various cardiovascular and other major clinical events. Study references are 
as given in the meta-analysis of Jun et al., from which this fi gure is adapted [ 46 ].  CI  confi dence interval       
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in studies exclusively in patients with DM-2 
tended to be very similar to that in studies with 
mixed or non-DM-2 patient populations (RR 
0.89 vs. 0.88,  p  value for heterogeneity 0.7, 
Fig.  20.11 ) [ 46 ]. In light of the uncertainties of 
cross-study comparisons, however, it is instruc-
tive to note within-study results from the VA-HIT. 
This study had a relatively large DM-2 subgroup, 
769 or 31 % of total subjects, and is one of few 

trials to publish substantial within-study com-
parisons between patients with and without 
DM-2. As expected, those with established or 
newly diagnosed DM-2 had 87 % and 72 %, 
respectively, more total CVD events than those 
with normal fasting glucose [ 80 ]. The percent 
reduction of the primary combined CVD end 
point with gemfi brozil was nearly twice as great 
in those with DM-2 as in those without it (32 % 

  Fig. 20.11    Effects of fi brate treatment on coronary events, divided by subgroups of fi brate study subjects. The fi gure 
is adapted from the meta-analysis of Jun et al. [ 46 ].  CI  confi dence interval       
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vs. 18 %, Fig.  20.13 ), although the difference was 
not statistically signifi cant. Further, the absolute 
risk reduction was extremely high at 10 %, sug-
gesting that only ten patients with DM-2 would 
need to be treated with gemfi brozil for fi ve years 
to prevent one event [ 80 ]. Of interest and possible 
clinical signifi cance, two individual components 

of the composite CVD end point which had not 
been found to be reduced by fi brates in the large 
meta-analyses, CHD death and stroke, were both 
shown to be reduced by gemfi brozil in subjects 
with DM-2 in VA-HIT (HR 0.59,  p  = 0.02 and HR 
0.60,  p  = 0.046, Fig.  20.13 ) [ 80 ]. Paradoxically 
running somewhat counter to this observation of 

  Fig. 20.12    Hazard ratios (HR), from Cox models, for major cardiovascular events by quartile of fasting plasma insulin 
(FPI) level in VA-HIT subjects without diabetes. The fi gure is taken from  Rubins et al. [ 80 ]       

  Fig. 20.13    Hazard ratios (HR), from Cox models, for 
major cardiovascular events in VA-HIT subjects with or 
without diabetes. Please note that the  p  value second from 

 bottom  (stroke in patients with diabetes) is in error and 
should read “0.046” rather than “0.46.” The fi gure is taken 
from Rubins et al. [ 80 ]       
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a decrease in stroke in DM-2, but lack of stroke 
benefi t in subjects without DM-2 is the fi nding in 
the small open-label single-center study of Zhu 
et al. [ 77 ], in which Chinese subjects with hyper-
tension but without DM-2 were found to have a 
statistically signifi cant 48 % decrease in total 
stroke. Although the Chinese study was much 
smaller and shorter than the mainly Caucasian 
VA-HIT, the total number of strokes in patients 
without DM-2 in the latter, although not directly 
reported, was probably not more than twice the 
number reported in the Chinese study. Thus, the 
potential for reduction of stroke risk with fi brate 
treatment, whether with gemfi brozil or fenofi -
brate, whether in patients with or without DM-2, 
or whether population specifi c, remains unclear.

   As an interesting contrast to the robust CVD 
benefi t seen in patients with gemfi brozil in DM-2 
patients in VA-HIT, the nearly 10,000 FIELD sub-
jects, all with DM-2, had only a nonsignifi cant 
trend towards reduction of the primary study end 
point of pooled major cardiovascular events [ 55 ]. 
There was a statistically signifi cant reduction in 
the rate of nonfatal myocardial infarctions and 
coronary revascularizations, but these were sec-
ondary end points [ 55 ]. The apparent benefi t 
afforded by fenofi brate treatment in FIELD may 
have been reduced, however, by some key aspects 
of this study. First, many more patients random-
ized to blinded placebo therapy ended up receiv-
ing off-study statin therapy than did those in the 
fenofi brate arm [ 55 ]. This imbalance probably 
occurred because primary care physicians, who 
were not blinded to the lipid benefi ts of fenofi brate 
during the trial, saw more residual dyslipidemia in 
the placebo-treated patients and therefore were 
more likely to choose to add statin treatment in 
them. Perhaps of greater importance, no particular 
effort was made to focus on patients with high TG 
and/or low HDL-C [ 82 ], despite the fact that an 
analysis of the HHS, published years earlier [ 83 ], 
had shown strong evidence that these patients had 
far greater CVD reduction with fi brate therapy 
than did those with other dyslipidemias. As noted 
below, the relatively small numbers of FIELD 
patients with high TG and/or low HDL-C later 
proved to have substantially greater CVD benefi t 
than the overall study population [ 84 ].  

    Prediction of Fibrate CVD Effects by 
Baseline Lipids and On-Treatment 
Lipid Effects 

 Beginning with some of the earlier clinical trials, 
baseline lipid levels have been found to help pre-
dict CVD benefi t of fi brate treatment. For exam-
ple, post hoc analysis of the HHS showed 
considerable CVD benefi t of gemfi brozil in 
patients with high TG levels and low HDL-C at 
baseline [ 83 ]. A similar analysis of FIELD 
reported that study subjects with either 
TG > 200 mg/dL, HDL-C < 40 mg/dL, or both 
achieved statistically and clinically signifi cant 
reduction in the primary CVD end point (HR 
0.77, 0.86, and 0.73,  p  = 0.01, 0.03 and 0.005, 
respectively) [ 84 ]. In the large and recent fi brate 
trial, meta-analysis of Jun et al. [ 46 ] lower (vs. 
higher) HDL-C, and higher (vs. lower) LDL-C 
tended to predict greater CVD benefi t with fi brate 
treatment (RR 0.77 vs. 0.87 and 0.67 vs. 0.87, 
respectively), but the  p  value for heterogeneity 
did not approach signifi cance (0.5 for both, 
Fig.  20.11 ). In contrast, baseline-high TG signifi -
cantly predicted greater CVD reduction (RR 0.89 
vs. 0.68,  p  value for heterogeneity 0.03, 
Fig.  20.11 ). The most recent meta-analysis of 
fi brate effects on CVD events focused primarily 
on the question of the prediction of CVD benefi t 
by baseline lipid levels. In the fi ve fi brate trials 
which reported both baseline TG and HDL-C 
levels, having either a high TG or a low HDL-C, 
or both strongly predicted CVD reduction 
(Fig.  20.14 ) [ 85 ]. High TG was strongly and con-
sistently associated with a favorable CVD risk 
ratio of 0.75 (95 % CI 0.65–0.85). Low-baseline 
HDL-C had a somewhat smaller but still robust 
benefi cial association with a risk ratio of 0.84 
(0.77–0.91). Having both conditions appeared 
even more favorable with a risk ratio of 0.71 
(0.62–0.82). In sharp contrast, having neither 
high TG nor low HDL-C predicted a lack of CVD 
benefi t, the risk ratio being 0.94 (0.82–1.08, 
Fig.  20.14 ) [ 85 ]. In further analysis, other factors 
appeared to interact with these fi ndings 
(Table  20.2 ) [ 85 ]. That is, high TG appeared to 
have a greater impact in patients without DM-2 
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  Fig. 20.14    Effects of fi brate treatment on cardiovascular 
events by study and by baseline lipid values. The risk ratio 
was calculated using the Mantel-Haenszel random-effects 

model (M-H, Random). The studies are noted by study 
name and year of publication. The fi gure is taken from Lee 
et al. [ 85 ].  CI  confi dence interval,  df  degrees of freedom       
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than in those with it. High TG also tended to be 
more important in patients taking gemfi brozil 
(vs. fenofi brate), in fi brate monotherapy (vs. 
statin combination), and in coronary events, vs. 
total cardiovascular events. Generally the same 
pattern held for the combination of high TG and 
low HDL-C. In partial contrast, low HDL-C 
appeared to better predict benefi t only from gem-
fi brozil (vs. fenofi brate) but did not otherwise 
vary substantially with the above factors 
(Table  20.2 ) [ 85 ].

    Intuitively, the degree of change in lipid levels 
with a lipid lowering agent, and/or the on- 
treatment lipid levels achieved, would be 
expected to predict the degree of CVD benefi t. 
For example, the reduction in LDL-C during 
clinical trials of statins is a strong predictor of 
CVD reduction in general subjects [ 86 ] and in 
those with DM-2 [ 3 ]. Surprisingly, however, lipid 
changes from baseline with fi brates, and the sep-
arate but related parameter of on-study lipid lev-
els during fi brate treatment, tend to be poor 
predictors of their CVD benefi ts. In the VA-HIT 
study, patients taking gemfi brozil had a 22 % 
reduction in major cardiovascular events 
( P  = 0.006) and a 24 % decrease in death from 
coronary disease, nonfatal myocardial infarction, 

and stroke ( P  < 0.001) compared to patients 
receiving placebo. The patients receiving gemfi -
brozil had a modest 6 % increase in HDL-C lev-
els compared to those receiving placebo 
( P  < 0.001) but a 31 % decrease in TG levels 
( P  < 0.001). Despite the fact that the HDL-C 
increase was much smaller than the TG decrease, 
the former predicted CVD risk reduction while 
the latter did not [ 81 ]. Related to this fi nding, 
fasting insulin levels (a surrogate for insulin 
resistance), which strongly predicted CVD bene-
fi t, were paradoxically a strong inverse predictor 
of both TG and HDL-C change. That is, VA-HIT 
patients with higher baseline insulin had less 
lipid change but greater CVD reduction on gem-
fi brozil (Fig.  20.15 ) [ 81 ].

   Meta-regression analysis of on-treatment lipid 
levels in fi brate trials as predictors of CVD event 
reduction was performed as part of the meta- 
analysis of Jun et al. [ 46 ]. As was true for the anal-
ysis of change in levels, in ten trials, on- treatment 
TG levels signifi cantly predicted CVD benefi t 
( p  = 0.026) with a 5 % reduction per 88 mg/dL 
lower TG levels. There was also a possible sugges-
tion in data from seven trials of a 2 % CVD reduc-
tion per 3.9 mg/dL lower on- treatment LDL-C and 
of a 3 % CVD reduction per 0.8 mg/dL higher 

    Table 20.2    The effects of fi brates on risk of CVD events in patients with elements of “the atherogenic dyslipidemia” 
(high TG and/or low HDL-C levels) from Lee et al. [ 85 ]   

 Triglyceride >200 mg/dL 
or nearest equivalent RR (95 % Cl) 

 HDL cholesterol <   40 mg/dL 
or nearest equivalent RR (95 % CI) 

 Population 
 Diabetes mellitus as an entry criteria  0.81 (0.70–0.94)  0.87 (0.78–0.97) 
 Diabetes mellitus not as an entry criteria  0.65 (0.50–0.85)  0.80 (0.68–0.95) 
 Prevention 
 Primary (<50 % people with CVD at entry)  0.75 (0.59–0.96)  0.84 (0.71–0.98) 
 Secondary  0.72 (0.60–0.87)  0.82 (0.73–0.93) 
 Treatment regimen 
 Gemfi brozil  0.62 (0.37–1.02)  0.74 (0.59–0.93) 
 Bezafi brate  0.61 (0.40–0.95)  0.92 (0.74–1.14) 
 Fenofi brate  0.81 (0.70–0.94)  0.87 (0.78–0.97) 
 Monotherapy vs. combination therapy 
 Fibrate alone  0.72 (0.61–0.84)  0.83 (0.75–0.92) 
 Fibrate + statin  0.87 (0.68–1.11)  0.89 (0.75–1.07) 
 End point used for analysis 
 CVD  0.79 (0.70–0.89)  0.84 (0.77–0.91) 
 CHD  0.55 (0.38–0.78)  0.78 (0.52–1.16) 
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HDL-C (but neither of these reached statistical 
signifi cance ( p  = 0.09 and 0.13, respectively)) [ 46 ]. 
This is in partial contrast to the very robust data, in 
many more trial subjects, showing prediction of 
CVD reductions with statins by the degree of 
LDL-C lowering and on-study LDL-C [ 86 ]. 

 Finally, analysis of lipoprotein particle con-
centrations by NMR in plasma samples from a 
nested case-control subgroup of the VA-HIT trial 
has suggested that both baseline and on-treatment 
levels of LDL-P and HDL-P predicted CVD 
events better than on-treatment apo B or HDL-C 
[ 53 ]. As pointed out, however, in an accompany-
ing editorial [ 87 ], these observations raised more 
questions than they answered, and their interpre-
tation is uncertain in light of larger data sets of 
more conventional lipoprotein measurements 
reviewed above.  

    CVD Effects When Fibrates 
Are Added to Statins 

 Given the fact that statins are best proven among 
all classes of dyslipidemia medications for reduc-
ing CVD event rates, and indeed are widely rec-
ommended and used in patients with DM-2 [ 61 ], 
it is critical to ask whether fi brates can further 
reduce CVD risk when added to statin therapy. 
This question was addressed in the ACCORD- 
Lipid trial, in which all subjects received statin 

and half each were randomized to receive either 
fenofi brate or matching placebo [ 56 ]. Interestingly, 
in both ACCORD-Lipid [ 56 ] and FIELD [ 55 ], 
there was only a modest nonsignifi cant reduction 
in the overall population, while in both studies 
the CVD event reduction was much greater (and 
signifi cant or near signifi cant) in those with HTG 
and low HDL-C at baseline [ 85 ]. 

 Intercomparison among studies according to 
the specifi c fi brate used has suggested greater 
benefi t with gemfi brozil (RR 0.78, 95 % CI 0.67–
0.89) than with fenofi brate (RR 0.91, 95 % CI 
0.82–1.00), even though the overall heterogene-
ity among the four fi brates compared had a p 
value of 0.6 (Fig.  20.11 ). This suggested differ-
ence, however, may simply be an artifact of dif-
ferential statin use. In the two largest gemfi brozil 
trials (HHS and VA-HIT), statins were scarcely 
or not at all yet available and so were not used by 
any subjects. In contrast, in the two largest feno-
fi brate trials (FIELD and ACCORD-Lipid), 
statins were used often in the placebo group 
(FIELD [ 55 ]) or were used in all subjects 
(ACCORD-Lipid [ 56 ]), thus likely making it 
much harder to see incremental fi brate benefi ts. 
Does this mean that fi brates cannot add to the 
CVD reduction obtained by statin monotherapy? 
Post hoc, subgroup analysis by baseline lipid 
 levels (see above) suggests that fi brates may be 
benefi cial when added to statin treatment in 
patients with baseline-high TG and low HDL-C. 

  Fig. 20.15       Relationship between % change in HDL-C or in triglycerides with quintiles of baseline insulin resistance 
calculated by the homeostasis model assessment (HOMA-IR) in VA-HIT subjects. The fi gure is from Robins et al. [ 81 ]       
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These analyses, although remarkably consistent 
between these two large trials (and consistent 
with other fi brate trial data in the absence of 
statin use, see [ 85 ]), are not defi nitive. A trial of 
fi brate add-on to statin monotherapy in patients 
with the high TG and low HDL-C (“atherogenic 
dyslipidemia”) is sorely needed, since this is a 
common condition in DM-2 and a setting in 
which fi brates are often used. 

 A key consideration in use of fi brates in com-
bination with statins is the risk of myopathy, 
which is present with either agent alone, and 
which tends to be elevated in combination ther-
apy [ 88 ]. Although FDA-approved labeling 
includes a similar precaution for statin use with 
both gemfi brozil and fenofi brate, the effect on 
statin levels, and thus on the potential for 
increased myopathy risk, is only about one- 
fi fteenth as great with fenofi brate as with gemfi -
brozil [ 89 ]. Among the seven currently available 
statins, only fl uvastatin (one of the least used 
statins) lacks this adverse interaction with gemfi -
brozil. Due to the relatively high risk of adverse 
interaction between gemfi brozil and statins, there 
is very little gemfi brozil use at present (except in 
monotherapy when a statin is not indicated or tol-
erated). Further, no large clinical trials using 
gemfi brozil in combination with statins have 
been, or are likely to be, conducted, and the gen-
eral lack of gemfi brozil use seems unlikely to 
change in the future. In contrast, both FIELD [ 55 ] 
and ACCORD-Lipid [ 56 ] showed essentially no 
adverse safety signal for increased myopathy 
among thousands of patients taking fenofi brate 
with a statin. Even prior to the publication of the 
more robust of these two studies (ACCORD-
Lipid [ 56 ]), fenofi brate has been widely consid-
ered as safe in combination use with statins [ 88 ].  

    Guideline Recommendations 
for Fibrate Use 

 Fibrates have excellent overall safety in mono-
therapy, there being no increase in serious drug- 
related adverse events vs. placebo (RR 1.21, 
 p  > 0.2), among a total of 17,413 participants in 
multiple trials [ 46 ]. As noted above, fenofi brate 

showed excellent safety in combination use with 
statins. There is also considerable evidence that 
fi brate monotherapy can reduce CVD events, 
although the effects appear to be relatively mod-
est, as discussed above. Unfortunately, there are 
no data directly testing CVD effects and tolera-
bility of fi brate monotherapy in statin-intolerant 
patients, where it might be of particular benefi t. 
Most importantly, since the vast majority of 
patients with DM-2 and dyslipidemia already are, 
or should be, taking a statin, the lack of clear data 
for added CVD benefi t when fi brates are added to 
a statin must temper enthusiasm for use of this 
combination. 

 Nevertheless, there is suffi cient evidence for 
CVD reduction with fi brate monotherapy, and 
added to a statin, that the national cholesterol 
education program (NCEP) guidelines from the 
USA have suggested that fenofi brate (along with 
niacin) be considered for use in addition to a 
statin when high TG and/or low HDL-C persists 
after statin monotherapy [ 61 ]. Also, the European 
Atherosclerosis Society Consensus Panel has 
suggested that fi brates (and niacin) be considered 
as monotherapy for HTG (>150 mg/dL) and/or 
low HDL-C (<40 mg/dL) when diet and lifestyle 
are insuffi cient [ 90 ]. Given the evidence, but lack 
of certainty, for CVD benefi t with fi brates when 
added to statins, the above suggestions seem to 
be both reasonable and appropriately tentative.  

    Conclusions 

 Fibrates have been used extensively in clinical tri-
als and clinical practice for more than four 
decades. They are the most effective medication 
class for reducing elevated TG levels and are pri-
marily used for this indication. They are also mod-
erately effective for increasing HDL-C levels and 
can increase LDL particle size. Since HTG, low 
HDL-C, and SD LDL (the so-called atherogenic 
dyslipidemia) are common in patients with insulin 
resistance and DM-2, much of fi brate use has been 
in patients with either or both of these conditions. 
In addition to their several lipid effects, fi brates 
may have other potentially antiatherogenic effects 
which may be especially important in DM-2, such 
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as promotion of reverse cholesterol transport or 
reduction of infl ammation. Further, the lack of 
adverse glycemic effects of fi brates also makes 
them an attractive choice for use in patients with 
diabetes. Also in this regard, the possibility that 
fi brates have greater CVD benefi ts in patients with 
DM-2 or insulin resistance makes them more 
attractive in these patients. Although the evidence 
is modest, at best, that fi brates can further reduce 
CVD events when added to statins, their lipid and 
non-lipid effects tend to be complimentary to each 
other. Randomized placebo-controlled clinical tri-
als are sorely needed to test the CVD effects of 
fi brates added to statins in subject populations 
specifi cally recruited for moderate HTG and 
DM-2, possibly also with low HDL-C and other 
related CVD risk factors. Meanwhile, fenofi brate 
is quite safe in combination with statins, and given 
reasonable data regarding effi cacy in reduction 
CVD risk, it can be considered as an adjunct to 
statin use (or as an alternative in statin-intolerant 
individuals) in patients with residual HTG 
and/or low HDL-C despite optimized statin 
monotherapy, with or without DM-2.     
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           Introduction 

 Niacin (nicotinic acid or vitamin B3) was the fi rst 
pharmacologic agent identifi ed to lower serum 
cholesterol levels in humans. To date it remains the 
most effective currently available medication to 
increase high-density lipoprotein cholesterol 
(HDL-C) levels. In typical pharmacologic doses 
(2–3 g/day), niacin usually increases HDL-C by 
15–35 %, decreases low-density lipoprotein cho-
lesterol (LDL-C) by 5–25 %, and reduces levels of 

triglycerides (TGs) by 20–50 % [ 1 ]. Although 
these benefi cial effects were fi rst discovered more 
than 50 years ago, its true clinical effi cacy in the 
reduction of cardiovascular events remains a 
promising but somewhat unproven proposition in 
the era of HMG-CoA reductase inhibitors 
(“statin”) therapy. Niacin’s usage has been hin-
dered by its side effect profi le. Flushing is a com-
mon symptom, especially with crystalline or 
immediate-release niacin (niacin IR). Furthermore, 
concerns of niacin-induced hyperglycemia have 
limited its use in patients with diabetes mellitus. 
Statins, in addition to being better tolerated lipid-
lowering drugs, consistently have been shown to 
reduce cardiovascular (CV) events and are the cor-
nerstone of modern lipid-lowering therapy. 

 A signifi cant residual risk of CV events 
remains despite effective LDL-C lowering, and 
strong epidemiologic data support a robust 
inverse relationship between HDL-C levels and 
CV events. For these reasons, there has been a 
persistent interest in niacin either as adjunctive 
therapy to statins or as primary therapy in statin- 
intolerant patients. Additionally, patients with 
diabetes and cardiometabolic risk (CMR) fre-
quently have comorbid dyslipidemia, character-
istically marked by low HDL-C and elevated 
triglycerides (TGs), which makes niacin therapy 
particularly attractive. 

 This chapter will review the history, pharma-
cokinetics, side effects, and clinical trial data 
supporting the use of niacin to treat CV disease, 
with specifi c emphasis on patients with diabetes.  
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    History 

 The story of the discovery and development of 
niacin as a lipid-altering medication is interesting 
and convoluted. Due to changes in the processing 
of corn from traditional methods, the nutritional 
bioavailability of niacin was reduced. Populations 
which subsisted heavily on corn and cereal diets 
experienced endemic outbreaks of pellagra due to 
niacin defi ciency. This syndrome is characterized 
by photosensitive dermatitis, dementia, and diar-
rhea. In the early twentieth century, it was 
 discovered that supplemental niacin (15–20 mg/
day) effectively treated pellagra in humans. 
Unfortunately, even in small doses of niacin, 
intense cutaneous fl ushing can occur, and this 
limits its use and tolerability. For this reason, 
related vitamin B compounds, such as nicotin-
amide, were used as they were equally effi cacious 
in treating pellagra but did not induce signifi cant 
fl ushing [ 2 ]. In the early 1950s, before Thorazine 
had revolutionized pharmacotherapy for psychi-
atric disease, niacin in large, supraphysiologic 
doses (1–3 g/days) was used to treat patients insti-
tutionalized for schizophrenia. In an effort to 
understand the fl ushing side effects, Canadian 
psychiatrist Dr. Hoffer started taking large doses 
of niacin and made the curious observation that it 
improved his gingival bleeding. This was men-
tioned in passing to his former professor, patholo-
gist Rudolf Altschul who theorized at the time 
that hypercholesterolemia was related to impaired 
repair of vascular intimal damage [ 3 ]. A few 
months after this chance conversation, Rudolf 
Altschul et al. demonstrated that niacin reduced 
serum cholesterol levels in human subjects [ 4 ]. 
Altschul administered 4 g of niacin IR to 11 med-
ical students and observed an 8.4 % decrease in 
serum cholesterol within 24 h. Later, he was able 
to demonstrate regression of atherosclerotic 
plaque in a rabbit model [ 5 ]. This discovery of the 
fi rst therapeutic agent that reduced serum choles-
terol in humans remained mostly unnoticed by 
the medical community. It was not until a ran-
domized trial conducted by Parsons et al. at the 
Mayo Clinic confi rmed these fi ndings that niacin 
usage becomes more widely adopted [ 3 ].  

    Mechanism of Lipid-Altering Effects 

 Beyond being the most effective clinically avail-
able drug to increase HDL-C and    apolipoprotein 
A-I (apoA-1) levels [ 6 ,  7 ], niacin also induces 
favorable changes in the lipid profi le by decreas-
ing levels of LDL-C, triglycerides (TGs), very 
low-density lipoproteins (VLDL), and 
lipoprotein(a) [Lp(a)] [ 8 ]. There is emerging evi-
dence that niacin also modulates lipoprotein par-
ticle size and number which may impact their 
atherogenic potential. Niacin decreases small- 
dense LDL particle number (LDL-P) and ApoB    
levels when added to a statin as compared to 
statin monotherapy [ 9 – 12 ]. Since patients with 
diabetes and CMR have a high incidence of ele-
vated non-HDL cholesterol, ApoB, or LDL-P, the 
use of niacin in these populations would seem to 
be benefi cial. The manner by which niacin 
induces changes in lipoproteins is incompletely 
understood, but recent discoveries have eluci-
dated several potential mechanisms of action.  

    The Niacin Receptor 

 Upon oral administration of niacin, it quickly 
exits the plasma and is sequestered in adipose tis-
sue. The initial effect of niacin is a rapid decrease 
in plasma free fatty acid (FFA) followed by a 
delayed decrease in circulating TG and LDL-C 
levels. With niacin IR (crystalline niacin), this 
effect is transient, and there is a large rebound 
increase of plasma FFA within an hour [ 13 ]. 
However, extended-release niacin (ERN) is more 
effective at sustaining reduced FFA levels with an 
attenuated rebound in FFA [ 14 ]. 

 Based on several early studies, niacin was 
hypothesized to exert its effects as a hormone 
activating a G i -coupled receptor [ 15 ,  16 ]. 
In 2003, a formerly orphan receptor that binds 
with high affi nity to nicotinic acid was identifi ed 
[ 17 – 19 ]. Initially called GPR109A (HM74A) in 
humans and PUMA-G in mice, this G i -coupled 
receptor is abundantly expressed in adipocytes 
and immune cells. The receptor has been 
renamed hydroxy-carboxylic acid (HCA) 
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 receptor (HCA 2 ). It is encoded on the human 
chromosome 12q24.31 [ 20 ]. Nicotinamide, 
which does not induce any signifi cant changes in 
serum lipoprotein levels, binds very weakly to 
the HCA 2  receptor. 

 When nicotinic acid binds to HCA 2 , it inhibits 
adenylyl cyclase, and, consequently, cyclic ade-
nosine monophosphate (cAMP) is downregu-
lated. cAMP is the primary second messenger 
regulating lipolysis via protein kinase A (PKA) 
[ 21 ]. PKA downregulates mRNA expression of 
hormone-sensitive lipase and its activity [ 22 ,  23 ]. 
The essential role of HCA 2  in the antilipolytic 
effects of niacin was confi rmed in a murine 
model lacking PUMA-G. Niacin administration 
in these mice did not reduce FFA or TG [ 18 ]. 

 In vitro studies have shown that nicotinic acid 
also noncompetitively inhibits hepatic diacylg-
lycerol acyltransferase 2 (DGAT2) [ 24 ]. DGAT2 
catalyzes the fi nal and rate-limiting step in 
hepatic synthesis of TG. The inhibition of lipoly-
sis in adipocytes deprives the liver of FFA sub-
strate to generate TGs [ 25 ]. In the setting of 
reduced plasma FFA, decreased DGAT2 expres-
sion may explain the niacin-induced alterations 
in hepatic VLDL secretion and plasma lipopro-
tein levels [ 26 ]. However, recent data from trans-
genic mice expressing human CETP cast serious 
doubt on a direct relationship between FFA sup-
pression and benefi cial antidyslipidemic effects 
(↑HDL-C, ↓LDL-C) [ 27 ]. Niacin administration 
to these transgenic mice signifi cantly increased 
HDL-C levels. Importantly though, the absence 
of the HCA 2  receptor did not affect niacin- 
induced changes in HDL-C or LDL-C, but did 
block the reduction of plasma FFA [ 28 ].  

    Elevation of HDL-C 

 In contrast to the current understanding of nia-
cin’s mechanism of action on TG and LDL-C, 
niacin-induced HDL-C elevation is less well char-
acterized. Normally, HDL-cholesteryl esters are 
removed from plasma by selective hepatic uptake 
up via the HDL receptor scavenger receptor class 
B type I (SR-BI), without lipoprotein particle 
uptake and degradation [ 29 ,  30 ]. Niacin- induced 

HDL-C elevation appears to result in large part 
due to decreased hepatic uptake of HDL particles 
from the plasma [ 31 ]. It is believed that niacin 
modulates hepatic uptake of HDL-C through a 
pathway independent of SR-BI as it does not 
affect SR-BI expression or function [ 32 ,  33 ]. One 
potential alternative hepatic receptor is the ATP 
synthase β-chain, which is known to act as an 
apoA-I/HDL receptor [ 34 ]. Niacin (but not nico-
tinamide) decreases the surface expression of this 
moiety in cultured HepG2 cells and decreased 
I 125 -labeled HDL uptake by ~35 % [ 35 ]. Thus, 
decreased holoparticle removal of HDL may lead 
to higher plasma levels of apoA-I and HDL-C. 

 Another putative mechanism is that niacin acts 
either directly or indirectly as a CETP inhibitor. 
Niacin causes decreased hepatic production of 
VLDL which reduces CETP-mediated exchange 
of TG in VLDL particles for cholesteryl esters in 
HDL particles. The essential role for CETP in 
this process was supported by an experiment 
using transgenic mice. Wild-type mice do not 
normally express CETP. In transgenic mice 
expressing human CETP, niacin in a dose-depen-
dent fashion increased levels of HDL-C while at 
the same time reduced both plasma TG and 
VLDL-C concentrations. However, wild-type 
mice did not have an increase in HDL-C levels 
when niacin was administered. CETP mass, 
activity, and expression were also reduced by nia-
cin treatment in the transgenic mice [ 36 ,  37 ]. This 
mechanism is independent of the nicotinic acid 
receptor as hepatocytes do not express HCA 2 .  

    Pharmacokinetics and Metabolism 

 There are many different formulations of niacin 
with varying rates of absorption. The safety, tol-
erability, and effi cacy profi le of niacin are pri-
marily determined by the rate of absorption from 
the gastrointestinal tract. To understand this rela-
tionship, it must also be recognized that niacin is 
metabolized by the liver through two separate 
and distinct pathways. One is a high-affi nity, 
low-capacity oxidative (nonconjugative) path-
way which leads to the formation of nicotinamide 
(which has lipoprotein-modifying effects) and 
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pyridine metabolites, which are associated with 
hepatotoxicity. The second is a low-affi nity, high- 
capacity conjugative pathway associated with 
fl ushing which leads to the formation of nicotin-
uric acid [ 38 ,  39 ]. The absorption kinetics of nia-
cin determines the relative saturation of the slower 
oxidative pathway and shunting towards the faster 
conjugative pathways. Niacin IR (crystalline nia-
cin) is rapidly absorbed and saturates the high-
affi nity but low-capacity pathway. This leads to 
the increased incidence of fl ushing. Alternatively, 
sustained-release formulations (slow release, 
long acting) have a delayed absorption, devel-
oped in an effort to reduce cutaneous fl ushing. 
However, these formulations are also associated 
with higher incidence of hepatotoxicity and 
reduced effect on HDL due to greater metabolism 
by the oxidative pathway [ 40 ]. Therefore, an opti-
mal balance between the reduction in cutaneous 
fl ushing while limiting hepatotoxicity may best 
be achieved with ERN. ERN has absorption char-
acteristic between niacin IR and sustained-release 
formulations. The only FDA-approved ERN is 
Niaspan© (Abbott Laboratories; Abbott Park, 
IL). Niaspan© is not recommended in doses 
greater than 2,000 mg/day [ 41 ].  

    Hyperglycemia 

 Given the dyslipidemic profi le often seen in 
patients with diabetes, in particular Type 2 diabe-
tes, niacin may offer unique benefi ts by targeting 
TGs, HDL-C, LDL-C, and other lipoproteins. 
Unfortunately, for many years, niacin usage in 
diabetic patients was very limited partly due to 
safety concerns of niacin-induced hyperglycemia 
and insulin resistance (which can occur in patients 
without as well) [ 42 ,  43 ]. At one time, even the 
American Diabetes Association (ADA) guide-
lines discouraged the use of niacin [ 44 ]. However, 
data from randomized trials and observational 
studies demonstrate that niacin induces only mild 
elevations of fasting glucose levels (usually 
4–5 %) and that its overall impact on the control 
of hyperglycemia is likely minimal [ 45 – 48 ]. 

 It is well understood that niacin can 
worsen insulin sensitivity. In small short-term, 

placebo- controlled studies using the hyperinsu-
linemic–euglycemic clamp method in nondia-
betic volunteers, niacin IR modestly decreases 
insulin sensitivity by 18 %. However, mean 24-h 
blood pressure, fasting glucose, FFA, and fasting 
serum insulin levels were not signifi cantly 
changed after 2 weeks of treatment [ 49 ,  50 ]. At 
least in nondiabetic subjects, decreased insulin 
sensitivity may be offset by increased β-cell 
secretory activity. In one study with 11 healthy 
volunteers treated with niacin IR (up to 2 g/day) 
for 2 weeks, fasting glucose levels were not sig-
nifi cantly changed ( p  < 0.10). However, there was 
a marked drop in insulin sensitivity accompanied 
by signifi cantly increased β-cell secretory activ-
ity as marked by levels of acute insulin and pro-
insulin ( p  < 0.05) [ 51 ]. 

 A post hoc analysis of the Coronary Drug 
Project (CDP) trial showed that subjects with dia-
betes or impaired fasting glucose had the same 
cardiovascular benefi t as subjects with normal 
fasting glucose. Compared to the control group, 
nonfatal myocardial infarction (MI) (at 6 months) 
and total mortality at 15-year follow-up was sig-
nifi cantly reduced in niacin-treated patients across 
the spectrum of fasting glucose values after 1 year. 
Interestingly, there was a nonsignifi cant inverse 
correlation between 15-year mortality and fasting 
glucose at 1 year. Mortality actually decreased 
across the tertiles of elevated fasting glucose [ 52 ]. 
In the HDL-Atherosclerosis Treatment Study 
(HATS) trial, 25 type 2 diabetic patients were ran-
domized to receive one of four factorial combina-
tions therapies. In the simvastatin–niacin group, 
glycemic control did decline initially, and the 
titration of hypoglycemic medications was more 
common. However, after 8 months, glucose levels 
returned to pretreatment levels and remained sta-
ble for the remainder of the 3-year trial [ 53 ]. 

 A caveat is that in many of the early clinical 
trials involving niacin, fasting glucose levels 
were not systematically monitored. The reporting 
of new onset diabetes was incumbent on the clin-
ical investigators and not a prespecifi ed clinical 
end point. This could have led to signifi cant 
underreporting of the hyperglycemic and pro- 
diabetic effects of niacin. Reassuringly, more 
recent studies have shown only mild increases 
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(2–4 mg/dL) of fasting glucose in niacin patients 
with diabetes or metabolic syndrome [ 54 ]. 

 Data from two randomized trials comparing 
niacin vs. placebo using hemoglobin A1c (Hb A1c ) 
levels further support the safety of niacin in peo-
ple with diabetes. The Arterial Disease Multiple 
Intervention Trial (ADMIT) randomized subjects 
(125 with type 2 diabetes) to niacin IR (up to 3 g/
day) or placebo. At 60-week follow-up, partici-
pants with diabetes who were randomized to nia-
cin IR had modestly elevated fasting glucose but 
had no signifi cant change in HbA1c [ 55 ]. 

 Concordant with these fi ndings, the 
Assessment of Diabetes Control and Evaluation 
of the Effi cacy of Niaspan Trial (ADVENT), 
patients with type 2 diabetes were treated with 
either placebo, ERN 1,000 mg/day, or ERN 
1,500 mg/day. After 16 weeks, HbA1c increased 
0.19 % in the ERN 1,000 mg/day group, which 
was not signifi cantly different than placebo. In 
the ERN 1,500 mg/day group, Hb A1c  mildly 
increased 0.29 %, which just met statistical sig-
nifi cance ( p  = 0.048) compared to placebo [ 56 ]. 

 Therefore, while niacin may elevate fasting 
glucose and worsen insulin resistance, even in 
patients without diabetes, clinical trial data dem-
onstrate that absolute changes in HbA1c are often 
small and modest. With careful monitoring of glu-
cose and appropriate management of hypoglyce-
mic medications, the CV benefi ts of niacin can be 
achieved without signifi cantly worsened glycemic 
control in patients with type 2 diabetes. Of note, 
there has not been any published data regarding 
niacin’s dyslipidemic or hyperglycemic effects in 
patients with type I diabetes mellitus [ 48 ].  

    Flushing 

 Niacin is well known to cause cutaneous fl ush-
ing. In addition, patients may feel pruritus, burn-
ing, warmth, and tingling which starts in the face 
and extends towards the torso and arms. Generally 
fl ushing begins 20–60 min after administration 
and lasts usually for 1 h [ 57 ]. Though tolerance to 
fl ushing often develops within 1–2 weeks of 
usage, it still leads to discontinuation in 10–50 % 
of patients [ 58 ]. 

 This side effect is highly dependent on its rate 
of absorption from the gastrointestinal tract. 
Flushing occurs most intensely with immediate- 
release formulations of niacin, which has led to 
the development of formulations with slower 
absorption. Flushing is less common with ERN 
(absorption time 8–12 h) and slow-release niacin 
(absorption time over 12 h). Slow-release formu-
lations have a higher risk of liver toxicity in doses 
greater than 1,500 mg/day [ 47 ]. 

 Niacin-induced fl ushing is caused by prosta-
glandin D2 (PGD2), released from Langerhans 
cells, which stimulate the PGD2 receptor-1 (DP1 
receptors) on dermal vascular smooth muscle cells. 
This is turn induces vasodilation of dermal arteri-
oles, thereby increasing blood fl ow to cutaneous 
tissues and inducing the fl ushing phenomenon. 

 Niacin-induced fl ushing can be reduced with 
pretreatment using prostaglandin inhibitors such 
aspirin 325 mg or ibuprofen 200 mg min prior to 
niacin ingestion [ 59 ,  60 ]. Other strategies to man-
age fl ushing effects and improve adherence is to 
dose niacin at bedtime along with avoiding alco-
hol, hot beverages, or spicy foods [ 61 ]. 

 Another potentially effective medication is 
laropiprant (LRPT), a highly selective DP1- 
receptor antagonist that effectively reduces 
niacin- induced fl ushing. Trials using ERN/LPRT 
combination formulations demonstrated the 
combination reduced fl ushing but conserve the 
lipid-lowering effects of niacin [ 62 ]. A large- 
scale trial of ERN/LPRT vs. placebo (see HPS- 
THRIVE) is underway. This trial is a multicenter, 
randomized, double-blind, placebo-controlled 
trial which enrolled over 25,000 patients (7,000 
with diabetes) with CAD, cerebrovascular dis-
ease, and peripheral arterial disease from the UK, 
Scandinavia, and China. Enrollment in HPS2- 
THRIVE was completed in June 2010, and pre-
liminary results are anticipated in 2013.  

    Pleiotropic Effects 

 Beyond its lipid-altering effects, niacin may have 
other properties which reduce infl ammation, 
improve endothelial function, and reduce the 
 progression of atherosclerosis. Adiponectin is a 
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hormone synthesized and secreted by adipocytes 
which modulates a variety of metabolic pro-
cesses, such as glucose and fatty acid catabolism, 
the regulation of serum glucose levels, and is 
believed to have anti-infl ammatory and antiath-
erogenic properties. Niacin treatment markedly 
increases serum levels of adiponectin and 
decreases levels of nonesterifi ed fatty acids 
(NEFAs) via the HCA 2  receptor in humans and 
mice [ 63 ,  64 ]. In vivo, it has also been shown to 
reduce proinfl ammatory chemokines (fractal-
kine, monocyte chemotactic protein-2) in adipo-
cytes [ 65 ]. Niacin has been shown to reduce 
markers of infl ammation such as high-sensitivity 
C-reactive protein (hs-CRP), lipoprotein- 
associated phospholipase A2, and tumor necrosis 
factor-α [ 10 ,  11 ].  

    Clinical Trial Data (Table  21.1 ) 

       Coronary Drug Project 

 This landmark and pioneering study sponsored by 
the US National Heart Lung and Blood Institute 
(NHLBI) evaluated the mortality benefi ts of four 
different therapies in male survivors of MI. The 
trial is also notable for being the only trial to ever 
have evaluated the cardiovascular outcomes of 
niacin as monotherapy. Eleven years after 
Altschul’s seminal publication, the CDP group 
randomized 8,341 men with a history of MI, 
including type 2 diabetes, to one of six treatment 
groups: conjugated estrogen (high or lose dose), 
dextrothyroxine sodium, clofi brate (1.8 g/day), 
niacin IR (3 g/day), or lactose placebo. The trial 
began enrollment in March 1966 and randomized 
the last patient in October 1969. Follow-up data 
was censored in February 1975, and 95 % of 
patients were followed for at least fi ve years. 

 Although the inclusion criteria targeted a 
high-risk population for secondary prevention, 
patients with insulin-dependent diabetes mellitus 
were specifi cally excluded. The majority of 
patients had angina and nearly one-half of the 
niacin-treated patients had a serum cholesterol 
>250 mg/dL. Nonetheless, there was still a large 
group of patients with diabetes or prediabetes, 

and 5.4 % of patients randomized to niacin were 
concomitantly treated with oral hypoglycemic 
medications at enrollment. Nearly 40 % of 
niacin- treated patients had evidence of abnormal 
fasting glucose (>100 mg/dL) and/or impaired 
glucose tolerance (≥180 mg/100 mL) after an 
oral glucose test. 

 Among the signifi cant fi ndings of this trial 
was the excess mortality of patients randomized 
to either estrogen or dextrothyroxine. Due to the 
increased risk of death, high-dose estrogen ther-
apy (5.0 mg/day) was discontinued in 1970 and 
low-dose estrogen (2.5 mg/day) and dextrothy-
roxine stopped in 1971. Clofi brate, niacin, and 
placebo groups were continued in the trial as 
originally planned. 

 Despite signifi cant reductions in total serum 
cholesterol and triglycerides, there was no sig-
nifi cant difference between the active treatment 
groups and placebo in terms of the primary end 
point of all-cause mortality. All-cause mortality 
in niacin-treated patients was not signifi cantly 
different compared to placebo (24.4 % vs. 
25.4 %). The survival curves for niacin, clofi -
brate, and placebo were virtually superimposable 
during the fi rst 68 months of follow-up. An 
adjusted analysis of all-cause mortality failed to 
fi nd a benefi t of niacin in 5-year mortality either. 
A subgroup analysis of patients being treated 
with oral hypoglycemic agents found no signifi -
cant difference in 5-year mortality between nia-
cin and placebo (32.8 % vs. 32.5 %,  Z  N  = 0.05). 
 Z  N  values between −1.96 and 1.96 indicate homo-
geneity or no statistically signifi cant difference 
between groups ( p  > 0.05). With regard to lipo-
protein effects, the mean total cholesterol 
decreased by −9.8 % and TG decreased by 
26.1 %. These improvements in cholesterol and 
triglycerides were slightly more robust than with 
clofi brate. There was no specifi c HDL-C or 
LDL-C measurement. 

 Though the CDP was a negative trial based on 
the initial analyses, several secondary end points 
suggested cardiovascular benefi t with niacin. The 
combined end point of CHD death/nonfatal MI 
was lower in the niacin group, primarily driven by 
a signifi cantly reduced incidence of nonfatal MI, 
which was 27 % lower in the niacin group (8.9 % 
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vs. 12.2 %,  Z  N  = −2.88). The niacin group also had 
a 24 % lower incidence of CVA (8.5 % vs. 11.2 %, 
 Z  N  = −2.46). This reduction is particularly impor-
tant given that compared to placebo, a slightly 
higher incidence of atrial fi brillation (4.7 vs. 2.9, 
 Z  N  = 2.63) and other arrhythmias (32.7 vs. 28.2 %, 
 Z  N  = 2.74) was noted in niacin-treated patients. 

 At 5-year follow-up, measurements of serum 
glucose demonstrated that niacin did worsen 
hyperglycemia mildly. Mean fasting glucose 
increased 8.0 % from baseline in the niacin group 
vs. 5.0 % in the placebo group ( Z  N  = 2.52). The 
5-year incidence of elevated fasting glucose 
(>120 mg/dL) in niacin-treated patients was also 
signifi cantly increased compared to placebo: 
23.8 % vs. 15.9 % ( Z  N  = 5.23). However, the inci-
dence of glucosuria was not signifi cantly differ-
ent. At fi ve years, there was no signifi cant 
difference in the prevalence of insulin or oral 
hypoglycemic medication use in niacin-treated 
patients compared to placebo: 4.6 % vs. 5.4 %. 

 Based on the initial follow-up of CDP results, 
it was concluded that despite the reduction of 
total cholesterol and lower morbidity (nonfatal 
MI’s, fatal/nonfatal CVA) in niacin-treated 
patients, there was no mortality benefi t to niacin 
treatment. The authors also cautioned against the 
use of niacin treatment in patients with diabetes.  

    Coronary Drug Project 15-Year 
Mortality 

 Due to the possible excess cancer mortality of 
patients randomized into the low-dose estrogen 
group and concerns of clofi brate safety from the 
World Health Organization Trial, the NHLBI 
sponsored a long-term follow-up study of all 
patients who were randomized in the CDP [ 46 ]. 
The primary goal of the study was to determine 
the vital status of 6,008 patients who were alive 
at the initial data censure in February 1975. The 
mean follow-up was 15 years (6.2 years during 
treatment and 8.8 after termination of the study). 

 Unexpectedly and discordant with the original 
CDP trial, the all-cause mortality of the niacin- 
treated patients was 6.2 % lower than placebo 

(52.0 % vs. 58.2 %,  p  = 0.0004). The main differ-
ence in overall mortality was a signifi cant reduc-
tion of cardiovascular mortality; however, there 
was a trend towards reduced mortality due to 
cerebrovascular, cancer, and noncancer causes 
as well. 

 The mortality benefi t persisted with subgroup 
analysis by age, serum cholesterol, and serum tri-
glycerides. Importantly, this benefi t also was seen 
in patients with impaired fasting glucose 
(≥100 mg/dL). The survival curves of niacin and 
placebo were identical until month 72, when 
divergence begins. The initial analysis of CDP did 
note the start of this separation, but there was 
inadequate follow-up at that time to have statisti-
cal signifi cance. The separation of curves contin-
ued despite the cessation of niacin treatment. It 
remains unclear why was there a 6-year delay 
before niacin treatment manifested a mortality 
benefi t and why did this benefi t persisted despite 
lack of treatment. One possibility is that the pro-
gression of atherosclerosis was most effectively 
altered by niacin. Compared to the other treatment 
groups, niacin treatment resulted in the greatest 
reduction in serum cholesterol and triglycerides, 
−10.1 % and −26.9 %, respectively. The clinical 
benefi t of this was initially manifested by a reduc-
tion in nonfatal MI seen in the niacin group start-
ing about 2 years after randomization.  

    Stockholm Ischemic Heart Disease 
Secondary Prevention Study 

 Performed in the “pre-statin” era, this open-label, 
secondary prevention trial enrolled 554 survivors 
of MI’s and randomized them to either placebo or 
combination clofi brate/niacin for fi ve years. The 
specifi c form of niacin used was a nicotinic acid 
ester called pentaerythrityl tetranicotinate or nic-
eritrol, which has delayed release characteristics. 
Though insulin-dependent diabetic patients were 
excluded, the trial still enrolled a small cohort of 
diabetic subjects, 3.6 and 3.0 % in the control and 
treatment groups, respectively. There were no 
specifi c subgroup analyses of outcomes for 
patients with diabetes [ 66 ]. 
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 Most notably there was a 26 % reduction of 
all-cause mortality and a 36 % of CV death in 
patient’s treatment with clofi brate/niacin vs. pla-
cebo ( p  < 0.01). Patients in the treatment arm 
were observed to have a signifi cant improvement 
in their lipid profi le: serum triglycerides were 
reduced by 19 % and serum cholesterol decreased 
by 13 % ( p  < 0.001 for both end points). HDL-C 
was not reported. Interestingly, the authors con-
cluded that the CV mortality benefi t correlated 
with reduction in serum triglycerides rather than 
serum cholesterol.  

    Cholesterol-Lowering Atherosclerosis 
Study 

 This relatively small angiographic study was a 
randomized, placebo-controlled, selectively 
blinded trial which randomized 162 male post- 
CABG patients to either 30 g of colestipol hydro-
chloride plus niacin (titrated to 3–12 g/day) or 
placebo. Patients with diabetes, hypertension, or 
hypertriglyceridemia (>500 mg/dL) were 
excluded from the trial. The trial was designed to 
evaluate the change of coronary or peripheral 
arterial stenosis after two years of treatment 
using a semiquantitative measurement called the 
“Global Change Score.” Based on this assess-
ment, overall progression of disease was signifi -
cantly reduced with colestipol–niacin treatment. 
Importantly, the lipid profi le signifi cantly 
improved in colestipol–niacin-treated patients 
compared to placebo: LDL-C levels decreased 
−43 % vs. −5 % ( p  < 0.001), HDL-C increased 
37 % vs. 2 % ( p  < 0.001), and total cholesterol 
decreased −26 % vs. −4 % ( p  < 0.001) [ 67 ].  

    Familial Atherosclerosis Treatment 
Study 

 This small, randomized, doubled trial assessed 
the change in the severity of proximal coronary 
artery disease assessed by a semiquantitative 
analysis [ 68 ]. The trial population consisted of 
146 men with angiographically proven CAD, as 

well as elevated ApoB levels (>125 mg/dL) and 
family history of CAD. Diabetic subjects were 
excluded from the trial. Participants were ran-
domized to one of three treatment groups for 2½ 
years: lovastatin (20 mg twice a day) plus colesti-
pol (10 g three times a day), niacin (1 g four times 
a day) plus colestipol (10 g three times a day), or 
conventional treatment (diet counseling and “pla-
cebo”). However, as per protocol, subjects could 
receive colestipol if LDL-C was above the 90th 
percentile for age. Thus, 43 % of patients in the 
placebo group received colestipol. 

 Participants underwent a baseline coronary 
angiogram and a 2½ year follow-up. In the con-
ventional treatment group, 46 % had progression 
of at least one lesion at one of nine proximal cor-
onary artery segments. By comparison, the inci-
dence of progression of proximal stenosis was 
approximately half that observed in the conven-
tional treatment group, 23 % ( p  = 0.005). Since 
the trial was relatively small, there were few clin-
ical events observed. However, the primary clini-
cal composite end point (CV death, MI, or 
revascularization for worsening ischemic) was 
observed signifi cantly more in the placebo group 
than in the active treatment group (11 vs. 5, 
 p  = 0.01). In the conventional treatment group, 
LDL-C and HDL changed modestly: −7 % and 
+5 %, respectively. In contrast, the lipid profi le 
was signifi cantly improved in the niacin–colesti-
pol group: LDL-C decreased 32 % and HDL-C 
increased 43 % ( p  < 0.001). ApoB levels signifi -
cantly decreased with both lovastatin–colestipol 
and niacin–colestipol treatment: −35 % and 
−28 %, respectively ( p  < 0.001). 

 A few side effects were noted. Two patients in 
the niacin–colestipol group had to receive anti-
diabetic medications, and two other patients 
developed gout. Mean AST increased by about 
20 % in both niacin–colestipol and lovastatin–
colestipol groups, but no individual patient devel-
oped signifi cant AST elevation greater than three 
times normal. 

 Multivariate stepwise analysis of mean change 
in proximal stenosis found %Δ HDL-C and 
%ΔLDL-C as independently predictive. Other 
variables also independently predictive were 
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ST-segment depression at peak exercise during 
baseline treadmill stress testing, %Δ ApoB, and 
%Δ systolic blood pressure during treatment. 
These results of Familial Atherosclerosis 
Treatment Study (FATS) suggested that signifi -
cant improvements in CAD, assessed by angio-
graphic and clinically metrics, could be observed 
with therapies that effectively raised HDL-C and 
lowered LDL-C.  

    HDL-Atherosclerosis Treatment 
Study 

 This was a randomized, double-blind, placebo- 
controlled angiographic trial that used a two-by- 
two factorial design to evaluate the effects of 
combination simvastatin–niacin therapy and/or 
antioxidant therapy (vitamin E, C, β-carotene, 
and selenium) vs. placebo [ 69 ]. The primary end 
point was the mean change of stenosis caused by 
the most severe lesion in a proximal coronary 
artery segment using quantitative coronary angi-
ography (QCA). The pre-specifi ed primary clini-
cal end point was the time to occurrence of 
cardiovascular death, non-fatal MI, CVA, or 
revascularization due to worsening ischemia. 

 The study population consisted of 160 
patients; 55 % had prior MI and 49 % had under-
gone prior angioplasty. Sixteen percent had dia-
betes mellitus, although uncontrolled diabetic 
subjects were excluded from the trial. The 
patients were randomized to one of four groups: 
placebo ( n  = 44), simvastatin–niacin ( n  = 33), 
antioxidant vitamins ( n  = 39), or simvastatin–nia-
cin plus antioxidants ( n  = 40). Of note, in an effort 
to maintain blinding, the placebo group received 
a small dose of immediate-release niacin (50 mg 
twice daily) to provoke fl ushing. Simvastatin–
niacin-treated patients experienced a 42 % reduc-
tion of LDL-C and a 26 % increase in HDL-C 
levels. The addition of antioxidants to simvas-
tatin–niacin blunted both the lipid-lowering 
effects and the capacity to raise HDL-C of simv-
astatin–niacin [ 70 ]. Coronary artery disease as 
measured by angiography worsened in patients 
assigned to placebo but regressed in the simvas-
tatin–niacin group ( p  < 0.001) [ 69 ].  

    Atherothrombosis Intervention in 
Metabolic Syndrome with Low HDL/
High Triglycerides: Impact on Global 
Health Outcomes (AIM-HIGH) 

 Despite aggressive pharmacologic therapies to 
reduce LDL-C to target levels, a large proportion 
of patients with CAD will continue to have CV 
events. In these patients, HDL-C levels have 
independent prognostic value. The AIM-HIGH 
investigators hoped to demonstrate that HDL-C 
raising and triglyceride lowering with Niaspan 
ER after aggressive LDL-C lowering with statins 
and ezetimibe (for some of the patients) would 
improve cardiovascular outcomes in patients 
with stable coronary artery disease [ 71 ,  72 ]. 

 AIM-HIGH enrolled patients age 45 years or 
older who had established cardiovascular dis-
ease, defi ned as documented stable CAD, cere-
brovascular disease, carotid artery disease, or 
peripheral arterial disease. At entry, patients had 
low baseline levels of HDL-C (<40 mg/dL for 
men, <50 mg/dL for women). LDL-C levels were 
required to be lower than 180 mg/dL. Compared 
to the placebo, the baseline mean LDL-C (mg/
dL) was not signifi cantly different in patients ran-
domized to ERN plus simvastatin: 75.8 ± 24.3 vs. 
76.2 ± 25.7, respectively. Mean HLD-C was nom-
inally higher in the placebo group: 35.3 ± 5.9 vs. 
34.8 ± 5.9 ( p  = 0.04). The trial was multicenter 
and enrolled patients from the USA and Canada. 

 The trial’s primary end point was the composite 
of CV death, nonfatal MI, ischemic CVA, hospi-
talization for an ACS, or cerebral revasculariza-
tion. It was an event-driven trial expected to have 
800 adjudicated events with a mean follow-up 
period of 4.6 years. The trial was proposed to have 
85 % power to detect a 25 % relative risk reduction 
in the primary end point. 

 A total of 3,414 patients were randomized to 
ERN (1,500–2,000 mg/day) plus simvastatin or 
placebo plus simvastatin. It must be noted that 
the placebo group (like other trials) received nia-
cin IR (50–100 mg twice a day) to mask treat-
ment. Simvastatin was adjusted based upon a 
prespecifi ed algorithm to maintain LDL in the 
range of 40–80 mg/dL. In addition, subjects in 
either group could receive an adjunctive daily 
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dose of ezetimibe 10 mg/day to achieve the target 
LDL-C level of 70 mg/dL. 

 Patients with diabetes were included in the trial 
and were one of the six prespecifi ed subgroups for 
analysis. Of subjects with a history of diabetes, 
570 (33.6 %) were randomized to placebo plus 
simvastatin and 588 (34.2 %) were randomized to 
ERN plus simvastatin. The mean baseline HbA1c 
was similar: 6.68 ± 0.85 % and 6.70 ± 0.88, respec-
tively. There was no signifi cant difference in mean 
baseline glucose or serum insulin either. 

 AIM-HIGH was stopped early by the Data 
Safety Monitoring Board (DSMB) due to lack of 
effi cacy and a trend towards a higher rate of isch-
emic strokes in the ERN-treated group: 556 
patients had a primary end point event (282 
[6.4 %] in the niacin group and 274 [16.2 %] in 
the placebo group, HR 1.02;  p  = 0.80). There was 
a trend towards a higher incidence of ischemic 
strokes in the niacin group: 27 patients (1.6 %) vs. 
15 (0.9 %) and hazard ratio (HR) 1.61;  p  = 0.11. 
In subgroup analysis no benefi t for niacin could 
be detected among subjects with diabetes. 

 The trial’s results were very controversial and 
received considerable attention regarding its 
design, early termination, and negative fi ndings. 
It was criticized for being underpowered to detect 
a clinical benefi t since the between group differ-
ence of HDL-C was only 4 mg/dL. This resulted 
from a higher than expected increase in the 
HDL-C in the placebo group, which did receive a 
small dose of immediate-release niacin. 

 Other critiques focused on the possible differ-
ential effects of niacin on total cholesterol 
(HDL-C or LDL-C) vs. modulation of particle 
size (HDL-P or LDL-P). Niacin can cause discor-
dant effects on total measured cholesterol (HDL-C 
or LDL-C) and particle size/number [ 73 ]. While 
combination therapy of ERN and simvastatin 
compared to atorvastatin monotherapy has been 
shown to favorably increase the number and size 
of HDL particle subclasses, the effect of ERN and 
simvastatin in the AIM-HIGH trial is still 
unknown pending results of the nuclear magnetic 
resonance substudy [ 74 ]. Thus, if Apo B or 
LDL-P levels have been lowered to very low val-
ues, then raising HDL-C without accompanying 
changes in HDL-P offers no additional incremen-
tal CV risk reduction benefi t [ 75 ,  76 ].  

    The Treatment of HDL to Reduce 
the Incidence of Vascular Events 
(HPS2-THRIVE) 

 The ongoing HPS2-THRIVE trial is by far the 
largest trial to evaluate the clinical benefi ts of 
niacin treatment (Clinicaltrials.gov: NCT0046-
1630). This trial is a multicenter, randomized, 
double-blind, placebo-controlled trial which 
enrolled over 25,000 patients with CAD, cerebro-
vascular disease, peripheral arterial disease, and 
diabetes from the UK, Scandinavia, and China. 
More patients have been enrolled in this single 
trial than all previous randomized niacin trials 
combined. Furthermore, HPS2-THRIVE will 
enroll more than 7,000 patients with diabetes 
which will fi nally allow for a robust understand-
ing of the benefi cial or potentially deleterious 
effects of niacin in people with diabetes. The 
study is headed by the Clinical Trial Service Unit 
of the University of Oxford. The goal of the study 
is to evaluate the clinical benefi ts of adjunctive 
treatment with extended-release niacin 1 g/laro-
piprant (ERN/LPRT) in patients already treated 
with simvastatin 40 mg/day ± ezetimibe. ERN/
LPRT (Tredaptive ® ; Merck & Co, Inc) was 
approved for use in the EU in 2008, but is not yet 
approved for use in the USA. LPRT is a selective 
prostaglandin D receptor antagonist that signifi -
cantly reduces the frequency and intensity of 
niacin-induced fl ushing [ 77 ]. The primary end 
point will be time to fi rst major vascular event: 
nonfatal MI, CV death, CVA, or revasculariza-
tion. Patients will be followed for a mean of at 
least 4 years. Enrollment in HPS2-THRIVE was 
completed in June 2010, and preliminary results 
are anticipated in 2013.   

    Non-invasive Imaging Trials 

    Arterial Biology for the Investigation 
of the Treatment Effects of Reducing 
Cholesterol (ARBITER-2/ARBITER-3) 

 ARBITER-2 was a small, randomized trial that 
measured changes in carotid intima media thick-
ness (CIMT) to compare ERN vs. placebo in 
patients already being treated with statin (>90 % 
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of patients used simvastatin) and low LDL-C 
(≈80 mg/dL) levels. The trial enrolled 167 sub-
jects with known CAD and low HDL-C levels 
(mean 40 mg/dL). There was a high prevalence 
of insulin resistance (46 with type 2 diabetes mel-
litus and 85 with metabolic syndrome). After one 
year, there was a small progression of mean 
CIMT (0.044 ± 0.100 mm,  p  < 0.001) in the statin 
plus placebo GROUP, but unchanged in the statin 
plus ERN group. The overall progression of 
mean CIMT was not signifi cantly different 
between the placebo and ERN groups. Post hoc 
analysis of subjects with insulin resistance also 
showed no signifi cant difference between pla-
cebo and niacin. However, when the subjects 
with insulin resistance were excluded from the 
analysis, a statistically signifi cant difference was 
observed [ 78 ]. 

 Building on these results, ARIBTER-3 con-
tinued niacin treatment in 130 subjects (36 with 
diabetes) for another 12 months in an open-label 
design. Patients who were initially randomized to 
placebo in ARBITER-2 crossed over to treatment 
with ERN. Sixty-nine subjects who had initially 
been treated with ERN were continued on ERN 
to complete 24 months of treatment. Both groups 
showed signifi cant regression of mean CIMT, 
with the 24 month ERN group demonstrating the 
most regression ( p  < 0.001). Glucose values were 
not signifi cantly different in the 24 month ERN 
group compared to baseline ( p  = 0.20). This was 
the fi rst trial to show additional treatment benefi t 
of niacin to a background of statin therapy. 
Despite the negative results of ARBITER-2 in 
patients with insulin resistance, these results 
from ARBITER-3 suggest a benefi t of niacin to 
patients with diabetes and metabolic syndrome 
[ 79 ].  

    ARBITER 6-HALTS 

 Again using CIMT as surrogate marker for ath-
erosclerosis, the ARBITER 6-HALTS study 
compared two different adjunctive strategies for 
lipid modifi cation in patients already being 
treated with statins [ 80 ]. Three hundred sixty- 
three subjects with known vascular disease or 

CAD risk equivalents were randomized to either 
ezetimibe (10 mg/day) or ERN (2,000 mg/day) in 
addition to long treatment with statins. Subjects 
had CIMT measured at baseline and at 14 months 
follow-up. Compared to ezetimibe, subjects 
treated with ERN had signifi cantly larger regres-
sion of mean ( p  = 0.001) and maximal CIMT 
( p  ≤ 0.001). LDL-C and TG levels decreased sig-
nifi cantly in niacin-treated patients, and mean 
HDL-C level increased 18.4 % in niacin-treated 
patients. Though the trial was not powered for 
clinical end points, it was unfortunately stopped 
early due to the CIMT results. This may have 
exaggerated the effi cacy of niacin on CIMT com-
pared to ezetimibe [ 81 ].  

    Guidelines 

 While not specifi cally discussing diabetic 
patients, ATPIII NCEP guidelines suggest add-
ing niacin or fi brate therapy to statins in high-risk 
patients with elevated triglycerides or low 
HDL-C levels [ 82 ]. In 2010, the American 
Diabetes Association (ADA) published the 
Standard of Medical Care in Diabetes. The rec-
ommended target levels for LDL-C in diabetic 
patients without CVD was <100 mg/dL and 
<70 mg/dL in patients with CVD. The ADA also 
recommended using statins as the primary agent 
to reduce LDL-C levels and reserved the use of 
niacin (along with fenofi brate, ezetimibe, and 
bile acid sequestrants) in patients who did not 
achieve LDL-C targets with statins or were intol-
erant to statins. Niacin was acknowledged as a 
potent agent that can raise HDL-C levels and 
improve the lipid profi le of diabetic patients; 
however, the guidelines cautioned that there was 
sparse and insuffi cient data compared to statins 
regarding its clinical benefi ts [ 83 ]. The ADA and 
the American College of Cardiology (ACC) 
addressed lipoprotein management in patients 
with CMR in a consensus statement in 2008. The 
same LDL-C targets were recommended for 
patients with CMR as diabetic patients. If needed, 
niacin was recommended as the preferred adju-
vant agent to statins in patients with low HDL-C 
and elevated TG levels [ 84 ].   
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    Conclusions 

 Niacin is the fi rst pharmacologic agent known to 
reduce cholesterol levels in humans and the most 
effective to increase HDL-C levels, but much 
remains to be understood regarding the mecha-
nisms of its action and clinical benefi t. Niacin 
induces favorable changes across the spectrum of 
lipoproteins which may reduce atherogenic poten-
tial and CV risk. These effects may be of particu-
larly benefi t in patients with diabetes or CMR. 
There have been few studies of niacin’s clinical 
benefi ts, and data regarding outcomes in patients 
with diabetes are even more scant. Although 
statins and LDL-C reduction are the cornerstones 
of modern antilipidemic therapy, there is clinical 
equipoise regarding niacin’s benefi ts. Given this 
though, a signifi cant role for niacin may still exist 
as adjuvant therapy for LDL-C or LDL-p lower-
ing or in statin-intolerant patients. Further data 
from large studies such as HPS2- THRIVE are 
eagerly anticipated and hopefully should clarify 
the role and utility of niacin therapy.     
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           Introduction 

 Ezetimibe blocks the intestinal absorption of 
both biliary and dietary cholesterol by inhibiting 
intestinal sterol transporters. Therapeutically, 
ezetimibe alone and in combination with statins 
is primarily indicated to lower low-density lipo-
protein (LDL) cholesterol levels. Additionally, 
ezetimibe lowers non-high-density lipoprotein 
(non-HDL) cholesterol, apolipoprotein B, tri-
glycerides, and remnant-like particle cholesterol 
and modestly raises HDL cholesterol levels. 
When combined with statins, ezetimibe may also 
lower C-reactive protein levels. These lipid 
effects have particular application when treating 
the dyslipidemia often found in patients with 
type 2 diabetes mellitus (T2DM). Colesevelam 
HCl is another gastrointestinal-acting lipid- 
altering drug, which is classifi ed as a bile acid 
sequestrant (BAS). Earlier, BAS were among the 
fi rst drugs approved to lower cholesterol levels, 
and clinical outcomes trials supported their use in 

not only lowering cholesterol but also improving 
atherosclerotic coronary heart disease (CHD) 
outcomes. Unfortunately, the fi rst marketed BAS 
(e.g., cholestyramine and colestipol) were poorly 
tolerated and had substantial potential for drug 
interactions which substantially limited their 
clinical use. Colesevelam HCl was approved in 
the year 2000 as a new generation of BAS that 
was specifi cally designed to be better tolerated, 
with less potential for drug interactions. 
Additionally, BAS were known for decades to 
not only reduce cholesterol levels but also reduce 
glucose levels. In 2008, colesevelam HCl 
received regulatory approval as an anti-diabetes 
mellitus agent, which was in addition to its estab-
lished indication as a cholesterol-lowering agent. 
This chapter focuses on the use of ezetimibe and 
colesevelam HCl in the management of dyslipid-
emia in patients with T2DM.  

    Diabetes Mellitus and Dyslipidemia 

 A dyslipidemia often described in association 
with metabolic syndrome and T2DM includes 
elevated levels of triglycerides (TG), very low- 
density lipoprotein (and other triglyceride rich 
lipoproteins (TRL) and their remnants), small 
dense low-density lipoproteins (LDL), and 
increased levels of apolipoprotein B, as well as 
decreased levels of high-density lipoprotein 
(HDL) and apolipoprotein A-1. Most studies sug-
gest that when corrected for applicable demo-
graphics (age, gender, adiposity, etc.), LDL 

        H.   Bays ,  M.D., F.T.O.S., F.A.C.E., F.N.L.A.      (*) 
  Louisville Metabolic and Atherosclerosis 
Research Center ,   3288 Illinois Avenue , 
 Louisville ,  KY   40213 ,  USA   
 e-mail: hbaysmd@aol.com  

22      Cholesterol Absorption Inhibitors 
(Ezetimibe) and Bile Acid Binding 
Resins (Colesevelam HCl) as 
Therapy for Dyslipidemia 
in Patients with Diabetes Mellitus 

                         Harold     Bays     



416

cholesterol may not substantively differ between 
those with and without T2DM [ 1 ]. 

 The cause of the dyslipidemia associated 
with T2DM is multifactorial. The most common 
modifi able lifestyle contributor to T2DM and its 
associated dyslipidemia involves the pathogenic 
endocrine and immune effects of excessive adi-
pose tissue, termed “adiposopathy” (Fig.  22.1 ).

   Adiposopathy [ 2 ] is caused by positive caloric 
and sedentary lifestyle in genetically and 
 environmentally susceptible patients [ 3 ]. 
Anatomically, adiposopathy is manifest by adi-
pocyte hypertrophy, as well as increased visceral, 
pericardial, perivascular, and other periorgan adi-
posity, growth of adipose tissue beyond its vascu-
lar supply, increased number of adipose tissue 
immune cells, and “ectopic fat deposition” in 
other body organs [ 4 ]. Pathophysiological mani-
festations of adiposopathy include impaired adi-
pogenesis, adipocyte organelle dysfunction, 
increased circulating free fatty acid levels, and 
adverse adipocyte and adipose tissue endocrine 
and immune responses [ 5 ]. As importantly, the 
pathogenic potential of adipose tissue is highly 
dependent upon interactions or cross talk with 
other body organs. If such actions and interac-
tions are pathogenic, then the potential clinical 
manifestations of adiposopathy include hyper-
glycemia, high blood pressure, dyslipidemia, 
metabolic syndrome, atherosclerosis, fatty liver, 
and increased risk of cancer [ 2 ]. 

 Hormonal abnormalities associated with adi-
posopathy include hyperandrogenemia in women 
and hypoandrogenemia in men. Thus, fat weight 
gain resulting in adiposopathy may “approxi-
mate the genders,” at least with respect to sex 
hormone status [ 6 ,  7 ]. Women may develop insu-
lin resistance on the basis of inherited post-
receptor defects in insulin signaling, irrespective 
of adiposity. Women who gain body fat may 
develop adiposopathic responses that also may 
contribute to insulin resistance. In either circum-
stance, the resultant compensatory hyperinsu-
linemia enhances ovarian androgen production 
and inhibits hepatic synthesis of sex hormone 
binding globulin (SHBG), which increases free 

testosterone. These mechanisms help account for 
the clinical presentations and common endocri-
nopathies associated with the polycystic ovarian 
syndrome (PCOS), which depending on the 
underlying pathophysiology, may occur with and 
without adiposity. The adverse clinical conse-
quences of PCOS include infertility, increased 
risk of cardiovascular disease, and increased risk 
of T2DM [ 8 ]. Regarding men, adiposopathic 
responses may lead to hypoandrogenemia via 
various mechanisms [ 9 ]. Hyperinsulinemia may 
decrease SHBG, which decreases total circulat-
ing testosterone. Hyperleptinemia may suppress 
testicular androgen production. Increased adi-
pose tissue aromatase activity may increase the 
conversion of testosterone to estradiol, which 
may decrease pulsatile luteinizing hormone 
secretion, which in turn, decreases testicular 
androgen production. The reduction in male 
androgens may promote even further adiposity, 
which may potentially worsen adiposopathy, cre-
ating a circular and interconnected pathologic 
process leading to a number of metabolic abnor-
malities. This is yet another example as to 
how adiposopathic responses lead to the clinical 
and laboratory fi ndings described by the 
“metabolic syndrome,” as well as an increased 
risk of atherosclerotic coronary heart disease 
and T2DM [ 10 ]. 

 Conceptually, the origins of the dyslipidemia 
associated with T2DM are shown in Figs.  22.2 , 
 22.3 , and  22.4 . If during positive caloric balance, 
adipose tissue responds with pathogenic endo-
crine and immune responses, and if adipose tis-
sue is unable to adequately store free fatty acids, 
then these pathogenic responses and energy over-
fl ow are directed to other body organs. If non- 
adipose tissue body organs (such as the liver and 
muscle) are not suffi ciently “fl exible” in their 
capacity to manage the adverse metabolic 
onslaught, then such organs may become dys-
functional, contributing to metabolic disease 
(Fig.  22.2 ). An illustrative example most appli-
cable to this discussion is shown in Figs.  22.3  and 
 22.4 . If due to genetic or environmental limita-
tions, the liver is unable to oxidize the excessive 
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  Fig. 22.1       Title: Adiposopathy: Simplifi ed relationship 
between pathogenic adipose tissue and cardiovascular dis-
ease [ 2 ]. Adiposopathy is promoted by unhealthy nutri-
tion and a sedentary lifestyle in genetically and 
environmentally predisposed individuals. With impaired 
adipogenesis of peripheral, subcutaneous adipose tissue 
during positive caloric balance, existing fat cells may 
hypertrophy, circulating free fatty acids may increase, and 

lipids may be deposited in non-adipose tissue organs (e.g., 
liver, muscle, possibly pancreas) resulting in lipotoxicity. 
Adiposopathic endocrine and immune responses may be 
directly pathogenic to the cardiovascular system or other-
wise interact with other body systems. If not mitigated by 
these other body organs, adiposopathy may indirectly 
cause or promote major atherosclerotic risk factors (type 2 
diabetes mellitus, high blood pressure, or dyslipidemia)       
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free fatty acid load derived from visceral adipose 
tissue into the portal circulation, then this may 
clinically result in the common clinical fi ndings 
among patients with T2DM and metabolic syn-
drome, such as fatty liver, increased VLDL secre-
tion, as well as generation of small LDL and 
HDL particles, and increased triglyceride rich 
lipoprotein remnants [ 11 ].

     In addition to the increased VLDL secretion, 
as shown in Fig.  22.4 , one of the endocrinopa-
thies associated with adiposopathy is a relative 
decrease in lipoprotein lipase activity [ 4 ]. Thus, 
in addition to increased secretion of VLDL, adi-
posopathy may also result in a reduced capacity 

to hydrolyze triglycerides in VLDL particles, all 
resulting in the common clinical fi nding of hyper-
triglyceridemia. Subsequently, through the 
actions of various lipases, VLDL particles are 
converted to remnant lipoproteins (incompletely 
digested VLDL particles), which are thought to 
be atherogenic. Triglycerides carried by VLDL 
particles may also undergo a 1:1 stoichiometric 
exchange with LDL and HDL particles via cho-
lesteryl ester transfer protein (CETP). 
Triglyceride-enriched LDL and HDL particles 
are better substrates for lipase activity, which 
results in the formation of smaller and more 
dense particles.  

  Fig. 22.2    Navigating the pathogenic potential of adipo-
sopathy. Fat cell enlargement and accumulation of adipose 
tissue in the visceral area often result in pathogenic adi-
pose tissue metabolic and immune responses, including 
the net release of free fatty acids, which may be lipotoxic 

to peripheral organs. The potential of pathogenic adipose 
tissue to cause metabolic disease is largely dependent on 
cross talk and interactions with, as well as responses of 
other body tissues       
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    Cholesterol Flux and the 
Importance of Intestinal Cholesterol 

 Irrespective of cause, dyslipidemia in patients 
with T2DM is a modifi able risk factor, which is 
especially important given that patients with 
T2DM are at high risk for CHD [ 11 ]. Statins are 
the fi rst treatment of choice to lower cholesterol 
levels in T2DM patients. However, when statins 
are not tolerated or if statin therapy alone is not 
suffi cient in achieving LDL cholesterol treatment 
goals, then ezetimibe is another lipid-altering 
drug treatment option. 

 In both peripheral tissues and the liver, the 
major precursor for cholesterol synthesis is ace-
tyl coenzyme A (acetyl-CoA), which gives rise to 
hydroxy-methylglutaryl coenzyme A (HMG- 
CoA). HMG-CoA reductase is the rate-limiting 

enzyme in cholesterol biosynthesis. This enzyme 
converts HMG-CoA to mevalonic acid. Statins 
inhibit HMG-CoA reductase. Clinically, statins 
are the most commonly used drug to treat high 
cholesterol and were originally termed HMG- 
CoA reductase inhibitors, refl ecting their mecha-
nism of action, which was to inhibit the 
rate-limiting step of cholesterol production. 

 Textbook descriptions differ when describing 
the origin of bodily cholesterol production. 
Strictly speaking, primate studies suggest the 
greatest amount of cholesterol produced in the 
body is derived from non-hepatic tissues, such as 
skin, muscle, and intestine, with the greatest 
amount of cholesterol produced per gram of tis-
sue being endocrine organs, such as the adrenal 
gland and sex organs [ 12 ] (Fig.  22.5 ). This is 
because cholesterol is required for cell mem-
branes, cellular functions, and especially for 
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  Fig. 22.3    Adiposopathy and the dyslipidemia associated 
with the metabolic syndrome [ 6 ]. Relation between patho-
genic adipose tissue and the characteristic lipid pattern 
described by the metabolic syndrome: hypertriglyceride-

mia, low high-density lipoprotein (HDL) cholesterol levels, 
and small, dense low-density lipoprotein (LDL) particles. 
 CETP  cholesterol ester transfer protein,  FFA  free fatty acid, 
 TG  triglyceride,  VLDL  very low-density lipoprotein       
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 steroidogenesis. However, what is most clinically 
relevant regarding dyslipidemia and CHD is not 
where most total body cholesterol is produced 
but rather the origin of the cholesterol carried in 
the blood. Cholesterol is a waxy substance fi rst 
described in gallstones. The Greek derivation of 
the term “cholesterol” refers to “chole” for bile 
and “stereos” for solid. Because cholesterol (a 
lipid) is insoluble in water, it must be packaged 
and carried in the blood by polar protein- 
containing biochemical particles, known as lipo-
proteins. Thus, most of the circulating cholesterol 
is hepatic/gastrointestinal in origin, in that most 
of the cholesterol carried by lipoproteins origi-
nates from the liver or intestine.

   Once released in the blood, different lipopro-
teins may undergo enzymatic exchanges of 
 cholesterol (for TG) with other lipoproteins (e.g., 
via cholesteryl ester transfer protein) [ 13 ]. 

Furthermore, LDL particles may transfer choles-
terol to peripheral tissues. In most cases periph-
eral tissues have the capacity to synthesize their 
own cholesterol. Conversely, HDL particles may 
transfer free cholesterol from peripheral tissues 
back to the liver via peripheral cholesterol trans-
port (Fig.  22.5 ). The fact that cellular production 
of cholesterol is suffi cient for cellular function 
and that lipoprotein delivery of cholesterol is not 
required for peripheral tissue function is sup-
ported by the lack of widespread tissue and organ 
failure among patients with homozygous familial 
hypercholesterolemia, a genetic disorder wherein 
tissue LDL receptors are lacking. Even when 
patients with homozygous familial hypercholes-
terolemia (with lack of LDL receptors) undergo 
steroidogenesis stress testing, endocrine glands 
(i.e., body tissues dependent upon cholesterol 
for steroidogenesis, and thus among the most 

TG

Small
dense LDL

Increased FFA
CETP

Cholesterol

Cholesterol

TG

TG

Lipases

Lipases

Lipases

HDL

Chylomicron

LDL

Renal clearance

TG

Fatty liver

Small
dense HDL

TG

Chylomicron remnant

CETP

  Fig. 22.4    Postprandial contribution to the metabolic syn-
drome [ 6 ]. Adiposopathy may result in an inability of the 
adipose tissue organ to adequately clear postprandial FFA. 
This results in diversion (and potential lipotoxicity) of FFA 
to organs such as the liver. Such increases in FFA may also 

be lipotoxic to other organs, including muscle and pan-
creas (Fig.  22.2 ). The effect of excessive postprandial FFA 
upon lipid parameters is illustrated.  CETP  cholesteryl ester 
transfer protein,  FFA  free fatty acid,  HDL  high-density 
lipoprotein,  LDL  low-density lipoprotein,  TG  triglyceride       
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potentially vulnerable to defi ciency of cholesterol 
transport) hormone production is not diminished, 
again, due to suffi cient intracellular cholesterol 
production. In fact, it is only after administration 
of statins in patients with homozygous familial 
hypercholesterolemia that minor, nonclinically 

signifi cant reductions in steroidogenesis are 
observed [ 14 ]. The modest, if any clinical effect 
upon peripheral tissues with statins is likely 
because statin concentrations are effectually 
higher in the liver than peripheral tissues, with 
greater inhibition of cholesterol synthesis in the 

  Fig. 22.5    Simplifi ed, global overview of major organs 
involved in lipoprotein metabolism and subsequent risk 
for CHD [ 13 ]. The liver normally serves as the main regu-
latory organ determining LDL-C blood levels. Impaired 
hepatic cholesterol synthesis (such as through administra-
tion of “statins”) or impaired intestinal cholesterol deliv-
ery (such as through administration of cholesterol 
absorption inhibitors) result in increased hepatic LDL 
receptor activity with increased clearance of circulating 

LDL-C from the blood. Cholesterol from peripheral tis-
sues, including macrophages associated with arterial cho-
lesterol plaques, is transported to the liver via HDL 
particles.  ABC  adenosine triphosphate- binding cassette 
transporter,  ACAT  acyl-coenzyme A: cholesterol acyl-
transferase,  CE  cholesterol ester,  CM  chylomicron,  CMR  
chylomicron remnant,  HDL  high-density lipoprotein, 
 LDL  low-density lipoprotein,  MTP  microsomal triglycer-
ide transfer protein       
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liver versus extrahepatic tissues by HMG-CoA 
reductace inhibitors [ 15 ]. 

 Excessive delivery and accumulation of cho-
lesterol in arterial subendothelia, as derived from 
LDL particles, can result in atherosclerotic 
lesions. The transfer of cholesterol from vascular 
subendothelial to the liver by HDL particles is 
often described as “reverse cholesterol transport,” 
which technically, is not an adequate term to 
describe the totality of HDL peripheral choles-
terol transport function. Quantitatively, choles-
terol transport by HDL particles is not restricted 
to “reversing” cholesterol fl ux. As noted before, 
cholesterol is substantially produced from cellu-
lar synthesis in peripheral tissues, without the 
need for cholesterol transport to peripheral tis-
sues for normal cellular function. Thus, the term 
“reverse cholesterol transport” is best considered 
a subset of HDL transport function, restricted to 
describing HDL’s function in specifi cally retriev-
ing cholesterol from arterial plaques. 

 If the net transfer of cholesterol is such that 
cholesterol accumulates in the subendothelial 
space of arterial vessels, then this is an important 
step in the progression of atherosclerosis and an 
important promoter of CHD events. Conversely, 
if the net transfer dynamics are such that no cho-
lesterol accumulation occurs in the vascular sub-
endothelium, then this reduces the risk of CHD. 
Overall, the production, exchange, and transfer 
of cholesterol is in constant fl ux, and the predis-
position to CHD is highly dependent upon the net 
effect of this fl ux. 

 Beyond tissue production, another important 
contributor to the cholesterol pool, and thus con-
tributor to cholesterol fl ux, is intestinal choles-
terol. Dietary sterols may not substantially 
contribute to circulating cholesterol and other 
sterols, except during times of very high choles-
terol consumption, because up to three-quarters 
of the cholesterol delivered to the intestine is 
derived from biliary cholesterol excretion from 
the liver, not dietary consumption [ 12 ]. Once in 
the intestinal lumen, both biliary and dietary cho-
lesterol (and other lipids) interact with bile acids 
allowing for micelle formation, which enhances 
transport of cholesterol through the jejunal brush 
border membranes into intestinal epithelial cells. 

Once in intestinal cells, free cholesterol may be 
returned to the intestinal lumen through a het-
erodimer of adenosine triphosphate (ATP)-
binding cassette (ABC) transporters G5 and G8 
or esterifi ed and then eventually packaged into 
chylomicron particles which then deliver intesti-
nal cholesterol to peripheral tissues and the liver. 
Intestinal cholesterol absorption, cholesterol syn-
thesis, and blood cholesterol are thus all interre-
lated. If intestinal absorption of cholesterol is 
reduced, then less cholesterol is delivered to the 
liver, hepatic cholesterol synthesis is increased, 
the number and activity of hepatic LDL surface 
receptors are increased, more LDL cholesterol is 
cleared from the blood, and LDL cholesterol lev-
els are decreased.  

    Ezetimibe: Mechanism of Action 

 Ezetimibe is a lipid-altering drug approved to 
lower cholesterol. Its “mibe” suffi x refl ects that 
its discovery was during the evaluation of the 
clinical utility of various acyl-CoA cholesterol 
acyltransferase (ACAT) inhibitors, in that “mibe” 
is a designated name for this group of agents 
(e.g., avasimibe, pactimibe). Curiously, most 
ACAT inhibitors do not have clinically meaning-
ful effects upon intestinal cholesterol absorption. 
Conversely, at approved doses, ezetimibe has no 
clinically signifi cant ACAT activity. When ezeti-
mibe was approved for clinical use in 2002, the 
precise molecular target was unknown and was 
classifi ed as a cholesterol absorption inhibitor. 
Subsequently, ezetimibe was found to competi-
tively inhibit the sterol transporter, Niemann- 
Pick C1-like 1 protein (NPC1L1), located on the 
brush border membrane of intestinal epithelial 
cells (and at sites in the liver). However, ezeti-
mibe is not classifi ed as an intestinal transport 
inhibitor, but rather maintained in a class termed 
intestinal absorption inhibitor. Through inhibit-
ing intestinal cholesterol transport, ezetimibe 
reduces cholesterol entering the enterocyte, 
reduces the cholesterol packaged into chylomi-
crons, decreases the amount of cholesterol deliv-
ered to the liver, promotes a compensatory 
upregulation of hepatic LDL receptors, enhances 
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LDL-C clearance from the circulation, and thus 
lowers LDL cholesterol blood levels. 

 This mechanism of action of ezetimibe is 
complementary to statins, with the combination 
sometimes described as representing “dual inhi-
bition,” referring to the inhibition of cholesterol 
production by statins and the inhibition of intesti-
nal cholesterol absorption by ezetimibe. In some 
ways, both statins and ezetimibe share the same 
mechanism of action in that both increase hepatic 
LDL receptor activity resulting in enhance clear-
ance of LDL particles, with a greater potential to 
reduce cholesterol blood levels, compared to 
either agent alone. Increased LDL receptor activ-
ity may also increase clearance of other apolipo-
protein B containing lipoproteins, such as TRL 
(e.g., VLDL), helping to account for why both 
statins and ezetimibe lower TG levels.  

    Ezetimibe: Effects Upon 
Dyslipidemia Associated 
with Diabetes Mellitus 

 Lowering LDL cholesterol remains the primary 
lipid treatment target for most patients with 
T2DM. While ezetimibe’s main clinical use is 
lowering LDL cholesterol, ezetimibe has other 
effects applicable to the dyslipidemias so often 
found in patients with T2DM. This may be of 
clinical importance because CHD risk reduction 
may best be achieved by modifi cation of multiple 
CHD risk factors. 

    Non-HDL Cholesterol 

 Non-HDL cholesterol is the sum of cholesterol 
carried by all atherogenic lipoproteins such as 
LDL, very low-density lipoprotein (VLDL), 
intermediate density lipoprotein (IDL), remnant 
lipoprotein (RLP), lipoprotein(a) [Lp(a)], and 
chylomicrons. Non-HDL cholesterol is calcu-
lated as total cholesterol minus HDL cholesterol. 
Given that non-HDL cholesterol is more inclu-
sive in assessing the cholesterol carried by ath-
erogenic lipoproteins, it should not be surprising 
that clinical trial data suggests non-HDL choles-

terol may be a better predictor of CHD risk than 
LDL-C levels [ 16 ]. In recognition of the clinical 
importance of non-HDL cholesterol, the National 
Cholesterol Education Program (NCEP) ATP III 
has recommended non-HDL-C treatment goals 
be set at levels 30 mg/dl above the respective 
LDL-C treatment goals, as a secondary target for 
high-risk patients with TG of more than 200 mg/
dl [ 1 ]. Measurement of non-HDL-cholesterol in 
patients with metabolic syndrome and T2DM is 
particularly relevant, because many of these 
patients have increased levels of TRL, apolipo-
protein B, and small, dense LDL particles which, 
while refl ected in non-HDL cholesterol, may not 
be adequately refl ected by measuring LDL cho-
lesterol alone. In statin-treated patients, ezeti-
mibe signifi cantly reduces non-HDL cholesterol 
approximately 15–20 % in those with metabolic 
syndrome and reduces non-HDL cholesterol 
approximately 20–25 % in patients with T2DM 
[ 17 ,  18 ].  

    Apolipoprotein B 

 As with non-HDL cholesterol, apolipoprotein B 
may be a better predictor of CHD risk than LDL 
cholesterol alone [ 19 ], and apolipoprotein B lev-
els less than 90 mg/dl may be considered an alter-
native secondary target for patients at high CHD 
risk [ 20 ]. Unlike non-HDL cholesterol, apolipo-
protein B provides a direct assessment of athero-
genic particle number, which is thought to be an 
important determinant of atherogenic burden and 
CHD risk. Chylomicron particles contain one 
molecule of ApoB-48, while lipoprotein particles 
such as LDL, VLDL, IDL, and other TRL contain 
one molecule each of ApoB-100. Some assays 
may measure both apolipoprotein B 48 and 100. 
Many other apolipoprotein assays only assess 
apolipoprotein B100. Either way, apolipoprotein 
B blood levels represent the concentration of ath-
erogenic lipoproteins, which is a measurement of 
atherogenic risk beyond measuring the choles-
terol carried by LDL alone (as refl ected by LDL 
cholesterol levels). This may be especially of 
clinical importance among metabolic syndrome 
and T2DM patients who have elevated TG levels, 
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and thus elevated TRL. Adding ezetimibe to 
ongoing statin therapy signifi cantly reduces 
ApoB levels approximately 13 % in patients with 
metabolic syndrome and approximately 18 % 
among those with T2DM [ 17 ].  

    Triglycerides 

 Hypertriglyceridemia is generally considered a 
CHD risk factor. Elevated TG levels are often 
found in patients with metabolic syndrome and 
T2DM. If after LDL cholesterol goals are 
reached, and TG levels remain ≥200 mg/dl, then 
national guidelines suggest non-HDL cholesterol 
be assessed, with treatment to non-HDL-C treat-
ment goals [ 1 ]. Although support via clinical trial 
outcome data is lacking among patients with 
T2DM, achieving a TG level of <150 mg/dl is 
considered desirable [ 21 ]. When added to statin 
therapy, ezetimibe signifi cantly reduces TG lev-
els in patients with metabolic syndrome by 
approximately 5–10 % and approximately 10 % 
in patients with T2DM [ 17 ,  18 ].  

    HDL Cholesterol 

 Low levels of HDL cholesterol correlates with 
increased CHD risk. Although support via clini-
cal trial outcome data is lacking, raising HDL 
cholesterol is recommended by some organiza-
tions in patients at higher risk for CHD [ 22 ]. 
Some suggest that among those with T2DM, 
achieving HDL cholesterol >40 mg/dl in men and 
HDL cholesterol >50 mg/dl in women is desir-
able [ 21 ]. When added to statin therapy, ezeti-
mibe signifi cantly increases HDL cholesterol 
levels in patients with metabolic syndrome and 
T2DM by approximately 3 % [ 17 ,  18 ].  

    Remnant-Like Lipoproteins 

 Elevated levels TRL and their remnants are asso-
ciated with an increased CHD risk [ 22 ,  23 ]. The 
cholesterol carried by remnant TRL is included 
in measurements of non-HDL-C levels, and the 

number of particles are refl ected in measure-
ments of apolipoprotein B. TRL (e.g., chylomi-
crons, IDL, and VLDL and their remnants) may 
undergo intravascular remodeling into metabolic 
by-products of smaller and more dense particles, 
which may have higher atherogenic potential 
than larger, more buoyant, particles. Ezetimibe 
reduces remnant lipoprotein cholesterol approxi-
mately 10–20 % [ 24 ].  

    Lipoprotein Particle Size 

 Both metabolic syndrome and T2DM are often 
associated with a disproportionate baseline num-
ber of smaller LDL particles, which is often 
described as increasing CHD risk (Figs.  22.3  and 
 22.4 ). However, while baseline lipoprotein parti-
cle size may have some utility in predicting CHD 
risk, no evidence suggests that the assessment of 
lipoprotein particle size is useful in determining 
the effi cacy of lipid-altering intervention. In fact, 
in some circumstances, post-treatment lipoprotein 
particle size analyses may be misleading [ 25 ]. 

 Mechanistically, it is suggested that smaller, 
more dense LDL particles may (1) have decreased 
affi nity for tissue and liver LDL receptors, thus 
prolonging LDL particle presence in the blood; 
(2) have increased permeability through the arte-
rial endothelium with preferential retention in the 
arterial wall; and (3) be more readily oxidized, 
further increasing their atherogenic potential 
[ 25 ]. However, while the lipoprotein particle size 
effects of a lipid-altering intervention may be sci-
entifi cally intriguing, the vast majority of scien-
tifi c data supports LDL cholesterol reduction, 
non-HDL cholesterol reduction, and atherogenic 
lipoprotein particle number reduction (as 
refl ected by a reduction in apolipoprotein B) as 
not only what is most clinically relevant but also 
what represents validated lipid treatment targets. 
A challenge to some clinicians arises when 
administration of cholesterol-lowering drugs 
(such as statins or ezetimibe) lowers LDL choles-
terol, lowers non-HDL cholesterol, and reduces 
apolipoprotein B levels, but also results in 
an increase in the proportion of remaining LDL 
particles that are more small and dense [ 25 ]. 
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While lipoprotein particle size may be helpful in 
assessing baseline CHD risk, no evidence that 
such measurements are helpful to assess effi cacy 
of lipid-altering therapy [ 26 ]. 

 Physiologically, reduced LDL clearance due to 
impaired LDL receptor binding is one of the pro-
posed reasons why smaller, more dense LDL par-
ticles are potentially more atherogenic. It might 
therefore be expected that when hepatic LDL 
receptors are upregulated through therapies such 
as statins and/or ezetimibe, then the larger circu-
lating LDL particles are preferentially cleared. 
This leaves a disproportionate amount of smaller, 
more dense LDL particles. But what is most clini-
cally relevant is that both small and large LDL 
particles are atherogenic and that both statins and 
ezetimibe reduce the number of large and small 
LDL particles, both reduce apolipoprotein B, 
both reduce LDL cholesterol, and both reduce 
non-HDL cholesterol, which are the lipid param-
eters of most clinical relevance when assessing 
post-treatment lipid-altering effi cacy [ 25 ].  

    High-Sensitivity C-Reactive Protein 

 Atherosclerosis is promoted by infl ammation. 
C-reactive protein is an acute phase reactant and 
biomarker of infl ammation whose increase is 
associated with increased CHD risk.    The reduced 
progression of CHD associated with intensive 
statin treatment somewhat correlates with reduc-
tions in hs-CRP levels [ 27 ]. While ezetimibe 
monotherapy may reduce hs-CRP compared to 
placebo, these modest differences are generally 
not statistically signifi cant [ 28 ]. However, when 
ezetimibe is added to ongoing statin therapy, this 
is when hs-CRP is found to be most consistently 
and signifi cantly reduced [ 28 ,  29 ].   

    Ezetimibe: Clinical Trials in Patients 
with Diabetes Mellitus 

 In a post hoc assessment of metabolic syndrome 
or T2DM patients treated with ongoing statin 
therapy, adding ezetimibe signifi cantly lowered 
LDL cholesterol, non-HDL cholesterol, total 

cholesterol, apolipoprotein B, and TG levels, 
irrespective of the presence of metabolic syn-
drome or T2DM [ 17 ]. In a pooled post hoc anal-
ysis of 27 clinical trials ( n  = 6,541 with T2DM; 
 n  = 15,253 without T2DM), ezetimibe combined 
with statin was more effective than statin 
 monotherapy in improving LDL cholesterol, 
total cholesterol, HDL cholesterol, TGs, non-
HDL-cholesterol, apolipoprotein B, and hs-CRP 
in the overall population, as well as both sub-
groups with and without T2DM. The safety pro-
fi le was also similar between groups. This 
analysis also suggested that  ezetimibe combined 
with statin may lower LDL cholesterol, total 
cholesterol, and non-HDL cholesterol more 
among those with T2DM, compared to those 
without T2DM [ 30 ]. In a study of 1,229 hyper-
cholesterolemic T2DM patients comparing ezet-
imibe 10 mg/simvastatin 20 mg per day versus 
atorvastatin 10 or 20 mg per day or ezetimibe 
10 mg/simvastatin 40 mg per day versus atorv-
astatin 40 mg per day, ezetimibe/simvastatin 
generally provided additional improvements 
over atorvastatin with regard to LDL choles-
terol, total cholesterol, HDL cholesterol, non-
HDL cholesterol, TG, and hs-CRP, although 
these fi ndings were not statistically signifi cant at 
all dose comparisons. Ezetimibe/simvastatin 
was also superior to atorvastatin in allowing 
T2DM patients to attain LDL cholesterol levels 
less than 70 mg/dl ( P  < 0.001 for all dose com-
parisons) [ 31 ]. 

 Ezetimibe can be prescribed as monotherapy 
or combined in a single pill with either simvas-
tatin or atorvastatin. Compared to simvastatin 
alone, a subgroup analysis of three similarly 
designed, randomized, double-blind, placebo- 
controlled studies in patients with primary hyper-
cholesterolemia revealed that ezetimibe plus 
simvastatin signifi cantly reduced LDL choles-
terol, non-HDL cholesterol, apolipoprotein B, 
TG, and C-reactive protein. These effects were 
similar among those with and without metabolic 
syndrome [ 32 ]. When compared to doubling of 
the atorvastatin dose in hypercholesterolemic 
patients at high CHD risk, T2DM, and metabolic 
syndrome, a post hoc analysis of a double-blind, 
parallel group trial of hypercholesterolemia at 
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high CHD risk demonstrated that atorvastatin 
plus ezetimibe resulted in greater reductions in 
LDL cholesterol, TG, apolipoprotein B, non- 
HDL cholesterol, total cholesterol, and lipid 
ratios in the T2DM, metabolic syndrome, and 
neither groups [ 33 ]. When ezetimibe plus simv-
astatin was compared to atorvastatin or rosuvas-
tatin in patients with metabolic syndrome or 
T2DM, subgroup analyses supported ezetimibe 
plus simvastatin as providing greater improve-
ments than atorvastatin or rosuvastatin in LDL 
cholesterol, total cholesterol, HDL cholesterol 
(versus atorvastatin only), non-HDL cholesterol, 
LDL-C:HDL-C ratio, TC:HDL-C ratio, and apo-
lipoprotein B in all subgroups. A greater percent-
age of patients receiving ezetimibe plus 
simvastatin attained their individual National 
Cholesterol Education Program Adult Treatment 
Panel III LDL cholesterol goals of <100 mg/dl or 
LDL-C <70 mg/dl [ 1 ,  34 ], as well as non-HDL 
cholesterol treatment goal, again, regardless of 
subgroup [ 35 ]. 

 Because patients with metabolic syndrome 
and T2DM are at higher CHD risk, attainment of 
LDL cholesterol treatment goals may be espe-
cially challenging, because the LDL cholesterol 
targets are likely to be lower than among many of 
those without metabolic syndrome and T2DM. 
Greater LDL cholesterol reduction is usually 
required to achieve desired lipid targets among 
patients with metabolic syndrome and/or T2DM. 
In an analysis of a study of metabolic syndrome 
and T2DM patients wherein ezetimibe was added 
on to statin therapy, LDL cholesterol was signifi -
cantly reduced by a placebo-corrected 23 % 
among those with metabolic syndrome and 25 % 
among those with T2DM. In both groups, approx-
imately 70 % of patients receiving ezetimibe 
added to statins achieved LDL cholesterol goal 
versus about 20 % who had placebo added to 
statins [ 18 ]. 

 In order to better achieve lipid treatment tar-
gets, multiple lipid-altering drugs are often 
required. In a long-term effi cacy and safety sub-
group analysis of a 64-week trial of 1,220 patients 
with metabolic syndrome, T2DM, or neither, 
who were administered ezetimibe plus simvas-
tatin versus ezetimibe plus simvastatin and nia-

cin, the triple combination was signifi cantly 
better than either alone in lowering LDL choles-
terol and raising HDL cholesterol compared to 
ezetimibe plus simvastatin. As expected, the nia-
cin treated groups had greater fl ushing and 
increases in glucose levels with the greatest 
increases in new onset T2DM being among those 
with metabolic syndrome, and the greatest glu-
cose rises among those with T2DM [ 36 ]. Mixed 
dyslipidemia is another clinical situation requir-
ing multiple lipid-altering drug therapies, because 
statin monotherapy is frequently inadequate for 
normalizing simultaneous derangements in mul-
tiple lipid parameters. In a study of metabolic 
syndrome patients with mixed dyslipidemia, 
ezetimibe plus simvastatin, as well as ezetimibe 
plus simvastatin and fenofi brate signifi cantly 
reduced LDL cholesterol better than fenofi brate 
alone, in patients with or without metabolic syn-
drome. Similarly, improvements in total choles-
terol, TG, non-HDL cholesterol, apolipoprotein 
B, HDL cholesterol, apolipoprotein A-1, and 
hs-CRP were greater with ezetimibe plus simvas-
tatin or ezetimibe plus simvastatin and fenofi -
brate compared to fenofi brate alone. These 
effects appeared to be consistent in patients with 
or without metabolic syndrome [ 37 ].  

    Bile Acid Sequestrants 

 In addition to intestinal cholesterol absorption 
inhibitors such as ezetimibe, another class of gas-
trointestinal lipid-altering drug are bile acid 
sequestrants (BAS), sometimes referred to as 
“resins.” The most direct mechanism of action of 
BAS (e.g., cholestyramine, colestipol, and cole-
sevelam HCl) is the binding of bile acids in the 
intestine. Because this effect is restricted to the 
gastrointestinal (GI) tract, BAS are considered 
non-systemic agents, although they clearly have 
metabolic effects beyond the GI tract. BAS hold 
a special place in lipid-altering drug history in 
that they were among the fi rst such drugs to be 
found to both reduce cholesterol and improve 
CHD outcomes (Table  22.1 ) [ 38 ]. In fact, in 1988 
before statins and other therapies became more 
established, the initial Expert Panel of the 
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National Cholesterol Education Program listed 
BAS as a fi rst treatment of choice for hypercho-
lesterolemia (along with niacin), because BAS 
were generally safe with long-term use, and 
because studies that began in the 1970s supported 
BAS as reducing CHD risk [ 39 ]. One of the illus-
trative studies listed in Table  22.2  was the Lipid 
Research Clinics Coronary Primary Prevention 
Trial (LRC-CPPT), which was a primary preven-
tion trial evaluating cholestyramine administered 
over 7 years in 3,806 men. In this study, chole-
styramine reduced total cholesterol by 13 %, 
reduced LDL cholesterol by 20 %, and reduced 
CHD death or nonfatal myocardial infarction by 
19 %. Unfortunately, 68 % of study participants 
experienced adverse gastrointestinal experiences, 
with the average cholestyramine dose actually 
taken being 14 g/day, although the study called 
for a dose of 24 g per day. The LRC-CPPT study 
was a landmark study in that it was one of the 
fi rst CHD outcomes studies to support the “cho-
lesterol hypothesis,” in that not only was an ele-
vated cholesterol level contributive to CHD, but 
the LRC-CPPT demonstrated that a reduction of 
cholesterol could reduce CHD events. However, 
in retrospect, the poor compliance during the 
study was predictive of the challenges of its 
future use in clinical practice. Due to their poor 
gastrointestinal tolerability (e.g., constipation 

and other GI adverse experiences), high potential 
for drug interactions, and predominant adminis-
tration via multiple daily scoops of sandy- 
textured drug, once statins were introduced, the 
use of BAS declined, representing a small frac-
tion of the drugs utilized for treatment of 
hypercholesterolemia.

        Colesevelam HCl 

 In the 1990s, colesevelam hydrochloride was 
developed as a BAS with a unique polymer struc-
ture specifi cally designed to maintain lipid effi -
cacy, but improve BAS tolerability. Regarding 
effi cacy and compared to placebo, early mono-
therapy trials demonstrated that six 625 mg cole-
sevelam HCl tablets per day signifi cantly reduced 
LDL cholesterol levels 15–21 %, increased HDL 
cholesterol levels 3–9 %, and increased TG levels 
2–16 % [ 38 ]. Similarly, early statin combination 
trials likewise supported six 625 mg tablets/day 
of colesevelam HCl per day signifi cantly reduced 
LDL-C 10–16 %, increased HDL-C 3–7 %, and 
increased TG levels 5–23 % compared with statin 
alone [ 38 ]. Regarding tolerability, in addition to 
the fi rst-introduced tablet formulation, a subse-
quent “sugar free” (phenylalanine) colesevelam 
HCl powder was developed wherein, as opposed 

    Table 22.2    Examples of clinical trials evaluating the effects of bile acid sequestrants upon glucose levels   

 Clinical trial  Demographics  Duration  Intervention  Lipid effect 
 Baseline 
HbA1c 

 Results at 
study end a  

 Garg and 
Grundy [ 50 ] 

 20 men and 1 
woman with 
T2DM 

 Crossover 
study; 6 weeks 
for each period 

 Cholestyramine 
16 g a day 

 LDL-C = −28 % 
 HDL-C = No change 
 TG = +13.5 % 

 Not 
reported 

 FPG = −13 % 
 HbA1c = −0.5 % (NS) 

 Yamakawa 
et al. [ 51 ] 

 70 men and 
women with 
T2DM 

 3 months  Colestimide 
6 g per day 
or pravastatin 
10 mg per day 

 LDL-C = −23 % b  
 HDL-C = −0.06 % (NS) 
 TG = +14 %(NS) 

 7.7 %  FPG = −8 % 
 HbA1c = −0.9 % 

 Zieve et al. 
(GLOWS 
trial) [ 52 ] 

 65 men and 
women with 
T2DM 

 12 weeks  Colesevelam 
3.75 mg/day c  

 LDL-C: −11.7 % 
 HDL-C: −1.5 % (NS) 
 TG: +7.8 % (NS) 

 7.9 %  HbA1c: −0.5 % 
 FPG: −14 mg/dl (NS) 
 PPG: −31.5 mg/dl 

  Recreated from [ 40 ] 
  CHD  atherosclerotic coronary heart disease,  FPG  fasting plasma glucose,  GLOWS  Glucose Lowering effects of WelChol Study, 
 HDL-C  high-density lipoprotein cholesterol,  LDL-C  low-density lipoprotein cholesterol,  NS  not a statistically signifi cant 
change,  OAD  oral anti-diabetes drugs,  PPG  two-hour postprandial glucose,  T2DM  type 2 diabetes mellitus,  TG  triglycerides 
  a FPG values represent percent change in glucose levels; HbA1c values reduction in HbA1c percent 
  b Lipid and glucose values were colestimide-treated subjects compared to baseline 
  c In addition to other OAD  
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to multiple scoops of sandy-textured drug (as was 
typical of cholestyramine), colesevelam HCl 
powder could be administered via one small 
3.75 g packet of drug, once a day. In a BAS 
acceptability trial, 71 % of study participants 
reported taste as being important for long-term 
compliance. In this controlled comparison study, 
those participating in the study found the cole-
sevelam HCl powder tasted signifi cantly better 
than generic cholestyramine [ 48 ].  

    Colesevelam HCl: Cholesterol 
Lowering of Bile Acid Sequestration 

 While colesevelam HCl and ezetimibe are both 
gastrointestinal lipid-altering drugs, they do have 
important differences. Ezetimibe is administered 
as a single pill, while colesevelam HCl is admin-
istered as six pills per day or one packet of cole-
sevelam HCl powder per day. Ezetimibe inhibits 
cholesterol transporters, while colesevelam HCl 
binds bile acids. Ezetimibe is technically a sys-
temic drug, in that it undergoes enterohepatic cir-
culation, while colesevelam HCl is non-systemic, 
in that the colesevelam HCl drug remains limited 
to the intestine, without systemic exposure. But 
while these two agents do have differences, much 
of the physiology of the GI tract in lipid metabo-
lism previously described with ezetimibe are 
similar and applicable to colesevelam HCl. As 
seen in Fig.  22.5 , cholesterol is converted into 
bile acids in the liver via the enzyme 7 alpha- 
hydroxylase. Bile acids are secreted into the bili-
ary system, and then into the intestine, 
predominantly for the purpose of micelle forma-
tion and fat digestion. Over 95 % of bile acids are 
transported to the terminal ileum, where they are 
then returned to the liver via enterohepatic recir-
culation. Once these bile acids are bound by BAS 
such as colesevelam HCl, these bile acids are 
excreted in the feces and do not undergo entero-
hepatic recirculation. The decreased bile acid 
return to the liver upregulates enzymes that 
increase the cholesterol catabolism to bile acids, 
resulting in a compensatory increase in hepatic 
LDL receptor activity, clearing LDL from the cir-
culation, and reducing LDL-C levels [ 38 ]. Thus, 

the increase in LDL receptor activity is a mech-
anism shared by colesevelam HCl, ezetimibe, 
and statins for that matter. Finally, another sim-
ilarity to ezetimibe is that colesevelam HCl 
was the fi rst BAS to report reductions in CRP 
when added to statins, which is an effect most 
consistently reported in well-controlled trials 
of combination lipid-altering drug trials with 
statins [ 49 ].  

    Colesevelam HCl: Glucose Lowering 
of Bile Acid Sequestration 

 Another important difference between BAS such 
as colesevelam HCl and ezetimibe is that while 
ezetimibe has no effects upon blood glucose lev-
els, colesevelam HCl is approved as a glucose- 
lowering agent for treatment of T2DM. In the 
years spanning the 1990s and 2000s, some 
smaller pilot studies consistently suggested BAS 
may lower glucose and HbA1c levels in patients 
with T2DM (Table  22.2 ). 

 Subsequently, colesevelam HCl underwent a 
robust development program for the intent of 
being the fi rst BAS to obtain an approval and 
indicated use as an anti-diabetes mellitus agent. 
This development program involved three pivotal 
trials as summarized in Table  22.3 . Each of these 
trials evaluated colesevelam HCl added to a spec-
ifi ed anti-diabetes drug regimen, which included 
metformin, insulin, or sulfonylurea-based thera-
pies, either alone, or in combination with other 
anti-diabetes mellitus drugs. These clinical tri-
als demonstrated colesevelam HCl consistently 
reduced fasting glucose levels approximately 
13–15 %, reduced HbA1c approximately 0.5–
0.54 %, and reduced LDL-C 12–17 %. Regarding 
tolerability and safety, the only noteworthy dif-
ferences in reported adverse experiences between 
placebo and colesevelam HCl were numerical 
increases in constipation and dyspepsia.

   Although many potential mechanisms have 
been proposed (e.g., effects upon luminal bile 
acid composition, effects on cholecystokinin, 
effects on hepatocyte nuclear factor 4 alpha, and 
increases in incretins), the manner by which BAS 
reduce glucose levels is largely unknown [ 40 ]. 
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One might imagine that the most likely mecha-
nism is related to the direct action of these agents, 
which is the binding of bile acids. Bile acids are 
the natural ligand for farnesoid X receptors asso-
ciated with enterocytes. If a lack of intestinally 
active bile acid availability (due to bile acid 
sequestration) reduces farnesoid X receptor 
activity, then this “deactivation” may lead to 
increased liver X receptor (LXR) activity. LXR is 
considered a glucose sensor whose increased 
activity may increase pancreatic insulin secre-
tion, increase adipogenesis and adipose tissue 
functionality, and thus improve glucose disposal. 
Increased hepatic LXR activity may also down-
regulate enzymes relative to hepatic insulin resis-
tance, glucose intolerance, and hepatic 
gluconeogenesis with a net effect of improved 
glucose utilization and glucose uptake. 
Interestingly, investigational LXR agonists are 
known to lower glucose, lower LDL-C, and raise 
HDL cholesterol levels, but have experienced 
limitations in their development as therapeutic 
agents, at least partially because they also raise 
triglyceride levels. BAS such as colesevelam HCl 
have similar glucose and lipid effects as LXR 
agonists [ 40 ]. Irrespective of whether the increase 
in triglyceride levels are due to increased LXR 
activity or other mechanisms resulting in 
increased VLDL secretion, BAS should be used 
with caution in patients with triglyceride levels 

>300 mg/dl and contraindicated in patients with 
triglyceride levels >500 mg/dl.  

    Ezetimibe and Colesevelam HCl 

 One of the challenges for clinicians in achieving 
acceptable lipid treatment targets involves the 
care of patients with statin intolerance, with the 
most common reported statin intolerance being 
myalgias defi ned as muscle pain with or without 
elevated muscle enzymes [ 56 ]. In most clinical 
trials, statin-induced myalgias are reported in 
only about 5 % of study participants. However, in 
other trials and clinical practice surveys, the 
reports of myalgias are widely variable, ranging 
between 0.3 and 33 % [ 56 ]. Thus, having non- 
statin lipid-altering drug options is often useful in 
clinical practice. 

 In a multicenter, randomized, double-blind, 
parallel group study of patients with primary 
hypercholesterolemia, the colesevelam HCl plus 
ezetimibe combination (i.e., without statins) sig-
nifi cantly reduced LDL-C levels by 32.3 %. This 
was in contrast to a reduction of 21.4 % with 
ezetimibe alone.    Also compared to ezetimibe 
monotherapy, colesevelam HCl plus ezetimibe 
signifi cantly reduced total cholesterol, non-HDL 
cholesterol, and apolipoprotein B, and increased 
apolipoprotein A-1 levels. Neither treatment reg-

   Table 22.3    Prospective phase III clinical trials investigating the effects of colesevelam upon glucose levels   

 Clinical trial 

 Demographics 
of total study 
participants  Duration  Intervention  Lipid effect 

 Baseline 
HbA1c 

 Results at 
study end a  

 Bays et al. [ 53 ] 
(Metformin ± OAD) 

 316 men 
and women 
with T2DM 

 26 weeks  Colesevelam 
3.75 mg/day b  

 LDL-C: −15.9 % 
 HDL-C: +0.9 
 TG: +4.7 % (NS) 

 8.1 %  HbA1c: −0.54 % 
 FPG: −13.9 mg/dl 

 Goldberg et al. [ 54 ] 
(Insulin ± OAD) 

 287 men 
and women 
with T2DM 

 16 weeks  Colesevelam 
3.75 mg/day c  

 LDL-C: −12.8 % 
 HDL-C: −0.9 % (NS) 
 TG: +21.5 % 

 8.2 %  HbA1c: −0.50 % 
 FPG: 
−14.6 mg/dl (NS) 

 Fonseca et al. [ 55 ] 
(Sulfonylurea ± OAD) 

 461 men 
and women 
with T2DM 

 26 weeks  Colesevelam 
3.75 mg/day d  

 LDL-C: −16.7 % 
 HDL-C: +0.1 % (NS) 
 TG: +17.7 % 

 8.3 %  HbA1c: −0.54 % 
 FPG: −13.5 mg/dl 

  Recreated from [ 40 ] 
  FPG  fasting plasma glucose,  NS  not a statistically signifi cant change,  OAD  oral anti-diabetes drugs,  PPG  two-hour postpran-
dial glucose,  T2DM  type 2 diabetes mellitus 
  a FPG values represent percent change in glucose levels; HbA1c values reduction in HbA1c percent 
  b Study medication mean percent compliance was 93.3 % in the colesevelam HCl group and 91.9 % in the placebo 
  c Study medication mean percent compliance was 92.7 % in the colesevelam HCl group and 94.5 % in the placebo group 
  d Study medication mean percent compliance was 92.7 % in the colesevelam HCl group and 90.8 % in the placebo group  
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imen signifi cantly increased median triglyceride 
levels compared with baseline, and both regi-
mens were safe and generally well- tolerated. The 
conclusion was that colesevelam HCl plus ezeti-
mibe combination therapy signifi cantly improved 
important lipid parameters compared to ezeti-
mibe alone. According to the authors, combining 
colesevelam HCl with ezetimibe may be a thera-
peutic option in hypercholesterolemic patients, 
such as those in whom statins are contraindicated 
and/or who may have intolerances to statin ther-
apy [ 57 ].  

    Conclusion 

•     Diabetes mellitus and/or metabolic syndrome 
is often associated with elevated triglyceride, 
very low-density lipoprotein (and other triglyc-
eride rich lipoproteins (TRL) and their rem-
nants), small dense low-density lipoproteins 
(LDL), and increased apolipoprotein B, as well 
as decreased levels of high-density lipoprotein 
(HDL) and apolipoprotein A-1 levels.  

•   The mechanisms contributing to this common 
dyslipidemia may be substantially due to the 
adverse consequences of adiposopathy, which 
is the most common reversible cause of the 
most common metabolic diseases encountered 
in clinical practice, such as elevated glucose 
levels, high blood pressure, and dyslipidemia.  

•   Ezetimibe is a cholesterol absorption inhibi-
tor, that primarily lowers LDL-C levels, which 
is the primary lipid treatment target to reduce 
CHD risk.  

•   Colesevelam HCl is a BAS that not only lowers 
LDL-C levels but also reduces glucose levels.        
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           Introduction 

    Dyslipidemia is a major risk factor for atheroscle-
rosis in both diabetic and nondiabetic subjects, 
which is a common cause of morbidity and pre-

mature mortality. Based on and supported by 
favorable outcomes of clinical trials, drugs target-
ing lipoprotein metabolism are widely used, par-
ticularly in developed countries. Drugs to 
improve lipid levels, in particular to lower 
 low- density lipoprotein (LDL) cholesterol 
 (LDL-C), are commonly used for the primary and 
secondary prevention of cardiovascular  disease. 
Of the LDL-C-lowering drugs, HMG-CoA reduc-
tase inhibitors (“statins”) are particularly effec-
tive at reducing cardiovascular disease, both in 
people with and without diabetes mellitus [ 1 ,  2 ], 
with more intensive LDL-C lowering being more 
effective than less intensive LDL-C lowering [ 3 –
 12 ]. Statins are effective cardioprotective agents 
in both type 1 and type 2 diabetes patients [ 2 ]. 

 PPARα agonists (fi brates) also have a small 
(≈10 %) effect in reducing cardiovascular events 
[ 13 ,  14 ], and as shown by the FIELD [ 15 ,  16 ] and 
ACCORD-Lipid [ 17 ] studies, fenofi brate is also 
effective in reducing cardiovascular disease in 
people with type 2 diabetes and dyslipidemia 
(high fasting triglyceride levels and low high- 
density lipoprotein cholesterol (HDL-C) levels. 
Fenofi brate can also reduce lower-limb amputa-
tions (predominantly those due to small vessel 
disease) [ 18 ], as demonstrated by the FIELD 
study and as shown by both the FIELD and 
ACCORD-Lipid studies, the retinal and renal 
complications of type 2 diabetes [ 19 – 22 ]. These 
(predominantly triglyceride-lowering) fi brate 
drugs are also useful for the prevention of acute 
pancreatitis in people with severe hypertriglyc-
eridemia [ 23 ,  24 ], which is often related to an 
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underlying genetic defect in lipoprotein metabo-
lism compounded by acquired conditions such as 
poorly controlled diabetes, alcohol excess, preg-
nancy, or drugs. 

 Diabetes care guidelines, such as by the 
American Diabetes Association, usually recom-
mend the regular measurement of lipid levels and 
aggressive lipid targets [ 25 ]. Lifestyle treatments 
and approved lipid drug classes which are 
 currently available for clinical use to achieve 
these lipid treatment goals are listed in Table  23.1  
and are discussed in more detail in other chapters 
in this book. The general drug classes are pre-
dominantly LDL-C lowering, “statins,” and cho-
lesterol absorption inhibitors, such as bile 
acid-binding resins and ezetimibe, and the pre-
dominantly triglyceride-lowering agents fi brates, 
fi sh oils, and nicotinic acid. Nicotinic acid is one 
of the few drugs in clinical practice which can 
also lower levels of lipoprotein(a) (Lp(a)), but 
unfortunately it is often poorly tolerated, but 

some novel agents (discussed below) can also 
lower Lp(a).

   Clinical benefi ts of lipid-targeting drugs may 
be related to both improvements in the lipid pro-
fi le and also an array of potential pleiotropic 
effects [ 26 – 28 ], summarized in Table  23.2 . 
Additional as yet unknown pleiotropic effects 
may also exist. The relative importance and dose 
relatedness of the pleiotropic effects of these 
drug classes are not fully elucidated in either dia-
betic or nondiabetic subjects. Some of the novel 
agents in development are targeting lipid levels 
and also have pleiotropic effect(s), and it remains 
to be seen if this approach provides additional 
vasoprotection. Greater knowledge of the benefi -
cial pleiotropic effects of lipid drugs on hemosta-
sis, infl ammation, vasoreactivity, and on the 
cardiovascular, retinal, renal, and neural systems 
and their mechanisms may facilitate the develop-
ment of new drug classes to ameliorate the 
chronic complications of diabetes.

   While many people with type 2 diabetes and 
with type 1 diabetes are prescribed lipid drugs, in 
particular a statin, some have contraindications to 
their use, for example, severe renal or liver dis-
ease, some do not meet the desired lipid goal 
even when at maximum tolerated drug dose, 
some are intolerant of the prescribed medication, 
and some are reluctant to or cannot afford to take 
them. Even in this era of evidence-based medi-

   Table 23.1       Current lipid-modifying treatments used in 
clinical practice for people with diabetes   

 Lifestyle 
 Optimize glycemic control in people with diabetes 
 Weight loss if overweight or obese 
 Physical exercise 
 Nonsmoking 
 Healthy diet 
 Plant sterol-supplemented foods 

 Predominantly LDL-lowering treatments 
 HMG-CoA reductase inhibitors 

 e.g., rosuvastatin, lovastatin, pravastatin, fl uvastatin, 
simvastatin 

 Cholesterol absorption inhibitors 
 Bile acid-binding resins 

 e.g., cholestyramine, colestipol 
 Ezetimibe 
 LDL (and Lp(a)) apheresis 

 Predominantly triglyceride-lowering agents 
 Fibrates 

 e.g., fenofi brate, gemfi brozil 
 Nicotinic acid 
 Fish oils 
 Combination tablets 
 Simvastatin and ezetimibe 
 Pravastatin and nicotinic acid 

    Table 23.2    Potential pleiotropic effects of lipid drugs   

 Improve endothelial function 
 e.g., statins and fi brates induce NOS 

 Stabilize atherosclerotic plaques 
 Antioxidant 
 Anti-infl ammatory 
 Antithrombotic effects 
 Antiplatelet effects 
 Angiogenesis related 

 e.g., statins may have pro-angiogenic effects, 
and fi brates are anti-angiogenic in the eye 

 Cell signaling effects 
 e.g., fi brates activate PPARα and AMP kinase 
and suppress Wnt signaling pathways 

 Neuroprotective effects (e.g., of fi brates) 
 Protection against telomere shortening (e.g., of statins) 
 Skin protective effects (of fi brates via keratinocyte 
differentiation and epidermal effects) 
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cine, not all available lipid drugs and lipid drug 
combinations have been tested in major vascular 
end-point clinical trials in people with diabetes, 
especially those with type 1 diabetes and younger 
type 2 diabetes patients. The latter group, which 
is becoming more common [ 29 ], often includes 
obese youth from high-risk ethnic groups [ 29 – 31 ] 
and is of major concern, as they often have dys-
lipidemia and are at particularly high risk of vas-
cular disease [ 31 ,  32 ]. Indeed their vascular 
complication rates are higher than that of young 
people with type 1 diabetes [ 32 ]. As we also now 
recognize that atheroma begins in childhood, par-
ticularly in those on a western diet, and in those 
who are obese, dyslipidemic, or dysglycemic [ 33 , 
 34 ], the safety and effi cacy of lipoprotein treat-
ments in youth must be assessed. 

 In this chapter we will discuss emerging treat-
ments closely related to approved lipid drugs 
and lipid treatments in development, relating 
them to their primary lipid target, such as LDL 

lowering, triglyceride lowering, and HDL ele-
vating. These categories are summarized in 
Table  23.3 . Some of the agents are in or have 
been in clinical  trials, while others are in earlier 
phases of development.

       Strategies Aimed at Lowering LDL 

  New Statins . Since the advent of statins over 20 
years ago, this class of drugs has been the main-
stay of lipid-lowering therapy. While early stud-
ies with relatively weaker statins showed modest 
effects, more recent studies using powerful 
statins in very high-risk individuals indicate that 
a reduction of 30–40 % in relative risk might be 
expected from statin monotherapy [ 1 – 12 ]. With 
the statins in use today, doubling their daily dose 
only results in only about 6 % further reduction 
in LDL-C levels and a greater risk of side effects 
such as myalgia/myositis [ 35 ]. The development 
and trials of even more potent statins are in prog-
ress. One such novel statin, which is licensed for 
use in some countries is  pitavastatin  [ 36 – 38 ]. As 
shown by large phases 3 and 4 studies, pitavas-
tatin can lower LDL-C levels by 40–65 % and 
lower triglyceride levels by about 20 % and has 
more marked HDL-C-elevating effects (up to 
14 %) than current commonly used statins [ 36 –
 38 ]. In vitro studies demonstrate potent stimula-
tion of    ApoA1 production by hepatocyte-like 
cells [ 39 ]. Pitavastatin has minimal metabolism 
via cytochrome P450 (CYP) enzymes, which 
may benefi t patients requiring multiple drugs, as 
is common in people with type 2 diabetes [ 40 ]. 
About 10 % of subjects experienced adverse 
events of a similar nature to that of other statins. 
In a large ( n  ~ 20,000) Japanese long-term pro-
spective post-marketing surveillance LIVALO 
Effectiveness and Safety (LIVES) study, 2-year 
pitavastatin use was associated with 29 % lower 
LDL-C levels and 5.9 % higher HDL-C levels, 
with a 24.6 % HDL-C rise in those with low 
(<40 mg/dL) HDL-C levels at baseline [ 41 ]. In a 
LIVES substudy, HDL-C levels rose in subjects 
changing from other statins to pitavastatin [ 42 ]. 
This    potent statin has shown longer-term safety 
and effi cacy in acute myocardial infarction 

   Table 23.3    Emerging lipid therapeutic agents   

 Combination lipid drugs 
 New “statins” 
 New “fi brates” 
 New fi sh oil-like agents 
 New LDL-lowering agents 

 Inhibitors of proprotein convertase subtilin kexin 9 
(PCSK9) 
 Thyromimetic agents 
 Inhibitors of ApoB-containing lipoproteins: 
antisense oligonucleotides and siRNAs inhibitors 
of (early and late) glycation 

 HDL-elevating drugs 
 ApoA1 mimetics 
 Modulators of lipoprotein-related enzymes, e.g., CETP 
inhibitors 

 Triglyceride-lowering drugs 
 Modulators of lipoprotein-related enzymes, e.g., 
inhibitors of CETP, DGAT2, ACAT, and MTP 
 ApoC-III ASO 

 Miscellaneous 
 Inhibitors of lipoprotein glycation and AGE modifi cation 
 Inhibitors of lipoprotein immune complex formation 
 Inhibitors of lipoprotein and matrix interactions 
 Inhibitors of foam cell formation 
 Antioxidants 
 Anti-infl ammatory agents 
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patients, including diabetes subjects [ 43 ], can 
improve insulin resistance, and has shown no del-
eterious effects on glycemia in people with dia-
betes [ 44 ]. As shown by the Japanese Assessment 
of Pitavastatin and Atorvastatin in Acute 
Coronary Syndrome (JAPAN-ACS) study [ 45 ] 
and other longitudinal trials with intermediate 
coronary and carotid vascular end points [ 46 – 48 ], 
pitavastatin signifi cantly improves atheroma vol-
ume and quality. 

 Interestingly in animal studies, including dia-
betic rodents [ 49 ,  50 ], and in some human studies, 
this new statin improves renal function in chronic 
renal disease subjects [ 51 ], including lowering 
albuminuria in type 2 diabetic patients [ 52 ]. The 
results of long-term studies with mortality and 
clinical cardiovascular, renal, and retinal end 
points in diabetes are awaited with interest. 

 Another statin in development is NCX6560 
(NicOx, Sophia-Antipolis, France), which com-
bines a statin with a nitric oxide (NO) donor to 
enhance vasodilatory effects [ 53 ]. As diabetes is 
associated with impaired vascular endothelial 
function and reduced NO bioavailability [ 54 ], 
this is of particular interest in diabetes. 

  Combination Therapies . As greater LDL    lower-
ing is associated with greater risk reduction [ 1 ,  2 ] 
and statin monotherapy alone leaves many 
patients with LDL-C levels above target, in which 
case combination therapy is often recommended.  
As well as increased effi cacy in improving the 
lipid profi le and reducing vascular events combi-
nation tablets are often helpful in increasing 
adherence and reducing drug costs to individuals. 

 Statins can be used in combination with  bile 
acid-binding resins  to achieve additional ≈10 % 
LDL-C lowering, but gastrointestinal side effects 
are common. Resins bind bile acids in the gut and 
induce secondary upregulation of hepatic LDL 
receptors, thus lowering LDL-C levels. Resins do 
not signifi cantly alter HDL-C levels and can ele-
vate serum triglyceride levels (via effects on the 
liver X receptor (LXR) [ 55 ,  56 ]. Bile acid seques-
trants can also lower blood glucose levels via a 
farnesoid-X-receptor action, and colesevelam is 
approved for both lipid- and glucose-improving 
effects [ 57 – 59 ]. 

 A better tolerated (than resins) combination is 
that of a statin with the cholesterol absorption 
inhibitor [ 60 ],  ezetimibe , which acts by inhibiting 
the intestinal cholesterol transporter, NPC1-L1 
and usually lowers LDL-C by an additional 20 % 
[ 60 – 62 ]. There are ongoing trials of statins plus 
ezetimibe, with the recently reported SHARP 
study fi nding benefi t of 20 mg simvastatin plus 
10 mg ezetimibe vs. placebo in a RCT of 9,270 
chronic kidney disease patients, including 
approximately 20 % with diabetes, with a 17 % 
reduction in risk of a fi rst major atherosclerotic 
event over a 4.9-year follow-up [ 63 ]. 

 The combination of a statin with  fi sh oils  can 
address the combined dyslipidemia that is com-
mon in type 2 diabetes. In the COMBination of 
Omega-3 preparation with Simvastatin 
(COMBOS) study, 4 g daily prescription omega-3 
fatty acids or placebo was added to simvastatin 
40 mg daily in 254 patients with hypertriglyceri-
demia. Relative to the placebo group, the fi sh oil 
group demonstrated signifi cantly lower triglycer-
ides (29.5 vs. 6.3 %) and higher HDL-C (3.4 vs. 
−1.2 %), which was well tolerated and sustained 
for 2 years [ 64 – 66 ]. There are no clinical end- 
point trials in diabetes yet. 

 The effects of most of these combination thera-
pies have not been tested in major clinical end- 
point outcome trials with large numbers of people 
with diabetes. In the future additional combination 
therapies may also become available. Diabetes-
specifi c trials or adequately sized subgroups of 
patients with diabetes and with macrovascular and 
microvascular end points are desirable. 

  Preprotein convertase subtilin kexin 9  (PCSK- 9) 
is a secreted protein that degrades the LDL recep-
tor in hepatocytes and increases LDL-C levels 
[ 67 ,  68 ]. Genetic mutations in PCSK-9 cause FH, 
and loss of function mutations of this protein is 
associated with modest reductions in LDL-C lev-
els, yet considerable protection from cardiovas-
cular disease [ 69 ,  70 ]. The extent of protection is 
much greater than that seen with comparable 
degrees of LDL lowering in clinical trials [ 71 , 
 72 ]. In human populations, PCSK-9 levels in 
blood are usually correlated with BMI and lipid 
levels (triglycerides, total and LDL-C) and are 
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affected by sex hormones and growth hormone 
[ 73 ]. Some of the LDL-C-lowering effects of 
fi brates are thought to be mediated by PCSK-9 
[ 74 ]. In several prospective studies in statin-
treated type 2 diabetic patients, fenofi brate effects 
on PCSK-9 levels are divergent, with some fi nd-
ing lowering effects of fenofi brate [ 75 ] and oth-
ers fi nding elevated PCSK-9 levels [ 76 ]. PCSK-9 
is upregulated by statins [ 72 ,  77 ], thus potentially 
limiting the full potential of statins to lower 
LDL-C levels. Ezetimibe intervention is also 
associated with increased circulating PCSK-9 
levels [ 77 ]. Thus, the combination of a statin and/
or ezetimibe with a PSCK-9 inhibitor might 
prove to be particularly effective at lowering 
LDL-C levels and vascular events. The challenge 
is how best to inhibit PSCK9 in vivo. At present, 
the most promising response appears to be by the 
administration of antibodies, although these 
would need to be administered parenterally. 
Human monoclonal antibodies to PCSK-9 (e.g., 
RGEN-727 (Regeneron, Tarrytown, NY)) given 
parenterally have lowered LDL-C levels in 
statin- treated heterozygous FH patients and in 
nonfamilial hyperlipidemic subjects [ 78 ]. 

  Thyromimetic Agents .    D-Thyroxine was evalu-
ated in the Coronary Drug Project many years 
ago but resulted in cardiac arrhythmias and in 
increased mortality [ 79 ,  80 ], an effect that has 
been attributed to contamination of the medica-
tions used with small amounts of L-thyroxine. 
Thyroid hormone administration can lower 
LDL-C levels by increasing hepatic LDL recep-
tor expression via activation of thyroid hormone 
receptor, but has adverse effects on the heart and 
bone via activation of thyroid hormone receptor 
[ 81 ,  82 ]. These effects are highly undesirable in 
people with diabetes who are at higher risk of 
osteopenia and osteoporosis [ 83 ] and for those 
with type 1 diabetes who are also at increased 
risk of (autoimmune) thyroid disease [ 84 ]. With 
the development of selective activators of thyroid 
hormone receptor-β, there has been renewed 
interest in the use of selective thyromimetics for 
lowering LDL levels without having an adverse 
effect on the heart and bones. Selective thyroid 
hormone receptor-β agonists appear to deplete 

hepatocytes of cholesterol in addition to activat-
ing LDL receptors directly [ 85 ,  86 ], so they may 
have a somewhat different mechanism of action 
to statins. Unlike statins, thyromimetics can also 
lower Lp(a) levels [ 87 ]. They have been shown to 
reduce atherosclerosis in an animal model [ 88 ] 
and are beginning to be tested for their lipid- 
lowering effects in human subjects. Studies in 
people with diabetes will be of interest. 

    Antisense Oligonucleotides (ASOs) 
and Small Interfering RNA 

 ASO and siRNA constructs that target ApoB are 
in development and may, with time, prove useful 
in the management of certain patients with 
increased LDL levels and/or some forms of 
hypertriglyceridemia. ASOs are single-stranded 
RNA that bind to mRNA, whereas siRNAs are 
short duplexes of RNA that contain a sequence 
identical to that in the target RNA. Both lead to 
destruction of the mRNA target and inhibition of 
protein synthesis [ 88 ]. A downside of both is that 
they need to be administered by injection, which 
to date has been associated with marked injec-
tions site reactions and also with hepatic steato-
sis, so they are likely to only be useful for very 
specifi c patients in whom adequate LDL lower-
ing cannot be readily achieved by other means. 
The most well developed of these agents is the 
ASO Mipomersen (Isis, Carlsbad, CA) which 
targets ApoB and is in phase 3 trials in FH [ 89 ]. 
An additional potential advantage of these agents 
is that they may also reduce Lp(a) levels, although 
there currently is no information as to whether or 
not that would be benefi cial for cardiovascular 
disease prevention [ 87 ]. 

  Other Drugs . Several other drug classes that lower 
LDL-C levels by modulating lipoprotein metabo-
lism are being investigated but have been limited 
by adverse effects.  Squalene synthase inhibitors , 
such as lapaquistat (Takeda, Osaka, Japan), act in 
the endoplasmic reticulum to limit synthesis of 
cholesterol, but not of geranyl pyrophosphate- 
derived compounds (such as coenzyme Q10). 
LDL-C reductions were relatively small (about 
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15 %), and there were hepatic side effects [ 90 ]. 
Similarly  microsomal transfer protein  ( MTP ) 
 inhibitors , such as lomitapide (Aegerion 
Pharmaceuticals, Cambridge, MA) which lower 
LDL-C by up to 80 % and triglycerides by 40 %, 
also caused hepatic dysfunction (fatty liver and 
elevated transaminases) [ 91 ,  92 ].  Acyl - cholesterol 
acyltransferase     ( ACAT )  inhibitors  which block 
lipoprotein synthesis and foam cell formation 
have reached clinical trials [ 93 – 95 ] but did not 
reduce coronary atheroma burden in IVUS studies 
[ 93 ,  94 ] or slow carotid IMT increase in familial 
hypercholesterolemia (FH) patients [ 95 ].   

    Addressing Residual Risk Beyond 
Statin-Mediated LDL Lowering 

 Despite the success with statin therapy in all 
types of high-risk individuals, a considerable 
residual risk nonetheless exists in many individu-
als even after appropriate statin therapy. Some of 
this residual might be reduced by even more 
aggressive LDL-C lowering, which potentially 
could be achieved by using even more powerful 
statins, by the use of the combination therapies, 
or by using some of the newer strategies that are 
undergoing clinical testing and are not yet avail-
able for routine use (described above). 

 Much of the residual cardiovascular risk in 
both the nondiabetic and diabetic population 
appears to be related to low HDL cholesterol 
(HDL-C) and hypertriglyceridemia [ 97 ,  98 ], 
which often is associated with the metabolic syn-
drome and with type 2 diabetes [ 99 ]. Much less 
data is available regarding specifi c approaches to 
lower triglycerides and increase HDL-C levels 
than is available for LDL-C lowering. Also, much 
less is known concerning mechanism of athero-
sclerosis with these lipoproteins than for LDL. 
For example, although triglyceride-rich lipopro-
teins and their remnants can bind to and be 
retained by vascular proteoglycans [ 100 – 103 ], 
triglycerides do not accumulate to any major 
extent in atherosclerotic lesions, and it is not 
clear whether triglyceride-rich lipoproteins are 
directly atherogenic, or whether their effect is 
indirect, or both [ 104 – 106 ]. Hypertriglyceridemia 

is often accompanied by low HDL levels, an 
accumulation of remnant lipoproteins, and the 
presence of small, dense LDL particles, which 
appear to be particularly atherogenic [ 107 ,  108 ]. 
HDL is believed to exert its atheroprotective 
effect largely by facilitating reverse cholesterol 
transport. However, HDL also has anti- 
infl ammatory, antioxidant, and antithrombotic 
properties and vasodilatory effects [ 109 – 113 ], all 
of which may play a role in reducing atheroscle-
rosis risk and potentially also diabetic retinopa-
thy and nephropathy [ 114 ].  

    HDL Raising and TG Lowering as 
Targets 

    Approaches to Lowering 
Triglycerides and Raising HDL 

 High triglycerides and low HDL levels are ame-
nable to therapeutic approaches other than statins. 
Although statins in general result in modest ele-
vations of HDL-C and modest reductions in tri-
glycerides, other drugs more specifi cally target 
HDL and triglycerides. The two most widely 
used classes of drugs that target both hypertri-
glyceridemia and low HDL-C levels are fi brates 
and niacin [ 115 – 120 ]. However, clinical trials 
with fi brates, discussed in other chapters in this 
book, have yielded mixed and sometimes disap-
pointing results with regard to cardiovascular dis-
ease [ 13 – 15 ,  17 ]. Fibrates and specifi cally 
fenofi brate have shown cardiovascular benefi t in 
type 2 diabetes patients with high triglyceride 
and low HDL-C levels [ 15 – 17 ,  120 ] and micro-
vascular benefi t [ 18 – 22 ]. As yet there are no 
known clinical end-point trials of fi brates in type 
1 diabetes, and there is also a paucity of data con-
cerning the vascular effects of niacin in diabetes. 
New versions of both fi brates and niacin are 
undergoing investigation. 

  Fibrates and Other PPAR Agonists . The PPARα 
agonists such as fenofi brate lower VLDL and 
increase HDL by increasing expression of lipo-
protein lipase and apoA1 and apoA2 and also 
have pleiotropic effects including related to blood 
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clotting and infl ammation (Table  23.2 ). Fibrates 
have shown clinical benefi t in RCTs in type 2 dia-
betes patients [ 15 – 22 ], but many of these favor-
able responses do not correlate strongly with the 
changes in lipid levels [ 18 – 22 ]. While fenofi brate 
was well tolerated in the large FIELD and 
ACCORD-Lipid studies [ 15 – 22 ] and is used in 
clinical practice for hypertriglyceridemia, more 
specifi c PPARα agonists have not  progressed due 
to side effects such as muscle toxicity. Agonists 
to other PPAR ligands may also be of interest in 
the management of lipids in diabetes. 

 PPARγ agonists (such as the thiazolidinedio-
nes) also lower triglycerides and increase HDL as 
do PPARα agonists, and they also improve glyce-
mia, lowering HbA1c levels up to 1 % [ 121 ]. 
While they reached clinical practice, they caused 
excessive fl uid retention and increased the risk of 
bone fractures and in some cases (rosiglitazone) 
of myocardial infarction [ 122 ] and concerns 
about bladder cancer (pioglitazone) [ 123 ]. In 
clinical trials the combined PPARα and PPARγ 
agonists such as muraglitazar and ragaglitazar 
also had serious adverse effects related to bladder 
cancer and excess cardiovascular events [ 124 , 
 125 ]. Of this class aleglitazar, which improves the 
lipid profi le and HbA1c levels in type 2 diabetes 
patients, is still undergoing assessment in clinical 
trials. The phase 2 SYNCHRONY trial demon-
strated adverse effects such as fl uid retention with 
high-dose (600 µg) aleglitazar [ 126 ], and using 
this dose, the SESTA R trial demonstrated a 
reversible 19 % reduction in eGFR levels in type 
2 diabetes patients [ 127 ]. The ALECARDIO 
phase 3 study of cardiovascular outcomes in 
6,000 type 2 diabetes patients with acute coronary 
syndromes is in progress (as of 2012) [ 128 ]. 

 PPARγ and PPARδ co-agonists and PPARα 
and PPARγ co-agonist drugs are also undergoing 
testing [ 129 ]. 

  Niacin - Related . Like the fi brates, nicotinic acid 
(niacin)-related drugs also effectively lower tri-
glyceride levels [ 130 ,  131 ], whereas niacin is 
more effective in raising HDL-C levels than 
fi brates [ 132 ,  133 ]. As well as reducing LDL-C 
levels to a modest extent, niacin is the most effec-
tive drug currently clinically available for reduc-
ing Lp(a) levels [ 134 ]. In the old Coronary Drug 

Project, niacin monotherapy was associated with 
risk reduction [ 135 ] and reduced mortality sev-
eral years after the conclusion of the study [ 136 ]. 
Niacin has been available for many years, but its 
widespread use has been limited by nuisance side 
effects, particularly fl ushing, which is believed to 
be due to niacin-induced production of prosta-
glandin D2 and other prostaglandins in skin 
immune cells [ 137 ], by hepatotoxicity and 
impaired glucose tolerance [ 138 ,  139 ]. Since the 
advent of relatively effective slow-release forms 
of niacin and the approval in some countries of 
niacin combined with a prostaglandin D2 type 1 
receptor inhibitor, laropiprant, that reduces fl ush-
ing by up to 80 % [ 140 ], there has been a renewed 
interest in this old drug. In a 64-week study of 
949 hyperlipidemic subjects on simvastatin and 
ezetimibe, the addition of slow-release niacin 
increased blood glucose levels and new-onset 
diabetes which often improved or remitted with-
out specifi c treatment [ 141 ]. Although use of nia-
cin plus a statin led to lesion regression and 
improved clinical outcomes in small angio-
graphic studies [ 142 ], the large AIM-HIGH study 
of 3,414 patients with low HDL-C levels on 
intensive statin therapy, including about one third 
with type 1 or type 2 diabetes, the clinical cardio-
vascular benefi t of added slow-release niacin 
(1,500–2,000 µg daily) was tested, but the trial 
was stopped after 3 years due to lack of clinical 
effi cacy [ 143 ]. The HPS2/THRIVE study is also 
testing the clinical vascular effects of niacin/laro-
piprant [ 144 ]. Other non-fl ushing niacin variants 
have been developed and at least one has reached 
clinical trial phase.  

    Newer Targets for Increasing HDL 

 Several new targets to raise HDL are being tested. 
These include the CETP inhibitors and apoA 
mimetic peptides.  

    CETP Inhibitors 

 The initial enthusiasm for CETP inhibitors has 
been dampened considerably by the negative 
experience with torcetrapib, trials of which led to 
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a predicted increase in blood pressure, an unpre-
dicted increase in cardiovascular events, cancer 
deaths, and deaths due to infections [ 145 ,  146 ]. 
These events occurred despite very favorable 
changes in plasma lipid and lipoproteins, i.e., a 
marked increase (up to 150 %) in HDL-C levels, 
a respectable 25 % decrease in LDL-C levels, and 
a highly favorable change in the LDL-C/HDL-C 
ratio [ 147 ]. In lipoprotein kinetic studies, torce-
trapib did not improve cholesterol effl ux to fecal 
sterols [ 148 ]. Therefore, the relationship between 
HDL and cardiovascular disease appears to be a 
lot more complex than is apparent from the 
epidemiology. 

 It has been suggested that the increase in car-
diovascular disease was due to an off-target effect 
of torcetrapib to increase blood pressure by 
increasing aldosterone levels [ 149 ,  150 ]. However, 
concern has been raised that the adverse effect of 
these inhibitors on cardiovascular outcomes 
might be related to their ability to block part of 
the reverse cholesterol pathway [ 145 ]. Moreover, 
the increase in cancer and infective deaths raises 
concern that CETP inhibitors might be interfer-
ing with HDL’s role in innate immunity. Other 
CETP inhibitors that do not have this effect on 
the renin-angiotensin system are currently being 
tested in large outcome studies. 

 Dalcetrapib, which increases HDL-C by 33 %, 
including levels of pre-beta HDL does increase 
fecal sterol excretion and does not cause hyper-
tension [ 151 ]. In    intermediate end-point studies, 
dalcetrapib did not improve endothelial function 
[ 152 ] or plaque composition (DAL-PLAQUE 
study) [ 153 ], and recently (May 2012) due to 
lack of effi cacy, but not safety concerns, the com-
pany ceased its clinical end-point studies (DAL- 
ACUTE and DAL-OUTCOMES). 

 Another CETP inhibitor in clinical trial phase 
is anacetrapib. Anacetrapib is structurally closer 
to torcetrapib than to dalcetrapib and unlike dal-
cetrapib decreases pre-beta HDL-1. In the 
3-month DEFINE study of coronary heart disease 
(CHD) or CHD-risk equivalents on a statin back-
ground, 100 mg anacetrapib increased HDL lev-
els by 138 %, decreased LDL by 40 %, and also 
decreased Lp(a) levels, with no effects on blood 
pressure or the renin-angiotensin- aldosterone 

system [ 154 ]. Anacetrapib is, as of 2012, in a 
large 4-year atorvastatin background placebo- 
controlled clinical trial ( n  ≈ 30,0000 subjects, 
including people with diabetes) (REVEAL) with 
a primary end point of cardiac death, myocardial 
infarction, or coronary revascularization [ 155 ]. 

 If they too have adverse effects similar to what 
was observed with torcetrapib or lack clinical effi -
cacy as with dalcetrapib, this might severely 
dampen enthusiasm for developing drugs that 
increase HDL levels. The torcetrapib experience 
also points out the need to differentiate HDL lev-
els from HDL functionality and points out the 
need to develop relatively simple, widely applica-
ble, and reproducible assays of HDL function that 
can be correlated with outcomes in clinical trials.  

    ApoA-I Mimetic Agents 

 Many of the benefi cial effects of HDL, particu-
larly its role in reverse cholesterol transport, are 
likely to be largely due to the major apolipopro-
tein in HDL, apoA-I. Since apoA-I has to be 
administered by intravenous injection, attempts 
have been made to create small peptides that 
mimic the effect of the intact apolipoprotein. 
Several small apoA-I mimetic agents have been 
shown to have anti-infl ammatory and antioxidant 
effects in vitro [ 156 – 158 ] and anti-atherogenic 
effects in animal studies [ 159 ,  160 ]. More recently 
they have begun to be tested in human subjects. 

 Many of the benefi cial effects of apoA-I have 
been attributed to the ability of the class A 
amphipathic helices of this apolipoprotein to 
bind oxidized lipids, particularly oxidized phos-
pholipids [ 161 ]. These mimetic peptides were 
designed to contain class A amphipathic helices 
and have been shown to have high affi nity for 
oxidized phospholipids [ 161 ]. They are believed 
to work by tightly binding these toxic lipids, 
thereby preventing them from having adverse 
effects on vascular cells. While intact apoA-I has 
to be administered by intravenous infusion and 
has a relatively short half-life, an advantage of 
some of these smaller apoA-I mimetic peptides is 
that they can be administered orally. Future stud-
ies will determine whether they will have a role 
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to play in the prevention and treatment of athero-
sclerosis, including in people with diabetes. 

 An ideal approach to raising HDL would be to 
stimulate the synthesis of endogenous apoA-I in 
a more potent manner than fi brates. Indeed,  initial 
testing on one such small molecule that stimu-
lates apoA-I synthesis has been reported [ 162 ]. 
Further studies using this approach are awaited 
with interest. 
  Apheresis . Both plasmapheresis and LDL apher-
esis, which involve weekly or biweekly invasive 
and costly procedures, substantially lower both 
LDL-C and Lp(a) levels with only slight HDL-C 
increases. Such treatments prolong life in homo-
zygous FH patients and are now used in children 
and pregnant women with FH and increasingly 
for heterozygous FH subjects and other patients 
with aggressive coronary artery disease on or 
intolerant of maximal lipid drug therapy [ 163 ]. 
Apheresis can also be used to selectively remove 
ApoA1-containing HDL particles, which can 
then be delipidated and reinfused. This has shown 
promise in reducing atheroma in nonhuman pri-
mates [ 164 ] and (IVUS determined) carotid 
plaque in acute coronary syndrome patients 
[ 165 ]. In the future these types of apheresis thera-
pies may be of clinical benefi t to a limited subset 
of people with diabetes.  

    Newer Targets for Triglyceride 
Lowering 

 Similar to the situation with increasing HDL lev-
els by pharmacologic means, there are no data 
that defi nitely show that lowering triglyceride 
levels leads to a reduction in clinical events. As 
noted earlier, many of the fi brate trials have been 
handicapped by the fact that they were not per-
formed in hypertriglyceridemic subjects. In the 
FIELD study, many of the vascular benefi ts, such 
as the retinopathy benefi t [ 20 ], did not correlate 
with reduction in the standard lipid measures. 
Even if the ongoing niacin trials are positive, they 
are unlikely to show a defi nitive role for triglyc-
eride lowering because of the multiple other 
effects of niacin. Nonetheless, there have been 
considerable efforts over the past several years to 

develop hypotriglyceridemic drugs that work by 
reducing hepatic triglyceride production. These 
include inhibitors of DGAT2, ACAT, and MTP, 
discussed above, which lower both VLDL and 
LDL levels. None have been very successful to 
date, with lipid accumulation in the liver, skin, 
and other tissues being the biggest problems with 
these agents.  

    Fish Oils 

 High doses of fi sh oils, which contain docosa-
hexaenoic acid (DHA) and eicosapentaenoic acid 
(EPA), greater than that usually achievable by the 
regular consumption of oily fi sh meals, are effec-
tive at lowering triglyceride levels, usually by 
10–30 %, in a dose-dependent manner. Other 
effects such as antiplatelet, antiarrhythmic, and 
anti-infl ammatory effects may also contribute to 
clinical benefi t. The wide range of fi sh oil capsules 
available in the supermarkets, health food stores, 
and in pharmacies (without a prescription) attest to 
the public interest in the use of fi sh oil supple-
ments. In a recent analysis of 20 fi sh oil trials of at 
least 1 year between 1982 and 2012 including 
68,860 subjects, there was no statistically signifi -
cant association between all deaths, cardiac-related 
deaths, sudden deaths, heart attacks, and strokes 
among people taking the supplements [ 166 ]. 

 In the GISSI-Prevenzione study (using DHA 
and EPA) [ 166 ] and the Japan EPA Lipid 
Intervention Study (JELIS) (using 1.8 g EPA 
daily) in statin-treated postmenopausal women 
and men [ 168 ], a prescribed fi sh oil supplement 
signifi cantly reduced cardiovascular events in 
people, including subjects with diabetes, though 
did not specifi cally enrol hypertriglyceridemic 
subjects.    Unfortunately in the recent ORIGIN 
trial of dysglycemic people with or at high risk 
of type 2 diabetes, 1 g of n-3 fatty acids daily 
for a median of 6.2 years reduced triglyceride 
levels (0.16 mmol/L) but did not demonstrate 
any clinical benefi t re cardiovascular or 
arrhythmia- related death or cardiovascular 
event reduction [ 169 ]. 

 AMR101, a purifi ed fi sh oil EPA, is in human 
clinical trials. In the 12-week ANCHOR study (on 
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a statin background) [ 170 ] and in the MARINE 
study [ 171 ] of high cardiovascular disease risk 
subjects with hypertriglyceridemia, 2–4 g a day of 
AMR101 was well tolerated and was associated 
with lower triglycerides (up to 21 %), VLDL-C, 
total cholesterol, ApoB, lipoprotein- associated 
phospholipase A(2), and CRP levels. LDL-C lev-
els did not change signifi cantly. 

 A large 6-year clinical end-point study of 
AMR101 in 8,000 patients with hypertriglyceri-
demia—the Reduction of Cardiovascular Events 
with EPA-Intervention Trial (REDUCE-IT)—is 
in progress. 

 Other drugs in development may target the 
recently identifi ed omega-3 receptor which medi-
ates lipid, anti-infl ammatory, and insulin- 
sensitizing effects [ 172 ].  

    Apo C-III ASO 

 ApoC-III, an apolipoprotein that is transported 
on both VLDL and HDL, is an inhibitor of lipo-
protein lipase [ 173 ,  174 ]. High circulating levels 
of apoC-III associate with hypertriglyceridemia 
and increased risk of cardiovascular disease. 
Recently it was shown that a null mutation in the 
apoC-III gene was associated with reduced tri-
glyceride levels, a favorable lipid profi le, and 
reduced risk of cardiovascular disease [ 175 ]. This 
has prompted a renewed search for approaches to 
lower apoC-III levels. One specifi c approach that 
might have promise in special circumstances is 
the use of an ASO directed specifi cally at apoC-
III. Since ASOs need to be administered paren-
terally, this would obviously not have widespread 
use and is unlikely to be tested in a large out-
comes study. Nonetheless, it demonstrates the 
potential use of a novel molecular approach based 
on molecular epidemiological fi ndings.  

    Other Novel Agents 

 As well as quantitative changes, qualitative 
changes in lipoproteins are also implicated in the 
lipoprotein-mediated vascular complications of 
diabetes. Such changes, including lipoprotein gly-

cation, oxidation, immune complex formation, 
and matrix-binding effects, have been discussed in 
other chapters in this book. Novel therapies that 
ameliorate these processes and vascular responses 
to native and modifi ed lipoproteins could also con-
tribute to reducing vascular damage and improv-
ing clinical outcomes in people with diabetes.  

    Drugs to Reduce Common Lipid Drug 
Side Effects 

 A common clinical problem in general practice 
and in specialist lipid clinics is that people with 
dyslipidemia are appropriately prescribed lipid- 
modifying drugs and they cannot tolerate them 
due to side effects. Myalgia related to statins is 
one such example. Sometimes these problems 
can be overcome by fi nding and (where possible) 
treating the alternate cause of the problematic 
symptom (such as a myopathy, hypothyroidism, 
low vitamin D levels, or drug interactions caus-
ing muscle-related problems [ 176 ]), by dosage 
reduction and slow up-titration of the lipid drug, 
or by changing to an alternate lipid drug. Other 
agents that are often suggested to reduce statin- 
related muscle symptoms, thought to be related 
to mitochondrial effects in muscle, include vita-
min D, coenzyme Q10, and magnesium supple-
ments [ 176 ,  177 ]. Randomized controlled 
placebo-controlled trials are desirable. 

 Nicotinic acid is another lipid drug whose side 
effects, including glucose intolerance and fl ush-
ing, can limit its tolerability and clinical useful-
ness. Attempts to ameliorate these problems 
include the development of slow-release prepara-
tions and coadministration with aspirin and with 
laropiprant (discussed above). Similar challenges 
may also occur with the emerging treatments.   

    Conclusions 

 Dyslipoproteinemia contributes to the macrovas-
cular and microvascular complications of diabe-
tes. Improving lipid levels with oral agents such 
as statins and fi brates has improved cardiovascu-
lar outcomes in the general population and also in 
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people with diabetes. Some lipid drugs can also 
protect the microvasculature in people with type 
2 diabetes, but as yet this is an off-label effect (of 
fenofi brate). These important clinical benefi ts 
may relate to the direct effects of the improved 
lipid profi le or to pleiotropic effects. Emerging 
lipid agents include more potent agents of the 
currently available lipid drug classes, combina-
tions thereof (which may increase patient adher-
ence and reduce cost), and more novel modulators 
of genes and enzymes related to lipoprotein 
metabolism, such as antisense therapeutics and 
enzyme inhibitors or activators. Drugs that safely 
alter lipoprotein interactions with matrix and 
cells or relevant cell signaling pathways may also 
prove useful, as could agents that mimic and 
amplify the pleiotropic effects of lipid drugs. 

 The development and testing of even more 
effective lipoprotein-targeted therapies will be a 
costly endeavor, but there are many millions of 
people with diabetes, and also people without 
diabetes, who may benefi t by reduced rates of 
vascular damage and by improved quality and 
quantity of life. Avoidance of costly clinical 
events by primary or secondary prevention may 
also be cost-effective for those agencies that fund 
the treatments. This major and costly pharmaceu-
tical and academic endeavor should also be com-
plemented by clinical research to identify who 
requires such treatment(s), when they should take 
them, and for how long. Post-marketing surveil-
lance and oversight by regulatory bodies will 
help ensure the safety of these new treatments as 
their use spreads beyond randomized controlled 
trials. Treatment algorithms, health economics 
analyses, and health-care policy should ensure 
translation of this evolving area of research into 
optimal clinical practice.     

      References 

      1.   Cholesterol Treatment Trialists’ (CTT) 
Collaboration; Baigent C, Blackwell L, Emberson J, 
Holland LE, Reith C, Bhala N, Peto R, Barnes EH, 
Keech A, Simes J, Collins R. Effi cacy and safety 
of more intensive lowering of LDL cholesterol: a 
meta- analysis of data from 170,000 participants in 
26 randomised trials. Lancet 2010;376(9753): 
1670–1681.  

      2.    Cholesterol Treatment Trialists’ Collaborators, 
Kearney PM, Blackwell L, Collins R, Keech A, 
Simes J, Peto R, Armitage J, Baigent C. Effi cacy of 
cholesterol-lowering therapy in 18,686 people with 
diabetes in 14 randomised trials of statins: a meta- 
analysis. Lancet. 2008;371:117–25.  

    3.   Study of the Effectiveness of Additional Reductions 
in Cholesterol and Homocysteine (SEARCH) 
Collaborative Group, Armitage J, Bowman L, 
Wallendszus K,Bulbulia R, Rahimi K, Haynes R, 
Parish S, Peto R, Collins R. Intensive lowering of 
LDL cholesterol with 80 mg versus 20 mg simvas-
tatin daily in 12,064 survivors of myocardial infarc-
tion: a double-blind randomised trial. Lancet. 
2010;376(9753):1658–69.  

   4.    Chan DK, O’Rourke F, Shen Q, Mak JC, Hung WT. 
Meta-analysis of the cardiovascular benefi ts of 
intensive lipid lowering with statins. Acta Neurol 
Scand. 2011;124(3):188–95.  

   5.    Murphy SA, Cannon CP, Wiviott SD, McCabe CH, 
Braunwald E. Reduction in recurrent cardiovascular 
events with intensive lipid-lowering statin therapy 
compared with moderate lipid-lowering statin ther-
apy after acute coronary syndromes from the PROVE 
IT-TIMI 22 (Pravastatin or Atorvastatin Evaluation 
and Infection Therapy-Thrombolysis In Myocardial 
Infarction 22) trial. J Am Coll Cardiol. 2009;54(25): 
2358–62.  

   6.    LaRosa JC, Deedwania PC, Shepherd J, Wenger 
NK, Greten H, DeMicco DA, Breazna A. TNT 
investigators. Comparison of 80 versus 10 mg of 
atorvastatin on occurrence of cardiovascular events 
after the fi rst event (from the Treating to New Targets 
[TNT] trial). Am J Cardiol. 2010;105(3):283–7.  

   7.    Tikkanen MJ, Szarek M, Fayyad R, Holme I, Cater 
NB, Faergeman O, Kastelein JJ, Olsson AG, Larsen 
ML, Lindahl C, Pedersen TR. IDEAL investigators. 
Total cardiovascular disease burden: comparing 
intensive with moderate statin therapy insights from 
the IDEAL (Incremental Decrease in End Points 
Through Aggressive Lipid Lowering) trial. J Am 
Coll Cardiol. 2009;54(25):2353–7.  

   8.    Josan K, Majumdar SR, McAlister FA. The effi cacy 
and safety of intensive statin therapy: a meta- analysis 
of randomized trials. CMAJ. 2008;178(5):576–84.  

   9.    Deedwania P, Stone PH, Bairey Merz CN, Cosin- 
Aguilar J, Koylan N, Luo D, Ouyang P, Piotrowicz 
R, Schenck-Gustafsson K, Sellier P, Stein JH, 
Thompson PL, Tzivoni D. Effects of intensive versus 
moderate lipid-lowering therapy on myocardial isch-
emia in older patients with coronary heart disease: 
results of the Study Assessing Goals in the Elderly 
(SAGE). Circulation. 2007;115(6):700–7.  

   10.    Rouleau J. Improved outcome after acute coronary 
syndromes with an intensive versus standard lipid- 
lowering regimen: results from the Pravastatin or 
Atorvastatin Evaluation and Infection Therapy- 
Thrombolysis in Myocardial Infarction 22 (PROVE 
IT-TIMI 22) trial. Am J Med. 2005;118(Suppl 12A): 
28–35.  

23 Emerging Lipoprotein-Related Therapeutics for Patients with Diabetes



446

   11.    Nissen SE. Halting the progression of atherosclero-
sis with intensive lipid lowering: results from the 
Reversal of Atherosclerosis with Aggressive Lipid 
Lowering (REVERSAL) trial. Am J Med. 
2005;118(Suppl 12A):22–7.  

     12.    LaRosa JC, Grundy SM, Waters DD, Shear C, Barter 
P, Fruchart JC, Gotto AM, Greten H, Kastelein JJ, 
Shepherd J. Wenger NK; Treating to New Targets 
(TNT) Investigators. Intensive lipid lowering with 
atorvastatin in patients with stable coronary disease. 
N Engl J Med. 2005;352(14):1425–35.  

     13.    Lee M, Saver JL, Towfi ghi A, Chow J, Ovbiagele B. 
Effi cacy of fi brates for cardiovascular risk reduction 
in persons with atherogenic dyslipidemia: a meta- 
analysis. Atherosclerosis. 2011;217(2):492–8.  

    14.    Jun M, Foote C, Lv J, Neal B, Patel A, Nicholls SJ, 
Grobbee DE, Cass A, Chalmers J, Perkovic V. 
Effects of fi brates on cardiovascular outcomes: a 
systematic review and meta-analysis. Lancet. 
2010;375(9729):1875–84.  

        15.      Keech A, Simes RJ, Barter P, Best J, Scott R, 
Taskinen MR, Forder P, Pillai A, Davis T, Glasziou 
P, Drury P, Kesaniemi YA, Sullivan D, Hunt D, 
Colman P, d’Emden M, Whiting M, Ehnholm C. 
Effects of long-term fenofi brate therapy on cardio-
vascular events in 9,795 people with type 2 diabetes 
mellitus (the FIELD study): randomised controlled 
trial. Lancet. 2005;366(9500):1849–61.  

    16.    Scott R, O’'Brien R, Fulcher G, Pardy C, d’Emden 
M, Tse D, Taskinen MR, Ehnholm C, Keech A, on 
behalf of the FIELD Study Investigators. The effects 
of fenofi brate treatment on cardiovascular disease 
risk in 9,795 people with type 2 diabetes and various 
components of the metabolic syndrome: the FIELD 
study. Diabetes Care. 2009;32(3):493–8.  

      17.    ACCORD Study Group, Ginsberg HN, Elam MB, 
Lovato LC, Crouse 3rd JR, Leiter LA, Linz P, 
Friedewald WT, Buse JB, Gerstein HC, Probstfi eld 
J, Grimm RH, Ismail-Beigi F, Bigger JT, Goff Jr DC, 
Cushman WC, Simons-Morton DG, Byington RP. 
Effects of combination lipid therapy in type 2 diabe-
tes mellitus. N Engl J Med. 2010;362(17):1563–74.  

      18.    Rajamani K, Colman PG, Li LP, Best JD, Voysey M, 
D’Emden MC, Laakso M, Baker JR, Keech AC, on 
behalf of the FIELD Study Investigators. Effect of 
fenofi brate on amputation events in people with type 
2 diabetes mellitus (FIELD study): a prespecifi ed 
analysis of a randomised controlled trial. Lancet. 
2009;373(9677):1780–8.  

    19.    ACCORD Study Group; ACCORD Eye Study 
Group, Chew EY, Ambrosius WT, Davis MD, Danis 
RP, Gangaputra S, Greven CM, Hubbard L, Esser 
BA, Lovato JF, Perdue LH, Goff Jr DC, Cushman 
WC, Ginsberg HN, Elam MB, Genuth S, Gerstein 
HC, Schubart U, Fine LJ. Effects of medical thera-
pies on retinopathy progression in type 2diabetes. N 
Engl J Med. 2010;363(3):233–44.  

    20.    Keech AC, Mitchell P, Summanen PA, O'Day J, 
Davis TM, Moffi tt MS, Taskinen MR, Simes RJ, Tse 
D, Williamson E, Merrifi eld A, Laatikainen LT, 

d’Emden MC, Crimet DC, O’Connell RL, Colman 
PG. FIELD study investigators. Effect of fenofi brate 
on the need for laser treatment for diabetic retinopa-
thy (FIELD study): a randomised controlled trial. 
Lancet. 2007;370(9600):1687–97.  

   21.    Davis TM, Ting R, Best JD, Donoghoe MW, Drury 
PL, Sullivan DR, Jenkins AJ, O'Connell RL, Whiting 
MJ, Glasziou PP, Simes RJ, Kesäniemi YA, Gebski VJ, 
Scott RS, Keech AC, on behalf of the FIELD Study 
Investigators. Effects of fenofi brate on renal function in 
patients with type 2 diabetes mellitus: the Fenofi brate 
Intervention and Event Lowering in Diabetes (FIELD) 
Study. Diabetologia. 2011;54(20): 280–90.  

        22.    Ting RD, Keech AC, Drury PL, Donoghoe MW, 
Hedley J, Jenkins AJ, Davis TM, Lehto S, Celermajer 
D, Simes RJ, Rajamani K, Stanton K, FIELD Study 
Investigators. Benefi ts and safety of long-term feno-
fi brate therapy in people with type 2 diabetes and 
renal impairment: the FIELD Study. Diabetes Care. 
2012;35(2):218–25.  

    23.    Sandhu S, Al-Sarraf A, Taraboanta C, Frohlich J, 
Francis GA. Incidence of pancreatitis, secondary 
causes, and treatment of patients referred to a specialty 
lipid clinic with severe hypertriglyceridemia: a retro-
spective cohort study. Lipids Health Dis. 2011;10:157.  

    24.    Viljoen A, Wierzbicki AS. Diagnosis and treatment 
of severe hypertriglyceridemia. Expert Rev 
Cardiovasc Ther. 2012;10(4):505–14.  

    25.    American Diabetes Association Clinical Practice 
Guidelines. VI. Prevention, management of compli-
cations. Diabetes Care. 2011;34 Suppl 1:S29.  

    26.    Mihos CG, Salas MJ, Santana O. The pleiotropic 
effects of the hydroxy-methyl-glutaryl-CoA reduc-
tase inhibitors in cardiovascular disease: a compre-
hensive review. Cardiol Rev. 2010;18(6):298–304.  

   27.    Florentin M, Liberopoulos EN, Kei A, Mikhailidis 
DP, Elisaf MS. Pleiotropic effects of nicotinic acid: 
beyond high density lipoprotein cholesterol eleva-
tion. Curr Vasc Pharmacol. 2011;9(4):385–400.  

    28.    Tsimihodimos V, Liberopoulos E, Elisaf M. 
Pleiotropic effects of fenofi brate. Curr Pharm Des. 
2009;15(5):517–28.  

     29.    D'Adamo E, Caprio S. Type 2 diabetes in youth: epi-
demiology and pathophysiology. Diabetes Care. 
2011;34 Suppl 2:S161–5.  

   30.    Azzopardi P, Brown AD, Zimmet P, Fahy RE, Dent 
GA, Kelly MJ, Kranzusch K, Maple-Brown LJ, 
Nossar V, Silink M, Sinha AK, Stone ML, Wren SJ. 
Type 2 diabetes in young Indigenous Australians in 
rural and remote areas: diagnosis, screening, man-
agement and prevention. Med J Aust. 
2012;197(1):32–6.  

     31.    Pavkov ME, Bennett PH, Knowler WC, Krakoff J, 
Sievers ML, Nelson RG. Effect of youth-onset type 
2 diabetes mellitus on incidence of end-stage renal 
disease and mortality in young and middle-aged 
Pima Indians. JAMA. 2006;296(4):421–6.  

     32.    Eppens MC, Craig ME, Cusumano J, Hing S, Chan 
AK, Howard NJ, Silink M, Donaghue KC. 
Prevalence of diabetes complications in adolescents 

P.J. Little et al.



447

with type 2 compared with type 1 diabetes. Diabetes 
Care. 2006;29(6):1300–6.  

    33.    McGill Jr HC, McMahan CA, Herderick EE, 
Malcom GT, Tracy RE, Strong JP. Origin of athero-
sclerosis in childhood and adolescence. Am J Clin 
Nutr. 2000;72 Suppl 5:1307S–15S.  

    34.    Strong JP, Malcom GT, Newman 3rd WP, Oalmann 
MC. Early lesions of atherosclerosis in childhood 
and youth: natural history and risk factors. J Am Coll 
Nutr. 1992;11(Suppl):51S–4S.  

    35.    Illingworth DR. Management of hypercholesterol-
emia. Med Clin North Am. 2000;84(1):23–42.  

     36.    Chapman MJ. Pitavastatin: novel effects on lipid 
parameters. Atheroscler Suppl. 2011;12(3):277–84.  

   37.    Betteridge J. Pitavastatin - results from phase III & 
IV. Atheroscler Suppl. 2010;11(3):8–14.  

     38.    Teramoto T. The clinical impact of pitavastatin: 
comparative studies with other statins on LDL-C and 
HDL-C. Expert Opin Pharmacother. 2012;13(6): 
859–65.  

    39.    Yamashita S, Tsubakio-Yamamoto K, Ohama T, 
Nakagawa-Toyama Y, Nishida M. Molecular mecha-
nisms of HDL-cholesterol elevation by statins and 
its effects on HDL functions. J Atheroscler Thromb. 
2010;17(5):436–51.  

    40.    Catapano AL. Statin-induced myotoxicity: pharma-
cokinetic differences among statins and the risk of 
rhabdomyolysis, with particular reference to pitavas-
tatin. Curr Vasc Pharmacol. 2012;10(2):257–67.  

    41.    Teramoto T. Pitavastatin: clinical effects from the 
LIVES Study. Atheroscler Suppl. 2011;12(3):285–8.  

    42.    Yokote K, Shimano H, Urashima M, Teramoto T. 
Effi cacy and safety of pitavastatin in Japanese 
patients with hypercholesterolemia: LIVES study 
and subanalysis. Expert Rev Cardiovasc Ther. 
2011;9(5):555–62.  

    43.    Suh SY, Rha SW, Ahn TH, Shin EK, Choi CU, Oh 
DJ, Bae JH, Hur SH, Yun KH, Oh SK, Kim JH, Kim 
SW, Chae IH, Kim KS, Hong YJ, Jeong MH, LAMIS 
investigators. Long-term safety and effi cacy of 
Pitavastatin in patients with acute myocardial infarc-
tion (from the Livalo Acute Myocardial Infarction 
Study [LAMIS]). Am J Cardiol. 2011;108(11): 
1530–5.  

    44.   Matsubara T, Naruse K, Arakawa T, Nakao M, Yokoi 
K, Oguri M, Marui N, Amano T,Ichimiya S, Ohashi 
T, Imai K, Sakai S, Sugiyama S, Ishii H, Murohara 
T. Impact of pitavastatin on high-sensitivity 
C-reactive protein and adiponectin in hypercholes-
terolemic patients with the metabolic syndrome: The 
PREMIUM Study. J Cardiol. 2012. [Epub ahead of 
print] PubMed PMID: 22884685.  

    45.    Hibi K, Kimura T, Kimura K, Morimoto T, Hiro T, 
Miyauchi K, Nakagawa Y, Yamagishi M, Ozaki Y, 
Saito S, Yamaguchi T, Daida H, Matsuzaki M, 
JAPAN-ACS Investigators. Clinically evident poly-
vascular disease and regression of coronary athero-
sclerosis after intensive statin therapy in patients with 
acute coronary syndrome: serial intravascular ultra-
sound from the Japanese assessment of pitavastatin 

and atorvastatin in acute coronary syndrome 
(JAPAN-ACS) trial. Atherosclerosis. 
2011;219(2):743–9.  

    46.   Nozue T, Yamamoto S, Tohyama S, Umezawa S, 
Kunishima T, Sato A, Miyake S, Takeyama Y, 
Morino Y, Yamauchi T, Muramatsu T, Hibi K, Sozu 
T, Terashima M, Michishita I. Statin treatment for 
coronary artery plaque composition based on intra-
vascular ultrasound radiofrequency data analysis. 
Am Heart J 2012;163(2):191–9.e1.  

   47.   Ikeda K, Takahashi T, Yamada H, Matsui K, Sawada 
T, Nakamura T, Matsubara H. Effect of intensive 
statin therapy on regression of carotid intima-media 
thickness in patients with subclinical carotid 
atherosclerosis (a prospective, randomized trial: 
PEACE (Pitavastatin Evaluation of Atherosclerosis 
Regression by Intensive Cholesterol-lowering 
Therapy) study). Eur J Prev Cardiol 2012. [Epub 
ahead of print] PubMed PMID: 22689416.  

    48.      Hong YJ, Jeong MH, Ahn Y, Kim SW, Bae JH, Hur 
SH, Ahn TH, Rha SW, Kim KS,Chae IH, Kim JH, 
Yun KH, Oh SK; Other LAMIS investigators. Effect 
of pitavastatin treatment on changes of plaque vol-
ume and composition according to the reduction of 
high-sensitivity C-reactive protein levels. J Cardiol. 
2012;60(4):277–82. doi:10.1016/j.jjcc.2012.04.003.  

    49.    Mori Y, Hirano T. Ezetimibe alone or in combination 
with pitavastatin prevents kidney dysfunction in 5/6 
nephrectomized rats fed high-cholesterol. 
Metabolism. 2012;61(3):379–88.  

    50.    Tamura Y, Murayama T, Minami M, Yokode M, Arai 
H. Differential effect of statins on diabetic nephropa-
thy in db/db mice. Int J Mol Med. 2011;28(5):683–7.  

    51.   Kakuda H, Kanasaki K, Koya D, Takekoshi N. The 
administration of pitavastatin augments creatinine 
clearance associated with reduction in oxidative 
stress parameters: acute and early effects. Clin Exp 
Nephrol. 2012 Sep 5. [Epub ahead of print] PubMed 
PMID: 22948417.  

    52.    Kimura S, Inoguchi T, Yokomizo H, Maeda Y, 
Sonoda N, Takayanagi R. Randomized comparison 
of pitavastatin and pravastatin treatment on the 
reduction of urinary albumin in patients with type 2 
diabetic nephropathy. Diabetes Obes Metab. 
2012;14(7):666–9.  

    53.    Dijan JP, Maucci R, Guilmin L, Ferreirira T, Prister 
P. NCS a6560, a novel nitric oxide donating atorvas-
tatin with a promising safety and effi cacy profi le: a 
randomised double blind placebo and active control 
study. Circulation. 2010;122 Suppl 21:A14267.  

    54.    Masha A, Dinatale S, Allasia S, Martina V. Role of 
the decreased nitric oxide bioavailability in the vas-
cular complications of diabetes mellitus. Curr Pharm 
Biotechnol. 2011;12(9):1354–63.  

    55.    Out C, Groen AK, Brufau G. Bile acid sequestrants: 
more than simple resins. Curr Opin Lipidol. 
2012;23(1):43–55.  

    56.   Prawitt J, Staels B. Bile acid sequestrants: glucose- 
lowering mechanisms. Metab Syndr Relat Disord 
2010;8(Suppl 1):S3–8. Epub 2010 Oct 26.  

23 Emerging Lipoprotein-Related Therapeutics for Patients with Diabetes



448

    57.    Zema MJ. Colesevelam hydrochloride: evidence for 
its use in the treatment of hypercholesterolemia and 
type 2 diabetes mellitus with insights into mecha-
nism of action. Core Evid. 2012;7:61–75.  

   58.    Bays HE. Long-term (52–78 weeks) treatment with 
colesevelam HCl added to metformin therapy in type 
2 diabetes mellitus patients. Diabetes Metab Syndr 
Obes. 2012;5:125–34.  

    59.    Younk LM, Davis SN. Evaluation of colesevelam 
hydrochloride for the treatment of type 2 diabetes. 
Expert Opin Drug Metab Toxicol. 2012;8(4): 
515–25.  

     60.    Descamps OS, De Sutter J, Guillaume M, Missault 
L. Where does the interplay between cholesterol 
absorption and synthesis in the context of statin and/
or ezetimibe treatment stand today? Atherosclerosis. 
2011;217(2):308–21.  

   61.    Gupta EK, Ito MK. Ezetimibe: the fi rst in a novel 
class of selective cholesterol-absorption inhibitors. 
Heart Dis. 2002;4(6):399–409.  

    62.    Bays H. Ezetimibe. Expert Opin Investig Drugs. 
2002;11(11):1587–604.  

    63.    Baigent C, Landray MJ, Reith C, Emberson J, 
Wheeler DC, Tomson C, Wanner C, Krane V, Cass 
A, Craig J, Neal B, Jiang L, Hooi LS, Levin A, 
Agodoa L, Gaziano M, Kasiske B, Walker R, Massy 
ZA, Feldt-Rasmussen B, Krairittichai U, 
Ophascharoensuk V, Fellström B, Holdaas H, Tesar 
V, Wiecek A, Grobbee D, de Zeeuw D, Grönhagen- 
Riska C, Dasgupta T, Lewis D, Herrington W, 
Mafham M, Majoni W, Wallendszus K, Grimm R, 
Pedersen T, Tobert J, Armitage J, Baxter A, Bray C, 
Chen Y, Chen Z, Hill M, Knott C, Parish S, Simpson 
D, Sleight P, Young A, Collins R, SHARP 
Investigators. The effects of lowering LDL choles-
terol with simvastatin plus ezetimibe in patients with 
chronic kidney disease (Study of Heart and Renal 
Protection): a randomised placebo-controlled trial. 
Lancet. 2011;377(9784):2181–92.  

    64.    Davidson MH, Stein EA, Bays HE, Maki KC, Doyle 
RT, Shalwitz RA, Ballantyne CM, Ginsberg HN. 
COMBination of prescription Omega-3 with 
Simvastatin (COMBOS)Investigators. Effi cacy and tol-
erability of adding prescription omega-3 fatty acids 4 
g/d to simvastatin 40 mg/d in hypertriglyceridemic 
patients: an 8-week,randomized, double- blind, placebo-
controlled study. Clin Ther. 2007; 29(7):1354–67.  

   65.    Maki KC, Dicklin MR, Davidson MH, Doyle RT, 
Ballantyne CM. COMBination of prescription 
Omega-3 with Simvastatin (COMBOS) 
Investigators. Baseline lipoprotein lipids and low- 
density lipoprotein cholesterol response to prescrip-
tion omega-3 acid ethyl ester added to Simvastatin 
therapy. Am J Cardiol. 2010;105(10):1409–12.  

    66.    Bays HE, Maki KC, McKenney J, Snipes R, 
Meadowcroft A, Schroyer R, Doyle RT, Stein E. 
Long-term up to 24-month effi cacy and safety of 
concomitant prescription omega-3-acid ethyl esters 
and simvastatin in ypertriglyceridemic patients. Curr 
Med Res Opin. 2010;26(4):907–15.  

    67.    Mousavi SA, Berge KE, Leren TP. The unique role of 
proprotein convertase subtilisin/kexin 9 in cholesterol 
homeostasis. J Intern Med. 2009;266(6):507–19.  

    68.    Lambert G, Charlton F, Rye KA, Piper DE. 
Molecular basis of PCSK9 function. Atherosclerosis. 
2009;203(1):1–7.  

    69.    Humphries SE, Neely RD, Whittall RA, Troutt JS, 
Konrad RJ, Scartezini M, Li KW, Cooper JA, 
Acharya J, Neil A. Healthy individuals carrying the 
PCSK9 p.R46L variant and familial hypercholester-
olemia patients carrying PCSK9 p.D374Y exhibit 
lower plasma concentrations of PCSK9. Clin Chem. 
2009;55(12):2153–61.  

    70.    Abifadel M, Rabès JP, Devillers M, Munnich A, 
Erlich D, Junien C, Varret M, Boileau C. Mutations 
and polymorphisms in the proprotein convertase sub-
tilisin kexin 9 (PCSK9) gene in cholesterol metabo-
lism and disease. Hum Mutat. 2009;30(4):520–9.  

    71.    Zhao Z, Tuakli-Wosornu Y, Lagace TA, Kinch L, 
Grishin NV, Horton JD, Cohen JC, Hobbs HH. 
Molecular characterization of loss-of-function muta-
tions in PCSK9 and identifi cation of a compound het-
erozygote. Am J Hum Genet. 2006;79(3):514–23.  

     72.    Awan Z, Seidah NG, MacFadyen JG, Benjannet S, 
Chasman DI, Ridker PM, Genest J. Rosuvastatin, 
proprotein convertase subtilisin/kexin type 9 con-
centrations, and LDL cholesterol response: the 
JUPITER trial. Clin Chem. 2012;58(1):183–9.  

    73.    Baass A, Dubuc G, Tremblay M, Delvin EE, 
O'Loughlin J, Levy E, Davignon J, Lambert M. 
Plasma PCSK9 is associated with age, sex, and mul-
tiple metabolic markers in a population-based sam-
ple of children and adolescents. Clin Chem. 
2009;55(9):1637–45.  

    74.    Lambert G, Ancellin N, Charlton F, Comas D, Pilot 
J, Keech A, Patel S, Sullivan DR, Cohn JS, Rye KA, 
Barter PJ. Plasma PCSK9 concentrations correlate 
with LDL and total cholesterol in diabetic patients 
and are decreased by fenofi brate treatment. Clin 
Chem. 2008;54(6):1038–45.  

    75.    Chan DC, Hamilton SJ, Rye KA, Chew GT, Jenkins 
AJ, Lambert G, Watts GF. Fenofi brate concomitantly 
decreases serum proprotein convertase subtilisin/
kexin type 9 and very-low-density lipoprotein parti-
cle concentrations in statin-treated type 2  diabetic 
patients. Diabetes Obes Metab. 2010;12(9): 752–6.  

    76.    Costet P, Hoffmann MM, Cariou B, Guyomarc'h 
Delasalle B, Konrad T, Winkler K. Plasma PCSK9 is 
increased by fenofi brate and atorvastatin in a non- 
additive fashion in diabetic patients. Atherosclerosis. 
2010;212(1):246–51.  

     77.    Davignon J, Dubuc G. Statins and ezetimibe modu-
late plasma proprotein convertase subtilisin kexin-9 
(PCSK9) levels. Trans Am Clin Climatol Assoc. 
2009;120:163–73.  

    78.    Stein EA, Mellis S, Yancopoulos GD, Stahl N, Logan 
D, Smith WB, Lisbon E, Gutierrez M, Webb C, Wu 
R, Du Y, Kranz T, Gasparino E, Swergold GD. Effect 
of a monoclonal antibody to PCSK9 on LDL choles-
terol. N Engl J Med. 2012;366(12): 1108–18.  

P.J. Little et al.



449

    79.    Stamler J. The coronary drug project-fi ndings with 
regard to estrogen, dextrothyroxine, clofi brate and 
niacin. Adv Exp Med Biol. 1977;82:52–75.  

    80.   The coronary drug project. Findings leading to fur-
ther modifi cations of its protocol with respect to dex-
trothyroxine. The coronary drug project research 
group. JAMA. 1972;220(7):996–1008.  

    81.   Medici M, Rivadeneira F, van der Deure WM, 
Hofman A, van Meurs JB, Styrkársdottir U, van 
Duijn CM, Spector T, Kiel DP, GEFOS Consortium, 
Uitterlinden AG, Visser TJ, Peeters RP. A large- 
scale population-based analysis of common genetic 
variation in the thyroid hormone receptor alpha 
locus and bone. Thyroid. 2012, 22(2):223–4  

    82.    Goumidi L, Gauthier K, Legry V, Mayi TH, Houzet 
A, Cottel D, Montaye M, Proust C, Kee F, Ferrières 
J, Arveiler D, Ducimetière P, Staels B, Dallongeville 
J, Chinetti G, Flamant F, Amouyel P, Meirhaeghe A. 
Association between a thyroid hormone receptor-α 
gene polymorphism and blood pressure but not with 
coronary heart disease risk. Am J Hypertens. 
2011;24(9):1027–34.  

    83.    Mazziotti G, Canalis E, Giustina A. Drug-induced 
osteoporosis: mechanisms and clinical implications. 
Am J Med. 2010;123(10):877–84.  

    84.    Moriguchi M, Noso S, Kawabata Y, Yamauchi T, 
Harada T, Komaki K, Babaya N, Hiromine Y, Ito H, 
Yamagata S, Murata K, Higashimoto T, Park C, 
Yamamoto A, Ohno Y, Ikegami H. Clinical and 
genetic characteristics of patients with autoimmune 
thyroid disease with anti-islet autoimmunity. 
Metabolism. 2011;60(6):761–6.  

    85.    Kowalik MA, Perra A, Pibiri M, Cocco MT, Samarut 
J, Plateroti M, Ledda-Columbano GM, Columbano 
A. TRbeta is the critical thyroid hormone receptor 
isoform in T3-induced proliferation of hepatocytes 
and pancreatic acinar cells. J Hepatol. 
2010;53(4):686–92.  

    86.    Tancevski I, Demetz E, Eller P. Sobetirome: a selec-
tive thyromimetic for the treatment of dyslipidemia. 
Recent Pat Cardiovasc Drug Discov. 2011;6(1):16–9.  

     87.    Parhofer KG. Lipoprotein(a): medical treatment 
options for an elusive molecule. Curr Pharm Des. 
2011;17(9):871–6.  

     88.    Shiohara H, Nakamura T, Kikuchi N, Ozawa T, 
Nagano R, Matsuzawa A, Ohnota H, Miyamoto T, 
Ichikawa K, Hashizume K. Discovery of novel 
indane derivatives as liver-selective thyroid hormone 
receptor β (TRβ) agonists for the treatment of dyslip-
idemia. Bioorg Med Chem. 2012;20(11):3622–34.  

    89.   Merki E, Graham MJ, Mullick AE, Miller ER, 
Crooke RM, Pitas RE, Witztum JL, Tsimikas S. 
Antisense oligonucleotide directed to human apoli-
poprotein B-100 reduces lipoprotein(a) levels and 
oxidized phospholipids on human apolipoprotein 
B-100 particles in lipoprotein(a) transgenic mice. 
Circulation. 2008;118(7):743–53.  

    90.    Visser ME, Wagener G, Baker BF, Geary RS, 
Donovan JM, Beuers UH, Nederveen AJ, Verheij J, 
Trip MD, Basart DC, Kastelein JJ, Stroes ES. 

Mipomersen, an apolipoprotein B synthesis inhibi-
tor, lowers low-density lipoprotein cholesterol in 
high-risk statin-intolerant patients: a randomized, 
double-blind, placebo-controlled trial. Eur Heart J. 
2012;33(9):1142–9.  

    91.    Stein EA, Bays H, O'Brien D, Pedicano J, Piper E, 
Spezzi A. Lapaquistat acetate: development of a 
squalene synthase inhibitor for the treatment of 
hypercholesterolemia. Circulation. 2011;123(18): 
1974–85.  

    92.    Wierzbicki AS, Hardman T, Prince WT. Future chal-
lenges for microsomal transport protein inhibitors. 
Curr Vasc Pharmacol. 2009;7(3):277–86.  

     93.    Samaha FF, McKenney J, Bloedon LT, Sasiela WJ, 
Rader DJ. Inhibition of microsomal triglyceride 
transfer protein alone or with ezetimibe in patients 
with moderate hypercholesterolemia. Nat Clin Pract 
Cardiovasc. 2008;5(8):497–505.  

    94.    Tardif JC, Grégoire J, L'Allier PL, Anderson TJ, 
Bertrand O, Reeves F, Title LM, Alfonso F, 
Schampaert E, Hassan A, McLain R, Pressler ML, 
Ibrahim R, Lespérance J, Blue J, Heinonen T, Rodés- 
Cabau J, Avasimibe and Progression of Lesions on 
UltraSound (A-PLUS) Investigators. Effects of the 
acyl coenzyme A: cholesterol acyltransferase inhibi-
tor avasimibe on human atherosclerotic lesions. 
Circulation. 2004;110(21):3372–7.  

     95.    Nissen SE, Tuzcu EM, Brewer HB, Sipahi I, Nicholls 
SJ, Ganz P, Schoenhagen P, Waters DD, Pepine CJ, 
Crowe TD, Davidson MH, Deanfi eld JE, Wisniewski 
LM, Hanyok JJ, Kassalow LM, ACAT Intravascular 
Atherosclerosis Treatment Evaluation (ACTIVATE) 
Investigators. Effect of ACAT inhibition on the pro-
gression of coronary atherosclerosis. N Engl J Med. 
2006;354(12):1253–63.  

   96.    Meuwese MC, de Groot E, Duivenvoorden R, Trip 
MD, Ose L, Maritz FJ, Basart DC, Kastelein JJ, 
Habib R, Davidson MH, Zwinderman AH, 
Schwocho LR, Stein EA, CAPTIVATE Investigators. 
ACAT inhibition and progression of carotid 
 atherosclerosis in patients with familial hypercholes-
terolemia: the CAPTIVATE randomized trial. 
JAMA. 2009;301(11):1131–9.  

    97.    Arsenault BJ, Boekholdt SM, Kastelein JJ. Lipid 
parameters for measuring risk of cardiovascular dis-
ease. Nat Rev Cardiol. 2011;8(4):197–206.  

    98.    Mangalmurti SS, Davidson MH. The incremental 
value of lipids and infl ammatory biomarkers in 
determining residual cardiovascular risk. Curr 
Atheroscler Rep. 2011;13(5):373–80.  

    99.    Jenkins AJ, Best JD, Klein RL, Lyons TJ. 
Lipoproteins, glycoxidation and diabetic angiopa-
thy. Diabetes Metab Res Rev. 2004;20(5):349–68.  

    100.    Mahley RW, Huang Y. Atherogenic remnant lipo-
proteins: role for proteoglycans in trapping, transfer-
ring, and internalizing. J Clin Invest. 2007;117(1): 
94–8.  

   101.    Mulder M, Lombardi P, Jansen H, van Berkel TJ, 
Frants RR, Havekes LM. Low density lipoprotein 
receptor internalizes low density and very low den-

23 Emerging Lipoprotein-Related Therapeutics for Patients with Diabetes



450

sity lipoproteins that are bound to heparan sulfate 
proteoglycans via lipoprotein lipase. J Biol Chem. 
1993;268(13):9369–75.  

   102.    de Beer F, Hendriks WL, van Vark LC, Kamerling 
SW, van Dijk KW, Hofker MH, Smelt AH, Havekes 
LM. Binding of beta-VLDL to heparan sulfate pro-
teoglycans requires lipoprotein lipase, whereas 
ApoE only modulates binding affi nity. Arterioscler 
Thromb Vasc Biol. 1999;19(3):633–7. PubMed 
PMID: 10073967.  

    103.    Anber V, Millar JS, McConnell M, Shepherd J, 
Packard CJ. Interaction of very-low-density, 
intermediate- density, and low-density lipoproteins 
with human arterial wall proteoglycans. Arterioscler 
Thromb Vasc Biol. 1997;17(11):2507–14. PubMed 
PMID: 9409221.  

    104.    Kohli P, Cannon CP. Triglycerides: how much credit 
do they deserve? Med Clin North Am. 2012;96(1): 
39–55.  

   105.    Wierzbicki AS, Clarke RE, Viljoen A, Mikhailidis DP. 
Triglycerides: a case for treatment? Curr Opin Cardiol. 
2012;27(4):398–404. PubMed PMID: 22565137.  

    106.    Talayero BG, Sacks FM. The role of triglycerides in 
atherosclerosis. Curr Cardiol Rep. 
2011;13(6):544–52.  

    107.    Dallinga-Thie GM, Franssen R, Mooij HL, Visser 
ME, Hassing HC, Peelman F, Kastelein JJ, Péterfy 
M, Nieuwdorp M. The metabolism of triglyceride- 
rich lipoproteins revisited: new players, new insight. 
Atherosclerosis. 2010;211(1):1–8.  

    108.    Austin MA. Refi ning and expanding the role of 
small, dense low-density lipoproteins. 
Atherosclerosis. 2009;207(2):350–1.  

    109.    Barter P. HDL-C: role as a risk modifi er. Atheroscler 
Suppl. 2011;12(3):267–70.  

   110.    Tabet F, Rye KA. High-density lipoproteins, infl am-
mation and oxidative stress. Clin Sci (Lond). 
2009;116(2):87–98.  

   111.    Rye KA, Bursill CA, Lambert G, Tabet F, Barter PJ. 
The metabolism and anti-atherogenic properties of 
HDL. J Lipid Res. 2009;50(Suppl):S195–200.  

   112.    Barter PJ, Puranik R, Rye KA. New insights into the 
role of HDL as an anti-infl ammatory agent in the 
prevention of cardiovascular disease. Curr Cardiol 
Rep. 2007;9(6):493–8.  

    113.    Barter PJ, Baker PW, Rye KA. Effect of high-density 
lipoproteins on the expression of adhesion molecules 
in endothelial cells. Curr Opin Lipidol. 
2002;13(3):285–8.  

    114.    Jenkins AJ, Rowley KG, Lyons TJ, Best JD, Hill 
MA, Klein RL. Lipoproteins and diabetic microvas-
cular complications. Curr Pharm Des. 2004;10(27): 
3395–418.  

    115.    Watts GF, Karpe F. Why, when and how should 
hypertriglyceridemia be treated in the high-risk car-
diovascular patient? Expert Rev Cardiovasc Ther. 
2011;9(8):987–97.  

   116.    Mehra S, Movahed H, Movahed A. Emerging thera-
pies for residual risk. Rev Cardiovasc Med. 
2012;13(1):e24–31.  

   117.    Judge EP, Phelan D, O'Shea D. Beyond statin therapy: 
a review of the management of residual risk in diabetes 
mellitus. J R Soc Med. 2010;103(9): 357–62.  

   118.    Wanner C, Krane V. Recent advances in the treatment 
of atherogenic dyslipidemia in type 2 diabetes melli-
tus. Kidney Blood Press Res. 2011;34(4):209–17.  

   119.    Kumar A, Singh V. Atherogenic dyslipidemia and 
diabetes mellitus: what's new in the management 
arena? Vasc Health Risk Manag. 2010;6:665–9.  

     120.    Bruckert E, Labreuche J, Deplanque D, Touboul PJ, 
Amarenco P. Fibrates effect on cardiovascular risk is 
greater in patients with high triglyceride levels or 
atherogenic dyslipidemia profi le: a systematic 
review and meta-analysis. J Cardiovasc Pharmacol. 
2011;57(2):267–72. Review. PubMed PMID: 
21052016.  

    121.    Stumvoll M, Häring HU. Glitazones: clinical effects 
and molecular mechanisms. Ann Med. 2002;34(3): 
217–24.  

    122.    Singh S, Loke YK, Furberg CD. Long-term risk of 
cardiovascular events with rosiglitazone: a meta- 
analysis. JAMA. 2007;298(10):1189–95.  

    123.    Piccinni C, Motola D, Marchesini G, Poluzzi E. 
Assessing the association of pioglitazone use and 
bladder cancer through drug adverse event reporting. 
Diabetes Care. 2011;34(6):1369–71.  

    124.    Nissen SE, Wolski K, Topol EJ. Effect of muraglita-
zar on death and major adverse cardiovascular events 
in patients with type 2 diabetes mellitus. JAMA. 
2005;294(20):2581–6.  

    125.    Kendall DM, Rubin CJ, Mohideen P, Ledeine JM, 
Belder R, Gross J, Norwood P, O'Mahony M, Sall K, 
Sloan G, Roberts A, Fiedorek FT, DeFronzo RA. 
Improvement of glycemic control, triglycerides, and 
HDL cholesterol levels with muraglitazar, a dual 
(alpha/gamma) peroxisome proliferator-activated 
receptor activator, in patients with type 2 diabetes inad-
equately controlled with metformin monotherapy: A 
double-blind, randomized, pioglitazone- comparative 
study. Diabetes Care. 2006;29(5):1016–23.  

    126.    Henry RR, Lincoff AM, Mudaliar S, Rabbia M, 
Chognot C, Herz M. Effect of the dual peroxisome 
proliferator-activated receptor-alpha/gamma agonist 
aleglitazar on risk of cardiovascular disease in 
patients with type 2 diabetes (SYNCHRONY): a 
phase II, randomised, dose-ranging study. Lancet. 
2009;374(9684):126–35.  

    127.    Herz M, Gaspari F, Perico N, Viberti G, Urbanowska 
T, Rabbia M, Wieczorek Kirk D. Effects of high 
dose aleglitazar on renal function in patients with 
type 2 diabetes. Int J Cardiol. 2011;151(2):136–42.  

    128.      Wilding JP. PPAR agonists for the treatment of car-
diovascular disease in patients with diabetes. 
Diabetes Obes Metab. 2012;14(11):973–82. 
doi:10.1111/j.1463-1326.2012.  

    129.    Cariou B, Zaïr Y, Staels B, Bruckert E. Effects of the 
new dual PPAR α/δ agonist GFT505 on lipid and 
glucose homeostasis in abdominally obese patients 
with combined dyslipidemia or impaired glucose 
metabolism. Diabetes Care. 2011;34(9):2008–14.  

P.J. Little et al.



451

    130.    Crouse 3rd JR. New developments in the use of nia-
cin for treatment of hyperlipidemia: new consider-
ations in the use of an old drug. Coron Artery Dis. 
1996;7(4):321–6.  

    131.    Faergeman O. Hypertriglyceridemia and the fi brate 
trials. Curr Opin Lipidol. 2000;11(6):609–14.  

    132.      Niacin, fenofi brates increase benefi ts for statin users. 
These HDL- raising, triglyceride-lowering drugs 
beat out the use of additional LDL-lowering drugs. 
Duke Med Health News. 2010;16(8):1–2.  

    133.    Nichols GA, Koro CE, Chan W, Bowlin SJ, Sprecher 
DL. The association between fi brate use, change in 
high-density lipoprotein cholesterol, and the risk of 
cardiovascular disease: a retrospective chart review 
involving up to 8 years of follow-up. Clin Ther. 
2006;28(2):243–50.  

    134.    Helmbold AF, Slim JN, Morgan J, Castillo-Rojas 
LM, Shry EA, Slim AM. The effects of extended 
release niacin in combination with omega 3 fatty 
acid supplements in the treatment of elevated lipo-
protein (a). Cholesterol. 2010;2010:306147.  

    135.    Canner PL, Halperin M. Implications of fi ndings in 
the coronary drug project for secondary prevention tri-
als in coronary heart disease. The coronary; drug proj-
ect research group. Circulation. 1981;63(6):1342–50.  

    136.    Schlant RC, Forman S, Stamler J, Canner PL. The 
natural history of coronary heart disease: prognostic 
factors after recovery from myocardial infarction in 
2,789 men. The 5-year fi ndings of the coronary drug 
project. Circulation. 1982;66(2):401–14.  

    137.    Song WL, Stubbe J, Ricciotti E, Alamuddin N, 
Ibrahim S, Crichton I, Prempeh M, Lawson JA, 
Wilensky RL, Rasmussen LM, Puré E, FitzGerald 
GA. Niacin and biosynthesis of PGD 2  by platelet 
COX-1 in mice and humans. J Clin Invest. 
2012;122(4):1459–68.  

    138.    Stern RH. The role of nicotinic acid metabolites in 
fl ushing and hepatotoxicity. J Clin Lipidol. 
2007;1(3):191–3.  

    139.    Cooper-DeHoff RM, Pacanowski MA, Pepine CJ. 
Cardiovascular therapies and associated glucose 
homeostasis: implications across the dysglycemia 
continuum. J Am Coll Cardiol. 2009;53 Suppl 
5:S28–34.  

    140.    Maccubbin DL, Chen F, Anderson JW, Sirah W, 
McCrary Sisk C, Kher U, Olsson AG, Bays HE, 
Mitchel YB. Effectiveness and safety of laropiprant 
on niacin-induced fl ushing. Am J Cardiol. 
2012;110(6):817–22.  

    141.    Guyton JR, Fazio S, Adewale AJ, Jensen E, 
Tomassini JE, Shah A, Tershakovec AM. Effect of 
extended-release niacin on new-onset diabetes 
among hyperlipidemic patients treated with ezeti-
mibe/simvastatin in a randomized controlled trial. 
Diabetes Care. 2012;35(4):857–60.  

    142.    Brown BG, Zhao XQ, Chait A, Fisher LD, Cheung 
MC, Morse JS, Dowdy AA, Marino EK, Bolson EL, 
Alaupovic P, Frohlich J, Albers JJ. Simvastatin and 
niacin, antioxidant vitamins, or the combination for 
the prevention of coronary disease. N Engl J Med. 
2001;345(22):1583–92.  

    143.    Michos ED, Sibley CT, Baer JT, Blaha MJ, 
Blumenthal RS. Niacin and statin combination ther-
apy for atherosclerosis regression and prevention of 
cardiovascular disease events: reconciling the AIM- 
HIGH (Atherothrombosis Intervention in Metabolic 
Syndrome With Low HDL/High Triglycerides: 
Impact on Global Health Outcomes) trial with previ-
ous surrogate endpoint trials. J Am Coll Cardiol. 
2012;59(23):2058–64.  

    144.      HPS2/THRIVE Clinical Trials.gov. http://www.
thrivestudy.org/ (as accessed June 2013).  

     145.    Johns DG, Duffy J, Fisher T, Hubbard BK, Forrest 
MJ. On- and off-target pharmacology of torcetrapib: 
current understanding and implications for the struc-
ture activity relationships (SAR), discovery and 
development of cholesteryl ester-transfer protein 
(CETP) inhibitors. Drugs. 2012;72(4):491–507.  

    146.   Shear C, Beltangady M, Ports W, Duggan W, Barter 
P. Torcetrapib: predictors of increased clinical risk in 
the ILLUMINATE study. Circulation 2008;118:
S_370–S_371. Abstract 1694  

    147.    Yvan-Charvet L, Matsuura F, Wang N, Bamberger 
MJ, Nguyen T, Rinninger F, Jiang XC, Shear CL, 
Tall AR. Inhibition of cholesteryl ester transfer pro-
tein by torcetrapib modestly increases macrophage 
cholesterol effl ux to HDL. Arterioscler Thromb Vasc 
Biol. 2007;27:1132–8.  

    148.    Brousseau ME, Diffenderfer MR, Millar JS, 
Nartsupha C, Asztalos BF, Welty FK, Wolfe ML, 
Rudling M, Björkhem I, Angelin B, Mancuso JP, 
Digenio AG, Rader DJ, Schaefer EJ. Effects of cho-
lesteryl ester transfer protein inhibition on 
 high- density lipoprotein subspecies, apolipoprotein 
A-I metabolism, and fecal sterol excretion. 
Arterioscler Thromb Vasc Biol. 2005;25(5):1057–64.  

    149.    Hu X, Dietz JD, Xia C, Knight DR, Loging WT, 
Smith AH, Yuan H, Perry DA, Keiser J. Torcetrapib 
induces aldosterone and cortisol production by an 
intracellular calcium-mediated mechanism indepen-
dently of cholesteryl ester transfer protein inhibition. 
Endocrinology. 2009;150:2211–9.  

    150.    Forrest MJ, Bloomfi eld D, Briscoe RJ, Brown PN, 
Cumiskey AM, Ehrhart J, Hershey JC, Keller WJ, 
Ma X, McPherson HE, et al. Torcetrapib-induced 
blood pressure elevation is independent of CETP 
inhibition and is accompanied by increased circulat-
ing levels of aldosterone. Br J Pharmacol. 
2008;154:1465–73.  

    151.    Stein EA, Roth EM, Rhyne JM, Burgess T, Kallend 
D, Robinson JG. Safety and tolerability of dalcetra-
pib (RO4607381/JTT-705): results from a 48-week 
trial. Eur Heart J. 2010;31(4):480–8.  

    152.    Lüscher TF, Taddei S, Kaski JC, Jukema JW, Kallend 
D, Münzel T, Kastelein JJ, Deanfi eld JE, dal- 
VESSEL Investigators. Vascular effects and safety 
of dalcetrapib in patients with or at risk of coronary 
heart disease: the dal-VESSEL randomized clinical 
trial. Eur Heart J. 2012;33(7):857–65.  

    153.    Fayad ZA, Mani V, Woodward M, et al. Safety and 
effi cacy of dalcetrapib on atherosclerotic disease 
using novel non-invasive multimodality imaging 

23 Emerging Lipoprotein-Related Therapeutics for Patients with Diabetes



452

(dal-PLAQUE): a randomised clinical trial. Lancet. 
2011;378(9802):1547–59.  

    154.   Cannon CP, Dansky HM, Davidson M, Gotto AM Jr, 
Brinton EA, Gould AL,Stepanavage M, Liu SX, 
Shah S, Rubino J, Gibbons P, Hermanowski-Vosatka 
A,Binkowitz B, Mitchel Y, Barter P, DEFINE 
Investigators. Design of the DEFINE trial: determin-
ing the EFfi cacy and tolerability of CETP INhibition 
with AnacEtrapib. Am Heart J 2009;158(4):
513–519.e3.  

    155.      REVEAL trial. Clinicaltrials.gov. http://clinicaltrials. 
gov/show/NCT01252953. (as accessed June 2013).  

    156.    White CR, Datta G, Mochon P, Zhang Z, Kelly O, 
Curcio C, Parks D, Palgunachari M, Handattu S, 
Gupta H, Garber DW, Anantharamaiah GM. 
Vasculoprotective effects of apolipoprotein mimetic 
peptides: an evolving paradigm in Hdl therapy.  Vasc 
Dis Prev. 2009;6:122–30.  

   157.    Bucci M, Cigliano L, Vellecco V, D'Andrea LD, 
Ziaco B, Rossi A, Sautebin L, Carlucci A, Abrescia 
P, Pedone C, Ianaro A, Cirino G. Apolipoprotein 
A-I (ApoA-I) mimetic peptide P2a by restoring 
cholesterol esterifi cation unmasks ApoA-I anti- 
infl ammatory endogenous activity in vivo. 
J Pharmacol Exp Ther. 2012;340(3):716–22.  

    158.    Di Bartolo BA, Vanags LZ, Tan JT, Bao S, Rye KA, 
Barter PJ, Bursill CA. The apolipoprotein A-I 
mimetic peptide, ETC-642, reduces chronic vascular 
infl ammation in the rabbit. Lipids Health Dis. 
2011;10:224.  

    159.    Imaizumi S, Navab M, Morgantini C, Charles- 
Schoeman C, Su F, Gao F, Kwon M, Ganapathy E, 
Meriwether D, Farias-Eisner R, Fogelman AM, 
Reddy ST. Dysfunctional high-density lipoprotein 
and the potential of apolipoprotein A-1 mimetic pep-
tides to normalize the composition and function of 
lipoproteins. Circ J. 2011;75(7):1533–8.  

    160.    Vecoli C, Cao J, Neglia D, Inoue K, Sodhi K, Vanella 
L, Gabrielson KK, Bedja D, Paolocci N, L’abbate A, 
Abraham NG. Apolipoprotein A-I mimetic peptide 
L-4F prevents myocardial and coronary dysfunction 
in diabetic mice. J Cell Biochem. 2011;112(9): 
2616–26.  

     161.    Datta G, Epand RF, Epand RM, Chaddha M, Kirksey 
MA, Garber DW, Lund-Katz S, Phillips MC, Hama 
S, Navab M, Fogelman AM, Palgunachari MN, 
Segrest JP, Anantharamaiah GM. Aromatic residue 
position on the nonpolar face of class a amphipathic 
helical peptides determines biological activity. J Biol 
Chem. 2004;279(25):26509–17.  

    162.    Carballo-Jane E, Chen Z, O’Neill E, Wang J, Burton 
C, Chang CH, Chen X, Eveland S, Frantz-Wattley B, 
Gagen K, Hubbard B, Ichetovkin M, Luell S, Meurer 
R, Song X, Strack A, Langella A, Cianetti S, Rech F, 
Capitò E, Bufali S, Veneziano M, Verdirame M, 
Bonelli F, Monteagudo E, Pessi A, Ingenito R, 
Bianchi E. ApoA-I mimetic peptides promote pre-β 
HDL formation in vivo causing remodeling of HDL 
and triglyceride accumulation at higher dose. Bioorg 
Med Chem. 2010;18(24):8669–78.  

    163.    Thompson GR, HEART-UK LDL Apheresis Working 
Group. Recommendations for the use of LDL apher-
esis. Atherosclerosis. 2008;198(2):247–55.  

    164.    Sacks FM, Rudel LL, Conner A, et al. Selective 
delipidation of plasma HDL enhances reverse cho-
lesterol transport in vivo. J Lipid Res. 2009;50(5): 
894–907.  

    165.    Waksman R, Torguson R, Kent KM, et al. A fi rst in- 
man, randomized, placebo-controlled study to evalu-
ate the safety and feasibility of autologous 
delipidated high-density lipoprotein plasma infu-
sions in patients with acute coronary syndrome. 
J Am Coll Cardiol. 2010;55(24):2727–35.  

     166.    Rizos EC, Ntzani EE, Bika E, Kostapanos MS, 
Elisaf MS. Association between omega-3 fatty acid 
supplementation and risk of major cardiovascular 
disease events: a systematic review and meta- 
analysis. JAMA. 2012;308(10):1024–33.  

   167.   Gruppo Italiano per lo Studio della Sopravvivenza 
nell’Infarto miocardico. Dietary supplementation with 
n-3 polyunsaturated fatty acids and vitamin E after 
myocardial infarction: results of the GISSIPrevenzione 
trial. Lancet 1999;354(9177):447–55.  

    168.    Yokoyama M, Origasa H, Matsuzaki M, Matsuzawa 
Y, Saito Y, Ishikawa Y, Oikawa S, Sasaki J, Hishida 
H, Itakura H, Kita T, Kitabatake A, Nakaya N, 
Sakata T, Shimada K, Shirato K, Japan EPA. lipid 
intervention study (JELIS) Investigators. Effects of 
eicosapentaenoic acid on major coronary events in 
hypercholesterolaemic patients (JELIS): a ran-
domised open-label, blinded endpoint analysis. 
Lancet. 2007;369(9567):1090–8.  

    169.    ORIGIN Trial Investigators, Bosch J, Gerstein HC, 
Dagenais GR, Díaz R, Dyal L, Jung H, Maggiono 
AP, Probstfi eld J, Ramachandran A, Riddle MC, 
Rydén LE, Yusuf S. n-3 fatty acids and cardiovascu-
lar outcomes in patients with dysglycemia. N Engl J 
Med. 2012;367(4):309–18.  

    170.    Ballantyne CM, Bays HE, Kastelein JJ, Stein E, 
Isaacsohn JL, Braeckman RA, Soni PN. Effi cacy 
and safety of eicosapentaenoic acid ethyl ester 
(AMR101) therapy in statin-treated patients with 
persistent high triglycerides (from the ANCHOR 
study). Am J Cardiol. 2012;110(7):984–92.  

    171.    Bays HE, Ballantyne CM, Kastelein JJ, Isaacsohn JL, 
Braeckman RA, Soni PN. Eicosapentaenoic acid ethyl 
ester (AMR101) therapy in patients with very high 
triglyceride levels (from the multi-center, plAcebo- 
controlled, randomized, double-blINd, 12-week study 
with an open-label extension [MARINE] trial). Am J 
Cardiol. 2011;108(5):682–90.  

    172.    Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga 
H, Fan W, Li P, Lu WJ, Watkins SM, Olefsky JM. 
GPR120 is an omega-3 fatty acid receptor mediating 
potent anti-infl ammatory and insulin-sensitizing 
effects. Cell. 2010;142(5):687–98.  

    173.    Gerritsen G, Rensen PC, Kypreos KE, Zannis VI, 
Havekes LM, Willems van Dijk K. ApoC-III 
 defi ciency prevents hyperlipidemia induced by apoE 
overexpression. J Lipid Res. 2005;46(7):1466–73.  

P.J. Little et al.



453

    174.    Yamamoto M, Morita SY, Kumon M, Kawabe M, 
Nishitsuji K, Saito H, Vertut-Doï A, Nakano M, 
Handa T. Effects of plasma apolipoproteins on lipo-
protein lipase-mediated lipolysis of small and large 
lipid emulsions. Biochim Biophys Acta. 2003; 
1632(1–3):31–9.  

    175.    Pollin TI, Damcott CM, Shen H, Ott SH, Shelton J, 
Horenstein RB, Post W, McLenithan JC, Bielak LF, 
Peyser PA, Mitchell BD, Miller M, O’Connell JR, 
Shuldiner AR. A null mutation in human APOC3 

confers a favorable plasma lipid profi le and apparent 
cardioprotection. Science. 2008;322(5908):1702–5.  

     176.    Glueck CJ, Budhani SB, Masineni SS, Abuchaibe C, 
Khan N, Wang P, Goldenberg N. Vitamin D 
defi ciency, myositis-myalgia, and reversible statin 
intolerance. Curr Med Res Opin. 2011;27(9): 
1683–90.  

    177.    Mas E, Mori TA. Coenzyme Q(10) and statin myal-
gia: what is the evidence? Curr Atheroscler Rep. 
2010;12(6):407–13.    

23 Emerging Lipoprotein-Related Therapeutics for Patients with Diabetes



455A.J. Jenkins et al. (eds.), Lipoproteins in Diabetes Mellitus, Contemporary Diabetes,
DOI 10.1007/978-1-4614-7554-5, © Springer Science+Business Media New York 2014

  A 
  ABCA1.    See  ATP-binding cassette transporter A1 

(ABCA1) 
   ACE.    See  Angiotensin-converting 

enzyme (ACE) 
   The Action to Control Cardiovascular Risk in Diabetes 

(ACCORD)-Lipid study , 253, 258, 262  
   Acyltransferase (ACAT) inhibitors , 440  
   Advanced glycation end-products (AGEs) 

 AGE-LDL , 166  
 binders and decoys , 175  
 breakers , 175  
 formation , 158  

   AGEs.    See  Advanced glycation 
end-products (AGEs) 

   ALLHAT.    See  Antihypertensive and Lipid-Lowering 
Treatment to Prevent Heart Attack Trial 
(ALLHAT) 

   Angiotensin-converting enzyme (ACE) , 152, 249, 261  
   Anglo-scandinavian cardiac outcomes trial 

lipid-lowering arm (ASCOT-LLA) , 349  
   Antihypertensive agents, T2DM 

 aldosterone antagonists , 249  
 angiotensin-converting enzyme (ACE) inhibitors , 249  
 angiotensin II (Ang II) , 249  
 angiotensin receptor antagonists , 249  
 calcium channel blockers (CCB) , 249–250  

   Antihypertensive and Lipid-Lowering Treatment to 
Prevent Heart Attack Trial (ALLHAT) , 349  

   Antioxidants 
 description , 194  
 epidemiological studies , 194  
 fl avonoids , 194  
 glycation , 194  
 macrophage cellular lipid peroxidation , 195  
 oxidative stress , 195  
 pomegranate juice (PJ) , 195  
 serum oxidative state , 195, 196  
 treatment , 194  

   Antisense oligonucleotides (ASOs) 
 ACAT inhibitors , 440  
 apoB , 439  
 MTP inhibitors , 440  
 squalene synthase inhibitors , 439  

   Apo.    See  Apolipoprotein (Apo) 
   Apo B.    See  Apolipoprotein B (Apo B) 
   Apolipoprotein (A) (Apo A) 

 amphipathic helices , 442  
 anti-infl ammatory , 442  
 antioxidant effects , 442  
 apheresis , 443  
 characteristics , 141  
 kringles (K) , 141  
 and Lp(a)   ( see  Lipoprotein(a) (Lp(a))) 
 transcription 

 cholestasis , 144  
 FXR , 144, 145  
 infl uence of drugs , 144, 145  
 nuclear receptors , 144  
 regulation process , 145, 146  
 SHP , 144  

   Apolipoprotein (Apo) , 7–8  
   Apolipoprotein A-I (ApoA-I) 

 excess cholesterol , 68  
 lipidation , 67  
 RCT , 68  
 serum HDL-C , 68  

   Apolipoprotein B (Apo B) 
 and apoA , 64  
 benefi ts, measurement , 4–7  
 chylomicron lipolysis , 65  
 hydrolysis, TG , 63  
 LDLs , 67  
 serum level , 4  
 transfer, lipids , 64  
 vascular endothelial cells , 66  
 VLDL, TG-rich particle , 63, 65  

   Apolipoprotein B48 and B100 , 109–110  
   Apolipoprotein B turnover studies 

 dual radiolabel studies , 234  
 radiation-based studies , 232–234  
 stable isotope-based studies , 234  

   Apoproteins and cell surface receptors.    See  Lipoprotein 
metabolism, T2DM 

   ASCOT-LLA.    See  Anglo-scandinavian 
cardiac outcomes trial lipid-lowering arm 
(ASCOT-LLA) 

   ASOs.    See  Antisense oligonucleotides (ASOs) 

                     Index 



456

   Atherogenic dyslipidemia 
 HDL particles , 45  
 lipid pathways , 44, 45  
 sdLDL , 45–46  
 VLDL , 44, 45  

   Atherosclerosis 
 animal models , 187  
 bezafi brate , 383  
 biochemical and cellular mechanisms , 217  
 biological mechanisms , 375  
 CIMT , 382  
 collagens , 218–219  
 CVD risk , 374  
 DAIS , 383  
 diabetes types , 188  
 DM , 41  
 and dysglycemia , 46  
 extracellular matrix , 218  
 fi brous cap , 44  
 HDL-C levels , 374  
 high TG levels , 374  
 hyaluronan (HA) , 221  
 hyperglycemia , 188–189  
 IR association, processes , 44  
 lipoprotein oxidation , 190–191  
 macrophage , 49–50  
 microangiopathy , 188  
 MMPs , 219  
 monocytes , 189  
 oxLDL , 43  
 pre-infl ammatory phase , 225  
 premature and accelerated , 188  
 proteoglycans 

 biglycan , 220  
 chondroitin sulfate (CS) , 220  
 cloning, genes , 219–220  
 decorin , 220  
 dermatan sulfate (DS) , 220  
 description , 219  
 erosclerosis , 220  
 glycosaminoglycan (GAG) chains , 219, 220  
 perlecan , 221  
 versican , 220–221  

 “response to injury” model , 42  
 TG-rich lipoproteins , 375  
 therapeutic target   ( see  Therapeutic target, 

atherosclerosis) 
 thrombo-occlusive complications , 42–43  
 vascular complications , 188  

   ATP-binding cassette transporter A1 (ABCA1) , 379, 380  
   ATP-binding cassette (ABC) transporters , 108  

    B 
  Bile acid sequestrants (BAS) 

 and CHD outcomes , 426, 427  
 clinical trials , 428  
 and GI tract , 426  
 hypercholesterolemia , 428  
 lipid-altering drugs , 426  

    C 
  CAD.    See  Coronary artery disease (CAD) 
   Calcium channel blockade (CCB) , 249–250  
   cAMP.    See  Cyclic adenosine monophosphate (cAMP) 
   Cardiovascular disease (CVD) 

 atherogenic dyslipidemia , 390, 392  
 baseline lipid levels , 390, 391  
 changes, lipoprotein subclasses , 23, 28–30  
 DM-2 

 fi brate treatment effects , 388  
 gemfi brozil , 390  
 hazard ratios (HR) , 389  

 epidemiological data , 216  
 fi brate treatment effects , 388, 390, 391  
 FPI level , 387, 389  
 glycosaminoglycan (GAG) chains , 216  
 HDL-C , 387, 392, 393  
 HHS , 390  
 High TG , 392  
 hyperglycemia , 216  
 insulin-resistant , 387  
 meta-regression analysis , 392  
 MIs and strokes , 215  
 monotherapy , 394  
 mortality and morbidity , 215  
 obesity rates , 215  
 risk , 1, 3, 4  
 smoking , 215  
 statins 

 dyslipidemia medications , 393  
 fenofi brate , 394  
 gemfi brozil , 393  
 monotherapy , 394  
 myopathy risk , 394  

   Cardiovascular (CV) events , 408  
   CARDS.    See  Collaborative atorvastatin diabetes study 

(CARDS) 
   Carotid intima-media thickness (CIMT) 

 high cardiovascular risk , 254  
 hypercholesterolaemia , 259  
 LDL-cholesterol reductions , 261  
 niacin , 258  
 regression , 34  
 statin and fi brate treatments , 34  

   CCB.    See  Calcium channel blockade (CCB) 
   CDP.    See  Coronary drug project (CDP) 
   Cellular lipid homeostasis 

 NPC1L1 , 62  
 regulation , 55  
 synthesis, remodeling and catabolism, HDL 

particles , 61  
   CETP.    See  Cholesteryl ester transfer protein (CETP) 
   cGMP.    See  Cyclic GMP (cGMP) 
   CHD.    See  Coronary heart disease (CHD) 
   Cholesterol acyl transferase (LCAT) , 171–172  
   Cholesteryl ester transfer protein (CETP) 

 defi nition , 172  
 inhibitors 

 anacetrapib , 442  
 dalcetrapib , 261–262, 442  

Index



457

 diabetic dyslipidaemia , 254–255  
 and HDL , 252  
 HDL-C levels , 442  
 LDL-C levels , 442  
 torcetrapib , 442  

 levels, TRL , 4  
   Chylomicron , 105, 106, 127–128  
   “Chylomicron remnants,”  65  
   CIMT.    See  Carotid intima-media thickness (CIMT) 
   Colesevelam HCl 

 cholesterol lowering, BAS , 429  
 glucose lowering, BAS 

 LXR activity , 430  
 phase III clinical trials , 429, 430  

 hypercholesterolemia , 430  
 monotherapy trials , 428  
 myalgias , 430  

   Collaborative atorvastatin diabetes study (CARDS) , 349  
   Coronary artery disease (CAD) , 407  
   Coronary drug project (CDP) 

 cancer mortality , 406  
 cardiovascular mortality , 406  
 dextrothyroxine , 404  
 and MI , 404  
 randomized trials , 404, 405  
 total serum cholesterol , 404  
 triglycerides , 404  

   Coronary heart disease (CHD) , 373, 426, 427  
   C-reactive protein (CRP) 

 defi nition , 47  
 plasma levels , 255  
 serum hsCRP , 249, 258, 260  

   CRP.    See  C-reactive protein (CRP) 
   CVD.    See  Cardiovascular disease (CVD) 
   Cyclic adenosine monophosphate (cAMP) , 407  
   Cyclic GMP (cGMP) , 239, 250  

    D 
  DAIS.    See  Diabetes atherosclerosis intervention study 

(DAIS) 
   DCCT.    See  Diabetes Control and Complications Trial 

(DCCT) 
   Density gradient ultracentrifugation (DGU) 

 cholesterol concentrations, lipoprotein classes , 21  
 representative lipoprotein subclass spectrum , 21, 22  

   DGU.    See  Density gradient ultracentrifugation (DGU) 
   DHA.    See  Docosahexaenoic acid (DHA) 
   Diabetes atherosclerosis intervention study (DAIS) , 383  
   Diabetes Control and Complications Trial (DCCT) , 282  
   Diabetes mellitus 2 (DM-2) , 388–391  
   Diabetes mellitus (DM) 

 antioxidants , 194–196  
 and atherosclerosis   ( see  Atherosclerosis) 
 glucose concentrations , 187  
 hyperglycemia , 187  
 lipid abnormalities , 189  
 lipid peroxidation , 198  
 lipoprotein oxidation   ( see  Lipoprotein oxidation) 

 Lp(a) 
 ACE inhibitors , 152  
 apheresis , 152  
  L -carnitine , 152  
 diet , 151  
 fi brates , 152  
 IDDM , 150–151  
 nicotinic acid , 152  
 NIDDM , 151  
 novel lipid-lowering compounds , 153  
 statins , 152  
 steroid hormones , 152  
 treatment , 151  

 metabolic changes , 187  
 oxidative stress , 187  
 pandemic disease , 198  
 paraoxonase enzymes , 198  
 PON , 188  
 PON1   ( see  Paraoxonase 1 (PON1)) 
 RCT   ( see  Randomised controlled trial (RCT)) 

   Diabetic complications 
 accumulation, apoptotic macrophages , 206  
 atherosclerotic plaque rupture , 206  
 developing diabetic nephropathy , 206  
 efferocytosis , 207  
 immune complexes (IC) , 206, 207  
 LDL antibodies , 205–206  
 necropsy studies , 206  

   Diabetic dyslipidaemia, T2DM 
 management , 262  
 pathogenesis , 251–252  
 treatment   ( see  Treatment, T2DM) 

   Diabetic nephropathy 
 clinical utility , 292–293  
 conventional lipid profi le , 280, 281  
 and lipid medications , 290–292  
 lipoprotein abnormalities , 289–290  

   Diabetic retinopathy (DR) 
 aminoguanidine mitigates toxicity , 307–308  
 classifi cation , 302  
 description , 301  
 effects, plasma lipoproteins , 301  
 “hard exudates” and “soft exudates,”  303  
 hyperglycemia , 303  
 IBRB , 302–303  
 immunologic consequences , 308  
 initiation , 303–304  
 LDL modifi cation , 305–307  
 lipoproteins , 308–310  
 “microvascular complication of diabetes,”  303  
 “Muller cells,”  302  
 OBRB , 303  
 PEDF , 308  
 plasma lipoproteins , 304–305  
 residual risk , 310  
 retinal cells and blood supply , 302  
 RPE , 302  
 treatment considerations , 304  

   DM-2.    See  Diabetes mellitus 2 (DM-2) 

Index



458

   Docosahexaenoic acid (DHA) , 254, 259  
   DR.    See  Diabetic retinopathy (DR) 
   Dual radiolabel studies , 234  
   Dynamic random allocation methods , 332  
   Dyslipidemia 

 BAS , 426–428  
 biological mechanisms , 375  
 CHD outcomes , 415  
 colesevelam HCl , 428–430  
 CVD risk , 374  
 diabetes mellitus 

 adiposopathy , 416, 417  
 metabolic syndrome , 415, 416, 419  
 pathogenic adipose tissue , 416, 418  
 postprandial FFA , 416, 418, 420  
 sex hormone binding globulin (SHBG) , 416  
 T2DM , 415, 416  
 VLDL , 418  

 drugs , 435  
 ezetimibe blocks   ( see  Ezetimibe) 
 fenofi brate , 435  
 HDL-C levels , 374  
 HMG-CoA , 435  
 HTG levels , 374  
 intestinal cholesterol , 419–422  
 lipid drugs , 436  
 lipid-modifying treatments , 436  
 lipid therapeutic agents , 437  
 lipoprotein metabolism , 435  
 lowering LDL 

 ASOs and small interfering RNA , 439–440  
 bile acid-binding resins , 438  
 ezetimibe , 438  
 HDL-C levels , 437  
 LDL-C levels , 437  
 PCSK-9 , 438  
 pitavastatin , 437  
 statins , 437  
 thyromimetic agents , 439  
 vasodilatory effects , 438  

 lowering TG   ( see  Triglycerides (TG)) 
 pleiotropic effects, lipid drugs , 436  
 Raising HDL   ( see  High-density lipoprotein (HDL)) 
 SD LDL , 375  
 statin-mediated LDL , 440  
 statin treatment , 374  
 TG-rich lipoproteins , 374  
 type 1 and 2 diabetes , 436  

    E 
  ECs.    See  Endothelial cells (ECs) 
   ecSOD.    See  Extracellular superoxide dismutase (ecSOD) 
   ED.    See  Endothelial dysfunction (ED) 
   EDHF.    See  Endothelial-derived hyperpolarizing factor 

(EDHF) 
   EDIC.    See  Epidemiology of Diabetes Interventions and 

Complications (EDIC) 
   Eicosapentaenoic acid (EPA) , 254, 259  
   EMP.    See  Endothelial-derived microparticles (EMP) 

   Endoplasmic reticulum (ER) stress 
 HepG2 , 50  
 NAFLD , 50  
 UPR , 50  

   Endothelial cells (ECs) , 133–134  
   Endothelial-derived hyperpolarizing factor (EDHF) , 

239, 241, 255  
   Endothelial-derived microparticles (EMP) , 240  
   Endothelial dysfunction (ED) 

 and CRP , 47  
 and IKKb , 48  
 JNK1 and JNK2 , 47–48  
 macrophages and lymphocytes , 48  
 nitric oxide (NO) , 48  
 T2DM 

 eNOS , 240–241  
 pathogenesis , 241, 243  
 predictive value , 241, 242  
 treatment   ( see  Treatment, T2DM) 

 and TNF-α , 47  
   Endothelial function, T2DM 

 and nitric oxide , 239–240  
 in vivo measurement , 240  

   Endothelial NO synthase (eNOS) 
 activation , 239, 243  
 uncoupling, endothelial dysfunction , 240–241, 250  

   eNOS.    See  Endothelial NO synthase (eNOS) 
   EPA.    See  Eicosapentaenoic acid (EPA) 
   Epidemiology of Diabetes Complications Study , 283  
   Epidemiology of Diabetes Interventions and 

Complications (EDIC) , 282  
   ERN.    See  Extended-release niacin (ERN) 
   ER stress.    See  Endoplasmic reticulum (ER) stress 
   Extended-release niacin (ERN) , 410  
   Extracellular superoxide dismutase (ecSOD) , 240  
   Ezetimibe 

 ACAT inhibitors , 422  
 diabetes mellitus 

 apolipoprotein B , 423–424  
 atorvastatin , 426  
 HDL-C , 424  
 high-sensitivity C-reactive protein , 425  
 lipid-altering drugs , 426  
 lipoprotein particle size , 424–425  
 monotherapy , 425  
 non-HDL cholesterol , 423  
 remnant-Like lipoproteins , 424  
 simvastatin , 425  
 T2DM , 425–426  
 TG , 424  

 hypercholesterolemia , 430  
 myalgias , 430  
 NPC1L1 , 422  
 statins , 423  

    F 
  Familial atherosclerosis treatment study (FATS) 

 and CAD , 407  
 LDL-C and HDL-C , 407  

Index



459

 niacin-colestipol group , 407  
 placebo group , 407  

   Familial combined hyperlipidaemia , 6  
   Fasting plasma insulin (FPI) , 387, 389  
   FATS.    See  Familial atherosclerosis treatment study 

(FATS) 
   FCR.    See  Fractional catabolic rate (FCR) 
   Fenofi brate Intervention and Event Lowering in Diabetes 

(FIELD) studies , 292  
   FFA.    See  Free fatty acid (FFA) 
   Fibrate therapy 

 atherosclerosis , 374–375  
 CHD , 373  
 cholesterol transport , 379–380  
 CVD effects   ( see  Cardiovascular disease (CVD)) 
 dyslipidemia , 374–375  
 fi brates  vs.  statins , 379  
 infl ammation and insulin resistance 

 CRP , 380, 381  
 HDL-C levels , 380  
 Lp-PLA 2  , 380, 381  

 LDL-C , 373  
 lipids and lipoproteins , 378–379  
 lipoprotein levels 

 apo A-I , 377  
 baseline TG levels , 375, 377, 378  
 fenofi brate treatment , 378  
 gemfi brozil and fenofi brate , 375, 376  
 HDL-C , 377  
 lipid parameters , 375, 377  

 macrovascular CVD events   ( see  Macrovascular CVD 
events) 

 microvascular disease , 381–382  
   Fibrous cap , 44  
   FinnDiane.    See  Finnish Diabetic Nephropathy Study 

(FinnDiane) 
   Finnish Diabetic Nephropathy Study 

(FinnDiane) , 283  
   Forkhead box O1 (FoxO1) 

 insulin regulation , 130  
 loss, insulin inhibition , 131  

   FoxO1.    See  Forkhead box O1 (FoxO1) 
   FPI.    See  Fasting plasma insulin (FPI) 
   Fractional catabolic rate (FCR) , 117  
   Free fatty acid (FFA) , 400, 416, 418, 420  
   Friedewald equation , 17  

    G 
  Gastrointestinal (GI) tract , 426  
   German Diabetes Documentation System , 

283–284  
   GGE.    See  Gradient gel electrophoresis (GGE) 
   GI tract.    See  Gastrointestinal (GI) tract 
   Glucose-stimulated insulin secretion (GSIS) , 363–365  
   Gradient gel electrophoresis (GGE) 

 representative LDL subclass , 18  
 separation, similar-size lipoproteins , 19  

   GSIS.    See  Glucose-stimulated insulin 
secretion (GSIS) 

    H 
  HCA.    See  Hydroxy-carboxylic acid (HCA) 
   HDL.    See  High-density lipoprotein (HDL) 
   HDL-C.    See  High-density lipoprotein cholesterol (HDL-C) 
   HDL-related turnover studies 

 accumulation, cells , 235–236  
 apolipoproteins , 234  
 binding to cells , 235  
 cellular metabolism, lipoprotein cholesterol , 237  
 degradation, cells , 235  
 glycated LDL metabolism, human macrophages , 

236–237  
 lipoprotein metabolism, cultured cells , 234  
 synthesis and cataboism , 234  

   Heart protection study (HPS) , 348–349  
   Helsinki Heart Study (HHS) , 390  
   High-density lipoprotein (HDL) 

 apoA-I mimetic agents , 442–443  
 apo C-III ASO , 444  
 apoprotein A1 , 104  
 catabolism , 189  
 CETP Inhibitors , 441–442  
 composition , 105  
 diabetes , 116–118  
 fenofi brate , 440  
 fi brates , 440–441  
 fi sh oils , 443–444  
 glycation 

 anti-infl ammatory effects , 169  
 effects, vasoreactivity , 168–169  
 levels , 168  
 modulators, fi brinolysis , 168  
 RCT , 169  

 HDL-C , 16–17  
 lipid drug side effects , 444  
 mediated cholesterol effl ux , 190  
 newer targets , 441  
 niacin monotherapy , 441  
 PON1 , 188, 195  
 PPAR agonists , 440–441  
 quantitative and qualitative changes , 444  
 statins , 440  
 triglyceride-laden , 45  

   High-density lipoprotein cholesterol (HDL-C) 
 and CETP inhibitor , 401  
 concentrations , 16  
 overestimation , 3  
 and SR-BI , 401  

   Highly-oxidized glycated LDL (HOG-LDL) , 307–308  
   HMDM.    See  Human monocyte derived macrophages 

(HMDM) 
   HMGCoA.    See  3-Hydroxy-3-methylglutaryl coenzyme 

A (HMGCoA) 
   HOG-LDL.    See  Highly-oxidized glycated LDL 

(HOG-LDL) 
   HPS.    See  Heart protection study (HPS) 
   Human monocyte derived macrophages (HMDM) , 194  
   Human retinal capillary pericytes 

 aminoguanidine mitigates toxicity , 307–308  
 LDL infl uences gene expression , 307  

Index



460

   Hydroxy-carboxylic acid (HCA) , 400–401  
   Hydroxymethylglutaryl (HMG) , 253, 255, 260  
   3-Hydroxy-3-methylglutaryl coenzyme A (HMGCoA) , 

110, 435  
   Hyperglycemia 

 CDP trial , 402  
 dyslipidemic , 402  
 fasting glucose , 402–403  
 HATS trial , 402  
 hemoglobin A1c (HbA1c) , 402–403  
 niacin usage , 402  

   Hyperinsulinemia , 131  

    I 
  IBRB.    See  Inner blood-retinal barrier (IBRB) 
   IKKb.    See  Inhibitor of nuclear factor kappa-B kinase 

subunit beta (IKKb) 
   Indirect reverse cholesterol transport , 67  
   Inhibitor of nuclear factor kappa-B kinase subunit 

beta (IKKb) 
 activation , 47  
 lipid infusions , 48  
 myeloid and liver specifi c deletion , 49  
 tissue-specifi c deletion, myeloid cells , 49  

   Inner blood-retinal barrier (IBRB) , 302–304  
   Insulin receptor substrate-1 (IRS-1) , 243  
   Insulin resistance (IR) γ

 adipose tissue , 131  
 animal models , 131  
 diabetes 

 characterization, pro-atherogenic 
phenotype , 34  

 lipoprotein subclasses   ( see  Lipoprotein 
subclasses) 

 and T2DM   ( see  Type 2 diabetes mellitus 
(T2DM)) 

 diabetes, characterization , 130–131  
 ED   ( see  Endothelial dysfunction (ED)) 
 hepatic TG , 131–132  
 macrophage , 49–50  
 pancreas , 131  
 pathways , 42, 43  
 and T2DM   ( see  Type 2 diabetes mellitus 

(T2DM)) 
   Intestinal cholesterol 

 CHD , 419–421  
 HDL particles , 420  
 hepatic/gastrointestinal , 420  
 HMG-CoA , 419  
 LDL particles , 420  
 lipoprotein metabolism , 419–421  
 net transfer, cholesterol , 422  
 reverse cholesterol transport , 422  
 steroidogenesis , 421  
 T2DM , 419  
 tissue production , 422  

   IR.    See  Insulin resistance (IR) 
   IRS-1.    See  Insulin receptor substrate-1 (IRS-1) 

    J 
  JNK.    See  c-Jun N-terminal kinase (JNK) 
   c-Jun N-terminal kinase (JNK) 

 ER stress induction, IR , 50  
 JNK1 and JNK2 , 47–48  

    L 
  Laboratory assessment, lipoproteins 

 apo   ( see  Apolipoprotein (apo)) 
 biochemical modifi cation , 8  
 etiological , 5  
 factors , 2  
 hypertriglyceridaemia and 

hyperbetalipoproteinaemia , 5–6  
 LDL   ( see  Low-density lipoprotein (LDL)) 
 lipid abnormalities , 2  
 macrovascular complications , 8  
 routine , 2–3  
 saturation, catabolic pathways , 6–7  
 type 1 and type 2 diabetes mellitus , 1  

   LBD.    See  Ligand binding domain (LBD) 
   LCAT.    See  Lecithin-cholesterol acyl transferase (LCAT) 
   LDL.    See  Low-density lipoprotein (LDL) 
   LDL-C.    See  Low-density lipoprotein cholesterol 

(LDL-C) 
   LDL IC.    See  LDL immune complexes (LDL IC) 
   LDL immune complexes (LDL IC) 

 activation pathways , 208, 209  
 c-Akt promotes cell , 208  
 biomarkers , 209  
 and diabetic complications  

 ( see  Diabetic complications) 
 Fcγ receptors , 208  
 human macrophages , 207  
 intracellular accumulation , 207  
 MAPK , 208  
 molecular mechanisms , 209–210  
 oxLDL , 207–208  
 pro-infl ammatory effects , 209  
 promote apoptosis , 208–209  
 vascular infl ammatory process , 207  

   Lecithin-cholesterol acyl transferase (LCAT) , 171–172  
   Ligand binding domain (LBD) , 358  
   Light-scattering methods , 7  
   Lipase maturation , 65–66  
   Lipid-lowering trial (LLT) , 349  
   Lipid rafts , 55  
   Lipid regulating therapy, T2DM 

 cholesteryl ester transfer protein (CETP) inhibition , 
254–255  

 combination therapies 
 description , 259  
 ezetimibe, omega-3 fatty acids and CETP 

inhibitors , 261–262  
 statins and antihypertensive agents , 261  
 statins and antioxidants , 260–261  
 statins and fi brates , 259–260  
 statins and niacins , 260  

Index



461

 emerging LDL-cholesterol lowering therapies , 
255, 258  

 fi bric acid , 253, 258  
 HMG-CoA reductase inhibitors , 253, 255  
 nicotinic acid , 253–254, 258–259  
 omega-3 fatty acids , 254, 259  
 probucol , 259  
 T2DM , 255, 256–257  

   Lipids 
 cellular homeostasis , 61–62  
 and lipoprotein measurements , 60–61  

   Lipoprotein(a) (Lp(a)) 
 assembly , 142–143  
 atherosclerotic diseases , 149–150  
 average composition , 141, 142  
 and diabetes mellitus   ( see  Diabetes mellitus) 
 disulfi de bridge , 141, 142  
 factors affecting plasma , 146–148  
 genetics , 145–146  
 genetic variant, β-lipoproteins , 141  
 hemostasis , 150  
  in vivo  metabolism , 143–144  
 kidney , 148–149  
 plasma , 141  
 structures , 141  

   Lipoprotein-associated phospholipase A 2  (Lp-PLA 2 ) , 
380, 381  

   Lipoprotein glycation , DM  
 AGE   ( see  Advanced glycation end-products (AGEs)) 
 apolipoproteins , 161–162  
 biochemistry , 158–160  
 CETP , 172  
 control, lipid , 173  
 deglycating enzymes and drugs , 175  
 drugs, reactions inhibition , 174–175  
 effects , 163  
 factors, AGEs formation and accumulation , 158, 161  
 glucose control agents , 173  
 glycemic control , 173  
 and glycosylation , 161  
 HDL   ( see  High-density lipoprotein (HDL)) 
 human studies , 164  
 LDL   ( see  Low-density lipoprotein (LDL)) 
 lipid drugs , 173–174  
 and lipids , 157–158  
 lipoprotein (a) , 170  
 measurements , 162–163  
 PAFAH , 170–171  
 PON , 171–172  
 reduction , 172, 173  
 VLDL   ( see  Very low-density lipoprotein (VLDL)) 

   Lipoprotein lipase (LPL) , 128  
   Lipoprotein metabolism 

 absorption, cholesterol , 101  
 apolipoproteins and TRL , 102–103  
 cholesterol synthesis 

 and HMGCoA , 110  
 and transport, liver , 111  

 HDL   ( see  High-density lipoprotein (HDL)) 

 hepatic ABC G5/G8 , 112  
 LDL   ( see  Low-density lipoprotein (LDL)) 
 lipoprotein cascade , 102  
 MTP   ( see  Microsomal triglyceride transfer 

protein (MTP)) 
 obesity , 101  
 T2DM 

 apoA-I   ( see  Apolipoprotein A-I (apoA-I)) 
 apo B   ( see  Apolipoprotein B (apo B)) 
 defi nition , 55  
 determination, buoyancy and density , 56  
 human apolipoproteins , 57  
 IR   ( see  Insulin resistance (IR)) 
 and lipids   ( see  Lipids) 
 NMR particle concentrations, insulin sensitive 

patients , 58  
 properties , 57, 58  
 separation, HDL particles , 60  
 sterols , 57  
 structural protein, HDL , 59  
 structure , 56, 57  

 TRLs   ( see  Triglyceride-rich lipoproteins (TRLs)) 
 VLDL   ( see  Very low-density lipoprotein (VLDL)) 

   Lipoprotein oxidation 
 Apo E knockout mouse model , 192  
 atherosclerosis , 192, 193  
 high glucose conditions , 192  
 HMDM , 194  
 hyperglycemia , 192–193  
 macrophages , 194  
 macrovascular and microvascular complications , 192  
 peroxidation , 193–194  
 risk factors , 192  
 ROS , 192  

   Lipoproteins 
 abnormalities , 289–290  
 albuminuria, type 1 diabetes 

 apolipoprotein B , 288  
 apolipoproteins A-I and A-II , 288–289  
 chronic kidney disease , 286  
 HDL subclasses , 288  
 IDL and LDL subclasses , 287–288  
 VLDL subclasses , 287  

 animal, and cell culture research , 237  
 ascertain , 280  
 cellular metabolism , 231  
 chronic kidney disease , 279  
 clinical utility , 292–293  
 description , 279  
 DR 

 atherogenic plasma , 305  
 challenges , 304  
 correlations , 305  
 Diabetes Control and Complications Trial 

(DCCT) , 305  
 “dyslipidemia,” 304 
 human retinae postmortem , 308  
 immunostaining, ox-LDL , 308, 310  
 ox-LDL , 309  

Index



462

 Lipoproteins (cont.) 
 propagating retinal injury , 309  
 severity and progression , 304  
 type 1 and type 2 diabetes , 305  

 epidemiological data 
 atherosclerosis and glomerulosclerosis , 286  
 dyslipidemia , 284–286  
 heterogeneity , 286  
 insulin resistance , 285  
 self-organizing map (SOM) analysis , 285, 286  

 exploratory analysis , 293, 294  
 fenofi brates , 290, 292  
 FinnDiane cohort , 279, 280  
 glycemic control , 279  
 kidney function and albuminuria 

 conventional lipid profi le , 280, 281  
 DCCT/EDIC , 282  
 EURODIAB , 282  
 FinnDiane , 283  
 German Diabetes Documentation System , 

283–284  
 Pittsburgh EDC , 283  
 type 1 diabetes , 280, 281  
 type 2 diabetes , 284  

 kidney function / urinary albumin excretion , 290  
 kinetic studies 

 apolipoprotein B turnover studies , 232–234  
 HDL-related turnover studies   ( see  HDL-related 

turnover studies) 
 metabolic pathways, animals , 231–232  
 static measures , 231  

 lipid-lowering treatment and progression , 290, 291  
 myocardial infarctions , 294  
 pharmacological agents , 290  
 statins and chronic kidney disease , 291–292  
 triglycerides , 294  

   Lipoprotein subclasses 
 CIMT   ( see  Carotid intima-media thickness (CIMT)) 
 correlation , CVD, 23, 28–30  
 CVD risk , 13, 14  
 DGU , 21–23  
 epidemiology investigations, IR/DM or MetSyn , 

23–27  
 Friedewald relationship , 17  
 gradient and modifi ed nongradient gel 

electrophoresis , 18–19  
 HDL , 16–17  
 intervention studies , 23, 31–33  
 LDL , 15–16  
 lipid panels , 13  
 MESA , 14  
 NMR , 19–20  
 size-density relationship , 13, 14  
 TRL   ( see  Triglyceride-rich lipoproteins (TRLs)) 

   Liver X receptor (LXR) , 430  
   LLT.    See  Lipid-lowering trial (LLT) 
   Low-density lipoprotein (LDL) 

 adaptive immune response , 204–205  
 apharesis , 174  

 composition and particle number 
 algorithm, prediction , 4, 5  
 causes, dyslipidaemia , 4–7  
 electrophoresis , 4  
 measurement, serum apo B level , 4  

 diabetes 
 atherosis formation , 113, 114  
 concentration , 113  
 and HMGCoA reductase , 113  
 PCSK9 , 115, 116  
 receptor-mediated clearance , 115  

 glycation 
 adverse cellular effects , 166–167  
 effects, receptor interactions and cell 

signaling , 166  
 and immune complex formation , 165–166  
 levels , 165  
 matrix binding , 166  
 modulators, fi brinolysis , 167  
 platelet reactivity , 167  
 and size , 165  
 susceptibility, oxidation , 165  
 vasoreactivity , 167–168  

 HDL cholesterol uptake, liver , 104  
 immune complexes (IC)   ( see  LDL immune 

complexes (LDL IC)) 
 immune complexes and diabetic complications , 

205–207  
 increase, atherogenicity , 103  
 infl uences gene expression , 307  
 mediates apoptosis , 306–307  
 myeloperoxidase , 203  
 pathogenesis, DR , 305–306  
 pathogenic role , 203–204  
 polymolecular assemblies , 203  
 retinal capillary vascular cells , 306  
 retinal injury , 308, 309  
 subclasses , 15–16  

   Low-density lipoprotein cholesterol (LDL-C) , 3–4, 373, 
407, 437  

   Low-glycemic-index carbohydrate , 320–321  
   Lp(a).    See  Lipoprotein(a) (Lp(a)) 
   LPL.    See  Lipoprotein lipase (LPL) 
   Lp-PLA 2 .    See  Lipoprotein-associated phospholipase A 2  

(Lp-PLA 2 ) 
   LXR.    See  Liver X receptor (LXR) 

    M 
  Macrovascular CVD events 

 clinical events , 385, 387  
 coronary events , 385, 386, 388  
 fi brate treatment effects , 384–386, 388  
 meta-analysis , 385  
 mortality , 384  
 nonfatal MI , 384  

   Malondialdehyde-LDL (MDA-LDL) , 206–208  
   MAPK.    See  Mitogen-activated protein 

kinase (MAPK) 

Index



463

   Matrix metalloproteinases (MMPs) 
 atherosclerosis , 219  
 overexpression , 219  
 therapeutic target, atherosclerosis , 222  

   MDA-LDL.    See  Malondialdehyde-LDL (MDA-LDL) 
   MESA.    See  Multi-Ethnic Study of Atherosclerosis 

(MESA) 
   Metabolic syndrome (MetSyn) 

 changes, lipoprotein subclasses , 23, 28–30  
 and diabetes, insulin resistance , 105–110  
 epidemiology investigations, lipoprotein subclasses , 

23–27  
 therapeutic intervention , 23, 31–33  

   MetSyn.    See  Metabolic syndrome (MetSyn) 
   MI.    See  Myocardial infarction (MI) 
   Microsomal transfer protein (MTP) inhibitors , 440  
   Microsomal triglyceride transfer protein (MTP) 

 activity , 126  
 cholesterol , 108  
 intestinal , 108–109, 126, 128  
 liver , 112–113  
 mRNA , 109  
 synthesis, apoB , 125  

   Microvascular disease 
 albuminuria , 381, 382  
 fenofi brate , 381  
 lower-extremity amputations , 382, 383  
 meta-analysis , 381, 382  
 retinopathy , 381, 382  

   Miscellaneous therapies, T2DM 
 oestrogen therapy , 250–251  
 phosphodiesterase inhibitors , 250  
 testosterone therapy , 251  
 tumour necrosis factor (TNF)-alpha inhibitors , 251  
 xanthine oxidase inhibitors , 251  

   Mitogen-activated protein kinase (MAPK) , 208  
   MMPs.    See  Matrix metalloproteinases (MMPs) 
   MTP.    See  Microsomal triglyceride transfer protein (MTP) 
   Multi-Ethnic Study of Atherosclerosis (MESA) , 14, 16  
   Myocardial infarction (MI) , 384, 404  

    N 
  NAFLD.    See  Nonalcoholic fatty liver disease (NAFLD) 
   NCP1-L1.    See  Niemann-pick C1-like 1 (NCP1-L1) 
   NF κ B.    See  Nuclear factor kappa B (NF κ B) 
   Niacin therapy 

 arterial biology 
 CAD , 410  
 CIMT , 409–410  
 ERN , 410  

 atherothrombosis intervention 
 cerebral revascularization , 408  
 CV events , 408  
 niacin , 409  
 simvastatin , 408  

 cAMP , 401  
 CDP , 404–406  
 cholesterol-lowering atherosclerosis , 407  
 CV events , 399  

 FATS , 407–408  
 FFA , 400  
 fl ushing , 403  
 HCA , 400–401  
 HDL-atherosclerosis treatment study , 408  
 HDL-C   ( see  High-density lipoprotein cholesterol 

(HDL-C)) 
 hypercholesterolemia , 400  
 hyperglycemia , 402–403  
 LDL-C , 399  
 mechanism, lipid-altering effects , 400  
 nicotinic acid , 401  
 pellagra , 400  
 pharmacokinetics and metabolism , 401–402  
 pleiotropic effects , 403–404  
 stockholm ischemic heart disease , 406–407  
 treatment, HDL , 409  

   Niemann-pick C1-like 1 (NCP1-L1) 
 hepatic , 112  
 intestinal 

 cholesterol absorption , 105  
 ezetimibe , 107  
 SR , 106–107  

   Niemann-Pick C1 like-1 protein (NPC1L1) , 62, 69  
   Nonalcoholic fatty liver disease (NAFLD) , 50  
   Noncholesterol sterols , 56  
   NPC1L1.    See  Niemann-Pick C1 like-1 protein 

(NPC1L1) 
   Nuclear factor kappa B (NFκB) , 360, 361  
   Nuclear magnetic resonance (NMR) spectroscopy 

 advantages , 20  
 defi nition , 4  
 separation, lipoprotein components , 19, 20  
 terminal methyl groups, lipids , 19  

    O 
  OBRB.    See  Outer blood-retinal barrier (OBRB) 
   Outer blood-retinal barrier (OBRB) , 303  
   Oxidized LDL (oxLDL) 

 autoantibodies , 205  
 endothelium-dependent activation , 204  
 IC , 205, 207–208  
 receptor-mediated pathways , 203  

   oxLDL.    See  Oxidized LDL (oxLDL) 

    P 
  PAFAH.    See  Platelet activating factor acetylhydrolase 

(PAFAH) 
   Paraoxonase 1 (PON1) 

 activation , 195–196  
 antioxidative properties , 197  
 cellular oxidation , 197  
 description , 195  
 diabetes development , 198  
 diabetic mice , 197  
 expression levels , 196  
 non-diabetic mice , 196–197  
 oxidation characteristics , 198  

Index



464

   Paraoxonases (PON) 
 atherosclerosis development , 191  
 LCAT , 171–172  
 PON1   ( see  Paraoxonase 1 (PON1)) 
 protein levels , 171  
 types , 188  

   PAT.    See  Peripheral arterial tonometry (PAT) 
   PCSK9.    See  Proprotein convertase subtilisin kexin type 9 

(PCSK9) 
   PDE.    See  Phosphodiesterase (PDE) 
   PDR.    See  Proliferative diabetic retinopathy (PDR) 
   PEDF.    See  Pigment-derived epithelial factor (PEDF) 
   Peripheral arterial tonometry (PAT) , 240  
   Permuted block randomization , 332  
   Peroxisome proliferator-activated receptors (PPARs) 

 acetylation , 362  
 coactivators and corepressors , 361  
 corepressor complex , 359, 360  
 diabetes 

 clinical development , 363, 364  
 glucose control , 363, 364  
 GSIS , 365  
 4-hydroxynonenal (4-HNE) , 364  
  in vivo  , 364  
 insulin secretion , 364  
 pancreas , 363  
 reactive oxygen species (ROS) , 364–365  
 T1DM , 365  
 T2DM and dyslipidemia , 365–368  

 DNA and initiate transcription , 360, 361  
 and gene variants and proteins 

 chimeric proteins , 358  
 human PPAR δ , 358  
 isoforms , 357  
 LBD , 358  
 mapping , 357  
 and natural ligands , 359  
 PPAR α , 357, 358  
 structure , 358  

 modulating drug trials , 357  
 network , 359, 360  
 NF K B , 360, 361  
 nuclear receptors , 368  
 partial agonists / SPPARMs , 363  
 phosphatidylcholine derivatives , 368  
 phosphorylation , 362  
 sumoylation , 362  
 synthetic ligands , 359  
 TNF , 360–361  
 transrepression , 360  
 ubiquitination , 362  

   Pharmacokinetics 
 absorption rate , 401  
 gastrointestinal tract , 401  
 hepatotoxicity , 401–402  

   Phosphodiesterase (PDE) , 250, 253  
   Pigment-derived epithelial factor (PEDF) , 308  
   PKC.    See  Protein kinase C (PKC) 
   Platelet activating factor acetylhydrolase (PAFAH) , 170–171  
   “Polygenic hypercholesterolaemia,”  5  

   PON.    See  Paraoxonases (PON) 
   PPARs.    See  Peroxisome proliferator-activated receptors 

(PPARs) 
   Proliferative diabetic retinopathy (PDR) , 302, 304  
   Proprotein convertase subtilisin kexin type 9 (PCSK9) 

 concentration , 115–116  
 induction , 114  

   Protein kinase C (PKC) , 115  

    R 
  Radiation-based studies , 232–234  
   Randomised controlled trial (RCT) 

 adverse events/drug reactions , 337–338  
 appraisals and data analysis , 339  
 biomarkers , 343  
 blinding/masking , 333  
 challenges , 334  
 clinical practice , 338–339  
 defi nition , 329–330  
 dynamic random allocation methods , 332  
 effects, treatment , 342  
 genetic and epigenetic effects , 334  
 landmark trials, lipoprotein treatments 

 characteristics and eligibility, participating trials , 
339–341  

 number of participants, trial , 339, 342  
 proportional effects , 339, 343  
 statin therapy , 339  

 metabolic memory/legacy effect , 335  
 non pharmacologic and drug therapies , 342  
 number of patients needed to treat (NNT) , 333–334  
 permuted block randomization , 332  
 phases , 330  
 pleiotropic effects , 336–337  
 preclinical research , 330  
 randomization , 331–332  
 reporting and interpreting , 337  
 sample size calculations , 331  
 slow vascular disease development , 334–335  
 statins , 339  
 statin therapy 

 antihypertensive and LLT , 349  
 ASCOT-LLA , 349  
 HPS , 348–349  
 meta-analysis , 349–350  

 statistical power and data analysis , 333  
 stratifi ed randomization , 332  
 type 1 and type 2 error , 333  
 types and stages, diabetes , 334  
 unsuitable randomization methods , 332  
 variability , 335–336  

   RCT.    See  Randomised controlled trial (RCT); Reverse 
cholesterol transport (RCT) 

   Reactive oxygen species (ROS) 
 macrophages , 190  
 mitochondrial overproduction , 193  
 oxidative stress , 192  

   “Response to injury” model , 42  
   Retinal pigment epithelium (RPE) , 302, 309  

Index



465

   Reverse cholesterol transport (RCT) 
 ABCA1 , 379, 380  
 and CETP , 380  
 fenofi brate , 379, 380  
 and HDL , 379  
 SR-B1 , 379, 380  

   ROS.    See  Reactive oxygen species (ROS) 
   RPE.    See  Retinal pigment epithelium (RPE) 

    S 
  SANDS.    See  The Stop Atherosclerosis in Native 

Diabetics Study (SANDS) 
   Scavenger receptor (SR) 

 apical/basolateral , 107  
 defi nition , 106–107  

   Scavenger receptor class B type1 (SR-B1) , 379, 380, 401  
   SHP.    See  Small heterodimer partner (SHP) 
   Simple randomization , 332  
   SiRNA.    See  Small interfering RNA (SiRNA) 
   Small dense LDL (sdLDL) particles , 45–46, 252, 348  
   Small heterodimer partner (SHP) , 144, 145  
   Small interfering RNA (SiRNA) 

 ACAT inhibitors , 440  
 apoB , 439  
 MTP inhibitors , 440  
 squalene synthase inhibitors , 439–440  

   SR.    See  Scavenger receptor (SR) 
   SR-B1.    See  Scavenger receptor class B type1 (SR-B1) 
   Stable isotope-based studies , 234  
   Statin therapy 

 atherogenic lipoprotein reduction , 354  
 benefi cial impact , 354  
 cardiovascular events, diabetic patients 

 antihypertensive therapies , 352  
 economic analyses , 350–351  
 follow-up , 352  
 low-potency statin , 350  
 number needed to treat (NNT) , 350  
 RCT , 348–351  
 Steno-2 study , 351  

 dyslipidemia , 347–348  
 lipoprotein epidemiology and ideal therapeutic target , 

352–353  
 measurement , 353, 354  
 National Cholesterol Education Program Adult 

Treatment Panel III , 353  
 residual risk data , 352  
 type 2 diabetes , 354  

   Stockholm ischemic heart disease , 406–407  
   The Stop Atherosclerosis in Native Diabetics Study 

(SANDS) , 261  
   Stratifi ed randomization , 332  
   Svedberg fl otation (S f ) rates , 2  

    T 
  T1DM.    See  Type 1 diabetes mellitus (T1DM) 
   T2DM.    See  Type 2 diabetes mellitus (T2DM) 
   TG.    See  Triglycerides (TG) 

   TG/HDL axis 
 apoB-and apoA-I-containing lipoproteins 

 elevation, LDL-P , 82, 84  
 formation, HDL particles , 88, 90  
 FOS, triglyceride levels , 88, 89  
 Framingham Heart Study Offspring cohort , 87  
 HDL-C association, LDL-P , 88, 89  
 LDL particle number distribution, T2DM , 88  
 Ludwigshafen risk and Cardiovascular Health 

study , 85, 86  
 mean difference plot, triglyceride concentrations , 

82, 84  
 MELANY study , 82, 83  

 ApoB-containing lipoproteins 
 ApoC-III stimulation, adipocytes , 77, 79  
 ApoC-I, TG-rich lipoproteins , 74, 75  
 atherogenic mechanisms, ApoC-III , 77, 78  
 atherogenic remnant formation , 74  
 CARE trial , 74–75  
 defi nition , 69  
 effects, ApoC-I and ApoC-III , 73, 74  
 glucose, VLDL and apoB , 70, 72  
 hypertriglyceridemia , 76  
 lipid substrate , 70, 71  
 lipoprotein metabolism , 77, 80  
 production/clearance imbalance, apoA-I 

concentration , 72, 73  
 HDL-and apoA-I-containing lipoproteins , 81  

   TG-rich lipoproteins (TGRLs) 
 apoB mRNA , 129  
 chylomicron assembly and secretion , 127–128  
 diabetes and hepatic uptake, remnant lipoproteins , 132  
 FoxO1 , 129–130  
 hepatic clearance, remnants , 128, 129  
 insulin regulation, FoxO1 activity , 128, 130  
 IR   ( see  Insulin resistance (IR)) 
 LPL-mediated lipolysis , 128  
 secretion, liver and intestine , 125–126  
 and vascular dysfunction 

 abnormal reverse cholesterol , 135  
 ECs , 133–134  
 production , 133  
 remnant contribution, atherosclerotic lesion 

development , 134  
 VLDL assembly and secretion , 126–127  

   TGRLs.    See  TG-rich lipoproteins (TGRLs) 
   TGs.    See  Triglycerides (TGs) 
   Therapeutic lifestyle changes (TLCs) , 262  
   Therapeutic target, atherosclerosis 

 collagens , 221–222  
 hyaluronan (HA) , 224  
 MMP inhibitors , 222  
 proteoglycans , 222–224  

   Thiazolidinediones (TZDs) 
 defi nition , 34  
 pioglitazone , 12  

   TICE.    See  Transintestinal cholesterol effl ux (TICE) 
   TIMPs.    See  Tissue inhibitors of metalloproteinases 

(TIMPs) 
   Tissue inhibitors of metalloproteinases (TIMPs) , 219, 222  

Index



466

   TLCs.    See  Therapeutic lifestyle changes (TLCs) 
   TNF.    See  Tumor necrosis factor (TNF) 
   TNF-α.    See  Tumor necrosis factor-α (TNF-α) 
   Transintestinal cholesterol effl ux (TICE) , 62, 68  
   Treatment, T2DM 

 diabetic dyslipidaemia 
 lifestyle interventions , 252  
 lipid regulating therapy   ( see  Lipid regulating 

therapy, T2DM) 
 endothelial dysfunction 

 alpha-glucosidase inhibitors , 248  
 amylin agonists , 248  
 antihypertensive agents   ( see  Antihypertensive 

agents, T2DM) 
 antioxidants and nutritional supplements , 250  
 emerging therapies , 249  
 incretins , 248  
 insulin therapy , 247  
 lifestyle interventions , 244, 247  
 lipid-regulating therapy , 247  
 metformin , 248  
 miscellaneous therapies   ( see  Miscellaneous 

therapies, T2DM) 
 sulphonylureas and insulin secretagogues , 247–248  
 T2DM , 244, 245–246  
 thiazolidinediones , 248  

   Triglyceride-rich lipoproteins (TRLs) 
 and apolipoproteins , 102–103  
 diabetes , 113  
 increased cholesterol , 16  
 LDL receptor , 6–7  
 levels , 3, 4  
 type 2 diabetes , 2  

   Triglycerides (TG) 
 apoA-I mimetic agents , 442–443  
 Apo C-III ASO , 444  
 catabolism , 7  
 CETP Inhibitors , 441–442  
 fasting , 3, 4  
 fenofi brate , 440  
 fi brates , 440–441  
 fi sh oils , 443–444  
 lipid drug side effects , 444  
 newer targets , 443  
 niacin monotherapy , 441  
 PPAR agonists , 440–441  
 quantitative and qualitative changes , 444  
 statins , 440  

   Triglycerides (TGs) , 374, 375  
   TRLs.    See  Triglyceride-rich lipoproteins (TRLs) 
   Tumor necrosis factor (TNF) , 360–361  
   Tumor necrosis factor-α (TNF-α) 

 levels , 46–47  
 stimulation , 47, 48  

   Type 1 diabetes mellitus (T1DM) 
 defi ned , 41  
 effects, TZD , 365  
 PPAR , 365  

   Type 2 diabetes mellitus (T2DM) 
 cariovascular research , 263  
 cholesterol synthesis and absorption , 69  
 diabetic dyslipidaemia   ( see  Diabetic dyslipidaemia, 

T2DM) 
 endothelial dysfunction   ( see  Endothelial dysfunction 

(ED), T2DM) 
 endothelial function   ( see  Endothelial function, 

T2DM) 
 invasive and non-invasive methods , 239  
 lipoprotein metabolism   ( see  Lipoprotein metabolism, 

T2DM) 
 pathophysiology, characterization , 11  
 PPAR 

 aleglitazar , 366  
 chiglitazar , 368  
 clinical studies , 366  
 Food and Drug Administration (FDA) , 366  
 lipids, glycated hemoglobin and weight , 

366, 367  
 phases , 366  
 rosiglitazone and pioglitazone , 365  
 skeletal muscle biopsy , 367  
 sodelglitazar , 368  
 toxicity, compound , 366  
 troglitazone , 365  

 TG/HDL axis   ( see  TG/HDL axis) 
 therapeutic guidelines , 263  
 therapeutic intervention , 13  

   TZDs.    See  Thiazolidinediones (TZDs) 

    U 
  Unfolded protein response (UPR) , 50  
   Unsuitable randomization methods , 332  
   UPR.    See  Unfolded protein 

response (UPR) 

    V 
  VAP.    See  Vertical Auto Profi le ®  (VAP) 
   Vertical Auto Profi le ®  (VAP) , 21, 22  
   Very low-density lipoprotein (VLDL) 

 apo A5 , 111  
 chylomicron , 110–111  
 and chylomicrons , 44  
 and chylomicrons metabolism , 127  
 effects, metabolism , 164–165  
 hypertriglyceridemia , 164  
 intrahepatic assembly, apoB , 126  
 levels, glycated , 164  
 MTP , 126  
 oversecretion , 12  
 plasma levels , 44  
 triglyceride-laden , 44  
 VLDL1 and VLDL2 , 127  

   VLDL.    See  Very low-density lipoprotein 
(VLDL)        

Index


	Preface
	Contents
	Contributors
	1: Laboratory Assessment of Lipoproteins in Diabetes
	Introduction
	Lipids, Lipoproteins and Other Analytes in Diabetes

	 Routine Lipoprotein Assessment
	 LDL Composition and Particle Number
	 Etiological Assessment
	 Predominant Hypertriglyceridemia and Hyperbetalipoproteinemia
	 Saturation of Catabolic Pathways
	 Apolipoprotein Measurement
	 Other Laboratory Markers
	 Summary
	References

	2: Lipoprotein Subclasses and Cardiovascular Disease Risk in  Insulin-Resistant Diabetes
	Insulin Resistance and Type 2 Diabetes
	 The Case for Evaluating Lipoprotein Subclasses
	LDL Subclasses
	 Triglyceride-Rich Lipoproteins
	 HDL Subclasses

	 Techniques for Measuring Lipoprotein Subclasses
	Gradient and Modified Nongradient Gel Electrophoresis
	 Nuclear Magnetic Resonance Spectroscopy
	 Density Gradient Centrifugation

	 Clinical Evaluation of Lipoprotein Subclasses in the Insulin-Resistant/Diabetic Population
	Correlation with IR/DM or MetSyn
	 Correlation with CVD
	 Intervention Studies

	 Concluding Remarks
	References

	3: Insulin Resistance and Atherosclerosis
	Introduction
	 Insulin Resistance Pathways
	 Atherosclerosis
	 Role of Atherogenic Dyslipidemia
	 Dysglycemia and Atherosclerosis: Possible Mechanisms
	 Endothelial Dysfunction in Insulin-�Resistant States
	 Atherosclerosis in Insulin-Resistant States: Role of Macrophage
	 Endoplasmic Reticulum Stress
	 Conclusion
	References

	4: Apoproteins and Cell Surface Receptors Regulating Lipoprotein Metabolism in the Setting of Type 2 Diabetes
	Introduction
	 Lipoprotein Structure and Nomenclature
	 Measurement of Lipids and Lipoproteins
	 Cellular Lipid Homeostasis
	 The Apolipoprotein B Family of Lipoproteins
	 The Apolipoprotein A-I Family of Lipoproteins
	 Insulin Resistance and Type 2 Diabetes
	The TG/HDL Axis: ApoB-Containing Lipoproteins
	 The TG/HDL Axis: The HDL- and apoA-I-Containing Lipoproteins
	 The TG/HDL Axis: Relating apoB- and apoA-I-Containing Lipoproteins

	 Conclusions
	References

	5: Lipoprotein Metabolism and Alterations Induced by Insulin Resistance and Diabetes
	Apolipoproteins and Triglyceride-�Rich Lipoprotein Metabolism
	 Low-Density Lipoprotein
	 High-Density Lipoprotein
	 Diabetes, Insulin Resistance and the Metabolic Syndrome
	The Chylomicron
	 Intestinal Niemann-Pick C1-Like 1 Protein
	 Intestinal ATP-Binding Cassette Proteins G5/G8
	 Microsomal Triglyceride Transport Protein
	 Apolipoprotein B48 and B100

	 Cholesterol Synthesis and HMGCoA Reductase
	 Very-Low-Density Lipoprotein
	 Cholesterol Synthesis and Transport in the Liver
	 Hepatic NCP1-L1
	 Hepatic ABC G5/G8
	 MTP in the Liver
	 Triglyceride-Rich Lipoproteins in Diabetes
	 LDL in Diabetes
	 High-Density Lipoprotein in Diabetes
	 Conclusion
	References

	6: Production and Metabolism of Triglyceride-Rich Lipoproteins in Both the Normal and Diabetic States
	TG-Rich Lipoproteins Secretion by Liver and Intestine
	 VLDL Assembly and Secretion
	 Chylomicron Assembly and Secretion
	 Lipoprotein Lipase-Mediated Lipolysis
	 Hepatic Clearance of Remnants
	 The Role of Insulin in TGRLs Metabolism
	 Insulin Resistance
	 The Role of Insulin Resistance in TGRLs Metabolism
	Hepatic TG in Insulin Resistance

	 Diabetes and Hepatic Uptake of Remnant Lipoproteins
	 Triglyceride-Rich Lipoproteins and Vascular Dysfunction
	References

	7: Lipoprotein(a): Structure, Metabolism, and Pathophysiology
	Introduction
	 The Structures of Lp(a) and Apo(a)
	 Lp(a) Metabolism
	Assembly of Lp(a)
	 In Vivo Metabolism of Lp(a)
	 Regulation of Apo(a) Transcription
	 Genetics of Lp(a)
	 Factors Affecting Plasma Lp(a)
	 The Role of the Kidney in Lp(a) Metabolism
	 Lp(a) and the Risk for Atherosclerotic Diseases
	 Impact of Lp(a) on Hemostasis
	 Lp(a) and Diabetes Mellitus
	Treatment of Elevated Lp(a) Levels
	 Diet
	 Statins
	 Nicotinic Acid
	 Fibrates
	 Other Agents
	 Apheresis
	 Novel Lipid-Lowering Compounds


	References

	8: Lipoprotein Glycation in Diabetes Mellitus
	Introduction
	 Lipids and Lipoproteins in Diabetes
	 The Chemistry of Lipoprotein Glycation
	Differences Between Glycation and Glycosylation
	 Glycation of Apolipoproteins in Lipoproteins
	 Extent of Lipoprotein Glycation

	 The Measurement of Lipoprotein Glycation
	 General Consequences of Lipoprotein Glycation
	 Human Studies of Glycated Lipoproteins
	 Glycation of Specific Major Lipoprotein Classes
	VLDL Glycation
	Levels of Glycated VLDL
	 Effects on Lipoprotein Metabolism

	 LDL Glycation
	Levels of Glycation
	 LDL Size and Glycation
	 Susceptibility to Oxidation
	 Glycated LDL and Immune Complex Formation
	 Matrix Binding
	 Effects on Receptor Interactions and Cell Signaling
	 Adverse Cellular Effects
	 Effects on Modulators of Fibrinolysis
	Effects on Platelet Reactivity
	Effects on Vasoreactivity

	 HDL Glycation
	Levels of Glycated HDL
	Effects on Modulators of Fibrinolysis
	Effects on Vasoreactivity
	Reverse Cholesterol Transport
	Anti-inflammatory Effects

	 Lipoprotein (a) Glycation
	Levels of Glycated Lp(a)
	Susceptibility to Oxidation
	Effects on Modulators of Fibrinolysis
	Effects on Vascular Reactivity


	 Glycation of Lipoprotein Related Enzymes
	Platelet Activating Factor Acetylhydrolase (PAFAH)
	 Paraoxonase (PON)
	 Cholesteryl Ester Transfer Protein (CETP)

	 Treatment of Lipoprotein Glycation in Diabetes
	 Summary and Future Directions
	References

	9: Lipoprotein (LDL and HDL) Oxidation in Diabetes Mellitus
	Introduction
	 Diabetes Mellitus (DM) and Atherosclerosis
	Lipid Abnormalities in Diabetes Mellitus
	 Lipoprotein Oxidation in Atherogenesis
	 Lipoprotein Oxidation in Diabetes Mellitus
	 Antioxidants in DM
	 Paraoxonase 1 (PON1) in Diabetes Mellitus

	 Conclusions
	References

	10: The Role of Modified Forms of LDL and Corresponding Autoantibodies in the Development of Complications in Diabetes
	The Pathogenic Role of Modified LDL
	 The Adaptive Immune Response Elicited by Modified LDL
	 The Composition of Circulating Modified LDL Immune Complexes and Diabetic Complications
	 Pathogenic Mechanisms of Modified LDL IC
	References

	11: Lipid: Extracellular Matrix Interactions as Therapeutic Targets in the Atherosclerosis of Diabetes
	Introduction
	 Biochemical and Cellular Mechanisms of Atherosclerosis
	 Extracellular Matrix in Atherosclerosis
	 Role of Collagens in Atherosclerosis
	 Role of Matrix Metalloproteinases in Atherosclerosis
	 Role of Proteoglycans in Atherosclerosis
	 Role of Hyaluronan in Atherosclerosis
	 Extracellular Matrix as a Therapeutic Target
	Collagens as Targets for Atherosclerosis Therapy
	 MMPs as a Therapeutic Target in Atherosclerosis
	 Proteoglycans as Therapeutic Targets
	 Hyaluronan as a Therapeutic Target in Atherosclerosis

	 Conclusions
	References

	12: Tools for Assessing Lipoprotein Metabolism in Diabetes Mellitus
	Introduction
	 Lipoprotein Kinetic Studies
	Apolipoprotein B Turnover Studies
	Radiation-Based Studies
	 Stable Isotope-Based Studies
	Dual Radiolabel Studies

	 HDL-Related Turnover Studies
	Lipoprotein Metabolism in Cultured Cells
	Lipoprotein Binding to Cells
	Lipoprotein Degradation by Cells
	Lipoprotein Accumulation by Cells
	Studies of Glycated LDL Metabolism by Human Macrophages
	Cellular Metabolism of Lipoprotein Cholesterol


	 Future Directions
	References

	13: Endothelial Dysfunction and Dyslipidemia in Type 2 Diabetes: Pathogenesis, Significance and Therapy
	Introduction
	 Endothelial Function
	Normal Endothelial Function and Nitric Oxide
	 In Vivo Measurement of Endothelial Function

	 Endothelial Dysfunction
	Endothelial Dysfunction: Uncoupling of eNOS
	 Predictive Value of Endothelial Dysfunction
	 Pathogenesis of Endothelial Dysfunction in Type 2 Diabetes Mellitus
	 Treating Endothelial Dysfunction in Type 2 Diabetes
	Lifestyle Interventions
	 Lipid-Regulating Therapy
	 Antiglycaemic Agents and Insulin Sensitizers
	Insulin Therapy
	Sulphonylureas and Insulin Secretagogues
	Metformin
	Thiazolidinediones
	Alpha-Glucosidase Inhibitors
	Incretins
	Amylin Agonists
	Other Emerging Therapies for T2DM

	 Antihypertensive Agents
	Angiotensin-Converting Enzyme (ACE) Inhibitors
	Angiotensin Receptor Antagonists
	Aldosterone Antagonists
	Calcium Channel Blockers

	 Antioxidants and Nutritional Supplements
	 Miscellaneous Therapies
	Phosphodiesterase Inhibitors
	Estrogen Therapy
	Testosterone Therapy
	Tumour Necrosis Factor (TNF)-Alpha Inhibitors
	Xanthine Oxidase Inhibitors



	 Diabetic Dyslipidemia
	Pathogenesis of Diabetic Dyslipidemia in Type 2 Diabetes
	 Treatment of Diabetic Dyslipidemia
	Lifestyle Interventions
	 Lipid Regulating Therapy
	Hydroxymethylglutaryl (HMG)-CoA Reductase Inhibitors (Statins)
	Fibric Acid Derivatives
	Nicotinic Acid (Niacin)
	Omega-3 Fatty Acids
	Cholesteryl Ester Transfer Protein (CETP) Inhibition


	 Evidence That Lipid Regulation Improves Endothelial Function in Diabetes
	Hydroxymethylglutaryl (HMG)-CoA Reductase Inhibitors (Statins)
	 Emerging LDL-Cholesterol Lowering Therapies
	Fibric Acid Derivatives
	Nicotinic Acid (Niacin)
	Omega-3 Fatty Acids
	Probucol
	Combination Therapies
	Statins and Fibrates
	Statins and Niacins
	Statins and Antioxidants
	Statins and Antihypertensive Agents
	Fibrates and Antioxidants
	Other Combinations: Ezetimibe, Omega-3 Fatty Acids, CETP Inhibitors


	 Guidelines for the Management of Diabetic Dyslipidemia

	 Conclusion
	References

	14: Lipoproteins and Diabetic Nephropathy
	Introduction
	 Conventional Lipoprotein Lipids, Albuminuria, and Kidney Function
	 DCCT/EDIC
	 EURODIAB
	 FinnDiane
	 Pittsburgh EDC
	 German Diabetes Documentation System
	 Nephropathy and Dyslipidemia in Type 2 Diabetes
	 Interpretation of the Epidemiological Data
	 Can Dyslipidemia Cause Nephropathy?
	 Lipoprotein Subclasses and Albuminuria in Type 1 Diabetes
	VLDL Subclasses
	 IDL and LDL Subclasses
	 Apolipoprotein B
	 HDL Subclasses
	 Apolipoproteins A-I and A-II

	 Lipoprotein Abnormalities in Chronic Kidney Disease and Their Relevance to Diabetic Nephropathy
	 Lipid Medications and Diabetic Nephropathy
	 Effect of Statins on Kidney Function or Urinary Albumin Excretion
	 Statins and Chronic Kidney Disease
	 Fenofibrates
	 Clinical Utility of Lipid Treatment in Diabetic Nephropathy
	 Concluding Remarks
	References

	15: Roles of Extravasated and Modified Plasma Lipoproteins in Diabetic Retinopathy
	Core Messages
	 Introduction: Diabetic Retinopathy
	 The Initiation of DR
	 Treatment Considerations for DR
	 Evidence Supporting a Role for Plasma Lipoproteins in DR
	 Extravasated, Modified LDL in the Pathogenesis of DR
	 Effects of Modified LDL on Retinal Capillary Vascular Cells
	 Modified LDL Mediates Apoptosis of Retinal Capillary Endothelial Cells and Pericytes
	 Modified LDL Influences Gene Expression in Human Retinal Capillary Pericytes
	 Aminoguanidine Mitigates Toxicity in Human Retinal Capillary Pericytes Exposed to HOG-LDL
	 Effects of Pigment Epithelium Derived Factor
	 Immunologic Consequences
	 Evidence for the Presence of Modified Lipoproteins in the Diabetic Retina
	 Conclusion
	References

	16: Effects of Lifestyle (Diet, Plant Sterols, Exercise) and Glycemic Control on Lipoproteins in Diabetes
	General Considerations
	 Dietary Fat and Lipoproteins
	Saturated, n6 Polyunsaturated, and Monounsaturated Fat

	 Dietary Fat vs. Carbohydrate
	 Relationship Between Diet and Coronary Events in People with Type 2 Diabetes
	 Fish Oil
	 Dietary Cholesterol
	 Cholesterol Synthesis and Absorption
	 Plant Sterols
	 Epidemiology of Cholesterol Intake and CVD
	 Fiber
	 Low-Glycemic-Index Carbohydrate
	 Fructose
	 Weight Loss
	Non-diabetic Subjects

	 Diabetic Subjects
	 Glycemic Control
	 Interventions to Improve Glycemic Control
	 Alcohol Intake
	 Exercise
	 Smoking
	 New Research Areas
	 Conclusions
	References

	17: About Randomised Clinical Trials Related to Lipoproteins in Diabetes Mellitus
	Introduction
	 Definition
	 Precursors to and Phases of an RCT
	 Elements of a Good RCT
	 Challenges of Conducting an RCT Related to Lipoproteins in Diabetes Mellitus
	Different Types and Stages of Diabetes
	 Multiple Risk Factors for Complications Including Genetic and Epigenetic Effects
	 Slow Vascular Disease Development
	 Metabolic Memory or the Legacy Effect
	 Variability in Some RCT End Points
	 Pleiotropic Effects

	 Reporting and Interpreting RCT Results
	 Adverse Events
	 Generalizability of RCT Results to Clinical Practice
	 Landmark Trials of Lipoprotein Treatments in Diabetes
	 Combining Results from RCTs
	 Other Resources
	 The Future of RCTs of Treatments Related to Lipoproteins in Diabetes
	References

	18: Statin Therapy: Impact on Dyslipidemia and Cardiovascular Events in Diabetic Patients
	Introduction
	 Section I: Impact of Statin Therapy on Dyslipidemia
	 Section II: Impact of Statin Therapy on Cardiovascular Events in Diabetic Patients
	Evidence from Key Randomized Clinical Trials
	Heart Protection Study
	 Anglo-Scandinavian Cardiac Outcomes Trial
	 Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial
	 Meta-Analysis

	 Putting the Evidence in Perspective
	 Implementing the Evidence in Practice

	 Section III: Residual Risk of Cardiovascular Events in Diabetic Patients on Statin Therapy
	Residual Risk Data
	 Lipoprotein Epidemiology and the Ideal Therapeutic Target
	 Guidelines

	 Conclusions
	References

	19: The PPAR System in Diabetes
	Introduction
	 PPAR Gene and Gene Variants, Proteins, and Natural Ligands
	 Synthetic Ligands: From PPAR Activators to PPAR Agonists
	 The PPAR Machinery
	PPAR Coactivators and Corepressors
	 Phosphorylation
	 Ubiquitination
	 Sumoylation
	 Acetylation
	 Partial Agonists or SPPARMs

	 Effects of PPAR Agonists in Diabetes
	Effects of PPAR Agonists in Type 1 Diabetes
	 Effects of PPAR Agonists in Type 2 Diabetes and Dyslipidemia

	 Conclusion and Perspectives
	References

	20: Fibrate Therapy: Impact on Dyslipidemia and Cardiovascular Events in Diabetic Patients
	Introduction
	 Pathophysiology of the Atherogenic (Diabetic) Dyslipidemia and Atherosclerosis
	 Fibrate Effects on Lipoprotein Levels
	 Long-Term Effects of Fibrates on Lipids and Lipoproteins
	 Lipid and Lipid-Related Effects of Fibrates vs. Statins or in Combination with Them
	 Effects of Fibrates on Lipoprotein-�Related Factors of Cholesterol Transport
	 Effects of Fibrates on Factors Related to Inflammation and Insulin Resistance
	 Effects of Fibrates on Microvascular Disease
	 Effects of Fibrates on Atherosclerosis
	 Fibrate Effects on Macrovascular CVD Events in General Study-�Subject Populations
	 CVD Effects in Insulin-Resistant or “Prediabetic” Patients
	 CVD Effects of Fibrates in Patients With Diabetes Mellitus-2
	 Prediction of Fibrate CVD Effects by Baseline Lipids and On-Treatment Lipid Effects
	 CVD Effects When Fibrates Are Added to Statins
	 Guideline Recommendations for Fibrate Use
	 Conclusions
	References

	21: Niacin Therapy: Impact on Dyslipidemia and Cardiovascular Events in Diabetic Patients
	Introduction
	 History
	 Mechanism of Lipid-Altering Effects
	 The Niacin Receptor
	 Elevation of HDL-C
	 Pharmacokinetics and Metabolism
	 Hyperglycemia
	 Flushing
	 Pleiotropic Effects
	 Clinical Trial Data (Table  21.1)
	Coronary Drug Project
	 Coronary Drug Project 15-Year Mortality
	 Stockholm Ischemic Heart Disease Secondary Prevention Study
	 Cholesterol-Lowering Atherosclerosis Study
	 Familial Atherosclerosis Treatment Study
	 HDL-Atherosclerosis Treatment Study
	 Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides: Impact on Global Health Outcomes (AIM-HIGH)
	 The Treatment of HDL to Reduce the Incidence of Vascular Events (HPS2-THRIVE)

	 Non-invasive Imaging Trials
	Arterial Biology for the Investigation of the Treatment Effects of Reducing Cholesterol (ARBITER-2/ARBITER-3)
	 ARBITER 6-HALTS
	 Guidelines

	 Conclusions
	References

	22: Cholesterol Absorption Inhibitors (Ezetimibe) and Bile Acid Binding Resins (Colesevelam HCl) as Therapy for Dyslipidemia in Patients with Diabetes Mellitus
	Introduction
	 Diabetes Mellitus and Dyslipidemia
	 Cholesterol Flux and the Importance of Intestinal Cholesterol
	 Ezetimibe: Mechanism of Action
	 Ezetimibe: Effects Upon Dyslipidemia Associated with Diabetes Mellitus
	Non-HDL Cholesterol
	 Apolipoprotein B
	 Triglycerides
	 HDL Cholesterol
	 Remnant-Like Lipoproteins
	 Lipoprotein Particle Size
	 High-Sensitivity C-Reactive Protein

	 Ezetimibe: Clinical Trials in Patients with Diabetes Mellitus
	 Bile Acid Sequestrants
	 Colesevelam HCl
	 Colesevelam HCl: Cholesterol Lowering of Bile Acid Sequestration
	 Colesevelam HCl: Glucose Lowering of Bile Acid Sequestration
	 Ezetimibe and Colesevelam HCl
	 Conclusion
	References

	23: Emerging Lipoprotein-Related Therapeutics for Patients with Diabetes
	Introduction
	 Strategies Aimed at Lowering LDL
	Antisense Oligonucleotides (ASOs) and Small Interfering RNA

	 Addressing Residual Risk Beyond Statin-Mediated LDL Lowering
	 HDL Raising and TG Lowering as Targets
	Approaches to Lowering Triglycerides and Raising HDL
	 Newer Targets for Increasing HDL
	 CETP Inhibitors
	 ApoA-I Mimetic Agents
	 Newer Targets for Triglyceride Lowering
	 Fish Oils
	 Apo C-III ASO
	 Other Novel Agents
	 Drugs to Reduce Common Lipid Drug Side Effects

	 Conclusions
	References

	Index

