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PREFACE

The third volume of the Advances in Clinical Chemistry series for 2014 is
presented.

In Chapter 1, the intravascular metabolism of HDL cholesterol is exam-
ined. The role of lipid transfer via cholesteryl ester and phospholipid transfer
proteins is examined with respect to risk of cardiovascular disease as well as
the atheroprotective properties of HDL cholesterol. In Chapter 2, diagnosis
of sepsis, a major cause of death in the acute care setting is reviewed. Dif-
ferentiation of infectious process in systemic inflammatory responses is cru-
cial to rapid identification and treatment. In Chapter 3, the complex
molecular and pathophysiologic mechanisms leading to nephrotoxicity
are explored. The role of metabolomics for screening a wide array of kidney
injury biomarkers is presented. In Chapter 4, metabolic syndrome in pedi-
atric patients is examined. The unique aspects of this syndrome in childhood
obesity are presented and the role of novel molecules and biomarkers in its
pathogenesis are explored. In Chapter 5, the neuropathology of Alzheimer’s
disease is reviewed. The development and use of classical and novel cerebro-
spinal fluid biomarkers are presented. Standardization of these analytical
approaches is critical for highly specific and sensitive diagnostics. In
Chapter 6, food allergy IgE mediated hypersensitivity, a growing problem
in the Western world, is examined. Appropriate screening tools and stan-
dardized methods are crucial to prevent this potentially life threatening con-
dition and aid treatment. In Chapter 7, the importance of biologic sampling
in matrix metalloproteinases is presented. These endopeptidases appear to
have an increasing role in many physiologic and pathophysiologic processes.
A comprehensive understanding of endogenous metabolism, activation of
proforms and preanalytical considerations is vital in understanding their role
in disease states.

I thank each contributor of Volume 65 and extend thanks to colleagues
who contributed to the peer review process. I would also like to thank
Helene Kabes for her expert editorial support at Elsevier.

I hope the third volume for 2014 will be enjoyed. Your comments and
feedback are always appreciated.

I would like to dedicate Volume 65 to my daughter Stephanie on the
occasion of her 13th birthday.

GREGORY S. MAKOWSKI

xi
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Abstract

High-density lipoprotein (HDL) intravascular metabolism is complex, and the major HDL
functions are esterification of cholesterol and reverse cholesterol transport, in which
cholesterol from cells is excreted in bile. HDL has also several other antiatherogenic
functions:  antioxidative, vasodilatatory, —anti-inflammatory, antiapoptotic, anti-
thrombotic, and anti-infectious. Low HDL cholesterol is a major risk factor for cardiovas-
cular disease (CVD) and high HDL cholesterol may favor the many protective abilities of
HDL. However, aspects of HDL function can be independent of HDL cholesterol levels,
including the efflux of cholesterol from cells to HDL. Some populations show low inci-
dence of CVD despite their low HDL cholesterol. Lipid exchange between HDL and
other lipoproteins and cells is fundamental in HDL metabolism and reverse cholesterol
transport. By determining HDL composition, lipid transfers can also affect HDL functions
that depend on proteins that anchor on HDL particle surface. Cholesteryl ester protein
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(CETP) and phospholipid transfer protein facilitate lipid transfers among lipoprotein clas-
ses, but the role of the lipid transfers and transfer proteins in atherosclerosis and other
diseases is not well established. CETP has become a therapeutic target because CETP
inhibitors increase HDL cholesterol, but to date the clinical trials failed to show benefits
for the patients. Recently, we introduced a practical in vitro assay to evaluate the simul-
taneous transfer from a donor nanoemulsion to HDL of unesterified and esterified cho-
lesterol, phospholipids, and triglycerides. Groups of subjects at different clinical,
nutritional, and training conditions were tested, and among other findings, lower trans-
fer ratios of unesterified cholesterol to HDL were predictors of the presence of CVD.

1. INTRODUCTION

An important aspect of lipoprotein metabolism is that the lipoprotein
particles continuously exchange their constituent lipids and proteins. Lipid
transfers among lipoprotein particles may enrich or deplete lipoprotein clas-
ses of given lipid species. Lipid transfers are determinant of changes in the
composition and metabolism of lipoproteins. The implications of those pro-
cess in the genesis of atherosclerosis and other degenerative diseases are still
largely unknown and lead to a fascinating avenue of research.

The initial observations on the exchange of phospholipids and choles-
terol between lipoproteins were made by Hagerman et al. during investiga-
tions on lipid exchanges between membranes published in 1951 [1]. The
shift of cholesteryl esters from high-density lipoprotein (HDL) to low-
density lipoprotein (LDL) was firstly documented by R ehnborg and Nichols
in 1964 [2]. Zilversmit ef al. reported the protein-mediated nature of the
lipid transfers [3]. Those authors showed that an acidic protein stimulated
the transfer of cholesteryl esters between VLDL and LDL. This protein
was described as a large molecular weight glycoprotein, which promotes
the exchange of cholesteryl esters between all classes of lipoproteins in
the human plasma [4]. In 1980, Ihm ef al. found another glycoprotein that
also mediates the exchange of phospholipids between lipoproteins [5]. At
present, it is established that the main proteins involved in lipid transfers
are cholesteryl ester transfer protein (CETP) and phospholipid transfer
protein (PLTP). CETP facilitates the transfer of cholesteryl esters, triglycer-
ides, and phospholipids, whereas PLTP mostly favors the transfers of phos-
pholipids [6]. Although the transfer of unesterified cholesterol is less
influenced by transfer proteins, it may also be increased by PLTP action [7].

CETP mediates the transfer of triglycerides from the triglyceride-rich
lipoproteins such as VLDL to HDL and, in the opposite direction, the
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transfer of cholesteryl ester from the core of HDL particles to VLDL [6]. In
fact, those lipid shifts are bidirectional but the result is depletion of
cholesteryl esters in HDL and enrichment of HDL with triglycerides. This
leads to the formation of large HDL particles that are an appropriate substrate
for hepatic lipase and removal by the liver [8]. In hypertriglyceridemia, accu-
mulation of VLDL and other triglyceride-rich lipoproteins in the blood
leads, by mass action law, to increase in HDL triglyceride content and
increased HDL clearance by the liver consequent to the hepatic lipase action.
Resulting from this chain of events is the so-called triglyceride-HDL cho-
lesterol seesaw, a phenomenon that is commonly observed in the clinical
practice: when serum triglycerides increase, HDL cholesterol decreases
and vice versa [8]. It is worthwhile that the driving forces for the seesaw
are the variations in VLDL and not in HDL concentration.

Although the process of lipid transfers involves all the lipoprotein clas-
ses, the effects on composition and metabolism are less important in regard
to VLDL or LDL than to HDL, as exemplified above by the seesaw effect.
The pharmacological inhibition of CETP results primarily in rise in HDL
cholesterol concentration; LDL cholesterol decreases, but at much smaller
rates. Rise of HDL cholesterol by CETP inhibition has become a new
therapeutic target for antiatherosclerosis treatment. The fact that lipid
transfers play a key role in HDL composition, concentration, and metab-
olism in the plasma suggests opportunities to establish new markers for
HDL function and participation in pathological processes. A better com-
prehension of the implications of lipid transfers involving HDL is also nec-
essary for the correct evaluation of pharmacological interventions on HDL
metabolism.

2. HDL COMPOSITION

The HDL plasma fraction is constituted of spherical or discoidal par-
ticles of high hydrated density, ranging from 1.063 to 1.21 g/mL, due to
elevated protein content (>30% by weight) compared with other lipopro-
teins [9]. Discoidal HDLs are the smallest HDL particles, constituted of apo-
lipoprotein (apo) A-I embedded in a monolayer of phospholipids and
free cholesterol [10]. Spherical HDL is larger and contains a hydrophobic
core formed by cholesteryl esters and small amounts of triglycerides sur-
rounded by a monolayer of phospholipids and unesterified cholesterol [9].
Apolipoproteins and a variety of other proteins in smaller amounts are
anchored to the lipoprotein surface.
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Apo A-I (MW: 28 kDa) is the major structural apolipoprotein of HDL
and makes up approximately 70% of total HDL protein, whereas the second
major HDL apolipoprotein, apo A-II, accounts for roughly 20%. The
remaining 10% of the protein moiety includes apo E, apo A-IV, apo
A-V, apo ], apo C-I, apo C-II, and apo C-III [11].

HDL particles also carry enzymes involved in lipid metabolism, such
as lecithin-cholesterol acyltransferase (LCAT), with antioxidative activity,
such as platelet-activating factor-acetyl hydrolase (PAF-AH), paraoxonase 1
(PONT1), and glutathione selenoperoxidase (GSPx), and other proteins and
peptides, such asserum amyloid A (SAA), a major positive acute-phase reactant,
o-1-antitrypsin, a potent inhibitor of serine proteinases, and amyloid-f3 [9].

3. HDL SUBCLASSES

Within the HDL density range, there are heterogeneous groups of par-
ticles differing not only in density and size but also in lipid and protein com-
position and electrophoretic mobility [12]. Based on the physical-chemical
characteristics, those HDL subclasses can be resolved by different techniques.
By sequential ultracentrifugation, HDL can be separated into two main sub-
fractions: large, light, lipid-rich HDL2 (density 1.063—1.125 g/mL) and
small, dense, protein-rich HDL3 (1.125-1.21 g/mL). HDL2 and HDL3
can be further resolved by gradient gel electrophoresis into five distinct
subpopulations, according to their size: HDL3c¢ (7.2—7.8 nm), HDL3b
(7.8-8.2 nm), HDL3a (8.2-8.8 nm), HDL2a (8.8-9.7 nm), and HDL2b
(9.7-12.9 nm) [13]. By two-dimensional electrophoresis, it is possible to
separate HDL by charge and size in more than 10 subspecies. HDL can also
be separated on the basis of apolipoprotein composition into subpopulations
by immunoaffinity methods [13].

The HDL subspecies profile reflects the overall steps of the lipoprotein
metabolism and can be modified by myriads of variables in the factors that
intervene in this metabolism, such as the lipid transfers, enzymatic activities,
the kinetics, and concentration of the several lipoprotein classes and sub-
classes in the circulation, among many others.

4. HDL METABOLISM AND REVERSE CHOLESTEROL
TRANSPORT

HDL metabolism is more complex than that of the other lipoprotein
classes because, different from the apo B-containing lipoprotein classes,
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HDL is mostly assembled in the plasma by lipidation of apo A-I secreted by
the liver and the intestine [14,15] (Fig. 1.1).

HDL formation begins with the lipidation of apo A-I [10]. It is postu-
lated that the initial phospholipidation of apo A-I occurs in the endoplas-
mic reticulum [16], and did not depend on the ATP-binding cassette A-I
receptor (ABCAT1), that is expressed mainly in the liver, intestine, and mac-
rophages [17]. Subsequently, ABCA1 promotes the transport of phospho-
lipids and unesterified cholesterol to lipid-poor apo A-I in the plasma,
forming beta HDL, the discoid nascent form of HDL [18]. Unesterified
cholesterol and phospholipids can also be transferred to nascent HDL
apo A-I during the lipolysis of triglyceride-rich lipoproteins, such as
VLDL and chylomicrons, as excess surface lipids detach from the shrinking
lipoproteins [19].

The next important step is the esterification of HDL cholesterol by
LCAT using apo A-I as cofactor [19]. LCAT is synthesized by the liver
and circulates bound to lipoproteins, mainly to HDL, or as free, unassociated
molecule [20]. Cholesteryl esters are more hydrophobic than unesterified
cholesterol, so that after esterification cholesterol is dislocated from the sur-
face lipoprotein monolayer to the core of the particles, where it is seques-
tered from the aqueous medium that surrounds the lipoprotein particle [21].
This results in the formation of the mature spherical HDL2 and HDL3 par-
ticles that form the bulk of the HDL plasma fraction.

Cholesterol esterification prevents the spontaneous back exchange of
cholesterol from HDL to cells and thus promotes the net cellular removal
of cholesterol [21]. Cholesterol esterification creates a gradient for the lipo-
protein surface to receive additional unesterified cholesterol from the other
lipoproteins and cells. On the other hand, it stabilizes the cholesterol plasma
pool by avoiding escape of unesterified cholesterol from the surface lipopro-
tein layer to the plasma, to where it could easily diffuse and precipitate. In
fact, although cholesterol esterification also occurs at some degree in other
lipoprotein fractions, the HDL fraction is the site wherein most of the pro-
cess takes place. This occurs because the HDL fraction offers optimal con-
ditions for the enzyme-catalyzed reaction due to the high affinity of LCAT
for the HDL surface and the high content of apo A-I in the HDL, the
enzyme cofactor [21]. Transfer of unesterified cholesterol to the large ester-
ification machinery housed in the HDL fraction is therefore a major driving
force for the functioning of the mechanisms destined to promote cholesterol
homeostasis in the body. In one of those major mechanisms, the reverse cho-
lesterol transport process, unesterified cholesterol is transferred from the cells
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of the extrahepatic tissues and vessels to HDL, where it undergoes the ester-
ification reaction.

Remodeling of HDL is also promoted by PLTP that favors the phospho-
lipid efflux to HDL from peripheral cells and from triglyceride-rich lipopro-
teins, during the degradation of chylomicrons and VLDL by lipoprotein
lipase [7].

In the final step of the reverse cholesterol process, cholesteryl esters of
HDL are directly shuttled to the liver where the scavenger receptor class
B member 1 (SR-BI) takes up the lipoprotein particles and their cholesterol
content is excreted in the bile. Alternatively, HDL cholesteryl esters are
beforehand transferred to apo B-containing lipoproteins, by the action of
CETP, thereby being excreted in the bile after uptake of those lipoproteins
by the liver [15].

5. OTHER HDL FUNCTIONS

In addition to the HDL primary functions in cholesterol homeostasis,
cholesterol esterification, and reverse cholesterol transport, other increas-
ingly numerous protective functions have been ascribed to this lipoprotein.

HDL antioxidative activity is typically observed as inhibition of LDL
oxidation [9]. HDL protects both lipid and protein moieties of LDL and
inhibits accumulation of various oxidation products in the LDL fraction,
including oxidized phospholipids [22]. HDL is also able to inhibit the

Figure 1.1 Metabolism of HDL. Synthesized by the liver and the intestine, apolipoprotein
A-l (apo A-l) acquires phospholipid (PL) into the cells. Unesterified cholesterol (UC) and
PL efflux from the peripheral cell, via ABCA1, and are taken up by the lipid-poor apo
A-l to form pre-B1-HDL particle. The progressive action of lecithin:cholesterol acyl trans-
ferase (LCAT) on nascent HDL generates a spectrum of mature, spherical HDL particles:
small cholesteryl ester-poor, protein-rich HDL3, and large cholesteryl ester-rich HDL2.
These mature HDL particles have a neutral lipid core of cholesteryl ester (CE) and triglyc-
eride (TG) and can acquire additional lipids, via efflux mediated by ABCA1. The phospho-
lipid transfer protein (PLTP) promotes phospholipids efflux to HDL from peripheral cells
and from triglycerides-rich lipoprotein, during the degradation of chylomicrons and
VLDL by lipoprotein lipase. Unesterified and esterified cholesterol content of mature
HDL is shuttled to the liver by an uptake process involving the hepatic scavenger recep-
tor class B member 1 (SR-BI). The cholesterol ester transfer protein (CETP) facilitates the
exchange of triglycerides in apoB-containing lipoproteins (VLDL, IDL, and LDL) for
cholesteryl ester in HDL. CETP is also responsible to the CE transfer among HDL sub-
classes. Both the unesterified and esterified cholesterol content of apoB-containing lipo-
proteins are taken up by the liver, predominantly via the low-density lipoprotein
receptor (LDLR). Henceforth, the cholesterol content is excreted in the bile
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generation of reactive oxygen species (ROS) in vitro [23,24] and in vivo |25].
The antioxidative activity of HDL is related to the presence of apo A-I and
apo E and enzymes with antioxidative properties that are associated to the
HDL particles. It appears that apo A-II is a major component of the
antioxidative activity of HDL, which can prevent or delay the LDL oxida-
tion by removing oxidized phospholipids from LDL and from arterial wall
cells [26,27]. Apo E possesses antiatherosclerotic activity, which is attributed
to its properties in lipid transport [28]. Finally, HDL is able to function as a
preventive antioxidant through its ability to bind metal ions, potent cata-
lyzers of LDL oxidation [29].

Major HDL-bound antioxidative enzymes are PON1 and PAF-AH [9].
PONT1 is an esterase/lactonase calcium dependent, hydrolyzes a variety of
oxidized fatty acids from phospholipids, and prevents the accumulation of
oxidized lipids in lipoproteins, mainly in LDL [30-32]. HDL provides
the optimal physiological acceptor complex for PON1, stimulating enzyme
secretion and stabilizing the peptide [33]. PON1 activity is inversely related
to the risk of cardiovascular disease (CVD), independent of all other coro-
nary risk factors, including HDL cholesterol [34].

PAF-AH is a Ca>*-independent enzyme of the phospholipase A2 family
involved with the antioxidant and anti-inflammatory functions of HDL
[35,36]. PAF-AH has two main functions against the oxidation process: it
hydrolyzes PAF, a phospholipid mediator with proinflammatory properties,
and degrades oxidized phospholipids [35,37|. PAF accumulates within the
atherosclerotic plaques of individuals with CVD, suggesting that this phos-
pholipid mediator may be actively involved in the pathophysiology of
atherosclerosis [37,38]. Thus, PAF-AH may function as antiatherogenic
enzyme via degradation of phospholipids [38].

The anti-inflammatory activity of HDL is showed by the ability of
the lipoprotein to decrease cytokine-induced expression of adhesion mol-
ecules on endothelial cells and to inhibit the adhesion of monocytes to those
cells [9]. HDL efficiently inhibits in vitro the expression of the vascular
cell adhesion molecule, intercellular adhesion molecule, and E-selectin,
induced by tumor necrosis factor-o. (TNF-a), interleukin 1, or endotoxin
[39-41].

The anti-inflammatory action of HDL involves the inhibition of TNF-
a-stimulated activation of sphingosine kinase and production of
sphingosine-1-phosphate (S1P), which induces the expression of adhesion
molecules in endothelial cells [42]; TGF-B may function as an important
mediator of the anti-inflammatory activity [43]. In addition, HDL attenuates
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IL-6 production in endothelial cells exposed to proinflammatory stimuli,
such as TNF-o and endotoxin [44]. In fact, this potent anti-inflammatory
activity observed in vitro was confirmed in a rabbit model of acute arterial
inflammation wherein inhibition of adhesion molecule expression and
decrease in neutrophil infiltration in the arterial wall was observed after
injection of reconstituted HDL [25].

The HDL anti-inflammatory action also involves hydrolysis of oxidized
lipids by HDL-associated enzymes (PAF-AH and PON1) and is mechanis-
tically superimposed to the antioxidative activity of HDL [45,46]. Oxidized
phospholipids possess potent proinflammatory activities and can trigger arte-
rial inflammation [47]. Inactivation of oxidized lipids by HDL may be asso-
ciated with decreased expression of adhesion molecules in endothelial cells,
which decreases macrophage adhesion to the endothelium [46,48].

HDL may provide additional cardiovascular benefits by antagonizing
platelet activity and inactivating the coagulation cascade. It was shown that
apo A-I levels correlated with the anticoagulant response to activated pro-
tein C/protein S that promotes the inactivation of factor Va [49]. HDL also
favors the restoration of the endothelial function [50].

HDL can inhibit the apoptosis of endothelial cells induced by oxidized
LDL [51] or TNF-a [52] and decrease the intracellular generation of
ROS and levels of apoptotic markers [23]. In addition, HDL contains
lysophospholipids that increase the nitric oxide (NO) production, thereby
reducing apoptosis of endothelial cells [53-55].

Another important protective function of HDL is the vasodilatory
action of the lipoprotein, which is accomplished by three difterent mecha-
nisms involving endothelial NO synthase (eNOS). First, HDL stimulates
the release of NO by endothelial cells, through the mobilization of intracel-
lular Ca® and phosphorylation of eNOS [56]. Second, not only the
release but also the production of endothelial NO is stimulated by HDL,
by upregulation of eNOS expression [50]. Finally, binding of HDL to
SR-BI receptors plays a role in the activation of eNOS, a process that
involves eNOS binding to apo A-1 [57].

Other mechanism whereby HDL promotes vasodilation is through stim-
ulation of the production of prostacyclin, which possesses potent
vasorelaxing activity [58]. The vasoactive effects of HDL can be mediated
by S1P acting via the lysophospholipid receptor S1P3 [54]. S1P may be
equally important for mitogenic effects of HDL on endothelial cells and
for the inhibitory action of HDL on the migration of vascular smooth muscle
cells [59,60].
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HDL has also an antithrombotic activity, by inhibiting the factors that
promote blood coagulation, including tissue factor, factors X, Va, and VIlIa
[9]. This effect may be related to the presence of cardiolipin and phospha-
tidylethanolamine in the HDL composition, two phospholipids with anti-
coagulant properties [61]. Stimulation of the production of NO by HDL
also accounts for the inhibitory action of HDL on platelet aggregation [62].

HDL also has anti-infectious activity. Through the direct interaction
with apo A-I [63], the lipoprotein binds and removes circulating endotoxins
for excretion in the bile, decreasing the endotoxin-induced TNF produc-
tion, and the CD14 expression on monocytes [64,65].

6. PROATHEROGENIC HDL

In some conditions like inflammatory states, diabetes, or metabolic
syndrome, apo A-I can be modified by ROS [66]. Apo A-I oxidative mod-
ification can hamper the HDL action in cholesterol efflux from the cells by
impairing the apo A-I interaction with the ABCA1 complex that pumps out
cholesterol from the cell [66]. The antioxidant enzymes associated with
HDL can also be inactivated, and oxidized proteins and lipids can accumu-
late in HDL particles, thus compromising the anti-inflammatory function
of the lipoprotein [67,68]. Substitution of SAA for apo A-I in the HDL
particle structure can revert HDL function and the lipoprotein becomes
proinflammatory and proatherogenic [68—70]. This may occur in conditions
associated with high SAA levels in the serum, such as metabolic syndrome,
diabetes, and renal chronic disease [68—70)].

7. CHOLESTEROL ESTER TRANSFER PROTEIN

CETP, a hydrophobic glycosylated, 476 aa, 75-kDa single polypep-
tide protein, is secreted primarily by the liver, adipose tissue, enterocytes,
and spleen [71] and circulates in the plasma associated principally with
HDL [72].

CETP can only promote the net mass transfer of lipids between lipo-
protein subclasses that have different cholesteryl ester/triglycerides mass
ratios [72]. Therefore, CETP mediates the transfer of cholesteryl esters from
HDL to apo B-containing lipoproteins in exchange for triglycerides and the
transfer of triglycerides from apo B-containing lipoproteins in exchange for
cholesteryl esters [73—75]. CETP also favors the cholesteryl ester transfer
among HDL subparticles (pre-p-HDL, -HDL3, and -HDL?2) [73].
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CETP activity is dependent on both its concentration and ability to
interact with lipoproteins. The interaction can be stimulated by free fatty
acids generated during hydrolysis of dietary triglycerides [72] or inhibited
by specific apolipoproteins, such as apo C-I or apo F [76,77]. Most of the
cholesteryl esters in the plasma originates from the LCAT-catalyzed esteri-
fication reaction that occurs mainly in the HDL fraction [20]. Triglycerides
in the circulation are mostly present in chylomicrons and VLDL before
hydrolysis by lipoprotein lipase [72].

As a regulator of cholesterol flux through the reverse cholesterol
transport system, CETP may be viewed as potentially having both
proatherogenic and antiatherogenic properties. In its proatherogenic action,
CETP-mediated cholesteryl ester transfer may decrease the flux of choles-
terol through HDL to hepatic SR-BI in the direct reverse cholesterol trans-
port pathway concomitantly increase the mass of cholesterol transported by
atherogenic VLDL, IDL, and LDL, from the arterial wall and an increase in
atherogenic LDL levels [15,78]. In consequence, it would tend to enhance
the cholesterol deposition in peripheral tissues and the arterial wall [78].
CETP also interacts with triglyceride lipases to generate small, dense LDL
which is the most atherogenic LDL subclass [79] and HDL [80]. The
CETP-mediated reduction in HDL particle size is accompanied by the dis-
sociation of lipid-poor apo A-I from the particle [81,82].

On the other hand, CETP may exert antiatherogenic effects, as it pro-
motes the flux of cholesteryl ester to the liver via indirect reverse cholesterol
transport, with hepatic cholesteryl ester uptake predominantly through the
antiatherogenic LDL receptor route |73]. Furthermore, CETP contributes
to the optimization of LDL particle structure and of apo B100 conformation
for high-atfinity binding to LDL receptors [83].

The level of CETP activity is determinant in the partition of the
cholesteryl ester plasma pool between LDL and HDL. However, excess
CETP activity increases the bidirectional transfers between HDL and
LDL without importantly changing the distribution of cholesteryl esters
between the two lipoprotein plasma fractions [74]. When the level of VLDL
is normal, CETP-mediated transfers of HDL cholesteryl esters are directed
preferentially to LDL, but when VLDL accumulates in the serum, HDL
cholesteryl esters are preferentially transferred by CETP to VLDL particles
[84,188].

The crystal structure of CETP by X-ray crystallography consists of an
elongated boomerang-shaped asymmetric conformation with N- and
C-terminal B-barrels, a central B-sheet between the two B-barrels, and a
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hydrophobic central cavity, with the curvature of the concave surface likely
fitting to the convex curvature of the lipoprotein surface [85]. This cavity is
filled by two cholesteryl ester molecules and communicates with two open-
ings near the central B-sheet domain. These pores, which are occupied by
two phospholipid molecules, could be gates for the interaction of the central
cavity with the aqueous environment or lipoproteins [85].

In respect to the mechanisms through which CETP acts in lipid
exchanges, some hypotheses have been proposed. CETP would transport
cholesteryl esters between donor and acceptor lipoproteins, through the
aqueous phase [86]. Alternatively, in a sort of tunnel mechanism, CETP
would bridge two lipoproteins; HDL binds on N-terminal and LDL or
VLDL binds on C-terminal end. A transient ternary complex is formed, with
neutral lipids flowing from the donor to acceptor lipoprotein through the
CETP molecule [87,88]. In a modified tunnel hypothesis, lipids would
be tunneled in a CETP dimer [72].

The decrease in HDL levels and antiatherogenic functions and the
increase in proatherogenic factors that occur in metabolic syndrome and
in type 2 diabetes mellitus (T2DM) patients coexists with high CETP con-
centration in the plasma [89,90]. On the other hand, treatment with
pioglitazone decreased the hepatic triglyceride content and increased the
HDL cholesterol levels while simultaneously decreased CETP [91]. In
normal-weight subjects, there is an inverse correlation between CETP level
and visceral fat gain and CETP level and body mass index [92].

7.1. CETP inhibitors

Increased CETP plasma levels can reduce HDL cholesterol [189], and
CETP deficiency is associated with elevated HDL cholesterol [190]. Aiming
to expand the HDL fraction, several chemical CETP inhibitors have been
developed, including torcetrapib (Pfizer, USA), dalcetrapib (Roche, Swit-
zerland), anacetrapib (Merck, USA), and evacetrapib (Lilly, USA). The
molecular mechanisms of CETP-mediated lipid transfers among lipopro-
teins are still largely unknown.

Torcetrapib, a 3,5-bis(trifluoromethyl)phenyl derivative, is a potent
inhibitor of CETP activity, which enhances the association between CETP
and HDL to form a complex that inhibits the transfer of lipids between HDL
and other lipoproteins [93]. Torcetrapib was able to increase HDL choles-
terol level by 72% and to decrease LDL cholesterol by 25% [94]. However,
despite the favorable lipid changes, torcetrapib failed to diminish maximum
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carotid intima-media thickening in patients with familial hypercholesterol-
emia [95] and in mixed dyslipidemia [96]. In 2006, the ILLUMINATE
study was prematurely finished due to the adverse eftects of the drug, excess
of deaths, and CVD [94].

Further analysis of the trial data revealed other undesirable effects of tor-
cetrapib, including increased blood pressure, sodium, bicarbonate, and aldo-
sterone levels, and decreased potassium levels [94,97]. Hypertension resulted
from increased production of adrenal steroids, such as aldosterone and cor-
tisol. It is currently understood that the adverse events caused by torcetrapib
are molecular-specific and do not relate to the mechanism of CETP inhibi-
tion [15]. Studies with animal models demonstrated increase in the aortic
wall expression of endothelin in response to torcetrapib administration [98].
Together with data of human adrenal cell assays [99], these results suggest
that these off-target effects are related to the stimulation of aldosterone syn-
thesis by torcetrapib via pathways independent of CETP inhibition [15].
Structure—activity investigations have provided further evidence that the
hypertensive effects of torcetrapib are unrelated to CETP inhibition [100].

Dalcetrapib, a benzenethiol derivative, was the first small molecule
showed to inhibit CETP and to possess an antiatherogenic effect in vivo
[101]. It binds CETP irreversibly but, in contrast to torcetrapib, dalcetrapib
does not appear to induce the formation of a CETP-HDL complex at ther-
apeutic plasma concentrations [102]. Dalcetrapib is considerably less potent
than torcetrapib as HDL raiser. In healthy individuals, daily treatment with
600 mg of dalcetrapib increased HDL levels by 23%, after 4 weeks [103] and
by 28% in type II patients receiving pravastatin, with decrease LDL choles-
terol levels by 7% [104]. After 24 weeks, dalcetrapib (900 mg/day) was able
to raise HDL cholesterol levels by 33% in patients receiving atorvastatin, but
levels of LDL cholesterol did not alter [105]. Despite the effects on HDL
cholesterol, some encouraging imaging observations and the warrant from
the safety data, dalcetrapib failed to achieve reduction of cardiovascular
events and the clinical trials were stopped in 2012.

Anacetrapib is other 3,5-bis(trifluoromethyl) phenyl derivatives used as
CETP inhibitor, by forming a tight reversible bond with this protein [106].
Anacetrapib inhibits the transfer of cholesteryl esters from HDL to LDL and
from HDL3 to HDL2 [106]. In both normolipidemic individuals and dys-
lipidemic patients treated with atorvastatin, anacetrapib (300 mg/day) was
able to increase the HDL cholesterol levels by 130%, apo A-I by 47%,
and decrease the LDL cholesterol levels by 40% [107,108]. Anacetrapib
treatment does not increase blood pressure or aldosterone synthesis
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[107,108]. The safety of the drug was proved in patients with coronary heart
disease or equivalent conditions [109,110].

Anacetrapib can improve not only HDL cholesterol but also measures of
HDL functionality. HDL sampled from anacetrapib-treated patients pro-
moted greater cholesterol efflux from foam cells in culture, independent
of HDL cholesterol levels, while maintaining the anti-inflaimmatory activity
of HDL [111].

The ongoing Phase IIl REVEAL study was designed to test whether ana-
cetrapib will reduce the incidence of major coronary events (coronary mor-
tality, myocardial infarction, and coronary revascularization) in 30,000
patients with established CVD, undergoing statin therapy and is expected
to be completed by 2017 [112,113].

Evacetrapib, the most recent benzazepine-based CETP inhibitor in clin-
ical development, is a novel benzazepine compound with selective and
potent CETP inhibitory activity [114]. In monotherapy, this drug produced
dose-dependent increase in HDL cholesterol level ranging from 54% to
130% and decrease in LDL cholesterol ranging from 14% to 36% [115].
In combination with the statin therapy, evacetrapib also raised HDL choles-
terol and decreased LDL cholesterol levels (83% and 13%, respectively). In
that trial, no alterations in blood pressure, aldosterone levels, or
mineralocorticois were found [115]. Those findings were determinant for
the performance of larger clinical trials to evaluate evacetrapib that are cur-
rently on the march.

8. PHOSPHOLIPID TRANSFER PROTEIN

PLTP is a hydrophobic, glycosylated, single polypeptide, 476 aa,
80 kDa [116] that belongs to the lipopolysaccharide (LPS) binding/lipid
transfer gene family that includes the LPS-binding protein, the neutrophil
bactericidal permeability increasing protein, and CETP [117]. All are able
to bind and transfer LPS and phospholipids [117]. PLTP has a 25% amino
acid homology with CETP [116] and a boomerang-shaped molecule is
predicted by three-dimensional structural modeling, with two domains
and a hydrophobic pocket in each domain for binding the acyl chains of
phospholipids [118].

PLTP is present in the plasmin both the active and the inactive forms, the
latter at a 50-90%proportion [119-121]. The two forms are associated with
macromolecular complexes of different size and composition [119,120].
Complexes with active PLTP, which is associated with apo E, are smaller
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with 7.6—12.0 nm diameter, whereas complexes with inactive PLTP, which
is associated with apo A-I, are larger with 12-17 nm diameter
[119,121,122]. Since lipids account for only 3% of the PLTP complexes,
it 1s likely that protein—protein interactions, rather than protein—lipid inter-
actions, drive the assembly of PLTP complexes [123]. Those observations
suggest that PLTP is secreted as a high-activity complex, and during phos-
pholipid transfer from triglyceride-rich lipoproteins to HDL, it forms com-
plex with apo A-I and loses phospholipid transfer activity [122].

PLTP is unable to transfer neutral lipids between LDL and HDL, but
similar to CETP, PLTP promotes net mass transfer of phospholipids from
phospholipid vesicles or degraded VLDL particles into HDL [124,125].
Indeed, PLTP facilitates the transfer of a spectrum of different amphipathic
compounds, such as diacylglycerols, phosphatidic acid, sphingomyelin,
phosphatidylcholine, phosphatidylglycerol, cerebroside and phosphatidyl
ethanolamine, free cholesterol, lipopolysaccharide, and vitamin
E [7,117,126].

PLTP is essential for the transfer of excess surface lipids from triglyceride-
rich lipoproteins to HDL, during lipolysis of chylomicrons and VLDL by
lipoprotein lipase [124]. In addition, PLTP may contribute to the remo-
deling of HDL particles. In vitro studies suggest that alteration of lipid com-
position of HDL by phospholipid transter may result in destabilization of its
apolipoproteins, loss of apo A-I, and consequent fusion of lipoprotein par-
ticles [123,127].

PLTP favors the generation of large a-HDL and of pre-B-HDL particles.
Transfer of vitamin E mediated by PLTP contributes to diminish the vitamin
E content of circulating lipoproteins and to increase their oxidability [126],
an effect that is potentially atherogenic.

PLTP facilitates the efflux of cholesterol from peripheral cells through
multiple mechanisms. PLTP promotes cell-surface binding and remodeling
of HDL, which improves the ability of HDL to remove cholesterol and
phospholipids from cells [128]. The continuous generation of efficient
acceptors of cellular cholesterol mediated by PLTP is one of the important
pathways that PLTP facilitates reverse cholesterol transport. During the
PLTP-mediated conversion process, small apo A-I particles and large fused
HDL particles are generated, which are efficient cholesterol acceptors [129].
Indeed, pre-B-HDL precursors could be also formed by PLTP action as it
transfers apo A-I/phospholipid complexes from chylomicrons during lipol-
ysis [123]. It is also known that PLTP can bind directly to ABCAT1, leading to
solubilization of the surface lipids and their removal from the cells by PLTP.
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Subsequently, surface lipids are shuttled to lipoprotein acceptor particles
[130]. Alternatively, a PLTP—lipoprotein complex can interact directly with
the cell-surface lipid domains generated by ABCA1 and thereby remove the
lipids from the cell surface [130].

Some studies showed that there are metabolic relationship between the
lipoproteins and plasma PLTP activity, mass, and specific activity. In healthy
subjects, triglyceride and HDL cholesterol levels and HDL particle size are
significant independent modulators of plasma PLTP activity, mass, and spe-
cific activity, respectively [131]. Plasma PLTP concentration was positively
associated with HDL cholesterol, specifically with HDL2-cholesterol, large
HDL particles, and mean HDL particle size, but was inversely associated
with triglyceride and BMI [131].

Some studies have shown that plasma PLTP activity is positively associ-
ated with total cholesterol, triglycerides, apo B, VLDL, and IDL [131,132].
Indeed, there is evidence that gender and obesity-related factors, such as
hormones and hepatic triglyceride lipase, can mediate these associations
[133-135].

PLTP expression is increased in different diseases associated with increas-
ing risk of coronary artery disease, such as obesity, insulin resistance, and
type I and type II diabetes [136—138]. In a cross-sectional study, it was
reported that serum PLTP activity is increased in CVD patients [139].
Moreover, PLTP activity is positively correlated with left ventricular systolic
dysfunction [140] and low HDL levels [141]. In contrast, it was also reported
that lower PLTP activity is a risk factor for peripheral atherosclerosis
[139,142]. It was documented that PLTP concentration is lower in subjects
with hypoalphalipoproteinemia associated with severe conditions such as
Tangier disease, LCAT deficiency, apo A-I deficiency, and familial HDL
deficiency [143]. Meanwhile, PLTP is higher in patients with hyper-
alphalipoproteinemia associated with CETP deficiency [143]. Some obser-
vations in transgenic mice corroborated those data; in human apo A-I
transgenic background mice, overexpression of PLTP results in an increase
in HDL cholesterol and apo A-I as well as an increase in pre-B-HDL [144].
Reduced plasma PLTP activity in knockout mice results in decreased HDL
lipid and apolipoprotein content, which supports the importance of the
transfer of surface components of triglyceride-rich lipoproteins in the main-
tenance of HDL levels [125].

PLTP has also vitamin E transfer activity, which is determinant in the
bioavailability of this vitamin. Transfer of a-tocopherol mediated by PLTP
can modulate oxidation of lipoproteins and tissues [144,145]. Vitamin
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E-enriched LDL from PLTP-deficient mice is resistant to oxidation and also
is much less likely to induce monocyte chemotactic activity [126,146].
Moreover, PLTP overexpression in apo E knockout mice leads to decrease
in the vitamin E content of LDL and increase in LDL oxidation [147].

PLTP can also modulate phosphatidylserine externalization in erythro-
cytes, which can have an impact on the risk of thrombus formation [148].
Indeed, in vitro assay data showed that PLTP may play a protective role in
thrombosis [149,150].

9. CETP AND PLTP IN CVD

Whether CETP and PLTP concentrations and activities are related
with the incidence of CVD is still a matter of controversy. This fact is pre-
sumably due to the diversity of experimental conditions and the presence of
confounding factors, such as low HDL cholesterol, elevated plasma triglyc-
erides, and LDL/HDL ratio [151,152]. With respect to CETP, some studies
of CETP polymorphism have showed that the CETP activity is inversely
related with HDL cholesterol and directly with the degree of atherosclerosis
[153]. In contrast, there are some large population studies that showed that
low levels of CETP concentration or activity were associated with higher
levels of plasma HDL cholesterol but not with lower incidence of CVD
[154-156].

Clinical evidence about the role of PLTP in the CVD occurrence is
more limited than for CETP. Some clinical studies have suggested that
higher levels of PLTP activity, independently of plasma HDL cholesterol
increased, are associated with an increase in cardiovascular events
[138,157]. On the other hand, other few studies showed that a high rate
of atherosclerosis is related with the reduction of the PLTP activity [123].
In addition, a large analysis has found, based on several single nucleotide
polymorphisms of PLTP, that development risk of CVD was lower with
alower overall PLTP gene score [157]. In a most recent report, a prospective
data from the Framingham Heart Study, low CETP activity in conjunction
with high PLTP activity was related with the development of CVD in the
male but not in the female gender, independent of the classical risk factors of
the disease [158].

According to Albers ef al., the contribution of CETP and PLTP to ath-
erosclerosis development appears to depend on the genetic background and
the physiological context, and requires the generation of a more atherogenic
lipoprotein phenotype [123].
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10. SIMULTANEOUS TRANSFER OF LIPIDS TO HDL

It has increasingly being perceived that although a strong correlation
between HDL cholesterol and incidence of CVD occurs in most tested
populations, HDL cholesterol is not sufficient to account for the wide vari-
ety of atheroprotective functions of the lipoprotein. It is conceivable that
higher concentrations of HDL particles in the circulation may increase
the esterification of the plasma cholesterol pool and the extraction of cho-
lesterol from peripheral cells [20]. Additionally, higher HDL concentrations
offer a larger harboring ground for the several proteins that exert the variety
of protective functions related with the lipoprotein [9]. Nonetheless, many
other intervening factors may change the HDL cholesterol concentration
paradigm. A classical example is the population of carriers of apo
A-Ipilano Mutation, a natural variant of apo A-I characterized by a single
amino acid substitution in 173, where an arginine is replaced by a cysteine
[159]. Those subjects have low levels of plasma HDL cholesterol and apo A-I
with moderate hypertriglyceridemia [160]; despite this proatherogenic phe-
notype, A-Initano carriers have reduced cardiovascular risk [161,162]. In vitro
studies showed that serum from the apo A-Injjane carriers and from trans-
genic mice expressing the apo A-Ipjiano Variant is as efficient as serum from
control subjects in promoting cell cholesterol efflux, despite the large reduc-
tion in serum apo A-I and HDL concentrations [163—166]. On the other
hand, Khera et al. [167] showed that, in patients with subclinical atheroscle-
rosis and obstructive coronary artery disease, the cholesterol efflux from cul-
tivated murine macrophages was decreased, independently of the levels of
HDL cholesterol and apo A-I. Those findings support that the cholesterol
efflux capacity of HDL is not explained solely by the concentration of
HDL cholesterol or apo A-I.

The phenomena related to lipid transfers among lipoprotein classes have
been extensively explored, and CETP and PLTP actions have been exam-
ined in several clinical conditions, despite many unsolved questions regard-
ing the participation in atherogenesis and the validity of CETP inhibition as
a therapeutic target. However, a more comprehensive picture of the lipid
exchanges involving HDL is lacking and may be of great interest. HDL is
the main cholesterol esterification site in the plasma, and is the main driver
of reverse cholesterol transport, which is essentially a lipid transfer phenom-
enon [21]. In addition, lipid transfers chiefly affect the HDL composition,
structure, and size and, consequently, the HDL subclass profile in the plasma
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compartment [82,131]. As anchoring of proteins to HDL particles depends
on HDL composition and size [9], it is conceivable that the cast of those pro-
teins that are responsible for many of the HDL functions are subjected to
changes related with transfer of lipids to the lipoprotein.

In our view, an approach for the transfer of lipids to HDL was lacking
aiming to systematically study the phenomenon in large populations. As a
requirement, the new approach should be practical and standardized enough
to be suitable as a routine procedure in the clinical biochemistry laboratory.
An integrated assessment of the main lipid species involved in the transfers
would be also of prior interest, since the exchange of a given lipid species
often occurs in conjunction with others and all those lipid shifts influence
HDL metabolism and function. Aiming to achieve these goals, we recently
developed an in vitro assay that fulfills those requirements and is currently
under examination regarding the clinical relationships derived from the
measurement of the transfer parameters [168].

The assay consists in the incubation of a lipidic donor nanoemulsion with
whole plasma (Fig. 1.2). The nanoemulsion is prepared from mixtures of
phosphatidylcholine and cholesteryl oleate, with small amounts of triolein
and unesterified cholesterol [168]. For the execution of the assay, to avoid
time-consuming lipid separation before radioactive counting, two sets of
labeled nanoemulsions are manufactured, for example, one with SH-triolein
and "*C-unesterified cholesterol and the other with *H-cholesteryl oleate
and "*C-phosphatidyl choline. After incubation in a shaking bath for 1 h
at 37 °C, the apo B-containing lipoproteins and the nanoemulsion are pre-
cipitated by addition of dextran sulfate/MgCl, as precipitation reagent. The
radioactivity of the supernatant is then measured in liquid scintillation ana-
lyzer. Data are calculated as % of the total incubated radioactivity [168].

In the sampled plasma, most of the components that physiologically
influence the transfers are present, such as CETP, PLTP and LCAT, and
the other lipoprotein classes that compete with HDL for the reception of
the donor nanoemulsion lipids. Nonetheless, other factors such as lipopro-
tein lipase and hepatic lipase that can act on the transfer in vivo are not at play.
The data generated by the assay are dependent of the action of transfer pro-
teins and LCAT, composition and concentration of HDL, and of the apo
B-containing lipoproteins that compete with HDL for reception of the
nanoemulsion lipids, among other factors [168]. The transfer assay method
was validated for precision and reproducibility. Plasma samples used in the
transfer assay can be stored at —80 °C for about 1 year, without changes in
the results [168].
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The aim of developing the novel method was to disclose changes in the
lipid transfer profile that could provide new markers of disease, to evaluate
drug, nutritional, and lifestyle effects on HDL function, or to eventually help
to devise new therapeutic or diagnostic tools.

In all the subject groups studied to date, the transter of phospholipids was
markedly greater than that of the other three lipids, in the order of 18-25%.
Unesterified cholesterol transfers to HDL at 5-9% rate, whereas esterified
cholesterol and triglycerides transfers display the lowest transfer rates, at
3—7% range. It is conceivable that lipids located at the lipoprotein or nano-
particle surface, phospholipids and unesterified cholesterol, are more prone
to be dislocated from the particles, whereas lipids that constitute the particle
core, triglycerides, and cholesteryl esters are less liable for shifts from the
lipoprotein structure [168]. On the other hand, penetration of the lipids dis-
sociated from the artificial nanoemulsion into the core of HDL is presumably
more difficult than positioning in the lipoprotein surface layer.

[t is noteworthy to point out that transfer of lipids is bidirectional [74]. As
in this assay only the nanoemulsion-to-HDL direction is measured, it is not
possible to ascertain that greater or smaller transfers of a given lipid species
from the nanoemulsion to HDL imply in trends for enrichment or impov-
erishment of HDL with the lipid.

Relative to CETP, which is a crucial driving force for triglyceride and
cholesteryl ester transfer, no correlation was found in those normal, healthy
individuals, between CETP concentration in the plasma and the transfer of
all four lipids (Maranhio R.C. et al., unpublished data). Probably, equilib-
rium of the lipid transfers was already attained with the lower CETP levels
and higher levels of the protein did not further increase the transfers. The
interindividual variations can thus be ascribed to the other factors interven-
ing in the transfer processes. However, in 80 patients with type 2 diabetes,
CETP concentration positively correlated with the transfers of cholesteryl
ester, triglycerides, and unesterified cholesterol (Maranhio R.C. et al.,
unpublished data). It is well documented that CETP is increased in

Figure 1.2—CONT’'D  Two sets of lipid nanoemulsions are prepared, one with 3H-
triolein and "C-unesterified cholesterol and the other with *H-cholesteryl oleate and
"C-phosphatidyl choline. Plasma is incubated with the radioactively labeled nano-
emulsion, for 1 h at 37 °C on shaker. After the incubation, the apo B-containing lipopro-
teins and the nanoemulsion are chemically precipitated. The radioactivity of the
supernatant that contains the HDL fraction is measured in a liquid scintillation analyzer.
Data are expressed as % of the total incubated radioactivity measured in the
supernatant.
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diabetes [89], and our findings illustrate the complexity of the interplay of
the many factors which affect the lipid transfer phenomena.

Although in normolipidemic healthy subjects there is a correlation
between HDL cholesterol concentration and all lipid transfers to HDL, in
the studies on diseased states or interventions, the transfers were frequently
lower or increased in the cases compared to controls, despite the HDL cho-
lesterol levels being not altered accordingly.

In the results exposed in Table 1.1, it is appealing that the decreased
transfer of unesterified cholesterol to HDL is the marker of the presence
of coronary artery disease. This was found in both studies of nondiabetic
coronary artery disease patients, of older [169] and precocious coronary
artery disease [171], and also in the study in which type 2 diabetes patients
with coronary artery disease were compared to diabetic patients without
coronary artery disease (Maranhio R.C. et al., unpublished data). It is
worthwhile to point out that in nondiabetic coronary artery disease, the tri-
glyceride transfer was also diminished compared to controls [169]. How-
ever, in diabetics with coronary artery disease, triglyceride transfer was
not different from diabetics without coronary artery disease (Maranhio
R.C. et al., unpublished data).

Diminution of free cholesterol transfer to HDL can lead to reduction of
the esterification process and impair the cholesterol reverse transport.
Sequestration of cholesterol into the lipoprotein core by esterification is also
protective because excess unesterified cholesterol in the lipoprotein surface
could diffuse into the surrounding aqueous medium and eventually precip-
itate in the artery [185]. This was suggested in a study in which the plasma
kinetics of the esterified and nonesterified cholesterol components of a
nanoemulsion that resemble LDL lipid structure was determined in coronary
artery disease and noncoronary artery disease subjects [185]. In the former
group, the unesterified moiety tended to dissociate from the nanoemulsion
particles, with faster removal from the circulation than the particles marked
by the cholesteryl ester component. Indeed, in coronary artery disease
patients that were being submitted to heart revascularization surgery, the
content in the artery of radioactive unesterified cholesterol was greater than
that of the esterified cholesterol [186], suggesting deposition of the
unesterified cholesterol molecules that was independent from the arterial
uptake of the nanoemulsion particles. Enrichment of the artery with
unesterified cholesterol from the plasma, dissociated from the lipoproteins,
could disturb the antiatherosclerosis functions of the endothelial pavement
of the artery.



Table 1.1 Comparative transfer of four radioactively labeled lipids from a donor nanoemulsion to HDL according to gender, age, menopausal

status, and in different diseases, statin use, exercise training, and dieting

HDL

cholesterol
Condition/disease concentration

Lipid transfer to HDL

Unesterified Triglycerides Cholesteryl

cholesterol

ester

Phospholipid Subject

characteristics Reference

Men vs. women —

l —

!

Men: 56£12y; Unpublished
n=238 data
Women: 59138

y; n=40

Elderly vs. young T

Elderly: 75+8 y; [169]
11 M, 14 F

Young: 255 y;

10 M, 15 F

Postmenopausal vs. >
premenopausal

Postmenopausal:  [170)]
48+£3y;18 F
Premenopausal:
45+3y; 22 F

CAD elderly vs. healthy |
elderly

CAD elderly: [169]
74+£5y;5M, 6 F
Health elderly:
754+8y; 11 M,

14 F

Precocious CAD vs. non- «
CAD

Early CAD: [171]
471y, 10 M;

Continued



Table 1.1 Comparative transfer of four radioactively labeled lipids from a donor nanoemulsion to HDL according to gender, age, menopausal
status, and in different diseases, statin use, exercise training, and dieting—cont'd
HDL Lipid transfer to HDL

cholesterol

Unesterified Triglycerides Cholesteryl Phospholipid Subject

Condition/disease concentration cholesterol ester characteristics Reference

20 F

Non-CAD:

47£2y; 10 M;

20 F
CAD under statin — l l l CAD + statin: [168]
treatment vs. CAD 58+7 vy, n=25
without statin treatment CAD without

statin: 57 £6 y;

n=27
Type 2 diabetes mellitus l 1 — T2DM+DAC:  Unpublished
with CAD vs. Type 2 63+8y; 46 M; data
diabetes mellitus 39 F

T2DM: 6319 v;

36 M; 44 F
Glucose intolerance vs. > — — — GL: 56+£6y; 5 [172]
control M, 9F

Control: 53+6
y; 7M, 8 F




Metabolic syndrome vs.
control

!

MetS: 50£10y; [173]
10 M, 10 F

Control: 4547

y; 6 M, 4 F

Type 2 diabetes mellitus
vs. control

«—

T2DM: 5945 y; [174]
7M, 8 F

Control: 55+6

y; 5M, 6 F

Type 1 diabetes mellitus
vs. control

«—

TIDM: 26+7 y; [175]
16 M

Control: 28+ 6

y; 15 M

Familial
hypercholesteromia vs.
normolipidemia

FH: 39+ 15y; [176]
26 M, 45 F

NL: 38411 y;

27 M, 39 F

Polycystic ovary
syndrome vs. control

PCOS: 23+3y,; [177]
18 F

Control: 27 £5

y; 10 F

PCOS obese vs. PCOS
nonobese

Obese: 26 £5y; [177]
15 F

Nonobese:

23+3y; 8F

Continued



Table 1.1 Comparative transfer of four radioactively labeled lipids from a donor nanoemulsion to HDL according to gender, age, menopausal
status, and in different diseases, statin use, exercise training, and dieting—cont'd
Lipid transfer to HDL

HDL
cholesterol Unesterified Triglycerides Cholesteryl Phospholipid Subject
Condition/disease concentration cholesterol ester characteristics Reference
Subclinical — — 1 — l SCH: 46+4y; [178]
hypothyroidism vs. 12 F
control Control: 4048
y: 10 F
SCH, after 6 weeks — - - — T After T4 [178]
of T4 treatment vs. treatment: 46 +4
before treatment y; 12 F
Before T4
treatment: 47 =4
y; 12 F
Heart transplantation vs. | l > i} - Transplantation:  [179]
control 5111 y; 16 M,
4 F
Period elapsed: 7
mo—14y
Control: 45+9
y, 16 M, 4 F
HIV™ vs. control — 1 l — T HIV™: 37+£8y; [180]
22 M, 26 F

Control: 38+9
y; 16 M, 29 F




Vegan vs. omnivore

Vegan: 35£10y; [181]
11 M, 10 F

Omnivore:

379y, 17 M,

12 F

No-trans margarine vs.
butter consumption

Margarine: [182]
47£19y; 6 M,

10 F

Butter: 49+ 12y;

7M, 11 F

Resistance training vs.
sedentary

Resistance [183]
Training: 25+5

y; 15 M

Regular training
program for ~2.5

y

Sedentary: 28 £7

y; 15 M

Metabolic syndrome, after <

vs. before training load

MetS: 50£10y; [173]
10 M, 10 F

Short-term

training on a

bicycle

ergometer

Continued



Table 1.1 Comparative transfer of four radioactively labeled lipids from a donor nanoemulsion to HDL according to gender, age, menopausal

status, and in different diseases, statin use, exercise training, and dieting—cont'd
Lipid transfer to HDL

cholesterol

Unesterified Triglycerides Cholesteryl
Condition/disease concentration cholesterol

Phospholipid Subject

characteristics Reference

Runner: 38+7  [184]
y; 14 M

Sedentary: 37 £4

y; 28 M

HDL
Marathon runner vs. T
sedentary
Marathon runner, “—

immediately after a
marathon vs. at rest period

38+7y; 14M  [184]

Marathon runner, 72 h vs. «
immediately after a
marathon

38+7y; 14 M [184]

HDL cholesterol concentration in the plasma is also compared.
T, |, or «=: increase, decrease, or equivalent in first condition to the second condition.

CAD, coronary artery disease; FH, familial hypercholesterolemia; GI, glucose intolerance; MetS, metabolic syndrome; NL, normolipidemia; PCOS, polycystic ovary
syndrome; SCH, subclinical hypothyroidism; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; M, males; F, females; y, years; mo, months.
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It is difficult to figure out the mechanisms that lead to diminished transfer
of unesterified cholesterol from the nanoemulsion to the HDL fraction in
coronary artery disease patients. It is possible that in coronary artery disease,
the HDL fraction 1s saturated with unesterified cholesterol, lacking the gra-
dient to receive larger amounts of the lipid. Other compositional factors rel-
ative to HDL or the apo B-containing lipoproteins, transfer proteins, and
enzymes may also have had a role in this coronary artery disease-associated
outcome.

In males, who develop coronary artery disease earlier than females, the
transfer of unesterified cholesterol to HDL was decreased (Maranhio et al.,
unpublished data). Menopause, as observed in pre- and postmenopausal
women of about the same age, had no impact upon lipid transfers [170].
Low unesterified cholesterol transfer was also found in patients with heart
transplantation [179]; those patients are prone to develop graft coronary dis-
ease, a form of accelerated atherosclerosis which is the main cause of mor-
bidity and mortality after the first year from the surgery. In familial
hypercholesterolemic patients, a condition that also predisposes to prema-
ture coronary artery disease, the transfer of unesterified cholesterol was
diminished, while the transfers of triglycerides and phospholipids were
increased in comparison to normolipidemic subjects [176]. In those patients,
the transfer of cholesteryl ester was not altered [176]. Therefore, not only in
patients with documented coronary artery disease but also in conditions
associated with coronary artery disease development, there was a consistent
trend for reduced transter of unesterified cholesterol in the HDL plasma frac-
tion. Moreover, it was shown that HIV-infected patients had diminished
unesterified cholesterol transfer comparing to healthy individuals [180].
HIV-infected patients have also a greater burden of subclinical and clinical
atherosclerotic disease compared to the general population [187].

The diminished triglycerides transter in nondiabetic subjects is difficult to
interpret in terms of CETP action or HDL pathophysiology, but alterations
in cholesteryl ester and triglycerides content result in HDL instability and
decrease in the concentration of the lipoprotein. In older subjects with cor-
onary artery disease, HDL lowering associated with the diminished triglyc-
erides indeed occurred [169]. In T2DM, the fact that both cholesteryl ester
and triglyceride transfer to HDL were increased is conceivably consequent
to the increased activity of CETP in this disease [174]. In patients with met-
abolic syndrome, cholesteryl ester and triglyceride transfers that are increased
in T2DM are decreased [173]. Patients with glucose intolerance without
metabolic syndrome showed no alterations in the profile of lipid transfers
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[172]. Interestingly, in type 1 diabetes mellitus, where alterations in lipid
profile such as high triglycerides and low HDL cholesterol that are typical
of type T2DM are not prominent, no abnormality in lipid transfers occurred
[175]. All those findings await for further investigational effort to ascertain
the solidity and significance of the association of transfers and those meta-
bolic diseases.

An important outcome of the studies listed in Table 1.1 is that lipid
transfers, as assayed in vitro, are also modifiable factors. Statin use depressed
the transfer of all lipids in coronary artery disease patients [168]. Compared
to sedentary subjects, marathon practitioners had increases in the transfer
of all lipids but cholesteryl esters [184]. However, immediately after
they run the marathon, the lipid transfers were depressed, recovering the
pre-marathon levels after 72 h rest [184]. In contrast, resistance regular
(four to five times per week) exercise training for more than 2 years had
no effect in lipid transfers [183]. Compared to omnivore, vegan diet fol-
lowers had lower cholesteryl ester transfer [181]. Substitution of margarine
for butter in spreads reduced the transfer of unesterified cholesterol and
triglycerides |182].

Lipid transfers to HDL were also examined in patients with polycystic
ovary syndrome and subclinical hypothyroidism. In the former group, no
differences from the controls were found, regardless of they were obese
or not [177]. In subclinical hypothyroidism, the triglyceride and phospho-
lipid transfers were diminished [178]. Those were the only plasma lipid
parameters found in those patients that otherwise had normal plasma LDL
and HDL cholesterol together with normal removal from the plasma of
triglyceride-rich lipoproteins. After they were treated for 6 weeks with hor-
monal reposition, the transter of phospholipids became normal, whereas the
triglyceride transfer remained low [178].

11. CONCLUSION

The novel in vitro assay on the lipid transfers to HDL may indepen-
dently predict the presence of CVD, and prospective studies are needed
to confirm its importance as a CVD risk factor. It is challenging that the lipid
transfers are altered in metabolic, inflammatory, and infectious diseases and
can be modifiable by exercise training, dietary maneuvers, and drug treat-
ments. To expand the capabilities of the method and the mechanisms behind
the results, the overall relationships with HDL metabolism, composition,
and subfraction profile should be explored, as well with all possible factors
involved in lipid transfers.



Lipid Transfers as Disease Predictors 31

ACKNOWLEDGMENTS

The studies on the use of the in vivo transfers of lipids to HDL were supported by the Research
Support Foundation of the State of Sdo Paulo (FAPESP, Sio Paulo, Brazil). Dr. Maranhio is a
Research Awardee of the Federal Council for Scientific and Technological Development
(CNPq, Brasilia, Brazil). The authors are thankful to Fernanda O. Martins, MSc, for her
help in reviewing the manuscript.

REFERENCES

[1] J.S. Hagerman, R.G. Gould, The in vitro interchange of cholesterol between plasma
and red cells, Proc. Soc. Exp. Biol. Med. 78 (1951) 329-332.

[2] C.S. Rehnborg, A.V. Nichols, The fate of cholesteryl esters in human serum incubated
in vitro at 38 degrees, Biochim. Biophys. Acta 84 (1964) 596-603.

[3] D.B. Zilversmit, L.B. Hughes, J. Balmer, Stimulation of cholesterol ester exchange by
lipoprotein-free rabbit plasma, Biochim. Biophys. Acta 409 (1975) 393-398.

[4] N.M. Pattnaik, A. Montes, L.B. Hughes, D.B. Zilversmit, Cholesteryl ester exchange
protein in human plasma isolation and characterization, Biochim. Biophys. Acta
530 (1978) 428—438.

[5] J. Thm, J.A. Harmony, J. Ellsworth, R.L. Jackson, Simultaneous transfer of cholesteryl
ester and phospholipid by protein(s) isolated from human lipoprotein-free plasma, Bio-
chem. Biophys. Res. Commun. 93 (1980) 1114-1120.

[6] P.J. Barter, K.A. Rye, Cholesteryl ester transfer protein inhibition as a strategy to
reduce cardiovascular risk, J. Lipid Res. 53 (2012) 1755-1766.

[7] R.Rao,].J. Albers, G. Wolfbauer, H.J. Pownall, Molecular and macromolecular spec-
ificity of human plasma phospholipid transfer protein, Biochemistry 36 (1997)
3645-3653.

[8] PJ. Barter, J.J. Kastelein, Targeting cholesteryl ester transfer protein for the preven-
tion and management of cardiovascular disease, J. Am. Coll. Cardiol. 47 (2006)
492-499.

[9] A. Kontush, M.J. Chapman, Functionally defective high-density lipoprotein: a new
therapeutic target at the crossroads of dyslipidemia, inflammation, and atherosclerosis,
Pharmacol. Rev. 58 (2006) 342—-374.

[10] J.P. Segrest, S.C. Harvey, V. Zannis, Detailed molecular model of apolipoproteins A-I
on the surface of high-density lipoproteins and its functional implications, Trends
Cardiovasc. Med. 10 (2000) 246-252.

[11] H. Karlsson, P. Leanderson, C. Tagesson, M. Lindahl, Lipoproteomics II: mapping of’
proteins in high-density lipoprotein using two-dimensional gel electrophoresis and
mass spectrometry, Proteomics 5 (2005) 1431-1445.

[12] R.S. Rosenson, H.B. Brewer Jr., B. Ansell, et al., Translation of high-density lipopro-
tein function into clinical practice: current prospects and future challenges, Circulation
128 (2013) 1256-1267.

[13] R.S. Rosenson, H.B. Brewer, M.J. Chapman, et al., HDL measures, particles hetero-
geneity, proposed nomenclature and relation to atherosclerotic cardiovascular events,
Clin. Chem. 57 (2011) 392—410.

[14] J.M. Rash, G.H. Rothblat, C.E. Sparks, Lipoprotein apoliprotein synthesis by human
hepatoma cells in culture, Biochim. Biophys. Acta 666 (1981) 294-298.

[15] M.J. Chapman, W. Le Goft, M. Guerin, A. Kontush, Cholesteryl ester transfer protein:
at the heart of the action of lipid-modulating therapy with statins, fibrates, niacin, and
cholesteryl ester transfer protein inhibitors, Eur. Heart J. 31 (2010) 149-164.

[16] J. Maric, R.S. Kiss, V. Franklin, Y.L. Marcel, Intracellular lipidation of newly synthe-
sized apolipoprotein A-I in primary murine hepatocytes, J. Biol. Chem. 280 (2005)
39942-39949.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0005
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0005
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0010
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0010
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0015
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0015
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0020
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0020
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0020
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0025
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0025
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0025
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0030
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0030
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0035
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0035
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0035
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0040
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0040
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0040
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0045
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0045
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0045
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0050
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0050
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0050
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0055
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0055
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0055
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0060
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0060
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0060
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0065
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0065
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0065
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0070
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0070
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0075
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0075
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0075
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0080
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0080
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0080

32 Raul C. Maranhéo and Fatima R. Freitas

[17] C.L. Wellington, E.K. Walker, A. Suares, et al., ABCA1 mRNA and protein distri-
bution patterns predict multiple difterent roles and levels of regulation, Lab. Invest.
82 (2002) 273-283.

[18] G.R. Castro, CJ. Fielding, Early incorporation of cell-derived cholesterol into pre-
beta-migrating high-density lipoprotein, Biochemistry 27 (1988) 25-29.

[19] A.R. Tall, D. Sammett, G.M. Vita, R. Deckelbaum, T. Olivecrona, Lipoprotein lipase
enhances the cholesteryl ester transfer protein-mediated transfer of cholesteryl ester
from high density lipoproteins to very low density lipoproteins, J. Biol. Chem.
259 (1984) 9587-9594.

[20] J. Savel, M. Lafitte, Y. Pucheu, et al., Molecular cloning low levels of HDL-cholesterol
and atherosclerosis, a variable relationship—a review of LCAT deficiency, Vasc.
Health Risk Manag. 8 (2012) 357-361.

[21] X. Rousset, B. Vaisman, M. Amar, A.A. Sethi, A.T. Remaley, Lecithin:cholesterol
acyltransferase—from biochemistry to role in cardiovascular disease, Curr. Opin.
Endocrinol. Diabetes Obes. 16 (2009) 163-171.

[22] V. Bowry, K.K. Stanley, R. Stocker, High density lipoprotein is the major carrier of
lipid hydroperoxides in human blood plasma from fasting donors, Proc. Natl. Acad.
Sci. U. S. A. 89 (1992) 10316—-10320.

[23] F. Robbesyn, V. Garcia, N. Auge, et al., HDL counterbalance the proinflammatory
effect of oxidized LDL by inhibiting intracellular reactive oxygen species rise,
proteasome activation, and subsequent NF-KB activation in smooth muscle cells,
FASEB J. 17 (2003) 743-745.

[24] C.M. Lee, C.T. Chien, P.Y. Chang, et al., High-density lipoprotein antagonizes oxi-
dized low-density lipoprotein by suppressing oxygen free-radical formation and pre-
serving nitric oxide bioactivity, Atherosclerosis 183 (2005) 251-258.

[25] SJ. Nicholls, G.J. Dusting, B. Cutri, et al., Reconstituted HDL inhibits the acute pro-
oxidant and proinflammatory vascular changes induced by a periarterial collar in
normocholesterolemic rabbits, Circulation 111 (2005) 1543—-1550.

[26] M. Navab, S.Y. Hama, C.J. Cooke, et al., Normal high density lipoprotein inhibits
three steps in the formation of mildly oxidized low density lipoprotein: step 1,
J. Lipid Res. 41 (2000) 1481-1494.

[27] M. Navab, S.Y. Hama, G. Anantharamaiah, et al., Normal high density lipoprotein
inhibits three steps in the formation of mildly oxidized low density lipoprotein: steps
2 and 3, J. Lipid Res. 41 (2000) 1495-1508.

[28] K. Greenow, N J. Pearce, D.P. Ramji, The key role of apolipoprotein E in atheroscle-
rosis, J. Mol. Med. 83 (2005) 329-342.

[29] S.T. Kunitake, M.R. Jarvis, R.L. Hamilton, J.P. Kane, Binding of transition metals by
apolipoprotein A-I-containing plasma lipoproteins: inhibition of oxidation of low
density lipoproteins, Proc. Natl. Acad. Sci. U. S. A. 89 (1992) 6993—-6997.

[30] H.W. Eckerson, C.M. Wyte, B.N. La Du, The human serum paraoxonase/arylesterase
polymorphism, Am. J. Hum. Genet. 35 (1993) 1126-1138.

[31] M. Aviram, M. Rosenblat, C.L. Bisgaier, R.S. Newton, S.L. Primo-Parmo, B.N. La
Du, Paraoxonase inhibits high-density lipoprotein oxidation and preserves its func-
tions: a possible peroxidative role for paraoxonase, J. Clin. Invest. 101 (1998)
1581-1590.

[32] B. Mackness, G.K. Davies, W. Turkie, et al., Paraoxonase status in coronary heart dis-
ease: are activity and concentration more important than genotype? Arterioscler.
Thromb. Vasc. Biol. 21 (2001) 1451-1457.

[33] R.W. James, S.P. Deakin, The importance of high-density lipoproteins for
paraoxonase-1 secretion, stability, and activity, Free Radic. Biol. Med. 37 (2004)
1986—1994.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0085
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0085
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0085
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0090
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0090
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0095
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0095
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0095
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0095
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0100
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0100
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0100
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0105
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0105
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0105
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0110
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0110
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0110
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0115
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0115
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0115
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0115
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0120
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0120
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0120
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0125
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0125
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0125
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0130
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0130
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0130
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0135
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0135
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0135
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0140
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0140
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0145
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0145
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0145
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0150
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0150
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0155
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0155
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0155
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0155
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0160
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0160
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0160
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0165
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0165
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0165

Lipid Transfers as Disease Predictors 33

[34] B. Mackness, P. Durrington, P. McElduft, et al., Low paraoxonase activity predicts
coronary events in the Caerphilly Prospective Study, Circulation 107 (2003)
2775-2779.

[35] D.A. Six, E.A. Dennis, The expanding superfamily of phospholipase A(2) enzymes:
classification and characterization, Biochim. Biophys. Acta 1488 (2000) 1-19.

[36] K. Karasawa, Clinical aspects of plasma platelet activating factor-acetylhydrolase, Bio-
chim. Biophys. Acta 1761 (2006) 1359-1372.

[37] A.D. Watson, M. Navab, S.Y. Hama, et al., Effect of platelet activating factor-
acetylhydrolase on the formation and action of minimally oxidized low density lipo-
protein, J. Clin. Invest. 95 (1995) 774-782.

[38] A.M. Evangelou, Platelet-activating factor (PAF): implications for coronary heart and
vascular diseases, Prostaglandins Leukot. Essent. Fatty Acids 50 (1994) 1-28.

[39] G.W. Cockerill, K.A. Rye, J.R. Gamble, M.A. Vadas, P.J. Barter, High-density lipo-
proteins inhibit cytokine-induced expression of endothelial cell adhesion molecules,
Arterioscler. Thromb. Vasc. Biol. 15 (1995) 1987—-1994.

[40] L. Calabresi, G. Franceschini, C.R. Sirtori, et al., Inhibition of VCAM-1 expression in
endothelial cells by reconstituted high density lipoproteins, Biochem. Biophys. Res.
Commun. 238 (1997) 61-65.

[41] P.W. Baker, K.A. Rye, J.R. Gamble, M.A. Vadas, P.J. Barter, Ability of reconstituted
high density lipoproteins to inhibit cytokine-induced expression of vascular cell adhe-
sion molecule-1 in human umbilical vein endothelial cells, J. Lipid Res. 40 (1999)
345-353.

[42] P. Xia, M.A. Vadas, K.A. Rye, PJ. Barter, J.R. Gamble, High density lipoproteins
(HDL) interrupt the sphingosine kinase signaling pathway: a possible mechanism
for protection against atherosclerosis by HDL, J. Biol. Chem. 274 (1999)
33143-33147.

[43] G.D. Norata, E. Callegari, M. Marchesi, G. Chiesa, P. Eriksson, A.L. Catapano, High-
density lipoproteins induce transforming growth factor-beta 2 expression in endothe-
lial cells, Circulation 111 (2005) 2805-2811.

[44] M. Gomaraschi, N. Basilico, F. Sisto, et al., High-density lipoproteins attenuate
interleukin-6 production in endothelial cells exposed to pro-inflammatory stimuli,
Biochim. Biophys. Acta 1736 (2005) 136—143.

[45] B.J. Van Lenten, M. Navab, D. Shih, A.M. Fogelman, A.J. Lusis, The role of high-
density lipoproteins in oxidation and inflammation, Trends Cardiovasc. Med.
11 (2001) 155-161.

[46] M. Navab, G. Ananthramaiah, S.T. Reddy, et al., The oxidation hypothesis of athero-
genesis: the role of oxidized phospholipids and HDL, J. Lipid Res. 45 (2004)
993-1007.

[47] A. Furnkranz, A. Schober, V.N. Bochkov, et al., Oxidized phospholipids trigger ath-
erogenic inflammation in murine arteries, Arterioscler. Thromb. Vasc. Biol. 25 (2005)
633—-638.

[48] G. Theilmeier, B. de Geest, P.P. van Veldhoven, et al., HDL-associated PAF-AH
reduces endothelial adhesiveness in apoE —/— mice, FASEB J. 14 (2000) 2032-2039.

[49] J.H. Griffin, K. Kojima, C.L. Banka, L.K. Curtiss, J.A. Fernandez, High-density lipo-
protein enhancement of anticoagulant activities of plasma protein S and activated pro-
tein C, J. Clin. Invest. 103 (1999) 219-227.

[50] C. Mineo, H. Deguchi, J.H. Griftin, P.W. Shaul, Endothelial and antithrombotic
actions of HDL, Circ. Res. 98 (2006) 1352—-1364.

[51] L. Suc, I. Escargueil-Blanc, M. Troly, R. Salvayre, A. Negre-Salvayre, HDL and Apo
A prevent cell death of endothelial cells induced by oxidized LDL, Arterioscler.
Thromb. Vasc. Biol. 17 (1997) 2158-2166.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0170
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0170
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0170
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0175
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0175
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0180
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0180
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0185
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0185
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0185
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0190
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0190
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0195
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0195
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0195
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0200
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0200
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0200
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0205
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0205
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0205
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0205
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0210
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0210
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0210
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0210
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0215
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0215
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0215
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0220
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0220
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0220
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0225
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0225
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0225
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0230
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0230
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0230
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0235
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0235
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0235
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0240
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0240
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0240
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0240
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0240
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0245
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0245
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0245
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0250
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0250
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0255
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0255
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0255

34 Raul C. Maranhao and Fatima R. Freitas

[52] M. Sugano, K. Tsuchida, N. Makino, High-density lipoproteins protect endothelial
cells from tumor necrosis factor-alpha-induced apoptosis, Biochem. Biophys. Res.
Commun. 272 (2000) 872-876.

[53] Y.G. Kwon, J.K. Min, K.M. Kim, D.J. Lee, T.R. Billiar, Y.M. Kim, Sphingosine
1-phosphate protects human umbilical vein endothelial cells from serum-deprived
apoptosis by nitric oxide production, J. Biol. Chem. 276 (2001) 10627-10633.

[54] JR. Nofer, M. van der Giet, M. Tolle, et al., HDL induces NO dependent
vasorelaxation via the lysophospholipid receptor S1P3, J. Clin. Invest. 113 (2004)
569-581.

[55] B. Zhang, H. Tomura, A. Kuwabara, et al., Correlation of high density lipoprotein
(HDL)-associated sphingosine 1-phosphate with serum levels of HDL-cholesterol
and apolipoproteins, Atherosclerosis 178 (2005) 199-205.

[56] B.G. Drew, N.H. Fidge, G. Gallon-Beaumier, B.E. Kemp, B.A. Kingwell, High-
density lipoprotein and apolipoprotein Al increase endothelial NO synthase activity
by protein association and multisite phosphorylation, Proc. Natl. Acad. Sci. U. S.
A. 101 (2004) 6999-7004.

[57] 1.S. Yuhanna, Y. Zhu, B.E. Cox, et al., High-density lipoprotein binding to scavenger
receptor-BI activates endothelial nitric oxide synthase, Nat. Med. 7 (2001) 853-857.

[58] G.D. Norata, E. Callegari, H. Inoue, A.L. Catapano, HDL3 induces cyclooxygenase-2
expression and prostacyclin release in human endothelial cells via a p38 MAPK/CRE-
dependent pathway: effects on COX-2/PGl-synthase coupling, Arterioscler.
Thromb. Vasc. Biol. 24 (2004) 871-877.

[59] T.Kimura, K. Sato, E. Malchinkhuu, et al., High-density lipoprotein stimulates endo-
thelial cell migration and survival through sphingosine 1-phosphate and its receptors,
Arterioscler. Thromb. Vasc. Biol. 23 (2003) 1283—-1288.

[60] K. Tamama, H. Tomura, K. Sato, et al., High-density lipoprotein inhibits migration of
vascular smooth muscle cells through its sphingosine 1-phosphate component,
Atherosclerosis 178 (2005) 19-23.

[61] H. Deguchi, J.A. Fernandez, T.M. Hackeng, C.L. Banka, J.H. Griffin, Cardiolipin is a
normal component of human plasma lipoproteins, Proc. Natl. Acad. Sci. U. S. A.
97 (2000) 1743-1748.

[62] L.Y. Chen, J.L. Mehta, Inhibitory effect of high-density lipoprotein on platelet func-
tion is mediated by increase in nitric oxide synthase activity in platelets, Life Sci.
55 (1994) 1815-1821.

[63] J. Ma, X.L. Liao, B. Lou, M.P. Wu, Role of apolipoprotein A-I in protecting against
endotoxin toxicity, Acta Biochim. Biophys. Sin. 36 (2004) 419-424.

[64] D. Pajkrt, J.E. Doran, F. Koster, et al., Antiinflammatory effects of reconstituted high-
density lipoprotein during human endotoxemia, J. Exp. Med. 184 (1996) 1601-1608.

[65] L.L. Stoll, G.M. Denning, N.L. Weintraub, Potential role of endotoxin as a
proinflammatory mediator of atherosclerosis, Arterioscler. Thromb. Vasc. Biol.
24 (2004) 2227-2236.

[66] R. Yu, B. Yekta, L. Vakili, et al., Proatherogenic high-density lipoprotein, vascular
inflammation, and mimetic peptides, Curr. Atheroscler. Rep. 10 (2008) 171-176.

[67] P.K. Shah, K.Y. Chyu, Apolipoprotein A-I mimetic peptides: potential role in athero-
sclerosis management, Trends Cardiovasc. Med. 15 (2005) 291-296.

[68] M. Navab, G.M. Anantharamaiah, S.T. Reddy, B.J. Van Lenten, B.J. Ansell,
A.M. Fogelman, Mechanisms of disease: proatherogenic HDL—an evolving field,
Nat. Clin. Pract. Endocrinol. Metab. 2 (2006) 504-511.

[69] M. Tolle, T. Huang, M. Schuchardt, et al., High-density lipoprotein loses its anti-
inflammatory capacity by accumulation of pro-inflammatory-serum amyloid A, Cardi-
ovasc. Res. 94 (2012) 154-162.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0260
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0260
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0260
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0265
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0265
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0265
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0270
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0270
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0270
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0270
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0275
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0275
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0275
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0280
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0280
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0280
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0280
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0285
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0285
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0290
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0290
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0290
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0290
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0295
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0295
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0295
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0300
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0300
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0300
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0305
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0305
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0305
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0310
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0310
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0310
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0315
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0315
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0320
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0320
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0325
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0325
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0325
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0330
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0330
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0335
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0335
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0340
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0340
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0340
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0345
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0345
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0345
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0345

Lipid Transfers as Disease Predictors 35

[70] R.P. Dullaart, J.F. de Boer, W. Annema, UJ. Tietge, The inverse relation of HDL
anti-oxidative functionality with serum amyloid A is lost in metabolic syndrome,
Obesity 21 (2013) 361-366.

[71] D. Drayna, A.S. Jarnagin, J. McLean, Cloning and sequencing of human cholesteryl
ester transfer protein cDNA, Nature 327 (1987) 632—-634.

[72] A.R. Tall, Plasma lipid transfer proteins, Annu. Rev. Biochem. 64 (1995) 235-257.

[73] P.J. Barter, CETP and atherosclerosis, Arterioscler. Thromb. Vasc. Biol. 20 (2000)
2029-2031.

[74] P.J. Barter, C.J. Hopkins, G.D. Calver, Transfers and exchanges of esterified choles-
terol between plasma lipoproteins, Biochem. J. 208 (1982) 1-7.

[75] Y.L. Marcel, M. McPherson, H. Hogue, et al., Distribution and concentration of
cholesteryl ester transfer protein in plasma of normolipemic subjects, J. Clin. Invest.
85 (1990) 10-17.

[76] T. Gautier, D. Masson, J.P. de Barros, et al., Human apolipoprotein CI accounts for
the ability of plasma high density lipoproteins to inhibit the cholesteryl ester transfer
protein activity, J. Biol. Chem. 275 (2000) 37504-37509.

[77] X. Wang, D.M. Driscoll, R.E. Morton, Molecular cloning and expression of lipid
transter inhibitor protein reveals its identity with apolipoprotein F, J. Biol. Chem.
274 (1999) 1814-1820.

[78] K.J. Williams, I. Tabas, The response-to-retention hypothesis of early atherogenesis,
Arterioscler. Thromb. Vasc. Biol. 15 (1995) 551-561.

[79] B.H. Chung, J.P. Segrest, F. Franklin, In vitro production of beta-very low density
lipoproteins and small, dense low density lipoproteins in mildly hypertriglyceridemic
plasma: role of activities of lecithin:cholesterol acyl transferase, cholesteryl ester transfer
protein and lipoprotein lipase, Atherosclerosis 141 (1998) 209-225.

[80] H.H. Newnham, P.J. Barter, Synergistic effects of lipid transfers and hepatic lipase in
the formation of very small high density lipoproteins during incubation of human
plasma, Biochim. Biophys. Acta 1044 (1990) 57—64.

[81] H.Q. Liang, K.A. Rye, P.J. Barter, Dissociation of lipid-free apolipoprotein A-I from
high density lipoproteins, J. Lipid Res. 35 (1994) 1187-1199.

[82] K.A. Rye, N.J. Hime, P.J. Barter, Evidence that CETP-mediated reductions in rec-
onstituted high density lipoprotein size involve particle fusion, J. Biol. Chem.
272 (1997) 5953-5960.

[83] S. Lund-Katz, P.M. Laplaud, M.C. Phillips, M.J. Chapman, Apolipoprotein B-100
conformation and particle surface charge in human LDL subspecies: implication for
LDL receptor interaction, Biochemistry 37 (1998) 12867-12874.

[84] CJ.Mann, F.T. Yen, A.M. Grant, B.E. Bihain, Mechanism of cholesteryl ester transfer
in hypertriglyceridemia, J. Clin. Invest. 88 (1991) 2059-2066.

[85] X.Y. Qiu, A. Mistry, M.J. Ammirati, et al., Crystal structure of cholesteryl ester trans-
fer protein reveals a long tunnel and four bound lipid molecules, Nat. Struct. Mol. Biol.
14 (2007) 106-113.

[86] P.J. Barter, M.E. Jones, Kinetic studies of the transfer of esterified cholesterol between
human-plasma low and high-density lipoproteins, J. Lipid Res. 21 (1980) 238-249.

[87] J. Thm, D.M. Quinn, S.J. Busch, B. Chataing, J.A. Harmony, Kinetics of plasma
protein-catalyzed exchange of phosphatidylcholine and cholesteryl ester between
plasma lipoproteins, J. Lipid Res. 23 (1982) 1328-1341.

[88] L. Zhang, F. Yan, S. Zhang, et al., Structural basis of transfer between lipoproteins by
cholesteryl ester transfer protein, Nat. Chem. Biol. 8 (2012) 342-349.

[89] L. Gomez Rosso, M.B. Benitez, M.C. Fornari, V. Berardi, S. Lynch, L. Schreier, etal.,
Alterations in cell adhesion molecules and other biomarkers of cardiovascular disease in
patients with metabolic syndrome, Atherosclerosis 199 (2008) 415-423.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0350
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0350
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0350
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0355
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0355
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0360
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0365
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0365
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0370
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0370
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0375
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0375
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0375
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0380
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0380
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0380
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0385
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0385
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0385
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0390
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0390
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0395
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0395
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0395
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0395
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0400
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0400
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0400
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0405
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0405
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0410
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0410
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0410
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0415
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0415
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0415
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0420
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0420
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0425
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0425
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0425
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0430
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0430
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0435
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0435
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0435
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0440
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0440
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0445
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0445
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0445

36 Raul C. Maranhéo and Fatima R. Freitas

[90] R.I. Coniglio, T. Merofio, H. Montiel, et al., HOMA-IR and non-HDL-C as a pre-
dictors of high cholesterol ester transter protein activity in patients at risk for type 2
diabetes, Clin. Biochem. 45 (2012) 566—570.

[91] J.T. Jonker, Y. Wang, W. de Haan, et al., Pioglitazone decreases plasma cholesteryl
ester transfer protein mass, associated with a decrease in hepatic triglyceride content,
in patients with type 2 diabetes, Diabetes Care 33 (2010) 1625-1628.

[92] H.C. Oliveira, E.C. de Faria, Cholesteryl ester transfer protein: the controversial rela-
tion to atherosclerosis and emerging new biological roles, [UBMB Life 63 (2011)
248-257.

[93] R.W. Clark, R.B. Ruggeri, D. Cunningham, M.J. Bamberger, Description of the tor-
cetrapib series of cholesterol ester transfer protein inhibitors, including the mechanism
of action, J. Lipid Res. 47 (2006) 537-552.

[94] PJ. Barter, M. Caulfield, M. Eriksson, et al., Eftects of torcetrapib in patients at high
risk for coronary events, N. Engl. J. Med. 357 (2007) 2109-2122.

[95] JJ. Kastelein, S.I. van Leuven, L. Burgess, et al., Effect of torcetrapib on carotid ath-
erosclerosis in familial hypercholesterolemia, N. Engl. J. Med. 356 (2007) 1620-1630.

[96] M.L. Bots, F.L. Visseren, G.W. Evans, et al., Torcetrapib and carotid intima-media
thickness in mixed dyslipidaemia (RADIANCE 2 study): a randomised, double-blind
trial, Lancet 370 (2007) 153-160.

[97] PJ. Barter, Lessons learned from the Investigation of Lipid Level Management to
Understand its Impact in Atherosclerotic Events (ILLUMINATE) trial, Am. J. Car-
diol. 104 (2009) 10E—-15E.

[98] E.S. Stroes, J.J. Kastelein, A. Bénardeau, et al., Dalcetrapib: no off-target toxicity on
blood pressure or on genes related to the renin-angiotensin-aldosterone system in rats,
Br. J. Pharmacol. 158 (2009) 1763-1770.

[99] M.]. Forrest, D. Bloomfield, R_J. Briscoe, et al., Torcetrapib-induced blood pressure
elevation 1s independent of CETP inhibition and is accompanied by increased circu-
lating levels of aldosterone, Br. J. Pharmacol. 154 (2008) 1465—1473.

[100] M. Guerin, W. Le Goft; E. Duchene, et al., Inhibition of CETP by torcetrapib atten-
uates the atherogenicity of postprandial TG-rich lipoproteins in type IIB hyperlipid-
emia, Arterioscler. Thromb. Vasc. Biol. 28 (2008) 148—154.

[101] H. Okamoto, F. Yonemori, K. Wakitani, T. Minowa, K. Maeda, H. Shinkai,
A cholesteryl ester transfer protein inhibitor attenuates atherosclerosis in rabbits,
Nature 406 (2000) 203-207.

[102] EJ. Niesor, E. von der Marck, M. Brousse, C. Maugeais, Inhibition of cholesteryl ester
transfer protein (CETP): different in vitro characteristics of RO4607381/JTT-705 and
torcetrapib (TOR), Atherosclerosis 199 (2008) 231.

[103] G.J. de Grooth, J.A. Kuivenhoven, A.F. Stalenhoef, et al., Efficacy and safety of a novel
cholesteryl ester transfer protein inhibitor, JTT-705, in humans: a randomized phase II
dose—response study, Circulation 105 (2002) 2159-2165.

[104] J.A. Kuivenhoven, G.J. de Grooth, H. Kawamura, et al., Effectiveness of inhibition of
cholesteryl ester transfer protein by JTT-705 in combination with pravastatin in type II
dyslipidemia, Am. J. Cardiol. 95 (2005) 1085-1088.

[105] E.A. Stein, E.M. Roth, J.M. Rhyne, T. Burgess, D. Kallend, ]J.G. Robinson, Safety
and tolerability of dalcetrapib (RO4607381/JTT-705): results from a 48- week trial,
Eur. Heart J. 31 (2010) 480—488.

[106] M. Ranalletta, K.K. Bierilo, Y. Chen, et al., Biochemical characterization of
cholesteryl ester transfer protein inhibitors, J. Lipid Res. 51 (2010) 2739-2752.

[107] R. Krishna, M.S. Anderson, A.J. Bergman, et al., Effect of the cholesteryl ester transter
protein inhibitor, anacetrapib, on lipoproteins in patients with dyslipidaemia and on
24-h ambulatory blood pressure in healthy individuals: two double-blind, randomised
placebo-controlled phase I studies, Lancet 370 (2007) 1907-1914.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0450
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0450
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0450
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0455
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0455
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0455
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0460
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0460
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0460
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0465
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0465
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0465
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0470
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0470
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0475
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0475
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0480
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0480
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0480
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0485
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0485
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0485
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0490
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0490
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0490
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0495
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0495
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0495
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0500
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0500
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0500
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0505
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0505
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0505
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0510
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0510
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0510
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0515
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0515
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0515
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0520
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0520
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0520
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0525
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0525
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0525
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0530
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0530
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0535
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0535
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0535
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0535

Lipid Transfers as Disease Predictors 37

[108] D. Bloomfield, G.L. Carlson, A. Sapre, et al., Efficacy and safety of the cholesteryl ester
transfer protein inhibitor anacetrapib as monotherapy and coadministered with ator-
vastatin in dyslipidemic patients, Am. Heart J. 157 (2009) 352-360.

[109] C.P. Cannon, H.M. Dansky, M. Davidson, et al., Design of the DEFINE trial: deter-
mining the EFficacy and tolerability of CETP INhibition with AnacEtrapib, Am.
Heart J. 158 (2009) 513-519.

[110] C.P. Cannon, S. Shah, H.M. Dansky, et al., Determining the efficacy and tolerability
investigators, safety of anacetrapib in patients with or at high risk for coronary heart
disease, N. Engl. J. Med. 363 (2010) 2406-2415.

[111] L. Yvan-Charvet, J. Kling, T. Pagler, et al,, Cholesterol efflux potential and
antiinflammatory properties of high-density lipoprotein after treatment with niacin
or anacetrapib, Arterioscler. Thromb. Vasc. Biol. 30 (2010) 1430-1438.

[112] D.E. Gutstein, R. Krishna, D. Johns, et al., Anacetrapib, a novel CETP inhibitor: pur-
suing a new approach to cardiovascular risk reduction, Clin. Pharmacol. Ther.
91 (2012) 109-122.

[113] H. Shinkai, Cholesteryl ester transfer-protein modulator and inhibitors and their
potential for the treatment of cardiovascular diseases, Vasc. Health Risk Manag.
8 (2012) 323-331.

[114] G. Cao, T.P. Beyer, Y. Zhang, et al., Evacetrapib is a novel, potent, and selective
inhibitor of cholesteryl ester transfer protein that elevates HDL cholesterol without
inducing aldosterone or increasing blood pressure, J. Lipid Res. 52 (2011) 2169-2176.

[115] SJ. Nicholls, H.B. Brewer, J.J. Kastelein, et al., Effects of the CETP inhibitor
evacetrapib administered as monotherapy or in combination with statin on HDL
and LDL cholesterol. A randomized controlled trial, JAMA 306 (2011) 2099-2109.

[116] J.R. Day,]J. Albers, C.E. Lofton-Day, et al., Complete cDNA encoding human phos-
pholipid transfer protein from human endothelial cells, J. Biol. Chem. 269 (1994)
9388-9391.

[117] E. Hailman, ]J.J. Albers, G. Wolfbauer, A.Y. Tu, S.D. Wright, Neutralization and
transfer of lipopolysaccharide by phospholipid transfer protein, J. Biol. Chem.
271 (1996) 12172-12178.

[118] JJ. Albers, J.R. Day, G. Wolfbauer, H. Kennedy, S. Vuletic, M.C. Cheung, Impact
of site-specific N-glycosylation on cellular secretion, activity and specific activity of
the plasma phospholipid transfer protein, Biochim. Biophys. Acta 1814 (2011)
908-911.

[119] T. Oka, T. Kujiraoka, M. Tto, Distribution of phospholipid transfer protein in human
plasma: presence of two forms of phospholipid transfer protein, one catalytically active
and the other inactive, J. Lipid Res. 41 (2000) 1651-1657.

[120] M. Kirkkiinen, T. Oka, V.M. Olkkonen, et al., Isolation and partial characterization
of the inactive and active forms of human plasma phospholipid transter protein (PLTP),
J. Biol. Chem. 277 (2002) 15413-15418.

[121] M.C. Cheung, G. Wolfbauer, J.J. Albers, Difterent phospholipid transfer protein com-
plexes contribute to the variation in plasma PLTP specific activity, Biochim. Biophys.
Acta 1811 (2011) 343-347.

[122] M.T. Janis, J. Metso, H. Lankinen, et al., Apolipoprotein E activates the low-activity
form of human phospholipid transfer protein, Biochem. Biophys. Res. Commun.
331 (2005) 333-340.

[123] JJ. Albers, S. Vuletic, M.C. Cheung, Role of plasma phospholipid transfer protein in
lipid and lipoprotein metabolism, Biochim. Biophys. Acta 1821 (2012) 345-357.

[124] A.R. Tall, S. Krumholz, T. Olivecrona, R.J. Deckelbaum, Plasma phospholipid trans-
fer protein enhances transfer and exchange of phospholipids between very low density
lipoproteins and high density lipoproteins during lipolysis, J. Lipid Res. 26 (1985)
842-851.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0540
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0540
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0540
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0545
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0545
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0545
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0550
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0550
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0550
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0555
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0555
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0555
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0560
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0560
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0560
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0565
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0565
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0565
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0570
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0570
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0570
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0575
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0575
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0575
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0580
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0580
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0580
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0585
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0585
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0585
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0590
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0590
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0590
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0590
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0595
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0595
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0595
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0600
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0600
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0600
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0605
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0605
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0605
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0610
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0610
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0610
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0615
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0615
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0620
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0620
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0620
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0620

38 Raul C. Maranhéo and Fatima R. Freitas

[125] X.C. Jiang, C. Bruce, J. Mar, et al., Targeted mutation of plasma phospholipid transfer
protein gene markedly reduces high-density lipoprotein levels, J. Clin. Invest.
103 (1999) 907-914.

[126] X.C. Jiang, A.R. Tall, S. Qin, et al., Phospholipid transfer protein deficiency protects
circulating lipoproteins from oxidation due to the enhanced accumulation of vitamin
E, J. Biol. Chem. 277 (2002) 31850-31856.

[127] B. Bailey, I. Ruel, A. Mafinae, et al., Analysis of lipid transfer activity between model
nascent HDL particles and plasma lipoproteins: implications for current concepts of
nascent HDL maturation and genesis, J. Lipid Res. 51 (2010) 785-797.

[128] G. Woltbauer, J.J. Albers, J.F. Oram, Phospholipid transfer protein enhances removal
of cellular cholesterol and phospholipids by high-density lipoprotein apolipoproteins,
Biochim. Biophys. Acta 1439 (1999) 65-76.

[129] R. Vikstedt, J. Metso, J. Hakala, V.M. Olkkonen, C. Ehnholm, M. Jauhiainen, Cho-
lesterol efflux from macrophage foam cell is enhanced by active phospholipid transfer
protein through generation of two types of acceptor particles, Biochemistry 46 (2007)
11979-11986.

[130] J.F. Oram, G. Wolfbauer, C. Tang, W.S. Davidson, J.J. Albers, An amphipathic helical
region of the N-terminal barrel of phospholipid transfer protein is critical for ABCA1-
dependent cholesterol efflux, J. Biol. Chem. 283 (2008) 11541-11549.

[131] M.C. Cheung, G. Wolfbauer, H. Deguchi, J.A. Fernandez, J.H. Griffin, J.J. Albers,
Human plasma phospholipid transfer protein specific activity is correlated with
HDL size: implications for lipoprotein physiology, Biochim. Biophys. Acta
1791 (2009) 206-211.

[132] R.P. Dullaart, R. de Vries, L. Scheek, et al., Type 2 diabetes mellitus is associated with
difterential effects on plasma cholesteryl ester transter protein and phospholipid transfer
protein activities and concentrations, Scand. J. Clin. Lab. Invest. 64 (2004) 205-215.

[133] S.J. Murdoch, M.C. Carr, J.E. Hokanson, J.D. Brunzell, J.J. Albers, PLTP activity in
premenopausal women. Relationship with lipoprotein lipase, HDL, LDL, body fat,
and insulin resistance, J. Lipid Res. 41 (2000) 237-244.

[134] M.C. Cheung, R.H. Knopp, B. Retzlaft, H. Kennedy, G. Woltbauer, J.J. Albers,
Association of plasma phospholipid transfer protein activity with IDL and buoyant
LDL: impact of gender and adiposity, Biochim. Biophys. Acta 1587 (2002) 53-59.

[135] M.H. Colhoun, M.R. Taskinen, J.D. Otvos, P. van den Berg, J. O’Connor, A. van
Tol, Relationship of phospholipid transfer protein activity to HDL and apolipoprotein
B-containing lipoproteins in subjects with and without type 1 diabetes, Diabetes
51 (2002) 3300-3305.

[136] S.C. Riemens, A. van Tol, W J. Sluiter, R.P. Dullaart, Plasma phospholipid transfer
protein activity is related to insulin resistance: impaired acute lowering by insulin in
obese type IT diabetic patients, Diabetologia 41 (1998) 929-934.

[137] S. Kaser, A. Sandhofer, B. Foger, et al., Influence of obesity and insulin sensitivity on
phospholipid transfer protein activity, Diabetologia 44 (2001) 1111-1117.

[138] A. Schlitt, C. Bickel, P. Thumma, et al., High plasma phospholipid transfer protein
levels as a risk factor for coronary artery disease, Arterioscler. Thromb. Vasc. Biol.
23 (2003) 1857-1862.

[139] H. Yatsuya, K. Tamakoshi, H. Hattori, et al., Serum phospholipid transfer protein mass
as a possible protective factor for coronary heart diseases, Circ. J. 68 (2004) 11-16.

[140] E. Cavusoglu, J.D. Marmur, S. Chhabra, V. Chopra, C. Eng, X.C. Jiang, Relation of
baseline plasma phospholipid transfer protein (PLTP) activity to left ventricular systolic
dysfunction in patients referred for coronary angiography, Atherosclerosis 207 (2009)
261-265.

[141] X. Chen, A. Sun, A. Mansoor, et al., Plasma PLTP activity is inversely associated with
HDL-C levels, Nutr. Metab. 6 (2009) 49-54.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0625
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0625
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0625
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0630
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0630
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0630
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0635
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0635
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0635
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0640
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0640
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0640
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0645
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0645
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0645
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0645
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0650
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0650
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0650
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0655
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0655
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0655
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0655
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0660
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0660
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0660
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0665
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0665
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0665
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0670
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0670
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0670
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0675
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0675
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0675
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0675
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0680
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0680
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0680
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0685
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0685
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0685
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0690
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0690
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0690
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0695
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0695
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0700
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0700
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0700
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0700
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0705
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0705

Lipid Transfers as Disease Predictors 39

[142] W. Schgoer, T. Mueller, M. Jauhiainen, et al., Low phospholipid transfer protein
(PLTP) is a risk factor for peripheral atherosclerosis, Atherosclerosis 196 (2008)
219-226.

[143] T. Oka, S. Yamashita, T. Kujiraoka, et al., Distribution of human plasma PLTP mass
and activity in hypo- and hyperalphalipoproteinemia, J. Lipid Res. 43 (2002)
1236-1243.

[144] G.M. Kostner, K. Oetti, M. Jauhiainen, C. Ehnholm, H. Esterbauer, H. Dieplinger,
Human plasma phospholipid transfer protein accelerates exchange/transfer of alpha-
tocopherol between lipoproteins and cells, Biochem. J. 305 (1995) 659-667.

[145] C.Desrumaux, V. Deckert, A. Athias, et al., Plasma phospholipid transfer protein pre-
vents vascular endothelium dysfunction by delivering alpha-tocopherol to endothelial
cells, FASEB J. 13 (1999) 883-892.

[146] D. Yan, M. Navab, C. Bruce, A.M. Fogelman, X.C. Jiang, PLTP deficiency improves
the anti-inflammatory properties of HDL and reduces the ability of LDL to induce
monocyte chemotactic activity, J. Lipid Res. 45 (2004) 1852—-1858.

[147] X.P. Yang, D. Yan, C. Qiao, etal., Increased atherosclerotic lesions in apo E mice with
plasma phospholipid transfer protein overexpression, Arterioscler. Thromb. Vasc.
Biol. 23 (2003) 1601-1607.

[148] A. Klein, V. Deckert, M. Schneider, et al., Alpha-tocopherol modulates phos-
phatidylserine externalization in erythrocytes: relevance in phospholipid transfer
protein-deficient mice, Arterioscler. Thromb. Vasc. Biol. 26 (2006) 2160-2167.

[149] C. Oslakovic, M.J. Krisinger, A. Andersson, M. Jauhiainen, C. Ehnholm, B. Dahlbick,
Anionic phospholipids lose their procoagulant properties when incorporated into high
density lipoproteins, J. Biol. Chem. 284 (2009) 5896-5904.

[150] C. Oslakovic, M. Jauhiainen, C. Ehnholm, B. Dahlbick, The role of phospholipid
transfer protein in lipoprotein-mediated neutralization of the procoagulant effect of
anionic liposomes, J. Thromb. Haemost. 8 (2010) 766—772.

[151] R. de Vries, G.M. Dallinga-Thie, A.J. Smit, B.H. Wolffenbuttel, A. van Tol,
R.P. Dullaart, Elevated plasma phospholipid transfer protein activity is a determinant
of carotid intima-media thickness in type 2 diabetes mellitus, Diabetologia 49 (2006)
398-404.

[152] E.C. Quintio, P.M. Cazita, Lipid transfer proteins: past, present and perspectives,
Atherosclerosis 209 (2010) 1-9.

[153] A. Thompson, E. Di Angelantonio, N. Sarwar, et al., Association of cholesteryl ester
transfer protein genotypes with CETP mass and activity, lipid levels, and coronary risk,
JAMA 299 (2008) 2777-2788.

[154] S.E. Nissen, J.C. Tardif, S.J. Nicholls, et al., Effect of torcetrapib on the progression of’
coronary atherosclerosis, N. Engl. J. Med. 356 (2007) 1304—1316.

[155] A. Ritsch, H. Scharnagl, P. Eller, et al., Cholesteryl ester transfer protein and mortality
in patients undergoing coronary angiography: the Ludwigshafen Risk and Cardiovas-
cular Health Study, Circulation 121 (2010) 366-374.

[156] A.V.Khera, M.L. Wolfe, C.P. Cannon, J. Qin, D.J. Rader, On-statin cholesteryl ester
transfer protein mass and risk of recurrent coronary events (from the pravastatin or
atorvastatin evaluation and infection therapy—thrombolysis in myocardial infarction
22 [PROVE-IT-TIMI 22] Study), Am. J. Cardiol. 106 (2010) 451-456.

[157] M. Vergeer, M. Boekholdt, M.S. Sandhu, et al., Genetic variation at the phospholipid
transfer protein locus affects its activity and high-density lipoprotein size and is a
novel marker of cardiovascular disease susceptibility, Circulation 122 (2010)
470-477.

[158] S.J. Robins, A. Lyass, R.W. Brocia, J.M. Massaro, R.S. Vasan, Plasma lipid transfer
proteins and cardiovascular disease. The Framingham Heart Study, Atherosclerosis
228 (2013) 230-236.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0710
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0710
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0710
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0715
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0715
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0715
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0720
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0720
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0720
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0725
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0725
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0725
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0730
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0730
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0730
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0735
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0735
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0735
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0740
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0740
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0740
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0745
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0745
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0745
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0750
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0750
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0750
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0755
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0755
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0755
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0755
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0760
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0760
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0765
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0765
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0765
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0770
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0770
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0775
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0775
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0775
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0780
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0780
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0780
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0780
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0785
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0785
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0785
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0785
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0790
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0790
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0790

40 Raul C. Maranhao and Fatima R. Freitas

[159] G. Franceschini, C.R. Sirtori, A. Capurso, K.H. Weisgraber, R.W. Mahley,
A-IMilano poprotein. Decreased high density lipoprotein cholesterol levels with sig-
nificant lipoprotein modifications and without clinical atherosclerosis in an italian
family, J. Clin. Invest. 66 (1980) 892-900.

[160] G. Franceschini, C.R. Sirtori, E. Bosisio, et al., Relationship of the phenotypic expres-
sion of the A-IMilano apoprotein with plasma lipid and lipoprotein patterns,
Atherosclerosis 58 (1985) 159—-174.

[161] V. Gualandri, G.B. Orsini, A. Cerrone, G. Franceschini, C.R. Sirtori, Familial asso-
ciations of lipids and lipoproteins in a highly consanguineous population: the Limone
Sul Garda Study, Metabolism 34 (1985) 212-221.

[162] C.R. Sirtori, L. Calabresi, G. Franceschini, et al., Cardiovascular status of carriers of the
apolipoprotein A-I(Milano) mutant: the Limone sul Garda study, Circulation
103 (2001) 1949-1954.

[163] G. Franceschini, L. Calabresi, G. Chiesa, et al., Increased cholesterol efflux potential of
sera from Apo A-I Milano carriers and transgenic mice, Arterioscler. Thromb. Vasc.
Biol. 19 (1999) 1257-1262.

[164] C. Parolini, G. Chiesa, Y. Zhu, et al., Targeted replacement of mouse apolipoprotein
A-T with human ApoA-I or the mutant ApoAlMilano. Evidence of APOA-IM
impaired hepatic secretion, J. Biol. Chem. 278 (2003) 4740-4746.

[165] C. Parolini, G. Chiesa, E. Gong, et al., Apolipoprotein A-I and the molecular variant
apoA-I(Milano): evaluation of the antiatherogenic eftects in knock-in mouse model,
Atherosclerosis 183 (2005) 222-229.

[166] C. Lebherz, J. Sanmiguel, .M. Wilson, D.J. Rader, Gene transfer of wild-type apoA-I
and apoA-I Milano reduce atherosclerosis to a similar extent, Cardiovasc. Diabetol.
6 (2007) 6-15.

[167] A.V.Khera, M. Cuchel, M. de la Llera-Moya, et al., Cholesterol efflux capacity, high-
density lipoprotein function, and atherosclerosis, N. Engl. J. Med. 364 (2011)
127-135.

[168] A.C. Lo Prete, C.H. Dina, C.H. Azevedo, etal., In vitro simultaneous transfer of lipids
to HDL in coronary artery disease and in statin treatment, Lipids 44 (2009) 917-924.

[169] C.H. Azevedo, M. Wajngarten, A.C. Lo Prete, J. Diament, R.C. Maranhio, Simul-
taneous transfer of cholesterol, triglycerides, and phospholipids to high-density lipo-
protein in aging subjects with or without coronary artery disease, Clinics (Sao
Paulo) 66 (2011) 1543—-1548.

[170] A.H. Giribela, N.R. Melo, M.C. Latrilha, E.C. Baracat, R.C. Maranhio, HDL con-
centration, lipid transfer to HDL, and HDL size in normolipidemic nonobese meno-
pausal women, Int. J. Gynaecol. Obstet. 104 (2009) 117-120.

[171] R.C. Maranhio, F.R. Freitas, C.M. Strunz, R.D. Santos, A.J. Mansur, A.P. Mansur,
Lipid transters to HDL are predictors of precocious clinical coronary heart disease,
Clin. Chim. Acta 413 (2012) 502-505.

[172] M.P. Bertato, C.P. Oliveira, B.L. Wajchenberg, A.C. Lerario, R.C. Maranhio,
Plasma kinetics of an LDL-like nanoemulsion and lipid transfer to HDL in subjects
with glucose intolerance, Clinics (Sao Paulo) 67 (2012) 347-353.

[173] A. Casella-Filho, A.C. Chagas, R.C. Maranhio, et al., Effect of exercise training on
plasma levels and functional properties of high-density lipoprotein cholesterol in the
metabolic syndrome, Am. J. Cardiol. 107 (2011) 1168—-1172.

[174] C.P. Oliveira, R.C. Maranhio, M.P. Bertato, B.L. Wajchenberg, A.C. Lerario,
Removal from the plasma of the free and esterified forms of cholesterol and transfer
of lipids to HDL in type 2 diabetes mellitus patients, Lipids Health Dis. 11 (2012) 65.

[175] A.C. Feitosa, G.S. Feitosa-Filho, F.R. Freitas, B.L. Wajchenberg, R.C. Maranhio,
Lipoprotein metabolism in patients with type 1 diabetes under intensive insulin treat-
ment, Lipids Health Dis. 12 (2013) 15.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0795
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0795
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0795
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0795
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0800
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0800
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0800
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0805
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0805
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0805
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0810
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0810
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0810
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0815
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0815
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0815
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0820
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0820
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0820
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0825
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0825
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0825
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0830
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0830
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0830
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0835
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0835
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0835
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0840
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0840
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0845
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0845
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0845
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0845
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0850
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0850
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0850
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0855
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0855
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0855
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0860
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0860
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0860
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0865
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0865
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0865
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0870
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0870
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0870
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0875
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0875
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0875

Lipid Transfers as Disease Predictors 41

[176] L.R. Martinez, R.D. Santos, M.H. Miname, D.F. Deus, E.S. Lima, R.C. Maranhio,
Transter of lipids to high-density lipoprotein (HDL) is altered in patients with familial
hypercholesterolemia, Metabolism 62 (2013) 1061-1064.

[177] M.P. Rocha, R.C. Maranhio, T.M. Seydell, et al., Metabolism of triglyceride-rich
lipoproteins and lipid transfer to high-density lipoprotein in young obese and
normal-weight patients with polycystic ovary syndrome, Fertil. Steril. 93 (2010)
1948-1956.

[178] G.A. Sigal, G. Medeiros-Neto, J.C. Vinagre, J. Diament, R.C. Maranhio, Lipid
metabolism in subclinical hypothyroidism: plasma kinetics of triglyceride-rich lipopro-
teins and lipid transfers to high-density lipoprotein before and after levothyroxine
treatment, Thyroid 21 (2011) 347-353.

[179] C.G. Puk, E.A. Bocchi, A.C. Lo Prete, S.M. Ferreira, N.A. Stolf, R.C. Maranhio,
Transfer of cholesterol and other lipids from a lipid nanoemulsion to high-density lipo-
protein in heart transplant patients, J. Heart Lung Transplant. 28 (2009) 1075-1080.

[180] E.N. Daminelli, C. Spada, A. Treitinger, T.V. Oliveira, M.C. Latrilha,
R.C. Maranhio, Alterations in lipidtransfer to high-density lipoprotein (HDL) and
activity of paraoxonase-1 in HIV+ patients, Rev. Inst. Med. Trop. Sao Paulo
50 (2008) 223-227.

[181] J.C. Vinagre, C.G. Vinagre, F.S. Pozzi, E. Slywitch, R.C. Maranhio, Metabolism of
triglyceride-rich lipoproteins and transfer of lipids to high-density lipoproteins (HDL)
in vegan and omnivore subjects, Nutr. Metab. Cardiovasc. Dis. 23 (2013) 61-67.

[182] A.C. Gagliardi, R.C. Maranhio, H.P. de Sousa, E.J. Schaefer, R.D. Santos, Eftects of
margarines and butter consumption on lipid profiles, inflammation markers and lipid
transfer to HDL particles in free-living subjects with the metabolic syndrome, Eur. J.
Clin. Nutr. 64 (2010) 1141-1149.

[183] J.L. Silva, C.G. Vinagre, A.T. Morikawa, M.]. Alves, C.H. Mesquita, R.C. Maranhio,
Resistance training changes LDL metabolism in normolipidemic subjects: a study with
a nanoemulsion mimetic of LDL, Atherosclerosis 219 (2011) 532-537.

[184] M. Vaisberg, A.L. Bachi, M.C. Latrilha, G.S. Dioguardi, S.P. Bydlowski,
R.C. Maranhio, Lipid transfer to HDL is higher in marathon runners than in sedentary
subjects, but is acutely inhibited during the run, Lipids 47 (2012) 679-686.

[185] R.D. Santos, W. Hueb, A.A. Oliveira, J.A. Ramires, R.C. Maranhio, Plasma kinetics
of a cholesterol-rich emulsion in subjects with or without coronary artery disease,
J. Lipid Res. 44 (2003) 464—469.

[186] R.D. Couto, L.A. Dallan, L.A. Lisboa, C.H. Mesquita, C.G. Vinagre,
R.C. Maranhio, Deposition of free cholesterol in the blood vessels of patients with
coronary artery disease: a possible novel mechanism for atherogenesis, Lipids
42 (2007) 411-418.

[187] L. Sudano, L.E. Spicker, G. Noll, R. Corti, R. Weber, T.F. Liischer, Cardiovascular
disease in HIV infection, Am. Heart J. 151 (2006) 1147-1155.

[188] M. Guerin, W. Le Goff, T.S. Lassel, et al., Atherogenic role of elevated CE transter
from HDL to VLDL (1) and dense LDL in type 2 diabetes: impact of the degree of
hypertriglyceridemia, Arterioscler. Thromb. Vasc. Biol. 21 (2001) 282-288.

[189] T.Hayek, N. Azrolan, R.B. Verdery, et al., Hypertriglyceridemia and cholesteryl ester
transfer protein interact to dramatically alter high density lipoprotein levels, particle
sizes, and metabolism. Studies in transgenic mice, J. Clin. Invest. 92 (1993) 1143—-1152.

[190] A. Inazu, M.L. Brown, C.B. Hesler, et al., Increased high-density lipoprotein levels
caused by a common cholesteryl-ester transfer protein gene mutation, N. Engl. J.
Med. 323 (1990) 1234-1238.


http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0880
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0880
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0880
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0885
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0885
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0885
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0885
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0890
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0890
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0890
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0890
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0895
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0895
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0895
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0900
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0900
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0900
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0900
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0900
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0905
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0905
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0905
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0910
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0910
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0910
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0910
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0915
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0915
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0915
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0920
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0920
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0920
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0925
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0925
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0925
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0930
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0930
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0930
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0930
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0935
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0935
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0940
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0940
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0940
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0945
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0945
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0945
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0950
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0950
http://refhub.elsevier.com/B978-0-12-800141-7.00001-2/rf0950

CHAPTER TWO

Diagnosis of Infection
in Critical Care

Belén Prieto™, Francisco V. Alvarez Menéndez™ ™"

*Clinical Biochemistry, Laboratory of Medicine, Hospital Universitario Central de Asturias, Oviedo, Spain
TBiochemistry and Molecular Biology Department, University of Oviedo, Oviedo, Spain
!Corresponding author: e-mail address: falvarezmen@gmail.com

Contents
1. Background 44
2. Immunologic Basis of Sepsis 47
2.1 Innate immunity and inflammation in sepsis 48
2.2 Procoagulant-anticoagulant equilibrium 50
3. New Tools for Bacterial Identification 51
4. Useful Markers of Infectious Complications According to the Affected Organ and
Patient Status 53
4.1 Central nervous system complications in septic patients 53
4.2 Renal failure during sepsis 54
4.3 Infection severity after trauma or surgery 55
44 Liver transplantation and infections 56
4.5 Infections in critically ill pediatric patients 57
4.6 Early recognition of severe sepsis in community-acquired pneumonia 59
4.7 Cell-free DNA as a potential marker of infection 61
5. Conclusions 61
References 62
Abstract

Sepsis is the primary cause of death in the intensive care unit. The prevention of sepsis
complications requires an early and accurate diagnosis as well as the appropriate mon-
itoring. A deep knowledge of the immunologic basis of sepsis is essential to better
understand the scope of incorporating a new marker into clinical practice.

Besides revising this theoretical aspect, the current available tools for bacterial iden-
tification have been briefly reviewed as well as a variety of new markers showing either
well-recognized or potential usefulness for diagnosis and prognosis of infections in crit-
ically ill patients. Particular conditions such as community-acquired pneumonia, pedi-
atric sepsis, or liver transplantation, among others, have been separately treated,
since the optimal approaches and markers might be different in these special cases.
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ABBREVIATIONS

AdVs adenoviruses

AKI acute kidney injury

AUC area under the curve

BC blood culture

CAP community-acquired pneumonia

cfDNA cell-free DNA

CI confidence interval

CNS central nervous system

CRP C-reactive protein

CT-proET-1 carboxyterminal fragment of proendotelin-1
DAMPs danger-associated molecular patterns
GCS Glasgow Coma Scale

HMGB-1 high-mobility group box-1

ICU intensive care unit

IL interleukin

iNOS inducible nitric oxide synthase

MALDI matrix-assisted laser desorption ionization
MR-proADM midregional proadrenomedullin
MR-proANP medium region of pro A-type natriuretic peptide
MS mass spectrometry

NF-kB nuclear factor kB

NO nitric oxide

NSE neuron-specific enolase

OLT orthotopic liver transplantation

PAI-1 plasminogen activator inhibitor type 1
PCT procalcitonin

PRR pattern-recognition receptors

PSI pneumonia severity index

PSP/reg pancreatic stone peptide/regenerating peptide
SIRS systemic inflammatory response syndrome
ST signal transduction

TF transcription factor

TFPI tissue factor pathway inhibitor

TLRs toll-like receptors

TNF tumoral necrosis factor

TOF time of flight

1. BACKGROUND

Sepsis is the primary cause of death in the intensive care unit (ICU).
Early antibiotic therapy plays a crucial role on the prognosis of these patients.
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The prevention of sepsis complications requires an early and accurate diag-
nosis as well as the appropriate monitoring. At present, most microbiological
laboratories are limited by poor sensitivity and the time-consuming nature of
culture-based methods. The clinical symptoms of the septic patient are often
masked by systemic inflammatory response processes, infectious or not, and
treatments. The diagnostic difficulty of sepsis is even more relevant in both
pediatric and adult ICUs, where patients are at increased risk because of not
only their critical state and immunological vulnerability but also the use of
invasive techniques (e.g., mechanical ventilation) and nonspecific symp-
toms. Moreover, the preventive administration of antibiotics in critical care
patients increases resistance and the risk of hospital-acquired infections. On
the other hand, time factor also plays an important role in the prognosis of
sepsis, since a delay in the identification and appropriate management of crit-
ical patients during the first 6 h of admission to the ICU is associated with
higher mortality [1].

The concept of systemic inflammatory response syndrome (SIRS) was
established for the first time at the Sepsis Consensus Conference held in
1992 by the Society of Critical Care Medicine and the American College
of Chest Physicians [2]. Since then, SIRS has been defined according to
well-established criteria (Table 2.1), without the need for the demonstration
of the presence of bacterial infection by microbiological culture, whereas
sepsis is considered as a SIRS in response to documented infection that
can lead to severe consequences, including multiple organ failure.

Other stages of sepsis were also defined, such as severe sepsis, associated
with organ dysfunction, hypoperfusion or hypotension, and septic shock,
the most severe stage of sepsis, cursing with arterial hypotension despite ade-
quate fluid resuscitation.

The difterentiation between infectious SIRS and other etiologies, as well
as the stratification of the disease progression in these three stages, is very
important, since their management and evolution are quite different [3].

Table 2.1 SIRS definition requires showing two or more of the following conditions

Temperature <36 °C or >38°C
Heart rate >90 beats/min, in absence of pain or anemia
Respiratory rate >20 breaths/min or PaCO, <32 mmHg

WBC count >12,000 cells/pL or >10% immature (band) forms
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However, the clinical application of these definitions quickly demon-
strated that they lacked sufficient diagnostic efficiency. The presence of clin-
ical signs of inflammation 1s shown in both infectious and noninfectious
processes, microbiological culture being the reference differential diagnostic
tool. The development of new biochemical markers of inflammation, such
as C-reactive protein (CRP), procalcitonin (PCT), and interleukin-6 (IL-6),
improved the differentiation of both clinical situations, thus allowing the
redefinition of SIRS and sepsis in the International Sepsis Definition Con-
ference in 2001 [4]. By this time, a new staging system was established,
named PIR O system (from Predisposition, Infection, Response, and Organ
Dysfunction) aimed at stratifying patients based on not only the clinical fea-
tures but also the biochemical markers of inflammation (Fig. 2.1; Ref. [5]).

From a more clinical perspective, it has been recently proposed to
include evidence of organ dysfunction in the criteria for sepsis [6]. Of note,
this slightly differs from the definition used in the recently published guide-
lines of the Surviving Sepsis Campaign in which sepsis is defined clinically as
the presence (probable or documented) of infection together with systemic
manifestations of infection and severe sepsis is defined as sepsis with sepsis-
induced organ dysfunction or tissue hypoperfusion [7].

Despite the great advance in our knowledge on the pathogenesis of sep-
sis, severe sepsis, defined as sepsis with organ failure, remains associated with
an unacceptable high mortality [8].

PIRO *Genetic susceptibility
. . *Resistance to antimicrobials
Predisposition Couisting hoalth
M eal
+Pathogen, toxicity, and immunity
Infection «Location and compartmentalization

d biomar i i S

Response i physiologic sy

*Number of failing organs

Organ dysfunction

Figure 2.1 Optimum individualized treatment according to PIRO classification of
patient's characteristics.
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2. IMMUNOLOGIC BASIS OF SEPSIS

The inflammatory process starts as a response mediated by cellular and
humoral factors that seek to limit, eliminate, and repair the lesion caused by
the infectious agent. This inflaimmatory response is sometimes exaggerated
and not limited only to the lesion point, thus spreading to the entire organ-
ism and leading to a SIRS.

Activating agents, infectious or not, will be recognized by immune sys-
tem cells by surface receptors (Fig. 2.2; Ref. [9]). SIRS begins with a rapid
release of proinflammatory cytokines (IL-1a, IL-1f3, IL-2, IL-6, IL-8, IL-15,
IL-18, and a-tumoral necrosis factor or TNF-a), as well as immunological
cytokines, y-interferon, and TNF-f. Liberation of proinflammatory cyto-
kines is very fast, and they are rapidly cleared from systemic circulation.
TNF-a plays a central role in the pathogenesis of SIRS: it is released into
peripheral blood 90—120 min after the stimulus, it peaks after 2—4 h, and
it returns to undetectable levels after 6 h.

PCT reaches peripheral blood several hours after proinflammatory cyto-
kines liberation, plasma levels being increased at 3—4 h and showing the
highest levels around 18 h from stimulus. The mechanism of PCT activation
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Figure 2.2 From infection to sepsis.
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during infection is not completely elucidated yet, although it mainly seems
to be related to TNF-a, IL-1f, and IL-6 [10,11]. Two mechanisms have
been proposed for bacteria-induced PCT, direct or indirect. In the direct
pathway, bacterial structural components induce an intracellular signal trans-
duction (ST) leading to release of PCT. In the indirect pathway, bacterial ST
induces mediators, such as proinflammatory cytokines, which subsequently
act on the target cells to release PCT. The direct and indirect pathways can
operate mutually exclusive or act simultaneously together [11].

On the other hand, the role of PCT as an active participant in the devel-
opment and progression of infectious processes has been recently
described [12]. At least two hypotheses have been proposed for the ubiqui-
tous expression of PCT during infection. In the first condition (Fig. 2.3A),
following infection, a specific transcription factor (TF), absent in normal sit-
uations, is activated in multiple tissues and binds to the regulatory sequences
of Cale-1 gene, inducing PCT transcription. In the second condition
(Fig. 2.3B), in the normal situation, PCT transcription is actively suppressed
by a specific TF that is bound to Calc-1 promoter. However, this TF is mod-
ified following infection, leading to its detachment and allowing subsequent
transcription of PCT.

2.1. Innate immunity and inflammation in sepsis

Present trends lead to the consensus that sepsis results from an imbalance in
the host regulation of proinflammatory SIRS and the compensatory anti-
inflammatory response syndrome [5]|. Sepsis initiates an inflammatory
response that directly and indirectly spreads tissue damage. Pattern-
recognition receptors (PRR) are the central components of the innate
immune system that recognize danger signals such as invading bacteria
and initiate the immune response [13]. But the host defense triggers a
response from both the innate immune system and the adaptive immune sys-
tem, stimulating the specific humoral cell-mediated response that amplifies
the innate immunity [14]. Figure 2.4 [14] shows the unique cell wall mol-
ecules from Gram-positive and -negative bacteria, called pathogen-
associated molecular PRR (toll-like receptors, TLRs) on the surface of
immune cells. However, PRR can also recognize endogenous danger sig-
nals, termed alarmins or DAMPs (danger-associated molecular patterns),
which are released during inflammatory stress (e.g., burns, trauma, and tissue
necrosis). Examples of DAMPs that cause further amplification of the
proinflammatory response through TLR-4 include heat-shock proteins,
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Figure 2.3 Hypotheses for the ubiquitous expression of PCT during infection.

fibrinogen, S100 proteins, hyaluronic acid, and high-mobility group box-1
(HMGB-1) protein [15].

Gram-negative lipopolysaccharides and Gram-positive peptidoglycan
bind to TLR-2 and TLR-4, respectively [16]. The binding to TLR-2
and TLR -4 activates transduction pathways from intracellular signal, which
lead to the activation of cytosolic nuclear factor kB (NF-xB). NF-xB
migrates from cytoplasm to the nucleus, binds to transcription starting sites,
and increases the transcription of cytokines, such as TNF-a, IL-1B, and
IL-10. TNF-a and IL-1 are proinflammatory cytokines that not only acti-
vate the adaptive immune response but also cause direct and indirect damage
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Figure 2.4 Inflammatory response to sepsis.

to the host. Proinflaimmatory cytokines promote the release of anti-
inflammatory cytokines (IL-4 and IL-10), as well as antithrombotic media-
tors (C protein and antithrombin), even inducing lymphocytes apoptosis.
IL-10 shows several anti-inflammatory effects and inactivates macrophages.
Sepsis increases the activity of inducible nitric oxide synthase iINOS), which
increases the synthesis of nitric oxide (NO), a potent vasodilator. Cytokines
activate endothelial cells regulating the adhesion receptors and endothelial
damage cells by the induction of neutrophils, monocytes, macrophages,
and platelets that bind to endothelial cells. These eftector cells liberate medi-
ators, such as proteases, oxidants, prostaglandins, and leukotrienes, which
damage the key functions of endothelial cells producing increased perme-
ability, with the correspondent vasodilatation and alteration of the
procoagulant—anticoagulant balance. Cytokines also activate the coagulation
cascade, as described in the following sections.

2.2. Procoagulant-anticoagulant equilibrium

The intricate relationship between inflammation and coagulation may have
major consequences for the pathogenesis of microvascular failure and sub-
sequent multiple organ failure, as a result of severe infection and the associ-
ated systemic inflaimmatory response [17]. In fact, sepsis initiates a
coagulation process through endothelial activation to increase the expres-
sion of tissue factor (Fig. 2.4; Ref. [14]). The activation of the coagulation
cascade, especially factors V=VIIIa, leads to the formation of a-thrombin,
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which converts fibrinogen into fibrin. Fibrin binds to the platelets that
adhere to endothelial cells, forming microvascular thrombi. These micro-
vascular thrombi amplify damage through the liberation of mediators and
microvascular obstruction, causing ischemia and tissue hypoxia.

Usually, the natural anticoagulants (C and S proteins), antithrombin III,
and the tissue factor pathway inhibitor (TFPI) prevent coagulation, promote
fibrinolysis, and eliminate microthrombi. Thrombin-o¢ binds to
thrombomodulin in the endothelial cells, significantly increasing the activa-
tion of C protein. C protein forms a complex with its cofactor, S protein.
Activated C protein inactivates factors V and VIIIa through proteolysis
and reduces the synthesis of plasminogen activator inhibitor type 1 (PAI-
1) [18]. The protective effects of activated C protein are mediated through
endothelial cell protein C receptor and protease-activated receptor 1,
through the inhibition of HMGB-1 signaling [19].

On the contrary, sepsis promotes the synthesis of PAI-1, as well as a
decrease in C protein, S protein, antithrombin III, and TFPI levels. There-
fore, the changes induced by sepsis during the coagulation process originate
increased levels of dissemination markers of intravascular coagulation and
organic dysfunction [15].

3. NEW TOOLS FOR BACTERIAL IDENTIFICATION

During years, the bacterial identification at Clinical Microbiological
laboratory has been routinely carried out according to microorganism phe-
notype (morphology, wall structure identified by different stainings, micro-
organism’s ability to grow in different culture media, temperature, and
atmosphere conditions, ability to use different biochemical routes or sub-
strates, and, in some cases, a characteristic sensitivity to certain antimicro-
bials). Some of these technologies have not progressed since decades,
whereas others have led to the implementation of miniaturization, autom-
atization, and considerable better turnaround times.

However, most of the microbiological techniques remain based on prin-
ciples that require growing microorganisms, with identification thus lasting
from hours to weeks from sampling. On the other hand, these techniques
show evident limitations related to applicability and reliability when applied
to microorganisms that are difficult to grow in culture media or with limited
biochemical activity.

Some years ago, different methodologies, mainly based on genetic tech-
niques, were developed in an effort to overcome those limitations. These
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approaches show important contributions in several aspects, such as reliabil-
ity in the identification of the microorganism and direct diagnosis without
previous culture of the sample. Several recent studies have shown that bac-
terial DNA load in blood directly correlates with the severity of infection
and also has prognostic value [20,21].

However, hitherto, these methods failed to replace the classical ones due
to technical complexity, availability limited to certain microorganisms, and
the cost/benefit ratio. In fact, the repercussion of genetic testing methods as
a whole has been important in clinical virology, whereas in bacteriology,
mycology, and parasitology, this importance is, for the moment, much
lower. As an example, although the development of an assay for detection
and quantification of the adenoviruses (AdVs) with a high degree of genetic
heterogeneity presented a great diagnostic challenge, a powerful new real-
time quantitative polymerase chain reaction method for detection and quan-
tification of 54 types of human AdVs has recently been reported [22]. This
homogeneous technique guarantees high throughput and reduces the need
for hand labor during laboratory diagnostics. The test is sensitive, inexpen-
sive, and reproducible, and it has been extensively validated to assess the
method’s suitability and reliability for use in routine diagnostics.

On the other hand, the first description of mass spectrometry (MS) for
bacteria identification dates from 1975 [23]. In that time, the mass range
was limited to small molecules, thus restricting the application of MS to
bacterial lipids. Since proteins show one major order of magnitude, softer
ionization techniques were required to allow their analysis, such as
matrix-assisted laser desorption ionization (MALDI). In 2004, the first full
database for bacteria identification based on surface molecules analysis was
described, but the high variability of these proteins limited its usefulness
due to the highly rigorous standardization required. However, the new
matrix allowed the ionization of proteins, mainly from ribosomal origin,
making the routine identification of bacteria easier [24,25].

Recent advances in MS allow the identification of spectral patterns from
serum or plasma samples with the potential to rapidly provide diagnostic sig-
natures that can be used for disease diagnosis, prognosis, or monitoring.
Kiehntopf et al. [26] described a reproducible pattern of plasma proteins that
can discriminate between infectious and noninfectious SIRS,interestingly
confirming the previous finding that a more pronounced fragmentation
of ol antitrypsin is found in sepsis samples due to the cleavage by
metalloproteinases released from neutrophils at sites of inflammation [27].
However, despite some optimistic reports, the clinical validity of such pat-
terns is still unclear and numerous issues must be addressed regarding
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preanalytical, analytical, and postanalytical influences on MALDI-time of
flight (TOF)-MS profiling approaches before these assays are ready for
implementation in the clinical setting [28,29]. The identification of bacteria
in blood cultures (BCs) by MALDI-TOF was first described several years
ago, with a sensitivity ranging from 66% to 80% [30,31]|. The limitations
of these techniques include poor yield when there is low bacterial density,
misidentification of closely related bacteria, and inability to correctly identify
all pathogens in polymicrobial infections [32].

Nevertheless, MALDI-TOF-MS is expected to rapidly become a new
routine resource in clinical microbiology laboratories. Its usefulness for bac-
terial identification is more and more generally accepted, mainly in BC
[31,33,34], although there is still some reluctance as regards specific bacterial
groups and some other microorganisms, such as molds. Ferreira et al. [35]
described the direct identification by a fast method (<30 min) based on
direct MALDI-TOF-MS applied to 318 BCs, in which microorganism
identifications in Gram-negative coincided with conventional identifica-
tion, at species level, in 83.3% of BCs and in 96.6% at the genus level. In
Gram-positive, identifications coincided with conventional identification
in 31.8% of BC at species level and in 64.8% at genus level. Fungemia
was not reliably detected by MALDI-TOF. In 18 BCs positive for Candida
species (8—C. albicans, 9—C. parapsilosis, and 1—C. tropicalis), no microor-
ganisms were identified at species level, and only one (5.6%) was detected at
genus level.

There are other potential applications of this technology in clinical
microbiology, which are beginning to be explored and may become a reality
in the near future, such as epidemiologic studies, identification of pathoge-
nicity factors, and antimicrobial resistance studies [36].

4. USEFUL MARKERS OF INFECTIOUS COMPLICATIONS
ACCORDING TO THE AFFECTED ORGAN AND
PATIENT STATUS

Different biochemical markers have also been proposed to guide the
correct management of potential complications in those critically ill patients
under suspicion or risk of infection. Some interesting findings are reviewed
in the following sections.

4.1. Central nervous system complications in septic patients

Central nervous system (CNS) complications frequently occur in septic
patients before failure of other organs. Septic encephalopathy can be
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explained as a disruption of normal CNS function through changes in
metabolism, alterations in cell signaling through inflammatory mediators,
and aberrant regulatory function exerted by the brain over the body. Diag-
nostically, septic encephalopathy is not explained by other factors frequently
found in septic patients, such as metabolic abnormalities, and it is often dif-
ficult to evaluate in the ICU setting, where most of these patients are treated
and in which patients are often medically sedated [37]. Clinical scores such as
the Glasgow Coma Scale (GCS), confusion assessment method for the ICU
(CAM-ICU), or the assessment to intensive care environment (ATICE) are
helpful in establishing a diagnosis of delirium/encephalopathy and can be
predictive clinical markers for the mortality rate of the ongoing central septic
process. Nevertheless, a number of serum markers such as S100p, neuron-
specific enolase (NSE), and glial fibrillary acidic protein can serve as general
markers of brain injury that may provide helpful information in sedated
patients. Hsu et al. [38] described that S100f levels more closely reflected
severe encephalopathy and type of brain lesions than NSE and GCS, but
the usefulness of S100 levels in evaluating encephalopathy in septic patients
has been questioned by other authors [39]. In sepsis, leukocytes are activated,
they adhere to the blood vessel and move into the tissue, a process mediated
by adhesion molecules, whose expression is increased in septic encephalop-
athy, whereas platelet endothelial cell adhesion molecule remains
unaltered [40]. Hypoxic-ischemic brain injury can be the final common
pathway of different insults to the brain. The discussed finding of
hypoxic-ischemic lesions in patients with sepsis is therefore in itself a non-
specific change, but changes in microcirculation are associated with the
upregulation of inflammatory gene transcripts including TNF-a, IL-1f,
and iNOS. In contrast to these early changes, generalized brain edema
through the disruption of the blood brain barrier may occur later and not
as an initial early event in the disruption of normal circulation. Nevertheless,
research focused on these pathogenesis paths has mainly been carried out in
animal models, thus requiring further studies to zone in on crucial markers
that will allow a definite prognosis in clinical practice [37].

4.2, Renal failure during sepsis

Development of acute kidney injury (AKI) during sepsis increases patient
morbidity, predicts higher mortality, and is associated with an increased
length of stay in the ICU. Interestingly, the pathophysiology of septic
AKI requires a different approach than AKI of nonseptic origin [41]. For
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instance, the excretion of IL-18 is higher in septic than in nonseptic AKI,
allowing to predict deteriorating kidney function approximately 24—48 h
before clinically significant AKI [42]. AKI can be diagnosed by small changes
in serum creatinine or acute reductions in urine output. Nevertheless, rising
serum creatinine or oliguria during sepsis often appears after the window of
opportunity for effective therapy has already passed. Moreover, sepsis
reduces the production of creatinine without major alterations in body
weight, hematocrit, or extracellular fluid and creates further limitations
on using changes in creatinine levels as a reliable marker of AKI. Therefore,
clinicians must pay attention to several emerging markers that are being val-
idated for early detection of AKI, aimed at guiding appropriate and timely
interventions in septic AKI (Cystatin C [43], 1-type acid-binding pro-
tein [44], neutrophil gelatinase-associated lipocalin [45], kidney injury
molecule-1 [46], and netrin-1 [47]).

4.3. Infection severity after trauma or surgery

Trauma is the leading cause of death during the first four decades of life in
developed countries. Classically, death caused by trauma follows a trimodal
distribution: immediate, early, and late. The late group typically occurs in
the ICU several days after trauma because of septic complications and mul-
tiple organ failure. The early detection of infectious complications through
the application of suitable biomarkers may have its greatest effect on
improved outcomes following severe trauma [48]. In polytrauma patients,
the current leading candidate biomarker of sepsis is PCT, since PCT levels
are intimately related to the presence (or absence) of bacterial endotoxin in
the circulation, and moreover, PCT spikes shortly after major traumatic
injury. The magnitude of this level is correlated to the propensity to develop
multiple organ failure [49].

Postsurgical complications cause a high level of morbidity and mortality.
As in other severe bacterial infections, the prognosis varies according to how
early the diagnosis is made and whether a correct treatment against the eti-
ologic agent is used. During the postoperative period, intensive monitoring
of patients on antibacterial treatment is important to avoid a delay in a
change of therapy in case it is inadequate. Serial measurements of CRP
are widely used, but in postoperative patients, this protocol has many lim-
itations. One of the main disadvantages is the increase expected in CRP
concentrations over the 20—-40 days following surgery. Thus, in most cases,
CRP does not offer an adequate guide for the early treatment of infection
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after surgery [50]. In fact, abdominal surgery increases CRP in almost all
patients during the first postoperative period [51,52].

Therefore, PCT constitutes an alternative marker for trauma and post-
surgical monitoring, since it differentiates between a local infectious process,
that can be treated by surgical reintervention, and a systemic one, which
would need a change in antibiotic therapy rather than an unnecessary sur-
gical approach [53], even helping to predict the outcome in critically ill
patients [54]. Moreover, PCT shows a favorable kinetic profile for use as
a clinical marker: it promptly increases within 6—12 h upon stimulation
and circulating PCT levels halve daily when the infection is controlled by
the host immune system or antibiotic therapy [55]. PCT correlates with bac-
terial load [56,57] and severity of infection [58]. On the other hand, in a
study carried out by Novotny ef al. in a cohort of 160 patients diagnosed
with sepsis after abdominal surgery, a multivariate analysis revealed that
APACHE 1I score and PCT are early independent markers in predicting
death by sepsis. The combination of both parameters in a simple mathemat-
ical formula made possible to calculate a prognosis score with high diagnostic
efficiency [59]. At the single-test level, the assessment of PCT is a suitable
alternative for the calculation of the APACHE score, since it was found
to be equally valuable for prognosis prediction.

For upper and lower respiratory tract infection in ICU patients with sep-
sis and postoperative infections, randomized-controlled studies have also
shown the efficacy of using PCT algorithms to guide antibiotic decisions.
For other types of infections, only observational studies are available which
are importantly limited by the lack of a true gold standard [60)].

Other gut-derived substances have been identified and have many sim-
ilarities to PCT both in terms of the predictive ability as a biomarker and
in the pattern of release following traumatic injury. Pancreatic stone pep-
tide/regenerating peptide (PSP/reg) is a lectin-binding acute-phase protein
whose release is promoted by IL-6. Once in the bloodstream, PSP/reg causes
the activation of leukocytes and has been shown to be a sensitive indicator of
sepsis. In a study comparing PCT with PSP/reg in moderately to severely
injured trauma patients, PSP/reg seemed to be a better sign of infectious
complications in the confusing hyperinflammatory postinjury state [61].

4.4. Liver transplantation and infections

The main complications of orthotopic liver transplantation (OLT) are early
hepatic dysfunction, infection, sepsis, and rejection [62]. The way and
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degree in which such complications can modify the final success of a trans-
plantation are still unclear [63,64].

Acute rejections and infections usually appear within the first weeks after
transplantation, and their similar clinical findings make differential diagnosis
difficult. The first sign of a potential rejection is usually a nonspecific alter-
ation of hepatic markers. Infection is the most frequent complication, being
associated with a high posttransplant mortality rate [65].

The early identification of an acute rejection, and its difterential diagnosis
from infection, is still a clinical challenge in OLT. Several studies conducted
with patients who underwent heart, lung, kidney, or liver transplantation
have indicated that PCT plasma concentrations increase during infection
but not in rejection. This biochemical marker thus seems to play an impor-
tant role in the differential diagnosis of both clinical processes [66,67], as well
as prognosis [68]. The origin of posttransplantation PCT induction remains
unclear. The most widely accepted explanation is that both proinflammatory
cytokines release and bacterial endotoxin contamination from the bowel
flora during surgery are responsible for post-OLT increase of PCT concen-
tration [69,70]. This fact could also be related to ischemic-perfusion organ
damage during surgery, as well as a partial hepatic origin of PCT, recently
described not only as a marker but also as a mediator of infection [12].

Other new biomarkers have been studied as a potential aid to the follow-
up of OLT patients, such as the carboxyterminal fragment of proendotelin-1
(CT-proET-1), the midregional proadrenomedullin (MR -proADM), and
the medium region of pro A-type natriuretic peptide (MR-proANP).
Our group described the reference change value of these three biomarkers
in post-OLT patients, the lowest one being found for CT-proET-1 (90%),
followed by MR -proADM (112%) and MR-proANP (127%). The same
work showed that in the first postoperative control, MR-proADM was
the most efficient marker—even better than PCT—in predicting severe
complications, a cut-off point of 2.5 nmol/L being selected according to
the ROC analysis [71]. Local and nonsevere infections showed much lower
concentrations, usually below 0.5 nmol/L.

4.5. Infections in critically ill pediatric patients

Clinical and diagnostics predictors of serious disease in a child with fever are
still being explored for early diagnosis so that therapy could be appropriately
targeted. Host susceptibility and immune response are making strides in the
understanding of disease pathogenesis and in identifying the causes of fever.
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In critically ill children, PCT is better than CRP for differentiating bacterial
and nonbacterial SIRS, and the diagnostic accuracy is enhanced by combin-
ing these tests with clinical judgement [72]. PCT and IL-6 positively corre-
late with the pediatric risk of mortality score, and their diagnostic value has
been demonstrated in pediatric sepsis [73]. Moreover, PCT has also been
described as a useful tool not only in diagnosing sepsis [74,75], but also in
stratifying severity [76,77], and in predicting the outcome after cardiac arrest
in pediatric ICUs [78].

However, controversial results have been found regarding the neonatal
period of life, especially in preterm, very low weight infants, and infants with
comorbidities and prolonged hospitalization. Conventionally, the most
accepted classification considers early-onset neonatal sepsis when the diagnosis
is made within the first week, typically the first 72 h of life, whereas late-onset
neonatal sepsis takes place beyond the first week [32]. In both cases, the diag-
nosis is challenging for several reasons, mainly related to the low performance
of BC. A low density and intermittent bacteremia, as well as small volume of
blood samples [79], are common, and additionally, infants and/or mothers may
have received antibiotics prior to BC. A recent meta-analysis of 29 studies
using PCT in the diagnosis of neonatal sepsis described a pooled sensitivity
of 81% (95% confidence interval, CI: 74-87%) with a pooled specificity of
79% (95% CI: 69-87%) and an area under the curve (AUC) of 0.87. On strat-
ifying the meta-analysis into early-onset and late-onset neonatal sepsis, the
AUC was higher for the latter (0.95) as compared to the former (0.78), thus
suggesting better accuracy of PCT in diagnosis of late-onset neonatal sepsis.
However, the authors draw attention to the high statistical heterogeneity
found in the works, so these results must be interpreted with caution [80].

IL-6 is an emergent and promising new marker for the neonatal period of
life, since the development of fully automated and reliable methods with
turnaround times adequate to an emergency laboratory [81]. Although
ILs such as IL-6 are not specific to a particular disease or infection, they
are reasonably accurate in positively identifying neonatal infection since,
apart from sepsis, there are relatively few inflammatory conditions that will
substantially influence their circulating levels in term and preterm infants.
The measurement of IL-6 in cord blood adds interest to its potential appli-
cation as a noninvasive diagnostic method [81]. However, these proteins fail
to difterentiate sepsis and other pathologies such as necrotizing enterocolitis,
which involves different management strategies and long-term out-
comes [82]. It does not provide either precise information on the type of
cell damaged or the exact location of injury.
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Thus, in recent years, investigators have been focused on the discovery of
novel biomarkers [83] for more precise identification of specific diseases or
specific organ pathologies. In this context, the use of metagenomics for
molecular identification of a vast array of microorganisms allows, for
instance, high-throughput 165 rRINA sequencing to be used to obtain spe-
cific bacterial sequence signatures in stool samples. This technique may
potentially be transformed into an efficient diagnostic tool or a prophylactic
measure, but there is no universal agreement on the best methodological
approach and cost [32]. On the other hand, intracellular proteins released
in response to cell injury, such as DAMPs, have been described as useful tools
in early-onset sepsis (within the first 72 h of life), wherein the interface
between the maternal and fetal compartments is compromised by inflamma-
tion, leading to translocation of DAMPs into the fetus [84]. The same
research group identified a specific amniotic fluid proteomic fingerprint

s

of intraamniotic inflammation: the “mass restricted score,” ranging from
0 to 4, based on the absence or presence of four biomarkers: neutrophil

defensin 1, neutrophil defensin 2, STO0A12, and S100AS8 [85].

4.6. Early recognition of severe sepsis in community-acquired
pneumonia

The assessment of community-acquired pneumonia (CAP) severity is a cor-
nerstone in its management, facilitating the selection of the most appropriate
care site and empirical antibiotic therapy. However, there are significant
limitations to the use of clinical judgement alone to assess CAP severity [86],
and a range of clinical scoring systems have therefore been developed. The
pneumonia severity index (PSI) is a scoring system based on 20 variables
(demographic and clinical together with associated comorbidities). Patients
are stratified into five classes according to the 30-day risk of death; three have
a low risk of mortality at 30 days (0.1-2.8%), a fourth has an increased risk
(4-10%), and a fifth has a high risk (27%). It is suggested that patients with
PSI scores I-1II can be treated as outpatients, whereas those in classes IV and
V should be admitted for inpatient treatment. PSI performs well as a predic-
tor of mortality in CAP (AUC: 0.70-0.89), but only moderately well as a
predictor of hospital/ICU admission (AUC: 0.56—0.85) [87].

The British Thoracic Society proposed the use of CURB65, to assess
CAP severity [88]. This is a 5-point scoring system resulting in three cate-
gories associated with different 30-days mortality rates (low risk: 0.7-0.2%,
intermediate risk: 13%, and high risk: 17-57%). When compared with PSI,
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CURB65 has a similar discriminatory ability to predict mortality (AUC:
0.73—0.87) but is worse at predicting ICU admission (AUC: 0.6—0.78) [87].

This scoring system has the advantage over PSI that it is easier to calcu-
late, favoring its routine implementation, and it does not directly address
comorbidities. Some limitations are the underestimation of the risk in
elderly patients with underlying diseases and that it relies on laboratory data,
limiting its use outside the hospital setting.

Other usual scores are SMART-COP, a tool designed to predict patients
that will require intensive respiratory or vasopressor support, with a higher
discriminatory ability than PSI or CURBG65 [89], and the severe CAP score,
based on two major criteria and six minor criteria. This score outperforms
both PSI and CURB65 in the prediction of adverse outcome (ICU
admission, need for mechanical ventilation, severe sepsis, and treatment
failure) [90].

There is growing interest in the use of biomarkers to assess CAP severity,
since many of them can help to predict bacteremia (e.g., PCT) [91] and mor-
tality (e.g., PCT, p-dimer, cortisol, copeptin, natriuretic peptides, and
proADM) [92,93]. In a long-term survival study including 1740 patients
with proven CAP, MR -proANP and copeptin levels increased with increas-
ing severity of CAP, classified according to CURB65 score. In patients who
died within 28 and 180 days, median MR -proANP (313.9 vs. 80.0 and
277.8 vs. 76.0 pmol/L, each p<0.0001) and copeptin (42.6 vs. 11.2 and
33.2vs. 10.7 pmol/L, each p <0.0001) levels were significantly higher than
the levels in survivors. In receiver-operating characteristics analysis for sur-
vival at 28 and 180 days, the AUC:s for copeptin (0.84; 95% CI: 0.82-0.86,
and 0.78; 95% CI: 0.76—0.80) and MR -proANP (0.81; 95% CI: 0.79-0.83,
and 0.81; 95% CI: 0.79-0.83) were superior to the AUC of CURB65
(0.74; 95% CI: 0.71-0.76, and 0.71; 95% CI: 0.69-0.74, p<0.05), PCT,
CRP, and white blood cells. In multivariable Cox proportional-hazards
regression analyses adjusted for comorbidity and pneumonia severity,
MR -proANP and copeptin were independent and the strongest predictors
of short-term and long-term mortality [94].

Levels of MR-proADM, the most stable fragment of adrenomedullin,
increase in sepsis [95] and correlate well with PSI and mortality (short
and long term) [96,97]. Its addition to clinical scoring systems significantly
improves their discriminatory power [98], and it is useful in the prediction of
serious complications in CAP patients.

Several other biomarkers, such as glycation end-products [99], HMGB-1
[100], and soluble triggering receptor expressed on myeloid cell-1 [101],
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have been evaluated, but there are no data yet to support their widespread
use in the assessment of CAP severity.

4.7. Cell-free DNA as a potential marker of infection

With the recent developments in the study of circulating nucleic acids, its
application in different diagnostic fields has increased. The usefulness of
the quantification of cell-free DNA (cfDNA) concentration in the diagnosis
of infections in febrile patients and as a prognostic marker in septic patients
has already been described [102]. High plasma cfDNA concentrations have
been shown to be associated with sepsis outcome, showing a moderate dis-
criminative power regarding ICU mortality, but not hospital mortality
[103], and nonsurvivors expressing apoptotic DNA fragmentation bands
[104]. These findings support the conception that apoptosis plays a critical
role in the pathogenesis of sepsis. Thus, cfDNA could be used as a nonin-
vasive, rapid, sensitive, and accurate marker of severe bacteremia, although
clinical value in severe sepsis and septic shock as well as the origin of cfDNA
remain unclear.

In trauma patients, however, the sensitivity of plasma cfDNA as a poten-
tial prognosis marker especially death, after severe injury, presents limitations
for clinical use. No evidence was found to relate plasma cfDNA to infection
in these patients. Circulating cfDNA seems to be connected with injury type
and mode, open wounds, and surgical operations, which may be the primary
reasons for the observed plasma cfDNA increase [105].

5. CONCLUSIONS

Different biochemical markers have been proposed to guide the cor-
rect management of potential complications in those critically ill patients
under suspicion or risk of infection. PCT can be shown as one of the most
interesting biomarkers, with proven usefulness in pediatric and adult ICUs as
well as after severe trauma or surgery, including OLT. Promising results
have also been obtained with other new markers, such as MR-proADM,
both in CAP and OLT, or IL-6 in the neonatal period of life. In addition,
several emerging markers are being validated for early detection of AKI,
aimed at guiding appropriate and timely interventions in septic AKI. Finally,
further studies will be needed to prove the S100 ability to detect brain injury
in septic patients or the potential prognostic value of high plasma cfDNA
concentrations in severe infections.
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Abstract

Nephrotoxicity or renal toxicity can be a result of hemodynamic changes, direct injury to
cells and tissue, inflammatory tissue injury, and/or obstruction of renal excretion. Neph-
rotoxicity is frequently induced by a wide spectrum of therapeutic drugs and environ-
mental pollutants. Knowledge of the complex molecular and pathophysiologic
mechanisms leading to nephrotoxicity remains limited, in part, by research that histor-
ically focused on single or relatively few risk markers. As such, current kidney injury bio-
markers are inadequate in terms of sensitivity and specificity. In contrast, metabolomics
enables screening of a vast array of metabolites simultaneously using NMR and MS to
assess their role in nephrotoxicity development and progression. A more comprehen-
sive understanding of these biochemical pathways would also provide valuable insight
to disease mechanisms critical for drug development and treatment.
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1. INTRODUCTION

Metabolomics has shown great potential in the identification of early
biochemical changes associated with nephrotoxicity, as well as, the discov-
ery of potential biomarkers, and underlying disease mechanisms. Met-
abolomics, as a system approach, could provide extensive information on
the dynamic process of nephrotoxicity from drug toxicity or environmental
pollutants. The aim of this chapter is to review the metabolomic approach
for biomarker discovery in the field of nephrotoxicity to provide an over-
view of the contribution of metabolomics to nephrotoxicity research and
how this approach has advanced our understanding of this disease process.
Through this review, researchers will better understand the potential of
these technologies and will gain additional knowledge on the advantages
and applications of this approach in nephrotoxicity. The perspectives of
metabolomics for nephrotoxicity are then discussed.

2. NEPHROTOXICITY OR RENAL TOXICITY

The nephron, comprised of glomerulus and renal tubule, is the func-
tional unit of the kidney. The three main functions of the kidneys include
plasma filtration and maintenance of whole-body electrolyte homeostasis,
elimination, and concentration of waste products from both endogenous
metabolism and exogenous metabolism, and synthesis and secretion of hor-
mones (rennin and erythropoietin). Renal blood flow is approximately 25%
of resting cardiac output. The glomerular, tubular, and renal interstitial cells
frequently encounter significant concentrations of endogenous (protein,
drug—protein binding, and their metabolites) and exogenous metabolites
(medications and their metabolites) that can induce changes in kidney func-
tion and structure. As such, the kidney is at risk due to exposure to high vol-
umes of blood-borne endogenous and exogenous metabolites including
toxicants and toxic metabolites [1]. Nephrotoxicity or renal toxicity can
be a result of hemodynamic changes, direct injury to cells and tissue, inflam-
matory tissue injury, and/or obstruction of renal excretion. Nephrotoxicity
is frequently induced by a wide spectrum of therapeutic drugs (antibiotic,
immunosuppressant, antineoplastic agent, nonsteroidal anti-inflammatory
drugs, heroin, cocaine, and natural medicines) and environmental pollutants
(heavy metals, organic solvents, insecticides, and glycols).

According to anatomical location and onset time for clinical symptoms,
nephrotoxicity is divided into several subcategories including acute renal
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injury (ARI), acute tubular necrosis, acute nephritis, nephritic syndrome,
chronic renal insufficiency, etc. ARI due to nephrotoxicity can be sub-
divided into tubular, glomerular, interstitial, and vascular damage. Each type
has partly distinct injury pattern and clinical course [2]. Acute interstitial
injury 1s an allergic response that causes a strong inflammatory response.
However, tubular injury is frequently a direct toxic injury to epithelial
tubules and lacks inflammation. Less common injury patterns include
nephrocalcinosis, osmotic renal injury, and crystal nephropathy [3]. The
drug-induced renal injury involved acute or chronic renal injury. Acute
tubular necrosis is usually drug’s dose-dependent toxicity (aminoglycoside,
cisplatin, and amphotericin B) [3]. Chronic renal injury is frequently caused
by prolonged high-dose exposure to certain analgesics and immunosuppres-
sants [3]. Additionally, chronic exposure to environmental pollutants can
lead to chronic renal injury.

Nephrotoxicity leads to detrimental effects in the kidney, which clini-
cally become evident as decreased renal function. The interest in nephrotox-
icity has grown rapidly in the decade. The number of serious adverse effects
is growing faster than the number of prescriptions. Nephrotoxicity is the
major reason that a drug is removed from markets. Current biomarkers
(blood urea nitrogen (BUN) and serum creatinine (Scr), hematoxylin—eosin
staining and immunohistochemistry) for nephrotoxicity have remained
unchanged for several decades. These biomarkers often lack sensitivity
and specificity, partly because conventional research tools have hampered
investigators by restricting their focus to a single or relatively few risk
markers at one time. For example, clinical trials typically assess BUN and
Scr to monitor ARI. Unfortunately, these markers do not change apprecia-
bly until significant renal injury has occurred. Lack of an efficient and accu-
rate biomarker has become a leading cause of severe nephrotoxicity.
Therefore, there is need for novel and specific biomarkers that will reduce
the expenditure associated with drug discovery and development. Met-
abolomics plays an important role in providing novel and specific bio-
markers for renal injury and for predicting nephrotoxicity. Metabolomics
has been utilized to identify new biomarkers of nephrotoxicity and to better
understand mechanisms of drug toxicity.

3. METABOLOMICS IN BIOMARKER DISCOVERY

Metabolomics/metabonomics is defined as the “quantitative measure-
ment of the dynamic multi-parametric metabolic responses of living systems
to pathophysiological stimuli or genetic modifications” [4]. Metabolomics is
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the latest systems biology technology for understanding complex biological
processes. Genomics, transcriptomics, proteomics, and metabolomics are
related to the genome (DNA), the transcriptome (RNA), proteome (pro-
teins), and metabolome (metabolites), respectively. They use a similar com-
prehensive approach to analyzing and identifying biological changes.
Metabolomics is a global biochemical approach for biomarker discovery
and provides insight into metabolic profiling across a wide range of bio-
chemical pathways in response to a perturbation (disease, drug, and toxin).
The metabolome 1s the measurement of small molecules from a biology sys-
tem which basically covers various small molecules, including amino acids,
sugars, lipids, organic acids, nucleotides, small peptides, and xenobiotics.
The endogenous metabolites are the final product of interactions between
gene expression, protein expression, and the cellular environment. Thus,
metabolomic information complements data obtained from genomics,
transcriptomics, and proteomics-adding a final piece to a systems approach
for the study of disease diagnosis, biomarker discovery, and drug action [5].
Compared to traditional biochemical approaches that often focus on one or
several metabolites, metabolomic approach includes quantitative data on a
series of metabolites and aims at obtaining a whole understanding of metab-
olism related to conditions of disease and drug exposure.

Most metabolomic approaches are based on proton nuclear magnetic
resonance ("H NMR) spectroscopy and mass spectrometry (MS) method-
ologies. "H NMR -based metabolomic approach provides information on
the chemical structure by determining the chemical shift of each proton
of compounds. 'H NMR spectra from biological samples included many
peaks and each peak represents a proton in a different chemical environ-
ment. The biofluids generate a spectrum displaying overlapping and crowed
peaks, but the complex peaks can be resolved using data-processing soft-
ware. In addition, sample preparation of 'H NMR approach is simple.
However, '"H NMR -based metabolomic approach is restricted to a limited
number of high-concentration metabolites. An alternative approach is to use
MS-based metabolomics, which requires separation of individual metabo-
lites by either gas chromatography (GC) or liquid chromatography (LC),
but offers greater sensitivity as compared to 'H NMR. Thus, GC-MS or
LC-MS can detect low-concentration metabolites as well as identify them
accurately. However, some metabolites elude identification by mass alone
due to analytical limitations in mass resolution or shared exact mass. This
problem may be exacerbated in complex biological fluids. Therefore, it is
important to recognize that 'H NMR spectroscopy and MS are
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complementary tools and that a combination of methods provides a wide
range of metabolites and thus more comprehensive metabolome profile than
any single approach. It is noteworthy that NMR or MS metabolomics has
been increasingly used in nephrotoxicity studies [6—11].

4. METABOLOMICS APPLICATION IN ANIMAL
MODEL-BASED NEPHROTOXICITY

The kidney is one of the highly susceptible organs to toxicants such as
antibiotics, anticancer agents, and heavy metals. Many toxicants interfere
with its function, excretion of body wastes, and maintenance of body fluid.
Metabolomics has been applied to nephrotoxicity to identify novel specific
biomarkers for detection and monitoring of this complex disease.

4.1. Antibiotics

Drug-induced nephrotoxicity is a major issue due to their urinary excretion
[3,12,13]. To address this issue, a combination of GC-MS and LC-MS uri-
nary and kidney metabolomics was performed in gentamicin, cisplatin, or
tobramycin-induced nephrotoxicity [14]. Identified metabolites included
amino acid, peptide, lipid, nucleotide, carbohydrate, energy, vitamin, and
xenobiotic metabolites. Traditional histology and chemistry measurements
were performed to correlate these changes with renal injury. In cisplatin-
treated rats, increased BUN and Scr were found in all females and in one
male at 28 days. Histopathologic kidney injury was, however, observed
for all three drugs after 28 days. Urine polyamines, amino acids,
glycylproline, glucosamine, 1,5-anhydroglucitol monoethanolamine, and
phosphate showed an early response. Early response biomarkers were sorbi-
tol, glucose, and 5-methyltetrahydrofolate in tissue. Increased urinary amino
acids, dipeptides and sugars, and decreased tissue amino acids were caused by
the three drugs. Prior to histopathologically evident kidney injury, excretion
was remarkable 1-5 days, consistent with increased amino acid and sugar
excretion typically associated with the nephrotoxic state [15,16]. Several uri-
nary polyamines were increased in drug-treated rats and the increase was
most significant after 1 day. Polyamines are directly involved in cell prolif-
eration and viability and as such can reflect altered protein synthesis and
breakdown [17,18]. Significantly decreased purine and pyrimidine nucleo-
sides (inosine, 2'-deoxyinosine, adenosine, guanosine, cytidine, and uridine)
were observed in tissue. These findings may reflect changes in activity of
renal transporters, synthesis/breakdown of nucleotides, or filtration rates.
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This panel of biomarkers may provide a noninvasive method to detect injury
before histologically evident damage. This study showed that the excretion
of polyamines, amino acids, sugars, inositol, monoethanolamine, and phos-
phate was remarkably increased before histologic and BUN/Scr abnormal-
ities. New early nephrotoxicity biomarkers included polyamines, 1,5-
anhydroglucitol, monoethanolamine, phosphate, glycylproline, glucos-
amine, sorbitol, and 5-methyltetrahydrofolate. This study showed that some
of the well-known nephrotoxic biomarkers (amino acids and glucose) can be
very early indicators of kidney malfunction.

Gentamicin, an aminoglycoside antibiotic, causes nephrotoxicity in
10-15% of cases. A combination of '"H NMR and GC-MS metabolomics
was used to identify novel early urinary biomarkers in gentamicin-induced
nephropathy. Metabolites were linked to gut microflora and increased
urinary glucose consistent with damage to the S1 and S2 proximal tubules,
that is, primary sites for glucose resorption. Monitoring excretion of urinary
protein provided further support for lipocalin-2 and Kim-1 as sensitive non-
invasive biomarkers of nephrotoxicity [19]. Another study showed incre-
ased urinary glucose and decreased trimethylamine N-oxide (TMAO) by
'"H NMR with decreased xanthurenic and kynurenic acids and altered
sulfation patterns by MS [20]. Other results showed increased urinary
6-hydroxymelatonin that directly correlated with histopathologic find-
ings [21]. 6-Hydroxymelatonin is an oxidized by-product of melatonin, a
powerful antioxidant that acts as an NO scavenger [22]|. Melatonin supple-
mentation has also been shown to protect the rat kidney from gentamicin
and HgCly-induced nephrotoxicity [23,24]. Urinary 6-hydroxymelatonin
excretion may therefore reflect increased melatonin as protection against
gentamicin-induced kidney damage. Another study showed that tyrosine,
valine, and hydroxyproline reflected histopathologic changes of kidney
injury development. Glucosuria was noted much earlier than changes in
the traditional markers (BUN and Scr). Glucosuria has been shown to be
a potential biomarker of nephrotoxicity [15,20,25]. Dopamine-related
compounds (homovanillic acid sulfate (HVA-SO,) and homoveratric acid
sulfate (HVrA-SO,)) were significantly increased at early time points and
could be early indicators of a renal adaptive response to gentamicin-induced
renal injury. Metabolomics successfully identified valine, hydroxyproline,
HVA-SO,, and HVrA-SOy as early injury or adaptive biomarkers [26,27].

Oxytetracycline-induced nephrotoxicity was investigated in rats [28].
Oxytetracycline resulted in significantly increased serum BUN and Scr
and reduced creatinine clearance. Significantly increased lipid peroxidation
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biomarkers (thiobarbituric acid-reactive substances and lipid hydroperox-
ide) and decreased antioxidant enzymes (superoxide dismutase, catalase,
and glutathione peroxidase), and low-molecular weight antioxidants (vita-
min C, vitamin E, and reduced glutathione) levels were also observed. Oxi-
dative injury of the cortex and medulla represented the major biochemical
pathway of oxytetracycline-induced nephrotoxicity.

4.2. Immunosuppressive drugs

Commonly used immunosuppressive drugs are cyclosporine (CsA),
tacrolimus, and sirolimus. CsA is a first-line immunosuppressant employed
for management of solid organ transplantation and autoimmune disease.
Increased urinary glucose, acetate, trimethylamine, and succinate along with
reduced urinary TMAO by 'H NMR and decreased kynurenic acid,
xanthurenic acid, citric acid, and riboflavin by LC-MS were correlated with
onset of nephrotoxicity [29]. Another study showed that the significantly
increased kidney weight, Scr, BUN, cholesterol, and triglyceride were
observed in CsA-induced nephrotoxicity rats. In CsA-treated control rats,
tissue showed significantly increased total nitrate/nitrite concentration
and malondialdehyde production as well as decreased glutathione and glu-
tathione peroxidase activity. Histopathologic evaluation of CsA-induced
control rats revealed tubular atrophy, hyaline casts, and focal tubular necro-
sis [30]. Reactive oxygen species played an important role in CsA-induced
nephrotoxicity. Kidney tissue lipid peroxidation was significantly increased
in CsA-induced nephrotoxicity [31].

Klawitter’s study established a comprehensive approach including
proteomics, metabolomics, histomorphology, plasma kidney function para-
meters, glomerular filtration rates, the urinary oxidative stress marker
15-F,-isoprostane, and blood and kidney immunosuppressant concentra-
tion to gain more detailed mechanistic insights into nephrotoxicity of
CsA in combination with sirolimus [32,33]. Representative examples
are increased kidney aminoacylase expression, upregulation of pyruvate
dehydrogenase and fructose-1,6-bisphosphatase, and downregulation of
arginine/glycine amidinotransferase [32]|. Decreased glomerular filtration
rate was observed in CsA- and sirolimus-treated rats at 28 days. Histology
revealed tubular damage in CsA-treated rats that was enhanced with
sirolimus [34]. Sirolimus enhanced CsA-induced glutathione deletion and
increased blood TMAO, glucose, and cholesterol [35]. "H NMR -based uri-
nary metabolomics revealed time-dependent changes of 2-oxoglutarate,
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citrate, and succinate. In combination with increased urine isoprostane,
these changes indicated oxidative stress. After 28 days of CsA treatment,
urine metabolomics shifted to patterns typical for proximal tubular damage
with reduction of Krebs cycle intermediates and TMAO, whereas acetate,
lactate, trimethylamine, and glucose increased. Again, sirolimus enhanced
these negative effects [33].

The metabolomics of CsA alone and in combination with either
sirolimus or everolimus were investigated to determine whether combina-
tion therapy altered CsA nephrotoxicity [35]. Increased glucose, hydro-
xybutyrate, creatine, creatinine, TMAQO, and cholesterol and decreased
glutathione were observed in CsA-induced rats. Altered metabolites were
related to increased energy metabolism via glycolysis and oxidative stress
response. Metabolic profiling indicated that coadministration of everolimus
ameliorated toxicity whereas sirolimus enhanced it.

Low-salt diet and CsA nephrotoxicity were also evaluated using 'H
NMR metabolomics in Klawitter’s research group [36]. The study showed
that proximal tubular injury was associated with increased urinary acetate,
lactate, glucose, amino acids and decreased hippurate, creatinine,
2-oxoglutarate, succinate, and citrate. Changes in urine metabolite patterns
observed after 28 days of treatment with CsA in the normal salt diet matched
those described for nephrotoxins causing tubular injury. These findings cor-
roborated histologic studies that also showed specific tubular damage [37]. In
addition, this reflected urine metabolite patterns that appeared more sensi-
tive than traditional BUN and Scr markers. Metabolic profiling in urine may
provide the basis for the development of toxicodynamic monitoring strate-
gies for immunosuppressant nephrotoxicity. In addition, CsA induced mito-
chondrial disturbances and activation of the Nrf2-oxidative-damage and
protein-response pathways [38].

Tacrolimus (FK-56) is another calcineurin inhibitor used for immuno-
suppression to prevent graft rejection. Similar to CsA, tacrolimus-induced
renal injury occurs by increasing oxygen free radical formation and oxidative
stress [39]. Metabolomics has been applied to amphotericin B and cephalor-
idine nephrotoxicity studies [40,41].

4.3. Chemotherapeutics

Nephrotoxicity is one of the most important complications of treatment
with anticancer drugs, for example, doxorubicin, cisplatin, ifosfamide,
and platinum. Nephrotoxicity of doxorubicin was evaluated by 'H



Metabolomics in Nephrotoxicity 77

NMR. Early increased TMAO indicated renal dysfunction. Perturbation
in TMAO was maximal in the low-dose group (48 h postdose), but recov-
ered by 168 h. Increased urinary glucose, lactate, alanine, and valine
suggested progression of renal injury resulting in glycosuria, lactic aciduria,
and aminoaciduria in the high-dose group at 168 h. Impaired energy meta-
bolism was evident by decreased urine TCA intermediates in rats treated
with high-dose doxorubicin [42]. Changed urinary and kidney tissue
metabolites were sufficiently sensitive for detection of streptozotocin-
induced nephrotoxicity [43]. The major urinary biomarkers were creatine,
ascorbate, succinate, lactate, citrate, allantoin, 2-ketoglutarate, and
3-hydrobutyrate. Succinate, creatine, myo-inositol, alanine, lactate, ATP,
3-hydrobutyrate, and glucose were kidney tissue markers. Metabolic
changes implied enhanced lipid and ketone body synthesis and decreased
TCA and glycolysis. These metabolic energy changes were associated with
the pathogenicity of diabetic nephropathy. In addition, ultra-performance
liquid chromatography-mass spectrometry (UPLC-MS) metabolomics
was applied to exogenous metabolite identification such as cyclophos-
phamide and ifostamide [44].

Cisplatin, an antineoplastic agent to treat solid tumors, induces severe
tubular and mild glomerular toxicity. Metabolomics showed altered urinary
glucose, amino acids, and TCA intermediates that preceded Scr in cisplatin-
induced acute renal failure [15]. An "H NMR -based urinary metabolomics
study showed that 1,3-dimethylurate, taurine, glucose, glycine, and
branched-chain amino acid (isoleucine, leucine, and valine) were remark-
ably increased and that phenylacetylglycine and sarcosine levels were
decreased in the cisplatin-induced rats [45]. Another 'H NMR
metabolomic study was conducted on urine samples collected in 1, 2, 3,
and 4 weeks. A total of 36 metabolites were increased including
1-methylnicotinamide, cytosine, 2-oxoglutarate, 3-indoxylsulfate, homo-
cysteine, taurine, choline, creatinine, glucose, hippurate, creatine, and tryp-
tophan. Interestingly, metabolites propionate, ethanol, and acetate were
remarkably decreased [46]. Cisplatin-induced nephrotoxicity was per-
formed in cisplatin-induced HK-2 cells. N-acetylasparate, creatine, uracil,
proline, and acetate were decreased in HK-2 cell lysates, but lactate, acetate,
and glutamate were increased in the conditioned media. Interestingly, only
one metabolite, acetate, was common to both. Acetyl-CoA synthetase
(AceCS2) and Sirt3 expression were markedly decreased in cisplatin-
induced HK-2 cells [47]. Cisplatin-induced nephrotoxicity was also studied
for different age rats by '"H NMR metabolomics [48]. Increased Kim-1
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provided early evidence of cisplatin-induced nephrotoxicity in the most
sensitive group (80 days of age). Kim-1 tissue mRNA and urinary protein
were significantly correlated to each other and to severity of histopathologic
lesions.

Mitochondrial bioenergetics, redox state, and oxidative stress were
investigated in cisplatin-induced nephrotoxicity [49]. Increased Scr and
BUN were observed in cisplatin-induced ARI rats. Mitochondrial dysfunc-
tion was evident by decreased mitochondrial membrane electrochemical
potential and calcium uptake. Interestingly, the NO synthase inhibitor,
2-amino-4-methylpridine, enhanced nephrotoxicity [50]. Overall, these
results clearly supported a central role for mitochondria in cisplatin-induced
nephrotoxicity.

4.4, Natural medicines

Aristolochic acid (AA), widely present in Aristolochia, Bragantia, and Asarum
species, is generally believed to cause acute renal failure, characterized by
interstitial fibrosis, hyperproteinemia, severe anemia, and uremia [51].
Metabolomics is a promising approach for rapid screening of nephrotoxicity
associated with ingestion of multi-ingredient medicinal herb supplements. It
also provides a valid method for exploring chemical-induced perturbations
in the metabolic and lesion network. Several papers have been published for
evaluation of the AA nephrotoxicity using metabolomics. A combined
GC-MS and LC-MS metabolic profiling was designed to evaluate AA neph-
rotoxicity. In this study, histopathologic findings were associated with
systemic disturbances in the metabolic network involving free fatty acids,
energy and amino acid metabolism and alterations in the structure of gut
microbiota [52]. A subsequent study showed that homocysteine formation
and the folate cycle were significantly increased, but metabolic pathways of
AA biosynthesis were decreased in these rats [53]. Kynurenic acid, hippuric
acid, citric acid, and glucuronide-containing metabolites in urine and glu-
curonide conjugate, bile acids, lysophosphatidylcholines (lysoPCs) and fatty
acids in plasma were observed as potential biomarkers [54-57]. Significantly
increased Scr was also observed in the AA-induced rats, which indicated that
AA induced an adverse effect on renal clearance. AA nephropathy exhibited
early proximal tubular injury and disordered fatty acid metabolism.
Increased plasma BUN and kidney tissue fatty acids and triglycerides were
observed in AA-treated rats. These findings accompanied downregulation of
renal TOAT1/3, rOCT1/2, and rOCTN1/2 expression. Specifically,
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OCTN2 transported L-carnitine through the cell membrane. AA also
induced significantly decreased L-carnitine in the renal cortex. Down-
regulation of peroxisome proliferator-activated receptor alpha (rPPAR)
and carnitine acyltransferase 1 (rCPT1), and upregulation of acetyl coen-
zyme A carboxylase 1/2 (rACC1/2) in the renal cortex were detected [58].
AA caused proximal tubular and papillary lesions with the former suftering
the main damage. Nephrotoxicity was dose-dependent during onset, devel-
opment, and partial recovery [59,60]. These results were also supported by
the conventional biochemical parameters.

Morning glory seed (MGS) 1s widely used for the treatment of edema,
ascites, simple obesity, and lung fever. Long-term MGS exposure can result
in progressive renal injury. In recent years, UPLC-MS metabolomics was
employed to characterize the metabolic profile of plasma, urine, and kidney
tissue extracts of MGS-induced nephrotoxicity. Results indicated that spe-
cific metabolic pathways, that is, lysoPCs formation and phenylalanine bio-
synthesis, were decreased [61]. Changes in amino acids, citric acid,
creatinine, cholic acid, and 5-methyltetrahydrofolate were observed in rat
urine [62]. Metabolomics has also been used to identify kidney tissue bio-
markers [63]. Rhizoma alismatis is widely used for diuretic, anti-nephrolithic,
hypolipidemic, antiatherosclerotic, antidiabetic, and anti-inflammatory pur-
poses. UPLC-MS metabolomics was used to study the nephrotoxicity of
R. alismatis in rats. Using this approach, 13 urinary biomarkers were
detected. The method effectively discriminated treated rats at 60, 120,
and 180 days with serious organic damage apparent (day 180) by histol-
ogy |64]. In addition, metabolomics has characterized nephrotoxicity of cin-
nabar, realgar, and Zhusha Anshen Wan [65-67]. As can be seen,
metabolomics provides a powerful approach to diagnose and more fully
understand nephrotoxicity associated with natural medicines.

4.5. Environmental pollutants

Many heavy metals, such as lead, mercury, cadmium, and uranium, are
potentially nephrotoxic. Most metals cause nephrotoxicity via damage to
the proximal tubules cells even at relatively low exposure. Lead and cad-
mium can alter the normal absorptive function of proximal tubule cells
and inhibit their mitochondrial function. This leads to significantly
decreased oxidative phosphorylation and ATP in tubular epithelium cells
followed by accumulation of glucose, amino acids, and protein in urine
[68,69].
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A procedure for '"H NMR urinary metabolomics was proposed to eval-
uate nephrotoxicity induced by HgCl, [70]. In treated rats, glucose, acetate,
alanine, lactate, succinate, and ethanol were significantly increased, whereas
2-oxoglutarate, allantoin, citrate, formate, taurine, and hippurate were sig-
nificantly decreased. These endogenous metabolites were selected as puta-
tive biomarkers for HgCly-induced nephrotoxicity. Changes in lactate,
acetate, succinate, and ethanol were dose dependent. In contrast,
2-oxoglutarate, citrate, formate, glucose, and taurine were significantly
changed only at higher HgCl,. Another urinary metabolomics study showed
increased lactate, alanine, acetate, succinate, trimethylamine, and glucose as
well as decreased citrate and o-ketoglutarate by 'H NMR and LC-MS in
HgClr-induced rats. Kynurenic acid, xanthurenic acid, pantothenic acid,
7-methylguanine, phenol sulfate, and benzene diol sulfate were
decreased [25]. "H NMR metabolomics showed relatively higher concen-
trations of valine, isobutyrate, threonine, and glutamate in HgCl,-treated
rats. Increased glutamate was present in the renal cortex and may be associ-
ated with HgClr-induced renal acidosis and disruption of the TCA
cycle [71]. Nephrotoxicity of iron oxides, CdCl,, nanosized copper particle,
and lithium was evaluated using metabolomics [72—75].

4.6. Melamine

Melamine poisoning has become widely publicized after a recent exposure
of infants and children to melamine-tainted milk in China. Renal damage
resulted from kidney stones formed from melamine, uric acid, and cyanuric
acid. Urinary metabolomics was performed to evaluate the global biochem-
ical alteration triggered by melamine ingestion in parallel with ARI in
rats [76]. The results indicated that melamine caused serious nephrotoxicity
in perturbed amino acid metabolism including tryptophan, polyamine, and
tyrosine metabolism, altered TCA cycle, and gut microflora structure.
Cyanuric acid, produced in the gut by microbial transformation of mela-
mine, served as an integral stone component responsible for melamine-
induced renal toxicity in rats. It should be noted that melamine toxicity
was attenuated and excretion increased after antibiotic suppression of gut
microbial activity [77]. Analysis of urinary amino acids showed that
hydroxyproline was increased in a manner consistent with chemical and his-
topathologic findings. Furthermore, the highest urinary hydroxyproline
concentration was found in rats with kidney fibrosis. Males were slightly
more affected than females, a finding supported by hydroxyproline
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excretion. As such, hydroxyproline may be a noninvasive urinary bio-
marker for detection of ARI associated with kidney fibrosis [78]. Another
"N NMR metabolomics study showed increased asparagine, choline, creat-
inine, cysteine, ethanolamine, glucose, isoleucine, glutamine, and myo-
inositol in medullar tissues, but glucitol, phenylalanine, tyrosine, and
sn-glycero-3 were decreased. Ethanolamine, hypoxanthine, isoleucine,
and O-phosphoethanolamine were increased in the renal cortex, whereas
formate, glucose, glutathione, threonine, and myo-inositol were decre-
ased [79]. Histologic analysis revealed epithelial degeneration and necrotic
cell death in the proximal and distal tubules.

4.7. Other nephrotoxicity

LC-MS and GC-MS were used to identify small molecule biomarkers of
ARI that could aid in a better mechanistic understanding of SCH
900424-induced ARI in mice. Metabolomics revealed that 3-indoxyl sulfate
was a more sensitive marker (vs. Scr or BUN) of renal toxicity. Plasma
3-indoxyl sulfate was markedly increased. Significantly decreased urinary
3-indoxyl sulfate excretion may be due to renal toxicity associated with
its increased plasma concentration. In addition, p-cresol sulfate, kynurenate,
kynurenine, and 3-indole lactate might be important biomarkers [80]. To
evaluate untargeted metabolic profiling as a tool for gaining insight into
underlying nephrotoxicity, Fischer 344 male rats were dosed with
fenofibrate (300 mg/kg/day) for 14 days and urine and plasma were analyzed
on days 2 and 14 [81]. Reduced TCA intermediates and biochemical evi-
dence of lactic acidosis demonstrated that energy metabolism homeostasis
was altered. Perturbation of glutathione biosynthesis and increased oxidative
stress markers were observed. Tryptophan metabolism was upregulated,
resulting in accumulation of tryptophan metabolites associated with
reactive oxygen species generation, suggesting the possibility of oxidative
stress as a mechanism of nongenotoxic carcinogenesis. D-Serine caused
selective necrosis of the proximal straight tubules in the rat kidney accom-
panied by aminoaciduria, proteinuria, and glucosuria. LC-MS met-
abolomics was used to investigate urinary metabolic changes associated
with D-serine-induced nephrotoxicity [82]. Increased serine, hydroxypy-
ruvate, glycerate tryptophan, phenylalanine, and lactate and decreased
methylsuccinic acid and sebacic acid were observed. General aminoaciduria
included proline, methionine, leucine, tyrosine, and valine as well as
increased acetyl carnitine. Metabolomics has been applied to nephrotoxicity
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of numerous compounds including nifedipine, D-mannitol, ochratoxin A,
sodium diclofenac, perfluorododecanoic acid, and thioacetamide [83—86].

5. METABOLOMICS IN CLINICAL NEPHROTOXICITY
5.1. Immunosuppressive drugs-induced nephrotoxicity

Mechanisms inherent to immunosuppressive nephrotoxicity have been dis-
cussed. Nephrotoxicity associated with CsA, sirolimus, and tacrolimus
remains a major concern in hemodialysis and organ transplantation. Hemo-
dialysis is an important alternative for renal replacement therapy. '"H NMR
metabolomics was used to study 57 kidney transplant recipients with normal
allograft function and identify time-dependent changes in serum metabolites
in response to CsA or tacrolimus immunosuppression [87]. Although lipid
metabolites were increased in both, the CsA-treated group was higher.
Metabolites included glucose, hypoxanthine, lactate, succinate, and taurine.
These changed in response to treatment duration. In contrast, TMAO,
known to be associated with graft dysfunction, did not differ.

Although CsA is effective against rejection, its use is limited by its neph-
rotoxicity. '"H NMR and LC-MS metabolomics detected a number of
metabolite changes due to CsA [88]. The presence of increased urinary
15-F,-isoprostane indicated oxidative stress. 15-F,~isoprostane was, on
average, higher after CsA treatment versus placebo. While there were no
conclusive changes in plasma 15-F,-isoprostane or metabolite patterns,
nontargeted metabolomic analysis revealed significant changes in urine
metabolites associated with negative effects on proximal tubule cells. The
major urinary metabolites were citrate, hippurate, lactate, TMAO, creati-
nine, and phenylalanine. Previous studies showed that CsA caused urine
metabolite pattern changes for proximal tubule damage and that these
changes were more sensitive than traditional markers such as BUN and
Scr [33]. Changes in urine metabolite patterns were sufficiently sensitive
to detect the negative eftects of CsA on the kidney.

5.2. Melamine

UPLC-MS has been employed to investigate urinary metabolites from
melamine-exposed children. Most metabolites were related to the TCA
cycle. Citric acid metabolism was disturbed by the effect of melamine on
renal function. As such, this approach can provide a noninvasive examina-
tion of the melamine-induced renal injury [89].
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5.3. Cancer

About 18,000-20,000 new cases of renal cancer are diagnosed each year in
the United States. A substantial number of these cases have been associated
with analgesic preparations containing phenacetin and exposure to lead and
arsenic exposure. Renal cell carcinoma (RCC) is the sixth leading cause of
cancer death and is responsible for 11,000 deaths per year in the United
States. Approximately, one-third of patients are present with metastatic dis-
ease for which there is no adequate treatment currently. No biofluid screen-
ing tests exist for RCC.

Metabolomics was used to investigate RCC in humans [90].
RCC serum had increased lipid, isoleucine, leucine, lactate, alanine,
N-acetylglycoproteins, pyruvate, and glycerol, with decreased acetoacetate,
glutamine, phosphatidylcholine/choline, TMAO, and glucose. Altered
metabolites were most likely the result of compensation via glycolysis to
maintain energy homeostasis due to impaired TCA cycle. RCC tissues were
characterized by increased lipid content [91]. Another study showed that
increased urinary sorbitol was related to glycolysis [92]. A metabolomic
platform including hydrophilic interaction chromatography, UPLC-MS,
and GC-MS has been applied to detection of urinary RCC markers [93].

5.4. ARI

Low sensitivity of current biomarkers (BUN and Scr) limits their utility in
early ARI. LC-MS serum metabolomics was applied to discovery of novel
biomarkers in ARI [94]. Increased acylcarnitines, five amino acids, reduced
serum arginine, and several lysoPCs were observed in these patients.
Increased homocysteine, asymmetric dimethylarginine, and pyroglutamate
have been recognized as ARI markers and acylcarnitines represent markers
of defective fatty acid oxidation. Another LC-MS metabolomic analysis
identified HVA-SO, as a biomarker in urine from ARI children [95].
Matrix-assisted laser desorption/ionization Fourier transform mass spec-
trometry has been used to analyze small molecule metabolites in urine from
renal transplant recipients with varying levels of acute tubular injury [96].

6. CONCLUSION AND FUTURE PERSPECTIVES

"H NMR or MS metabolomics is a powerful and reliable analytical
approach for nephrotoxicity studies. NMR has been the primary technique
due to its ease of use, inherent quantitative ability, and high reproducibility.
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More recently, GC-MS or LC-MS has become more widely used due to its
greater sensitivity and specificity. Continued advances in NMR spectro-
scopic hardware and increased parallel application of analytical platforms
such as UPLC coupled with quadrupole time-of-flight mass spectrometry
(UPLC-QTOEF/MS) will enable even wider coverage of the metabolome.
In addition, the associated statistical modeling of the complex spectral
datasets is well established and biomarker information recovery continues
to advance as novel tools are continually developed. The continued integra-
tion and parallel application of metabolomics with genomics, trans-
criptomics, and proteomics holds considerable promise to significantly
extend our mechanistic understanding of complex nephrotoxicity. The ana-
lytical platforms and statistical approaches presented for this exemplar model
toxin are equally applicable to the study of any given toxin or pharmaceutical
in the preclinical and clinical setting. Hence, this “top-down” systems level
approach may prove of immense utility in furthering our understanding of
nephrotoxicity.

In this review, the application of metabolomics was evaluated with
respect to nephrotoxicity biomarkers. Identification of new novel and
highly specific biomarkers of drug-induced renal toxicity could improve
development of more biocompatible therapeutics. A number of markers
have been identified and confirmed by multiple studies. These could provide
important diagnostic and prognostic markers especially in early stage disease.
Additional studies are clearly warranted to further investigate these promis-
ing findings as to the role of metabolomics, in general, and its relationship to
nephrotoxicity specifically.
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Abstract

The ever growing prevalence of childhood obesity is being accompanied by an increase
in the pediatric population of diseases once believed to be exclusive of the adulthood
such as the metabolic syndrome (MS). The MS has been defined as the link between
insulin resistance, hypertension, dyslipidemia, impaired glucose tolerance, and other
metabolic abnormalities associated with an increased risk of atherosclerotic cardiovas-
cular diseases in adults. In this review, we will discuss the peculiar aspects of the pedi-
atric MS and the role of novel molecules and biomarkers in its pathogenesis.

1. INTRODUCTION

The prevalence of childhood obesity has been increasing in the last
four decades [1]. In 2010, it has been estimated that 43 millions of children
were overweight worldwide and this number is expected to increase up to
60 million by 2020 [1]. The worldwide epidemic of childhood obesity is
responsible for the occurrence in pediatrics of disorders once mainly found
in adults, such as the metabolic syndrome (MS). Described by Gerald
Reaven, the MS has been defined as “a link between insulin resistance,
hypertension, dyslipidemia, impaired glucose tolerance and other metabolic
abnormalities associated with an increased risk of atherosclerotic cardiovas-
cular diseases in adults” [2]. While in adults the presence of the syndrome
and the validity of its definitions are based on strong markers of cardiovas-
cular diseases and can be used to predict the occurrence of cardiovascular
complications, in childhood such outcomes are rare. This makes the several
definitions proposed for the syndrome in pediatrics difficult to test and to
validate. Also in childhood, the major cause of peripheral insulin resistance
is obesity, in addition to a genetic background, low physical activity, specific
dietary habits, and the ethnic background. Interestingly, obesity is not syn-
onymous of insulin resistance as some obese adolescents may be very insulin
sensitive and show a healthy metabolic phenotype [3]. Despite those difter-
ences, the core components for its definition in pediatrics are the same as in
adults: a marker of adiposity (body mass index—BMI or waist circumference),
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hypertension, altered glucose metabolism (impaired fasting glucose—IFG or
IGT), elevated triglycerides (T Gs), and low HDL cholesterol. Also, difficulties
in defining the MS in children and adolescents derive from the lack of
normative values for some components of the MS such as HDL, TGs, and
waist circumference. That is why the definition of MS in pediatrics 1s driven
by that given in adults.

The key factor in the pathogenesis of MS is insulin resistance, a phenom-
enon occurring mainly in obese subjects [4]. The main pathogenic feature of
insulin resistance is the lipid accumulation in organs and tissues that usually
do not store lipids (ectopic fat accumulation) such as the liver, pancreas, and
the skeletal muscle [4]. The lipids accumulation interferes with the normal
insulin signaling cascade and makes the tissues resistant to the insulin action.
Interestingly, the resistance to the insulin seems to be limited to the glucose
metabolism. Therefore, under these conditions while hyperinsulinemia is
not able to suppress hepatic glucose production, it turns the liver into a
“fat-producing factory” with all of its negative downstream effects, includ-
ing the genesis of hypertriglyceridemia [4]. Also, the adipose tissue insulin
resistance causes an increase in lipolysis with a consequent increased hepatic
TGs synthesis and secretion [4]. This causes a massive accumulation of lipids
into the liver, which results in hepatic steatosis and higher T'Gs production.
From a molecular point of view, the link between lipid accumulation and
insulin resistance seems to be represented mostly by the excessive
diacylglycerol (DAG) synthesis [5,6]. The increased amount of lipids in
the hepatocytes (but also in the skeletal muscle) has been shown to increase
the amount of DAG, a signaling intermediate that activate members of the
protein kinase C family, thus altering insulin signaling [6]. As a consequence
of insulin resistance, the pancreas needs to increase its insulin production
to maintain normal value of glycemia, promoting the lipid accumulation,
further worsening insulin resistance, and generating a vicious cycle.

2. CLINICAL FEATURES OF CHILDREN WITH METABOLIC
SYNDROME

All the metabolic changes driven by insulin resistance translate in dys-
glycemia and dyslipidemia in an obesity context. In spite of the emerging
difficulties in transposing the definition of MS from adults to children,
the MS in children is commonly defined as the co-occurrence of three or
more of the following features: severe obesity (usually with a waist circum-
ference higher than the 90th sex- and age-specific percentile), dyslipidemia
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(increase of TGs and decrease of HDL), hypertension, and alterations of glu-
cose metabolism such as IGT and type 2 diabetes (T2D).

Previously, the international diabetes federation consensus group pro-
posed a definition to be used in the clinical setting [7]. The effort to reach
an agreement on the definition of MS in pediatrics was made in order to
overcome conflicts arising from different definitions. In fact, the numerous
definitions used not only make it difficult to diagnose but also to follow the
epidemiology of the MS in pediatrics. A study by Goodman ef al. has clearly
shown how changes in MS definition dramatically influence prevalence dif-
ferences ranging from 15% to 50% according to definition used [8].
Although there is not complete agreement on the fine definition of MS
in youth, given to the limitations mentioned above, the cornerstones of
its definition still remain and need to be identified by the pediatricians.

2.1. Clinical measures of adiposity: BMI or waist circumference?

The BMI is a predictor of coronary artery disease (CAD) risk factors among
children and adolescents [9,10] and its utility has been endorsed by Interna-
tional Obesity Task Force and Center for Disease Control (CDC) [11-13].
The cut-off points of CDC identify children with a BMI higher than 85th
percentile as overweight and children with a BMI higher than 95th percen-
tile as obese. Data from multiracial cohorts of obese children, in which obe-
sity was defined according to the CDC cut-oft, showed that the severity of
obesity and the prevalence of MS are strongly associated [4]. However, obe-
sity per se is not a marker sufficient for identifying children at risk for MS.
The fat distribution plays an important role in influencing the occurrence
of metabolic complications consequent to obesity. Visceral fat accumula-
tion, in fact, is strongly associated to MS in childhood [14] and CAD later
in the life [15] and is the best clinical predictor of visceral fat accumula-
tion [16]. Although reference values for waist circumference in children
do exist for Canada [17], Italy [18], the UK [19], and the United States [14]
and cut-off points beyond which there is an increase of the prevalence of
CAD risk factors have been provided [14], this measure is not commonly
used in children, probably because no organization has endorsed waist
circumference cut-off for children. The importance of measuring waist cir-
cumference is corroborated by studies in children and adolescents showing
that subjects with high waist circumference values are more likely to have
elevated CAD risk factors, compared with those with low waist circumfer-
ence, within a given BMI category [15]; this means that waist circumference
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may be, for such an extent, considered a more reliable measure for predicting
MS than BMI alone. In fact, as in adults [20-23], in children an increased
waist circumference has been correlated with abnormal systolic and diastolic
blood pressure and elevated levels of serum cholesterol, LDL, TGs, insulin as
well as with lower HDL concentrations [24—26]. The association between
the clustering of cardiovascular risk factors and waist circumference is not
only a reflection of the obesity degree, but it has a pathophysiological back-
ground, given that visceral adiposity is one of the main risk factors for the
development of insulin resistance, diabetes mellitus, hypertension, and car-
diovascular disease [27]. The mechanisms involved in these common clinical
associations are not completely known, but include the impaired suppression
of hepatic glucose production [28], the increased portal release of free fatty
acids (FFAs), the increased visceral production of glycerol [29], and the
abnormal production of adipose tissue-derived hormones and cytokines,
such as tumor necrosis factor-alpha (TNF-a), leptin, and adiponectin
[30,31]. The lack of normative data for the waist circumference in pediatrics
has led many investigators to use corrected measures of the waist circumfer-
ence, such as the waist-to-height ratio [32]. The waist-to-height ratio takes
into account the body proportions and is maybe more precise in pediatrics
than the simple measure of the waist circumference. Also, very recently,
Groves et al. have shown that the prospective association between WHtR
in childhood and cardiometabolic outcomes in adolescent boys [33]. In par-
ticular, the authors by using a secondary data analysis of the Avon Longitudinal
Study of Parents and Children in a population of 2858 adolescents showed that
adolescents who had a WHtR > 0.5, the odds ratio of having three or more
cardiometabolic risk factors was 6.8 [4.4—10.6] for males and 3.8 [2.3—6.3] for
females [33].

2.2. Family history and acanthosis nigricans

The family history needs to be investigated, given that the heritability for
each component of the syndrome has been well demonstrated [34,35]. In
fact, heritability for obesity ranges from 60% to 80%, heritability for blood
pressure varies from 11% to 37%, while for lipid levels it varies from 43% to
54% [34]. Moreover, a study by Weiss ef al. has shown that those children
who do not show MS early in childhood are less prone to develop it later,
further supporting, indirectly, a strong genetic component in the develop-
ment of MS [36].

Along with the family history, signs for insulin resistance such as
acanthosis nigricans (AN must be checked carefully as it is a robust marker
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of insulin resistance. Recently, Rafalson ef al. described that the prevalence
of AN quantifies its association with dysglycemia in an ethnically diverse
group of eighth-grade students [37]. The authors showed that AN was in
28.2% of students and that the presence of AN was associated with a 59%
increased likelihood of high-risk hemoglobin Alc (HbAlc): (P=0.04),
twice the likelihood of IGT (P=0.06), and 47% greater likelihood of
IGT/IFG combined (P<0.0001) [37]. Also the validity of each of those
clinical features (adiposity, family history, and AN) has been recently dem-
onstrated [38]. In fact, it has been recently observed that obese children with
a positive family history for diabetes, AN, and a high waist-to-height ratio
have almost four times higher odds to show the features of the MS than
subjects without these clinical signs [38].

3. METABOLIC CHARACTERISTICS OF CHILDREN
AND ADOLESCENTS WITH METABOLIC SYNDROME

Since insulin resistance represents the key pathogenic determinant in
the development of the MS, all patients should be investigated for it. Weiss
et al. have well demonstrated how the increase of insulin resistance parallels
the increase of the risk of MS in obese children and adolescents [4]. Some
studies have suggested a direct effect of hyperinsulinemia consequent to
insulin resistance on each single component of the syndrome.

3.1. Hypertension

It has been shown that insulin resistance per se may cause hypertension. Insu-
lin levels in children between 6 and 9 years seem to predict changes in blood
pressure in adolescence [39], also the Bogalusa Heart Study has demonstrated
a strong correlation between the persistent high-insulin levels and the devel-
opment of CAD in children and young adults [40]. Some studies in children
have also demonstrated that fasting insulin predicted the levels of blood
pressure 6 years later [39]. While cross-sectional and longitudinal studies
suggest a causal effect of insulin on the development of hypertension, the
mechanisms underlying this relationship are not clear yet. As it has been
suggested, in fact, a direct effect of hyperinsulinemia on hypertension
may be ascribed to the effect of insulin on (i) sympathetic nervous system
activity [41], (ii) sodium retention by kidney [42], and (iii) vascular smooth
muscle growth stimulation [43].
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3.2. Dyslipidemia

While the association between the insulin and the development of hyper-
tension is not easy to explain from pathophysiological point of view, the
effect of hyperinsulinemia on lipid metabolism is clearer. Several studies
showed, in fact, that hyperinsulinemia stimulates the synthesis of TGs by
increasing the transcription of genes for lipogenic enzymes in liver [44].
In an insulin-resistant environment, there is not only an increase of FFAs
flux from the adipose tissue to the liver, where the FFAs serve as substrate
for the T'Gs, but also an increase of de novo lipogenesis (DNL), due to the
abundant availability of substrate and the upregulation of key lipogenic
genes. In general, the synthesis of TGs in the liver is nutritionally regulated,
and its formation from simple carbohydrates requires multiple metabolic
pathways, including glycolysis and pyruvate oxidation to generate acetyl-
CoA for fatty acid synthesis, NADPH generation to supply the reductive
power, packaging of fatty acids into a glycerophosphate backbone, and
finally, lipoprotein packaging to export TGs. Under fasting conditions,
the contribution of DNL to TGs is small in humans [45]. It has been shown
in obese adults that hepatic DNL contributes to hepatic TGs accumulation,
which represents the hallmark of hepatic steatosis and to an elevation of
fasting VLDL [45]. Moreover, recent data in lean insulin-resistant young sub-
jects indicate that they have a marked defect in muscle glycogen synthesis and
divert a lot of their ingested energy into DNL, resulting in increased hepatic
TGs synthesis, increased plasma T'Gs and lower HDL [46]. These results sug-
gest that insulin resistance, a condition commonly occurring in obese sub-
jects, might contribute to the development of dyslipidemia and, eventually
to the development of hepatic steatosis, by increasing hepatic DNL.

3.3. Puberty as cause of transient insulin resistance

Although obesity is the most important cause of insulin resistance among
obese and adolescents, it is important to note that a transient insulin-resistant
state occurs during puberty [47], and that this state worsens the insulin resis-
tance present in obese children accelerating the progression to MS and T2D.
In particular, Amiel ef al. in 1984 firstly suggested that there is a certain and
transient degree of impairment in insulin sensitivity during the puberty and
that insulin resistance peaks in mid-puberty and reverses at the end of the
adolescence [47]. Those changes have been ascribed to rise in growth
hormone and IGF-1 during this period [48]. In healthy individuals, this phe-
nomenon is balanced by an increased insulin secretion by the beta cell, butin
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obese individuals, the co-occurrence of obesity and puberty represents the
perfect storm causing such a high degree of insulin resistance that the beta
cell is not always able to produce enough insulin to maintain the glycemic
control.

3.4. Subtle inflammation in obese insulin-resistant youth

Along with insulin resistance, the MS is associated with a proinflammatory
state [49], which in turn, is associated with a high CAD risk. It has been
proven that obese children show an elevation of the C-reactive protein
(CRP), which is a biomarker of inflaimmation and is also associated with
adverse cardiovascular outcomes [4], that is why some authors suggested that
an underlying inflammation may be an additional factor contributing to
the long-term adverse cardiovascular outcomes independent of the insulin
resistance degree [4].

4. PREDIABETES AND TYPE 2 DIABETES IN YOUTH

Another component closely related to insulin resistance, which is
actually its consequence is the alteration of glucose metabolism, character-
ized by several stages (prediabetes) preceding the overt diabetes. According
to American Diabetes Association (ADA) criteria, T2D is defined as fasting
plasma glucose levels higher than 125 mg/dl or plasma glucose levels higher
than 200 mg/dl 2 h after an oral glucose tolerance test (OGTT), while IGT
is defined when plasma glucose levels are higher than 140 mg/dl 2 h after
OGTT [50]. Along with IGT another prediabetic state has been individu-
ated: IFG. IFG is defined as serum fasting glucose levels between 100 and
125 mg/dl [50]. Epidemiological studies indicate that IFG and IGT are
two distinct categories of individuals and only a small number of subjects
meet both criteria, showing that these categories overlap only to a very lim-
ited extent in children [51]. Recently, the ADA has published the recom-
mendations to use HbAlc to diagnose diabetes [50]. In particular, it has been
suggested a cut-off point of 6.5% to make diagnosis of diabetes. This cut-oft
point was chosen on the basis of cross-sectional and longitudinal studies con-
ducted in adult subjects showing that a cut-oft point of 6.5% identifies about
one-third of cases of undiagnosed diabetes and that subjects with HbAlc
higher than that cut-off have a long term higher prevalence of microvascular
complications [3,52—-54|. Subjects with HbAlc between 5.7% and 6.4%
have been defined as “at increased risk of diabetes” [50]. It has to be noted
that these two methods of diagnosis of T2D are not mutually exclusive, since
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there is a little agreement between them [55]. Thus, for a correct diagnosis, it
is useful to measure them both. The relationship between insulin demand
and secretion is a key factor regulating the maintenance of normal glucose
tolerance (NGT). In fact, the beta cell responds to insulin resistance occurring
in obese children and adolescents by producing a state of hyperinsulinemia,
which maintains normal glucose levels [56]. In the long run, however, the
beta-cell function tends to deteriorate in some, and the insulin secretion
may not be sufficient to maintain glucose levels within the normal range
[56,57] (Fig. 4.1).

In fact, when insulin secretion is estimated in the context of the “resistant
milieu,” IGT subjects show a significantly lower degree of insulin secretion
than the group with a NGT [3,58]. In particular, Weiss ef al. investigated the
role of insulin secretion in glucose regulation in a group of 62 obese adoles-
cents with different glucose tolerance status (30 NGT, 22 with IGT and
10 with T2D) using hyperglycemic clamp studies [58]. This study showed
that compared to obese adolescents with similar insulin resistance, those with
IGT show a progressive loss of glucose sensitivity of beta-cell first-phase
secretion and that the beta-cell second-phase secretion is compromised in
T2D [51,58]. This does not mean that the defect of the first phase is less
influential than the defect of the second phase in causing hyperglycemia,

Increased glucose Reduced glucose

wuction uptake

Hepatic . .
insulin resistance Hypergllcemla

Muscle
insulin resistance

Impaired insulin
secretion

Figure 4.1 Physiopathology of hyperglycemia in prediabetes and type 2 diabetes.
The figure shows the major events contributing to prediabetes and type 2 diabetes.
In particular, the prediabetes and the overt diabetes develop only when the beta-cell
insulin secretion is incapable to face the liver and muscle insulin resistance.
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yet simply recognizes that the decline of the first phase of the insulin secre-
tion is present before the overt diabetes and it may be considered the finger-
print of prediabetes, whereas the defect in the second phase 1s required for
the development of T2D. In fact, differences in beta-cell function have been
described in various prediabetic conditions seen in obese adolescents, such as
IFG or IGT, or the combined IFG/IGT states. Cali ef al. documented that in
obese adolescents (1) IFG is primarily linked to alterations in glucose sensi-
tivity of first-phase insulin secretion [51], (i1) IGT is characterized by a more
severe degree of peripheral insulin resistance and reduction in first-phase
secretion, and that (iii) the co-occurrence of IFG and IGT is the result of
a defect in second-phase insulin secretion and a profound insulin resis-
tance [51]. Surely, a genetic predisposition plays an important role in the
development of T2D. This idea is supported by clinical studies showing that
adolescents developing IGT or T2D show a lower insulin secretion even
before the onset of IGT or T2D. The role of a “preexisting” beta-cell dys-
function in obese adolescents with NGT has been shown by Cali et al. in a
longitudinal study [59]. In a group of obese NGT adolescents who under-
went repeated OGTT over a period of 3 years, those who progressed to IGT
had a lower beta-cell function at baseline compared to those who did not
progress [59]. It is worth mentioning that changes in insulin secretion and
sensitivity in adolescents occur quicker than in adults; in fact, while in adults
the transition toward T2D takes about 10 years with about 7% per year
reduction in beta-cell function [60,61], in obese adolescents it has been esti-
mated that beta-cell function reduction occurs at a rate of about 15% per
year [62], with a mean transition time from prediabetes to overt diabetes
of'about 2.5 years [57]. This means that T2D in adolescents might be a more
severe disease than in adults and also that the genetic components may play a
bigger role in pediatrics than in adults in the development of T2D [63].

5. NONALCOHOLIC FATTY LIVER DISEASE IN YOUTH

5.1. Association between fatty liver and metabolic
syndrome
Nonalcoholic Fatty Liver Disease (NAFLD) has become the most common
cause of liver disease in pediatrics [64]. It is defined by the presence of micro-
vesicular steatosis in more than 5% of the hepatocytes in the absence of use
medications, alcohol abuse, and other determinants that may result in fatty
liver [65]. NAFLD encompasses a range of disease severity spanning from the
simple steatosis to nonalcoholic steatohepatitis (NASH), which in turn can
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progress to cirrhosis [65]. In an article using 742 autopsy specimens from
children in San Diego County, 13% of subjects were found to have NAFLD,
with the highest rate found in Hispanics (11.8%), and the lowest in African
Americans (1.5%) [64]. The natural history of NAFLD is not entirely
known; nevertheless, mortality among NASH patients is higher than in
those with NAFLD without fibrosis or inflammation [66]. Alarming data
have been shown in pediatric population. NASH is increasingly recognized
in obese children and it has been demonstrated that it may progress to cir-
rhosis in this age group [66]. Also, the metabolic complications of NAFLD
have been well defined. In fact, recent studies in obese adolescents demon-
strated that increased ALT levels are associated with deterioration in insulin
sensitivity and glucose tolerance, as well as with increasing FFA and TG
levels [67]. Also, the relationship between fatty liver and glucose dys-
regulation has been demonstrated in a multiethnic group of 118 obese ado-
lescents [68]. The cohort was stratified according to tertiles of hepatic fat
content, measured by fat gradient MRI. All children underwent an oral glu-
cose tolerance test and insulin sensitivity was estimated by the Matsuda index
and HOMA-IR. Independently of obesity, the severity of fatty liver was
associated with the presence of prediabetes (IGT and IFG/IGT) [68]. In fact,
paralleling the severity of hepatic steatosis, there was a significant decrease in
insulin sensitivity and impairment in beta-cell function as indicated by the
fall in the disposition index [68]. Further studies showed that the pro-
nounced dyslipidemic profile associated with fatty liver in pediatrics is char-
acterized by large VLDL, small dense LDL, and decreased large HDL
concentrations [69]. A study from D’Adamo et al. has highlighted the role
of hepatic fat content in modulating insulin sensitivity [70]|. The authors
studied two groups of subjects with similar visceral fat and intramyocellular
lipids: one group without and the other one with hepatic steatosis and
showed that obese individuals with steatosis had increased muscular and
hepatic insulin resistance [70]. More recently, in a longitudinal study, we
observed that baseline hepatic fat content correlates with 2 h glucose and
insulin sensitivity and secretion at follow-up [71]. These data clearly indicate
that the deleterious effect of intrahepatic fat accumulation influences the
insulin sensitivity at a multiorgan level playing a bigger role than the other
ectopic compartments [71]. In general, obese children and adolescents with
hepatic steatosis tend to show an adverse metabolic pattern as characterized
by dyslipidemia and adverse changes in glucose metabolism. We have
recently shown that liver damage correlates with insulin resistance in obese
children [72]. In particular, the levels of the caspase-cleaved CK-18
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fragment (CK-18), a robust biomarker of liver damage, are inversely corre-
lated with insulin sensitivity, meaning that not only the amount of
intrahepatic fat but also the degree of steatohepatitis may affect insulin
sensitivity [72]. Interestingly, this association is present in Caucasian and
Hispanic obese children and adolescents, but not in African Americans.
In the latter population, there seems to be dissociation between the degree
of liver injury and insulin sensitivity [72]. This data is consistent with the data
shown by Guerrero ef al., showing a clear dissociation between the amount
of liver fat and the degree of insulin sensitivity in African Americans [73].
The cause of this difference among ethnic groups is not known, but it is
likely that the genetic background and the interaction between gene variants
and nutrients may be a major determinant of such differences.

5.2. Pathogenesis and progression of NAFLD

The most credited model for the pathogenesis of NAFLD is the “two-hit”
theory, where the first hit is represented by the insulin resistance, responsible
for the abnormalities in lipid storage and lipolysis therefore leading to an
increased fatty acids flux from adipose tissue to the liver and to subsequent
accumulation of TGs into the hepatocytes [45]. While, the “second hit”
might be represented by the oxidative stress, which activates the inflamma-
tory cascade and generates reactive oxygen species (ROS) such as hydroxyl
radicals and superoxide anions, which react with the excess lipid to form per-
oxides [74]. The synthesis of TGs in the liver is nutritionally regulated and
has two main routes: adipose tissue lipolysis and hepatic DNL, which
account, respectively, for about 60% and 25% of hepatic fat accumulation,
only a little fraction of the liver fat comes directly from the chylomicron
remnants [45]. In fact, insulin-resistant individuals have a reduced ability
to suppress FFAs flux from the adipose tissue. Therefore, the increased
amount of FFA from adipose tissue lipolysis causes an increased formation
of TGs in the liver. The formation of TGs from simple carbohydrates
requires multiple metabolic pathways, including glycolysis and pyruvate
oxidation to generate acetyl-CoA for fatty acid synthesis, NADPH gener-
ation to supply the reductive power, packaging of fatty acids into a
glycerophosphate backbone, and finally, lipoprotein packaging to export
TGs. When liver is saturated with glycogen (roughly 5% of liver mass),
any additional glucose taken up by hepatocytes is shunted into pathways
leading to the synthesis of fatty acids, which will be esterified in TGs and
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exported to adipose tissue as VLDL. It has been shown in obese adults that
hepatic DNL contributes to hepatic TGs accumulation, which represents
the hallmark of hepatic steatosis, and to an elevation of fasting VLDL [45].
Once the ability of the liver to form TGs from FFA is saturated, the accu-
mulation in the hepatocytes of FFA probably triggers the inflammation and
oxidative pathways responsible for the progression of the disease from simple
NAFLD to NASH. In fact, the products of peroxidation may injure cells
directly by interfering with membrane function or stimulate fibrosis by
hepatic stellate cells. In particular, oxidative stress is associated with an
increased production of ROS and proinflammatory cytokines [75,76].
One of the effects of ROS is to cause lipid peroxidation of some lipids, such
as the polyunsaturated fatty acids (PUFA) generating metabolites that are
deleterious for the hepatocyte [75]. The lipid peroxidation leads to the acti-
vation of Kupffer cells with the production of inflammatory cytokines such
as the TNF-a and to the activation of stellate cells, which in turn will favor
neutrophils chemotaxis as well as liver fibrosis [74]. A large body of evidence
suggests that the quality of dietary fat can influence the development of
NAFLD [77,78]. In particular, recent literature provides clues that the die-
tary imbalance between omega-6 (#1-6) and omega-3 (n-3) PUFA leads to
development of NAFLD [79]. Individuals with NAFLD, in fact, have been
shown to have a lower dietary intake of n-3 PUFA than healthy controls and
an increase in the #n-6/n-3 ratio consume in the diet [79,80]. Consistent with
these data, lipidomic studies have shown that the intrahepatic fat in subjects
with steatohepatitis is composed by an excess n-6 PUFA [81]. Also, we have
recently shown that the excess of oxidized lipids derived from the linoleic
acid (the precursor of the omega-6 PUFA) is associated with both liver
injury and insulin secretion [82]. The pathogenetic mechanism linking these
compounds to liver damage may be related to their effect on the PPAR-a, a
potent modulator of lipid transport and oxidation. Also, the PUFA metab-
olites such as eicosanoids or oxidized fatty acids have one to two orders of
magnitude greater affinity for PPAR-a and are consequently far more
potent transcriptional activators of PPAR-o-dependent genes than their
ancestry compounds [83]. Therefore, in a liver rich of n-6 PUFA, the con-
tinuous production of oxidized fatty acids perpetuates and enhances the
intracellular oxidative stress leading to a sterile inflammation. Also, some
data suggest that oxidized species deriving from the omega-6 PUFA may
play a role in the impaired insulin secretion observed in subjects with fatty
liver [82]. This phenomenon may be mainly due to the fact that the increase
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omega-6 PUFA in the beta cell affects the glucose, amino acids, and GLP-1-
stimulated insulin secretion and renders the beta cell strongly susceptible to
cytokine-induced cell death.

5.3. Common gene variants associated with hepatic steatosis
and liver damage

The field known as “genetics of NAFLD” is relatively new, since it started in
2008 with the discovery that the nonsynonymous SNP (rs738409) in
the PNPLA3 gene [84] is associated with fatty liver, high-ALT, and severity
of liver disease [84,85]. This gene variant is characterized by a C to
G substitution encoding an isoleucine to methionine substitution at the
amino acid position 148 in the patatin-like phospholipase domain-
containing protein 3 gene (PNPLA3). Subsequently, other studies con-
firmed this association, indicating an association also with the severity of
NAFLD in adults as well as in children [86,87]. Moreover, it has been shown
that this variant interacts with environmental stressors including obesity
[88,89], carbohydrate intake [90], and alcohol consumption [91] that induce
fatty liver. Therefore, these stressors seem to uncover the association
between the rs738409 minor allele (G) and hepatic injury in populations
in whom it is otherwise covert. The PNPLA3 gene product, known as
patatin-like phospholipase domain-containing protein 3 or adiponutrin, is
a transmembrane protein localized in the membrane of lipid droplets that
was originally identified as a member of the calcium-independent phospho-
lipase A2 family [92]. However, it has both triacylglycerol hydrolase and
acylglycerol transacetylase activity [92]. In animals and humans, adiponutrin
1s primarily expressed in white adipose tissue (WAT) and liver, its expression
is nutritionally regulated, and it increases with obesity [92]. Recently, more
insights concerning the PNPLA3 function have been provided. In particu-
lar, in vitro and animal studies have demonstrated that (i) PNPLA3 promotes
TGs and phospholipid synthesis; (i1) PNPLA3 acts as a nutritionally regu-
lated acyl-transferase, with an increased lipogenic activity under high-
sucrose (glucose +fructose) diet; and (iii) the rs738409 causes a gain of
the lipogenic function of the PNPLA3 [93]. Also, recently we showed an
association between the rs2645424 in the FDFT'1 gene and CK-18, a robust
marker of liver injury, in a multiethnic cohort of obese youths |72]. This
variant, in fact, was found to be associated with NASH activity score in a
cohort of adult women by a GWAS study performed in sample of 236
non-Hispanic white women with NAFLD [94]|. The FDFT1 gene, located
on chromosome 8, is a key regulator of cholesterol biosynthesis [95,96], it
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encodes the squalene synthase, an enzyme involved in sterol synthesis; in
particular, it converts two molecules of farnesyl pyrophosphate into squa-
lene, which is a precursor to cholesterol. Since the rs2645424 is an intronic
variant, it is difficult to speculate on how it may aftect the enzyme activity; it
1s possible that this SNP is in linkage disequilibrium with a variant in the pro-
moter that enhancing its expression leads to an increased activation of the
squalene synthase and to the intrahepatic accumulation of cholesterol. Animal
studies have, in fact, shown that transient overexpression of the FDFT1 gene
in the liver of both wild-type and LDLR knockout mice resulted in increased
de novo cholesterol biosynthesis, over-secretion of cholesterol-rich LDL,
higher cholesterol levels, and a 37% increase in liver weight compared with
controls due to hepatocyte proliferation [96]. This hypothesis would also be
consistent with recent studies showing the role of intrahepatic cholesterol
accumulation in the pathogenesis of NASH [97]. Another gene variant
strongly associated with fatty liver in obese youth is the GCKR rs1260326.
We observed that the minor (T) allele of the GCKR rs1260326 is associated
with higher serum TGs, large VLDL levels, and small LDL size particles in
obese children and adolescents [98]. Interestingly, we also found that the
GCKR 151260326 minor allele is associated with fatty liver [98]. This associ-
ation is probably explained by the effect of the mutation on the protein. In
fact, the rs1260326 is a functionally relevant SNP consisting of a C to
T substitution coding for a proline to leucine substitution at the position
446 (P446L). A recent study has shown that the leucine in P446L confers
to the protein a reduced capability to respond to fructose 6-phosphate,
resulting indirectly in a constant increase in GCK activity in the liver [99],
which leads to higher glycolytic flux and hence increasing the glucose uptake
by the liver. The increased glycolysis would raise the levels of malonyl CoA,
which in turn may favor the increase in TG levels through two different
mechanisms either by serving as a substrate for DNL or by inhibiting
carnitine-palmitoyl transferase-1, thus blocking fatty acid oxidation [99].
We have observed that the increase in large VLDL is actually consistent with
this pathway. The increase of large VLDLs, which represent the youngest
VLDL, may be probably due to both an increased synthesis of TGs into
the liver as a consequence of an increased DNL, whose contribution to the
accumulation of fat into the liver in obese adults 1s well established [45],
and a reduced beta oxidation. Along with the increase of liver fat content,
TGs and large VLDL, subjects carrying the T allele showed smaller LDL size,
and slightly lower HDL cholesterol [98]. Thus, all together, subjects carrying
the T allele seem to display a proatherogenic profile.
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6. ASSOCIATION BETWEEN “LIPID PARTITIONING”
AND METABOLIC SYNDROME

Along with intrahepatic fat accumulation, other compartments concur
to the metabolic phenotype in obese youth. Interestingly, some severely
obese adolescents may be very insulin sensitive and have a healthy metabolic
phenotype [3]. Lipid partitioning pattern, rather than absolute degree of
obesity, is the determinant of the metabolic eftects of excess lipids. The term
“lipid partitioning” refers to the distribution of body fat in organs (some of
which are insulin-responsive tissues) and compartments. The majority of
excess fat is stored in its conventional subcutaneous depot, yet other poten-
tial storage sites exist as well, such as the intra-abdominal (visceral) fat com-
partment and insulin-responsive tissues such as muscle, liver, the pancreas,
and large blood vessels. The pattern of lipid storage not only has local, direct
autocrine effects on signal transduction pathways but also determines the
secretion profile of specific adipocytokines (described below) and inflamma-
tory cytokines, thus affecting metabolism in distant organs via an endocrine
effect [100,101]. The combined effect of these factors determines the sen-
sitivity of insulin-mediated pathways within insulin-responsive organs (such
as muscle and liver) and impacts the vascular system by aftecting endothelial
function. Taksali ef al. described a potential nonfavorable pattern of lipid
partitioning with excess intra-abdominal fat in relation to abdominal subcu-
taneous fat [102]. Obese children with a high visceral-to-subcutaneous fat
ratio are not more obese (by BMI or by percent body fat) in comparison
to those with a lower ratio, but have a greater degree of insulin resistance
and an adverse metabolic phenotype manifesting as more severe dys-
lipidemia, systolic blood pressure, and dysglycemia [102,103]. A potential
explanation for this phenomenon is that the intra-abdominal fat deposits
drain directly into the liver where a postulated increase FFA flux accumu-
lates. While intra-abdominal fat does have a greater sensitivity to adrenergic
stimulation and a lower sensitivity to insulin in vitro, the contribution of this
deposit to circulating FFAs concentration seems to be in proportion to its
absolute quantity; therefore, its adverse effects may be related to other factors
[104]. Difterences in the abundance of lipid droplet proteins that regulate the
storage and breakdown of TGs in the fat cell could play a key role. It has been
suggested that when energy accumulates in adipocytes, the perilipin border
of the fat vacuole breaks down, causing the adipocyte to demise [105].
Cell death then causes a recruitment of macrophages via tissue-derived
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chemokines, especially in the visceral compartment. The accumulation of
these macrophages results in increased secretion of inflammatory cytokines,
initiating a proinflaimmatory milieu, which possibly drives the development
of systemic insulin resistance, altered glucose metabolism, and endothelial
dysfunction [105]. Obesity has been shown to be associated with subclinical
inflammation in adolescents and more so in those who met the criteria of
the MS.

Analyses of subcutaneous and visceral adipose tissue (VAT) depots from
insulin-sensitive and resistant patients indicate that the insulin-sensitive and
-resistant patients differ with respect to AMP-activated protein kinase
(AMPK) activity and oxidative stress in all of their fat depots [106] and in
the expression of genes related to inflaimmation, mitochondrial function,
sirtuin 1 (SIRT1)/nicotinamide phosphoribosyltransferase (Nampt), and
many others [106—-109] in selected depots. Key abnormalities appear to be
impaired TG storage and increased lipolysis by lipid droplets, mitochondrial
dysfunction, inflaimmation, and increases in oxidative and endoplasmic
reticulum stress [109,110]. Many of these abnormalities could be related
to increased synthesis and release of chemokines from the adipocytes or
more likely adjacent wvascular cells that attract monocytes (CD68),
T (CD4) and B lymphocytes, and neutrophils (MPO) from circulating blood
[111]. The resultant increases in the release of FFA, ROS, and inflammatory
cytokines and the decreased release of adiponectin from the adipocyte are
thought to act on peripheral tissues to cause such disorders as T2D, athero-
sclerosis, and NAFLD. In subcutaneous abdominal fat, the indicated changes
may also be associated with decreased capillarity [107] and impaired O, con-
sumption and increased synthesis of type VI collagen [107,112], all of which
could limit adipose tissue expansion.

7. IS THERE A HEALTHY METABOLIC PHENOTYPE
IN OBESITY?

Several pathophysiological explanations for the MS have been pro-
posed involving insulin resistance, chronic inflammation, and ectopic fat
accumulation following adipose tissue saturation [107]. However, current
concepts create several paradoxes, including limited cardiovascular risk
reduction with intensive glucose control in diabetics [113], therapies
resulting in weight gain (PPAR agonists) [114]. A newer prospective is the
functional failure of the adipose tissue as an organ unable to bufter postpran-
dial lipids [115].
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The functions described for WAT from classical physiology are: heat insu-
lation, mechanical cushioning, and storage site for fat in the form of TGs. How-
ever, this view has been dramatically changed with the recognition of the
adipose tissue as a key endocrine organ. Adipose tissue secretes active endo-
crine, paracrine, and autocrine substances in response to different stimulus.
Some of them are mainly released by the adipose tissue (i.¢., leptin), while others
are shared with other systems (i.e., TNF-a) thus interweaving its function in
systemic whole-organism regulations. The current hypotheses consider that
adipose tissue switches between two states: (i) avidly draining FFAs that come
mainly from T'G-rich lipoproteins during the postprandial period and (ii) gently
releasing them during the fasting period | 115]. Switching between one state and
the other is most probably regulated by a multifactorial system including sub-
strate and hormone levels, but also the functional state of the adipose tissue itself.
A failure of the adipose tissue function in taking up dietary fat (being perma-
nently switched to releasing FFAs) might lead to an excess of lipid flux toward
other tissues, during the postprandial period and even during the fasting period,
and to a decreased clearance of TG-rich lipoprotein particles [116]. The func-
tional capacity of the adipose tissue varies among subjects explaining the incom-
plete overlapping among the MS and obesity and these differences may be
explained by the different genetic background. In fact, variations at multiple
gene loci seem to be partially responsible for these interindividual differences.
Two candidate genes regulating lipid partitioning are the adiponectin (APM]1)
and the perilipin (PLIN) gene [117], which will be discussed in detail later.

Lipid partitioning has been proven to be a better determinant for insulin
resistance then obesity alone. The distribution of body fat varies between
men and women, men start to accumulate fat in the visceral depot far
earlier than women, as well as between different ethnicities, with African
Americans having increased subcutaneous fat storage capacity [118]. There-
fore, a more healthy phenotype of obesity is an increased subcutaneous ver-
sus visceral abdominal fat ratio and a higher gluteal-femoral than abdominal
fat distribution—the so-called pear shape. We showed in multiple studies
that an unhealthy abdominal lipid partitioning with low subcutaneous
and high visceral fat storage is associated with ectopic fat in muscle and liver,
resulting in insulin resistance in youth [3,102,103].

8. ROLE OF SUBCUTANEOUS FAT IN THE PATHOGENESIS
OF METABOLIC SYNDROME

Numerous investigators have shown increased circulating biomarkers
of inflaimmation in MS, thus providing support for the syndrome’s
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proinflammatory state. However, there is a paucity of data on subcutaneous
adipose tissue (SAT) biology in the pathogenesis of MS [119]. The subcu-
taneous fat—which comprises ~80% of adipose tissue—is readily accessible
to study and has been shown to be metabolically correlated to indices of
insulin resistance as well as to VAT [120-123]. In addition to intra-
abdominal fat, investigators have shown that the amount of SAT positively
correlates with increasing MS factor scores and negatively correlates with
circulating adiponectin levels [124]. Other investigators have also reported
that SAT is significantly associated with MS and increases with the increasing
number of MS features, independent of age and sex [125]. Furthermore,
inflammatory cells and processes, such as macrophage infiltration, appear
to be important in adipose tissue inflammation. Specifically, investigators
have examined abdominal SAT from obese subjects and reported that an
inflamed adipose phenotype characterized by tissue macrophage accumula-
tion in crown-like structures is associated with systemic hyperinsulinemia
and insulin resistance and impaired endothelium-dependent flow-mediated
vasodilation [126]. Macrophage retention in fat has been also linked to
upregulated tissue CD68 and TNF-oo mRINA expressions in addition to
increased plasma high-sensitivity CRP concentrations.

9. NOVEL BIOMARKERS OF METABOLIC SYNDROME

As mentioned earlie—multiple clinical definitions have been
suggested for diagnosing the MS in children and adolescents. It is of great
interest and importance to identify biomarkers in patients prone to develop
the syndrome during childhood (mainly those with significant obesity
and/or a strong family history of CVD at young age or T2DM). Recently,
several novel biomarkers have been identified and shown to be associated
with early alterations of the metabolic milieu that characterize the initiation
of the pathophysiological processes that culminate in accelerated atherogen-
esis and peripheral insulin resistance. While some of the biomarkers
described herein may still be in their investigational phase and do not yet
have any clinical implications, they shed light on the underlying pathophys-
10logy of the MS and may serve to identify novel targets for early preventive
interventions (Fig. 4.2).

9.1. The fibroblast growth factor 21

The search for metabolic markers able to identify subjects at high-metabolic
risk and with a potential therapeutic impact has led to the discovery of the
FGFs, several of which are implicated in glucose uptake and mitochondrial



110 Romy Kursawe and Nicola Santoro

RBP4 4

Leptin 4 T PEDF

1 [
™~ /
WAT *

Omentiny «—— —_ IL-6 4

* »*
e
Chemering «—  AMPK-SIRT1 ;** *

Adiponectin §

CIDEA, CIDEC, PL|N¢
s e «—
Resistin 4 L T~ saat

TNF-ocf/ / l \::RM

MCP-1 4 PAI-1 4

Figure 4.2 Adipokines involved in the pathophysiology of the Metabolic syndrome. The
figure shows the most important adipokines associated with the Metabolic syndrome.
Abbreviations: WAT, white adipose tissue; RBP, retinol-binding protein; PEDF, pigment
epithelium-derived factor; IL, interleukin; TNF-o, tumor necrosis factor-alpha; MCP,
monocyte chemoattractant protein; PAl, plasminogen activator inhibitor; CIDE, cell
death-inducing DFF45-like effector; PLIN, perilipin; AMPK, AMP-activated protein kinase;
SIRT, sirtuin.

function. Among them, fibroblast growth factor 21 (FGF-21) has become of
particular interest. The FGF-21 is involved in the regulation of glucose,
lipid, and energy metabolism in vivo. It acts through a receptor complex con-
sisting of a coreceptor, B-klotho, and a FGF receptor, which is crucial for the
FGF-21 specificity of the target cells [103,127] and elicits intracellular sig-
naling cascades, including phosphorylation of FGF receptor substrate-2 and
ERK [128,129]. Animal studies have shown that FGF-21 overexpression is
protective against diet-induced obesity and insulin resistance [130], while
the administration of FGF-21 causes a reduction of blood glucose, insulin,
TG, cholesterol levels, steatosis, and obesity [130]. The role of FGF-21 in
glucose and lipid metabolism is also inferred due to FGF-21 expression being
highly regulated by feeding and, in particular, by dietary fat and carbohy-
drates [131-133]. More interestingly, the intracerebroventricular infusion
of FGF-21 in high-fat diet-induced obese male rats increases hepatic insulin
sensitivity, indicating that the CNS plays a pivotal role in the interplay
between FGF-21 and glucose metabolism [130]. Despite its apparent
antiobesity and antidiabetes effects, FGF-21 levels are elevated in obese
and diabetic patients, suggesting a state of FGF-21 resistance analogous to
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what is observed for leptin and insulin. Although, the entire picture
explaining the role of FGF-21 in the pathogenesis of insulin resistance
and the MS is still confused, some recent observations have suggested
intriguing mechanisms possibly underlying this association. Animal studies
have shown that FGF-21 expression in the liver is induced by fasting in
wild-type mice but not PPAR-a knockout mice [134], thus suggesting that
hepatic FGF-21 expression may be induced by the activation of PPAR-a..
Moreover, when FFAs activate PPAR -a,, the latter induces the expression of
FGEF-21 [134]. Furthermore, fasted FGF-21-knockout mice show increased
lipolysis in adipocytes, which resulted in decreased adipocyte size and
increased serum FFAs levels [134], indicating that FGF-21 could inhibit
lipolysis in adipocytes during fasting. Although this mechanism may explain
how FGF-21 can “protect” from ectopic fat deposition and the related insu-
lin resistance, it is still hard to conceive how the FGF-21 resistance is
established. More recently, studies in youth have shown that FGF-21 levels
correlate not only with the obesity degree (being higher in obese subjects)
but also with the presence of fatty liver [135].

9.2. Leptin

Leptin was the first identified adipocytokine, it is primarily expressed in
adipose tissue and its serum concentration is directly proportional to body
fat [136]. However, recent studies have confirmed that other tissues also
express leptin, including placenta, ovaries, skeletal muscle, stomach, pitui-
tary, and liver [137]. Leptin circulating levels are increased during a meal,
whereas leptin levels decrease with fasting [138,139]. Leptin expression
may also be increased by the actions of insulin, glucose, estrogens, glucocor-
ticoids, TNF-a, and interleukin (IL-1), and in conditions of impaired renal
function and acute inflammation [140]. A decrease in leptin levels is
observed in response to beta-receptor agonists, androgens, cold exposure,
thiazolidinedione, and cigarette smoking [141]. It is noted that the addition
of leptin to cells in culture was found to promote proliferation and to inhibit
apoptosis [142—144].

Leptin acts as an afferent satiety signal, regulating appetite, and weight in
both humans and rodents. It affects central circuits in the hypothalamus,
thereby suppressing food intake and stimulating energy expenditure. Thus,
leptin plays a major role in the control of body fat stores through coordinated
regulation of feeding behavior, metabolism, the autonomic nervous system,
and body energy balance. Recent studies have revealed direct effects of
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leptin in the periphery, partly through interactions with other peripherally
acting hormones such as insulin [145]. Besides the neuroendocrine effects of
leptin in the control of food intake and energy expenditure, binding of this
hormone has been proven in lung, intestine, kidney, liver, skin, stomach,
heart, spleen, and other organs [142,146], suggesting its pleiotropic actions.
These include, for example, the role of leptin in the direct regulation of
immune cells, pancreatic beta cells, adipocytes, muscle and blood cells
[146]. Thus, leptin appears to act as an endocrine and paracrine factor for
the regulation of puberty and reproduction; it affects maternal, placental,
and fetal function; modifies insulin sensitivity in the muscle or liver; prevents
ectopic lipid deposition; and links the endocrine and immune systems in the
context of skin repair [145]. Many new peripheral actions of leptin have
been demonstrating that leptin plays a role in modulating metabolism,
energy expenditure, and pathological processes in humans [147,148].

9.3. Adiponectin

One of the most interesting biomarkers of MS remains adiponectin, which is
secreted by the adipose tissue and abundant in plasma [149]. While other
adipokines (resistin, visfatin, leptin, pigment epithelium-derived factor
(PEDF), retinol-binding protein-4 (RBP4), and FGF-21) are increased in
a dysmetabolic state, adiponectin is the only adipokine inversely correlated
with insulin sensitivity and that is low in subjects with MS or T2D [149].
Several lines of evidence, consisting of clinical association studies in humans,
genetic studies, experimental animal studies and models, and in vitro studies
support the protective role of adiponectin in the development of obesity-
related disorders and the MS, particularly in the pathogenesis of T2D,
and cardiovascular disease. Human studies have clearly shown an association
between adiponectin levels and the MS, as well as T2D. In particular, dys-
regulation of the expression and secretion of adiponectin may play a role in
the pathogenesis of T2D [4,150—152]. In fact, it has been shown that low
adiponectin levels are an independent risk factor for the progression of
T2D [153-155].

Although adiponectin has been shown to be associated with insulin resis-
tance in a large number of studies, its effect is not limited to glucose metab-
olism, since adiponectin has also been shown to play a role in lipid
metabolism [153—155] and inflammation [156]. Some animal and in vitro
studies have studied the biological pathway by which adiponectin modulates
insulin sensitivity. In fact, in models of genetic- and diet-induced obesity,
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and in vitro experiments have shown that adiponectin causes improvements
in insulin sensitivity in muscle cells [156—158] and stimulates fatty acid oxi-
dation and glucose uptake in skeletal muscle [158,159] and adipose tissue
[160]. Adiponectin action on the skeletal muscle is mediated by AMPK,
which, in turn, is activated by adiponectin receptor 1 [161]. More recently,
it has been demonstrated that the insulin sensitization induced by PPAR -y
ligands, depends on adiponectin [162]. Therefore, the role of adiponectin
seems to be more vast and complex than first thought, including the regu-
lation of energy expenditure and appetite [163]. Adiponectin appears to be
in the pathway regulating insulin sensitivity and seems to distinguish
between the “healthy obese” children and those at higher metabolic risk
[164], and as such may in the future prove an effective marker of long-term
risk [165]. Lower levels of adiponectin have been shown to predict future
risk of MS over a 6-year period [166]. Low levels of adiponectin and increas-
ing insulin resistance are also associated with the clinical features of MS
[167]. Notably, low levels of adiponectin are associated with higher levels
of inflammatory cytokines, whereas infusions of adiponectin in animal
models result in a decrease in systemic inflammation from unclear
mechanisms [158].

9.4. Chemerin

Chemerin is a novel adipokine that is produced by both adipose tissue and
liver; moreover, it is a chemoattractant for immune cells such as macro-
phages and promotes adipocyte difterentiation [168]|. Chemerin levels have
also been shown to be higher in obesity, some features of MS, diabetes, and
NAFLD [168-170], and it appears to induce insulin resistance in skeletal
muscle, the major site of peripheral insulin resistance [170]. Bremer et al.
made the novel observation that both plasma and SAT levels of chemerin
are higher in subjects with nascent MS, suggesting that chemerin could
be involved early in the pathogenesis of the syndrome [171-173]. Another
study in Caucasian subjects with MS (including some with concomitant dia-
betes), serum chemerin levels were reported to be significantly increased;
however, they were not adjusted for adiposity [173]. In this study, the inves-
tigators did not find a correlation between insulin resistance, obtained by
two measures (HOMA and the quantitative insulin sensitivity check index)
and chemerin concentrations [174]. In a subsequent study in Korean subjects
[175], the authors suggested that the ratio of chemerin to adiponectin might
be a good predictor of MS, but did not report on adiposity-adjusted differ-
ences between patients with MS and controls. Also, Dong et al. reported
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increased chemerin levels in patients with MS (41% on statin therapy) with
and without CAD and suggested it was an independent predictor of angio-
graphic CAD [176], but again they did not correct for adiposity compared to
controls. Since VAT is not a major source of chemerin [177], studies from
Bremer and other investigators [172,173] highlighted the contribution of
SAT to circulating chemerin levels and its use as a potential biomarker of
SAT dysregulation. Moreover, those findings demonstrate higher SAT
and plasma chemerin concentrations independent of obesity in patients with
MS but without T2D and CAD, and also confirm significant correlations
with insulin resistance, inflammation, BP, and dyslipidemia, suggesting a
potential role of chemerin in MS and its sequelae.

9.5. Omentin

Omentin mRNA is predominantly expressed in the stromal vascular fraction
of VAT but is scarcely detectable in subcutaneous fat depots and mature adi-
pocytes [178]. Omentin is found at lower levels in patients with glucose
intolerance and diabetes [179]. While recombinant omentin enhances
insulin-stimulated glucose uptake in adipose tissue, the molecular mecha-
nism by which it achieves this beneficial effect remains to be worked out
(reviewed in Ref. [180]).

9.6. Resistin

Resistin was discovered as an adipocytokine in animal models produced
mainly by adipocytes, linking obesity with diabetes [30]. In humans, adipo-
cytes seem to contribute only a small fraction of the resistin production [181]
and inflammatory cells such as macrophages are considered the predominant
source of circulating resistin [182]. Some studies have reported that resistin
levels are increased in obese individuals [183,184], while others did not
observe the phenomenon [185,186]. Population-based studies have shown
that resistin levels are associated with metabolic impairments and insulin
resistance [185,187,188], but the association between resistin levels and
insulin sensitivity has been inconsistent in humans [183]. In children, resistin
levels correlate with pubertal development but not with metabolic param-
eters [62]. Resistin levels have also been associated with coronary heart dis-
eases [189] and were correlated with calcification deposition in coronary
arteries [190]. In contrast, other studies have not shown a significant associ-
ation between resistin and CADs [191,192]. Thus, the evidence linking
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resistin with decreased insulin sensitivity or increased cardiovascular risk
remains inconsistent.

Of note, the secretions of TNF-a, IL-6, and other cell adhesion mole-
cules are increased by resistin [193]. An in vitro study demonstrated that
resistin treatment increased the proliferation and migration of vascular
smooth muscle and endothelial cells [194]. In summary, resistin may partic-
ipate in cardiovascular physiopathology in humans via the action of macro-
phages implicated in the inflammatory response related to obesity.

9.7. Visfatin

Vistatin is also known as pre-B cell colony-enhancing factor or Nampt,
since it is the limiting enzyme in nicotinamide adenine dinucleotide
(NAD) biosynthesis [195]. Visfatin was first isolated from the visceral fat
of humans and mice, but is also expressed in leukocytes, adipocytes, muscle
cells, and hepatocytes [196—199]. In adipose tissue, however, it may be pri-
marily the product of infiltrating macrophages as opposed to adipocytes. In
CD14 + monocytes, visfatin induced the expression of IL-13, TNF-a., [L-6,
and other CD molecules [200].

While visfatin may frequently be upregulated in the obese state, its
impact on insulin sensitivity and the underlying mechanisms are not clear
yet. No correlation of plasma visfatin, or visfatin expression in subcutaneous,
or VAT has been observed [201,202], although the serum visfatin levels
were significantly reduced after gastric bypass surgery in morbidly obese sub-
jects [203], also the serum visfatin levels are higher in patients with diabetes
and diabetic nephropathy [204]. Visfatin is now regarded as an extracellular
nicotinamide phosphoribosyltransferase (eNampt) enzyme and it seems to
play an important role in insulin secretion from pancreatic  cell by systemic
NAD biosynthesis [199]. In vitro and in vivo, visfatin mimics insulin action,
but in human studies, it is paradoxically increased in disease conditions and
shows correlation with systemic inflammation, vascular complications, and
insulin secretion [200,205].

9.8. Retinol binding protein-4

Another factor released from adipocytes is retinol-binding protein-4, which
appears to suppress the peripheral expression of glucose transporter-4
(GLUT-4)—a key glucose transporter in skeletal muscle—and is associated
with an increased expression of monocyte chemoattractant protein-1 adipo-
cytes [206-209]. Retinol-binding protein-4 (RBP4) represents another
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untested potential marker for long-term risk [210]. Although the data are not
always clear, some reports have noted increased levels of RBP4 in obese
adolescents, corresponding to the amount of fat mass [211] and changes
in insulin resistance [212]. The role of RBP4 in obesity and insulin resistance
was first observed in 2005, when it was observed that RBP4 expression is
increased in adipose tissue of mice selectively knocked down for
GLUT-4 in the adipose tissue (adipose GLUT-4""7) and reduced in mice
overexpressing GLUT-4 [207]. Moreover, not only were the RBP4 serum
levels increased in other mouse models of obesity and insulin resistance [206]
but also the transgenic overexpression of human RBP4 or its injection in
normal mice caused insulin resistance. Therefore, it was suggested that
RBP4 is an adipocyte-derived factor that affects insulin sensitivity in the
muscle and liver [207]. After this observation, several clinical studies have
tried to assess the role of the RBP4 in the pathogenesis of obesity-related
insulin resistance. It has been shown, in fact, that RBP4 levels correlate with
BMI [208], whole-body fat content and VAT content [213-216]|. More-
over, RBP4 is preferentially expressed in visceral fat compared with subcu-
taneous fat [217]. Longitudinal observational and interventional studies have
shown that a significant weight loss, achieved by diet, exercise, or bariatric
surgery, leads to a decrease in circulating RBP4 levels as well as to a
decreased expression of RBP4 in the adipose tissue [208]. The RBP4 levels
are influenced not only by adiposity itself but also by the status of insulin
resistance. In fact, RBP4 levels decrease after a weight-loss program in sub-
jects with insulin resistance and T2D [208,218]; however, the decrease is
specifically linked to those with improved insulin sensitivity [208] and,
moreover, therapy with rosiglitazone (which is no longer available in com-
merce) also decreases circulating RBP4 levels [215]. Along with insulin
resistance, circulating RBP4 levels were also found to be associated with
other components and with the long-term complications of the MS
[219,220], such as increased carotid intima-media thickness, cerebral infarc-
tion, early-onset cardiovascular disease, and increased risk of incident coro-
nary disease [221]. While the role of RBP4 in obesity-related insulin
resistance in youth seems to be well established [222], it does not seem to
play any role in peripubertal insulin resistance [223]. Nevertheless, not all
the observations concerning the association between RBP4 and adiposity
seem to be consistent. Some studies, in fact, did not observe any association
between RBP4 and BMI or T2D [224,225]. Those inconsistencies could be
explained by the collection and dosage methods. In fact, plasma anticoagu-
lants present in the tubes could alter the absolute amount of RBP4
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immunoreactivity; moreover, the effect differs from subject to subject and,
thus, glass vacuum tubes without additives are suggested as an optimal col-
lection container. Differences in the immunoassays used can also influence
the results, which is why it has been suggested to use quantitative Western
blotting to full-length RBP4 protein to obtain an exact estimate of RBP4
levels [208].

9.9. Plasminogen activator inhibitor-1

In the study of Kraja ef al., plasminogen activator inhibitor-1 (PAI-1)
represented an important contributor to the obesity and lipids factors and
associated with the MS [226]. Similar to these findings, PAI-1 had a signif-
icant contribution in the “Metabolic syndrome” factor in Hanley et al. [227]
and in the Tang ef al. [228], and in the “Body mass” and lesser in the
“insulin/glucose” factors in Sakkinen ef al. studies [229]. PAI-1 was strongly
associated with MS components such as BMI, TG, a homeostasis model
assessment of insulin resistance, hs-CRP, and alanine aminotransferase
[230]. PAI-1 prevents plasmin generation and is considered a primary inhib-
itor of fibrinolysis and of extracellular matrix degradation [231]. PAI-1 is
lowered by weight loss and drugs that improve insulin sensitivity. PAI-
deficient mice were resistant to diet-induced obesity, explained by increased
energy expenditure [232]. PAI-1 is induced by many proinflammatory and
pro-oxidant factors, for example, TNF-a [233,234]. Transgenic mice with
elevated levels of PAI-1 in plasma developed venous occlusions [235], and
when overexpressing human PAI-1, the mice develop macrovascular coro-
nary thrombosis and subendocardial myocardial infarction [236]. Smith et al.
[237] concluded that PAI-1 together with fibrinogen, DDIMER were asso-
ciated significantly with risk of CVD. Consequently, PAI-1 has important
functions and is a biomarker that can increase the prediction for MS in addi-
tion to the conventional risk factors. Mertens ef al. [238] investigated the
association of five biomarkers with the MS as defined by the NCEP criteria
in 520 overweight and obese subjects and concluded that PAI-1 is a true
component of MS. However, questions remain open whether PAI-1 genes
contribute to the MS development or represent a step in the cascade of the
biochemical pathways of MS. It has been proposed that as result of obesity
and hypoxia WAT overspills inflammation markers [239]. Skurk and Hauner
[240] reviewed obesity and impaired fibrinolysis and reported that increased
fat cell size and adipose tissue mass associate with higher offerings of PAI-1 in
circulation. Moreover, Liang et al. [232] studying cultured adipocytes from
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PAI-1(+/+) and PAI-1(—/—) mice found that PAI-1 deficiency had a pro-
tective role against insulin resistance, and was also associated with up- and
downregulation of some other important genes.

9.10. Pigment epithelium-derived factor

Pigment epithelium-derived factor (PEDF) is a glycoprotein of approxi-
mately 50 kDa, mainly expressed in the adipose tissue and liver, but initially
observed in retinal epithelial cells [241,242]. PEDF is an important determi-
nant of oxidative stress [243,244|, inflammation, and angiogenesis
[245,246]. The major source of PEDF seems to be adipose tissue; in fact,
there is a strong relationship between PEDF and measures of adiposity [247].

Although the association between PEDF, insulin resistance, and the MS
has been shown in humans [247—249], most of the mechanistic studies deal-
ing with the relationship between PEDF and insulin resistance have been
performed in animal models [241]. In particular, the administration of PEDF
in lean mice dramatically increases insulin resistance [241], probably through
an increase of plasma FFA, skeletal muscle, and liver triacylglycerol content,
as well as through the accumulation of the fatty acid metabolites, ceramide,
and DAG, in skeletal muscle [241]. Moreover, when a PEDF-neutralizing
antibody is administered to obese mice, insulin sensitivity increases, whereas
skeletal muscle and liver triacylglycerol content and skeletal muscle ceramide
and DAG decrease [241]. These observations suggest that one of the mech-
anisms by which increased PEDF levels may lead to developing insulin resis-
tance is linked to the excessive basal adipose tissue lipolysis and consequent
increase of FFAs in the blood, which, in turn, causes ectopic lipid deposition
in skeletal muscle and liver.

Recent studies, in fact, have identified a triglyceride lipase (ATGL/
PNPLA?2) as a putative receptor for PEDF [250] and as aligand for endothelial
cell-surface F;)F)-ATP synthase [251]; however, there is no experimental
evidence that PEDF can exert its effect on insulin resistance through these
receptors. Therefore, while it is now clear that PEDF is a biomarker for
the MS, future studies need to address the mechanism of action by which
PEDF modulates insulin resistance and the potential clinical implications.

10. ADIPOCYTE LIPID-DROPLET MOLECULES
10.1. Perilipin

Obesity may play a major role in triggering the MS by interacting with
genetic variants in candidate genes for dyslipidemia, hypertension, and
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insulin resistance. In support of this hypothesis, several studies at several can-
didate genes, mainly adipokines and perilipin (PLIN), have already demon-
strated the significance of these interactions [252]. Common polymorphisms
in the PLIN gene modulate the response of insulin sensibility to changes in
dietary saturated fat and carbohydrates [117]. Humans, heterozygote for a
truncated form of Plin1, display partial lipodystrophy, severe dyslipidemia,
and insulin-resistant diabetes [253].

Lipid droplets are coated with one or more of five members of the peri-
lipin family of proteins: adipophilin, TIP47, OXPAT/MLDP, S3-12, and
perilipin. The most studied member of the family, perilipin (Plinl), is the
most abundant protein on the surfaces of adipocyte lipid droplets and the
major substrate for cAMP-dependent protein kinase (protein kinase A—
PKA) in lipolytically stimulated adipocytes [254]. Perilipin serves important
functions in the regulation of basal and hormonally stimulated lipolysis.
Under basal conditions, perilipin restricts the access of cytosolic lipases to
lipid droplets and thus promotes triacylglycerol storage. In times of energy
deficit, perilipin is phosphorylated by PKA and facilitates maximal lipolysis
by hormone-sensitive lipase (HSL) and adipose triglyceride lipase [255].
Perilipin probably serves as a dynamic scaffold to coordinate the access of
enzymes to the lipid droplet in a manner that is responsive to the metabolic
status of the adipocyte. Plinl interacts with other proteins to balance lipid
storage and hydrolysis such as caveolin-1, which is a component of caveolae
and is highly enriched in adipose cells where it could regulate fatty acids
trafficking and accumulation [256,257].

10.2. Cell death-inducing DFF45-like effector

The cell death-inducing DFF45-like effector (CIDE) proteins, CIDE-A,
CIDE-B, and CIDE-C have distinct tissue expression patterns with
CIDE-A in brown adipose tissue (BAT) in rodents [258], CIDE-B [259]
in liver, and CIDE-C in WAT and BAT [260,261]. Interestingly, mRNAs
of Fsp27 (rodent homolog of CIDE-C) and CIDE-A were also detected in
fatty livers in which excess amount of lipid is accumulated and large lipid
droplets are formed [262—264]. CIDE proteins are subjected to tight regu-
lation on both transcriptional and posttranslational levels, for example,
CICE-C is induced by PPAR-y2 [265]. Studies using animals deficient
in CIDE proteins have demonstrated that this class of proteins plays impor-
tant roles in lipid storage, lipid droplet formation, lipolysis, and the devel-
opment of obesity, diabetes, and liver steatosis. Fsp27 '~ mice also have
dramatically lower levels of TAG and much smaller lipid droplets in their
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white adipocytes and are protected from diet-induced obesity. Fsp27 '~
mice also have higher glucose uptake rates and improved insulin sensitivity
[260,261]. Furthermore, Fsp27 deficiency leads to a reduction in fat accu-
mulation and improved insulin sensitivity in leptin-deficient ob/ob mice. The
increased insulin sensitivity in Fsp27 '~ mice is likely due to increased
expression and phosphorylation of crucial factors such as GLUT-4, IRS-
1, and AKT?2 in insulin signaling pathway in the WAT. The Fsp27 '~ mice
also have higher lipolysis rates, especially the basal level. Interestingly,
Fsp27~'~ WAT tends to acquire properties of BAT, such as smaller lipid
droplets, increased mitochondrial volume and activity, and enhanced
expression of BAT-specific genes such as Ucpl, CIDE-A, PPAR-a, and
Dio2. The attainment of BAT-like property in the WAT of Fsp27 /™ mice
is likely due to increased levels of key metabolic regulators such as FoxC2,
PPAR, and PGC-1a, as well as reduced expression levels of Rb, p107, and
RIP140 [266].

In WAT of BMI-matched obese humans, levels of CIDE-A and CIDE-
C are positively correlated with insulin sensitivity indicating their role in
controling adipose lipolysis and thus circulating fatty acids [267]. Further-
more, levels of CIDE-C were reduced in response to caloric restriction
in obese patients [268]. Overall, these data suggest that CIDE proteins are
novel regulators of the development of metabolic diseases, such as obesity,
T2D, and liver steatosis.

10.3. AMP-activated protein kinase and Sirtuin 1

AMPK has been implicated in regulating a variety of cellular functions
including energy state, fuel metabolism, mitochondrial biogenesis, protein
and ceramide synthesis, cell growth, and proliferation. In addition, its acti-
vation was initially shown to inhibit glucose, palmitate, and TNF-a-induced
inflammation, insulin resistance, apoptosis, and oxidative stress in vitro
[269,270] and later in other cells [271]. Decreased AMPK activity has been
observed in obese and insulin-resistant rodent models with MS- associated
disorders including 0b/o0b and db/db mice, Zucker Diabetic Fatty (ZDF) rats,
and fat-fed rodents [271]. Pharmacological AMPK activation in the leptin-
resistant ZDF rat has been shown to diminish ectopic lipid deposition,
inflammation, and apoptosis in pancreatic islets, therefore preventing the
development of diabetes [272]. In humans, AMPK activity is diminished
in omental, subcutaneous, and epiploic fat of severely obese insulin-resistant
compared to equally obese insulin-sensitive individuals. AMPK activation
has been shown to inhibit inflammasome formation in macrophages
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[273,274] as well as the conversion of monocytes to M1 macrophages [275].
Oxidative stress [276] and inflaimmation as well as fatty acids have been
shown to diminish AMPK activity by their effects on protein phosphatases
[277] in cultured cells and rodents in vivo. In humans, decreases in AMPK
activity and increases in oxidative stress appear to be present in multiple
fat depots of insulin-resistant patients, whereas changes in the expression
of genes for specific inflammatory cells and other molecules (e.g., PGC-
1at, various cytokines and chemokines, and adhesion molecules) are more
depot specific [106]. Taken together, these data suggest that the decrease
in AMPK activity plays a key pathogenetic role in the development of
the MS.

Sirtuins, a family of histone protein deacetylases that have long been
linked to the antiaging eftect of caloric restriction in rodents and other spe-
cies [278] can activate AMPK and vice versa and have many actions and target
molecules (e.g., PGC-1a, FOXO, and p53) in common with the AMPK
[271]. As for AMPK, downregulation of SIRT1 in adipose tissue has been
shown to increase obesity, macrophage accumulation, and inflammation in
rodent fat [108,279] while activation of both molecules has been shown to
diminish inflammation in macrophages [275,280]. Gillum ef al. showed that
the SIRT1 expression in adipose tissue of obese insulin-resistant humans is
associated with increased macrophage infiltration [108]. As already noted,
AMPK has been reported to inhibit inflaimmasome formation by eftects
on mitophagy and oxidative stress [274]. In contrast, SIRT1 is cleaved
and inactivated by caspase-1, a member of the NLRP3 inflammasome
[279]. Furthermore, decreases in the activity of both AMPK and SIRT1
have been linked to the development of obesity and insulin resistance in
a wide variety of rodent models [271,279,281]. In fat-fed obese rats,
increases in AMPK activity and SIRT1 abundance have been observed after
gastric bypass surgery [282].

11. INFLAMMATION MARKERS

Since the MS is thought to be associated with a chronic low-grade
inflammation, a growing body of evidence suggests more and more inflam-
matory markers to be closely related to the MS and its consequences. For
example, circulating levels of IL-18 have been reported to be elevated in
subjects with the MS, to be closely associated with the components of
the syndrome, to predict cardiovascular events and mortality in populations
with the MS, and to precede the development of T2D [283]. The most
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important inflammation marker in circulation, CRP, IL-6, and TNF-o will
be discussed in more detail below.

11.1. C-reactive protein

CRP is the most commonly used marker to assess systemic inflammation.
CRP is produced by the liver, peripheral leukocytes, and even the adipose
tissue in response to multiple cues, particularly increases in IL-6, and other
systemic inflammatory cytokines [284,285]. In the periphery, CRP has spe-
cific roles including the activation of phagocytic cells—at least in part by
binding to the Fc-y-R1la receptor [286]|. While longitudinal data regarding
the predictive importance of CRP in adolescents are lacking, cross-sectional
data support the potential for such a relationship. As in adults, CRP levels in
childhood are increased in the settings of obesity and are strongly associated
with waist circumference, BMI, and adiposity [287-291]. With respect to
insulin resistance, levels of CR P levels are strongly associated with measure-
ments of insulin resistance (such as fasting insulin and the homeostasis model
of insulin resistance) and are higher in overweight adolescents with insulin
resistance versus without insulin resistance as assessed by insulin clamp
[288-291]. CRP levels are higher in adolescents with MS than in those
without MS [288,289,292|. Perhaps most importantly, in a cohort of
2195 individuals who had CRP measured at 3—18 years of age, CRP levels
predicted the presence of MS as adults 21 years later [293]. In addition, CRP
is independently associated with carotid artery media thickness in adoles-
cence, an early finding related to atherosclerotic plaque formation
[294]—although this has not been demonstrated in all studies on the
topic [295].

11.2. Tumor necrosis factor-alpha and interleukin-6

TNEF-o and IL-6 are upregulated in adipocytes undergoing proinflammatory
stimulation in the obese state. While TNF-a acts predominantly locally and
cannot be measured at elevated levels in circulation under metabolically
challenged conditions, IL-6 is released effectively from adipose tissue. In
the case of visceral adipocytes, IL-6 is released into the portal vein where
it is shunted directly into the liver [296] and induces CRP production in
hepatocytes [297]. In adolescents, IL-6 plasma levels are inversely related
to physical activity, independently of adiposity, and fat localization [298].
A number of studies showed that obese children, compared to lean controls,
were more insulin resistant and had significantly higher TNF-a levels, which
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were negatively correlated to HDL and positively correlated to TG
[299,300]. Furthermore, children of parents having MS also showed higher
levels of TNF-a, whereas their HDL cholesterol concentrations were lower
compared with those of age- and sex-matched control subjects [301].
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Abstract

Alzheimer's disease (AD) is a progressive brain amyloidosis that injures brain regions
involved in memory consolidation and other cognitive functions. Neuropathologically,
the disease is characterized by accumulation of a 42-amino acid protein called
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amyloid B, and N-terminally truncated fragments thereof, in extracellular senile plaques
together with intraneuronal inclusions of hyperphosphorylated tau protein in neurofi-
brillary tangles, and neuronal and axonal degeneration and loss. Clinical chemistry tests
for these pathologies have been developed for use on cerebrospinal fluid samples. Here,
we review what these markers have taught us on the disease process in AD and how
they can be implemented in routine clinical chemistry. We also provide an update on
new marker development and ongoing analytical standardization effort.

ABBREVIATIONS

AD Alzheimer’s disease

APP amyloid precursor protein

AB42 amyloid B 42

BACE1 beta-site APP-cleaving enzyme 1
CCL2 C—C chemokine ligand 2

CNS central nervous system

CSF cerebrospinal fluid

CV coeflicient of variation

ELISA enzyme-linked immunosorbent assay
fAD familial AD

GCBS Global Consortium for Biomarker Standardization
HIV human immunodeficiency virus

IFCC International Federation of Clinical Chemistry and Laboratory Medicine
IL-1PB interleukin 1B

MCI mild cognitive impairment

NFL neurofilament light protein

P-tau phospho-tau

QC quality control

sAPPa soluble APP alpha

sAPPf} soluble APP beta

TGF-B transforming growth factor-3
TNF-a tumor necrosis factor o

T-tau total tau

1. INTRODUCTION

In 1906, Alzheimer described the clinical characteristics of a female
patient in her 50s with a progressive memory disorder that eventually
ended her life [1]. The neuropathology was striking with three main
features: (i) gross atrophy, which today is known to be due to neuronal
and synaptic/axonal degeneration and loss, (ii) extracellular argyrophilic
accumulations called senile plaques, and (iii) intraneuronal inclusions called
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neurofibrillary tangles [2]. In 1911, Kraepelin named this condition
Alzheimer’s disease (AD) in his influential textbook on psychiatry. For
many decades, AD was considered a rare brain disorder found in patients
who developed dementia in middle age. However, during the 1960s, it was
noted that many elderly who died demented actually displayed neuropath-
ological changes similar to those of AD [3], and the term senile dementia of
Alzheimer type was coined. Thereafter, the distinction between early-
onset AD and senile dementia of the Alzheimer type faded out, and the
term AD was introduced as the common term for both entities [4].

In 1966, Roth and colleagues found a positive correlation between
plaque counts and how demented the patient had been prior to death [5],
which stimulated research on the molecular composition of the plaque.
In 1984, Glenner and Wong managed to purify and partially sequence a pro-
tein derived from twisted B-pleated sheet fibrils in cerebrovascular amyloid-
osis of AD brains [6]. They called the protein amyloid fibril protein . The
year after, Masters and colleagues established the presence of an around
40-amino acid protein, with a sequence similar to what Glenner and Wong
had reported, in plaques from AD and Down’s syndrome brains |7]. Masters
and Beyreuther called it the A4 protein because of its 4 kDa molecular
weight. This term has now virtually disappeared in favor of amyloid
B (AB), and we know that the predominating AP forms in senile plaques
are AP4-42 (AP starting at amino acid 4 in the A domain and ending at
amino acid 42 after a stretch of hydrophobic amino acids making the protein
self-adhesive), AB1-42, and AP1-40, with some pyroglutamate-modified
AB3—42 [8].

In 1986, 1 year after the sequencing of AP in plaques, data were publi-
shed showing that an abnormally hyperphosphorylated form of tau protein is
the main component of neurofibrillary tangles [9,10]. Tau is a microtubule-
binding axonal protein that promotes microtubule assembly and stability.
Abnormal phosphorylation and truncation of tau may lead to disassembly
of microtubules and impaired axonal transport with compromised neuronal
function and tau aggregation into paired helical filaments and neurofibrillary
tangles [11].

2. AD—GENETICS AND PATHOPHYSIOLOGY

The identification of AP as the main component of plaques initiated a
search for the gene from which it is coded. In 1987, the gene of the precursor
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protein (amyloid precursor protein, APP) was cloned, sequenced, and local-
ized to chromosome 21 [12,13]. A gene-dose effect of the triplication of the
APP gene in Down’s syndrome (trisomy 21) is thought to explain plaque
pathology in early adulthood in this condition, although some studies show
a similar frequency of pathology also in mental retardation of other causes,
without an extra APP gene [14].

APP is a type I transmembrane protein with one membrane-spanning
domain and is expressed not only in the brain but also in other compartments
of the body. The secreted form of APP was soon found to be identical to an
already known plasma antichymotrypsin protease involved in coagulation,
nexin-2 [15]. The exact function of APP in the brain remains elusive,
but the protein appears to be involved in several biological processes, such
as brain development, synaptic plasticity, and neuroprotection [16]. Muta-
tions in the APP gene were found in familial AD (fAD) cases [17-19], all of
which influenced AP production in an amyloidogenic manner. The
enzymes responsible for amyloidogenic APP processing (B- and y-secretase)
were identified, and causative fAD mutations were found in the presenilin
genes that encode the proteins that build up the active site of y-secretase [20].
There are now convincing data suggesting that most fAD-causing presenilin
mutations (there are at least 170) lead to y-secretase dysfunction so that rel-
atively more AP42 is produced when dysfunctional y-secretase does not
manage to process amyloidogenic AP42 to less aggregation-prone
AB37/38/39 variants [21], thus promoting brain amyloidosis. That muta-
tions in both the substrate (APP) and one of the key enzymes (y-secretase)
can cause AD by promoting brain amyloidosis and that difterent preparations
of AP kill neurons and/or inhibit long-term potentiation (an electrophysi-
ological correlate to memory consolidation) when applied to hippocampal
slices or neuronal cell cultures, or when injected into the central nervous
system (CNS) of rodents [22] have fueled the notion that AP accumulation
actually drives the disease process in AD, and that tangle formation (tau
pathology) and neurodegeneration are downstream events. This view has
been summarized in the amyloid cascade hypothesis on AD [23], which
1s still highly relevant with minor modifications [24]. One common criticism
against the hypothesis is that it is based primarily on mechanisms operating in
fAD, and it is not clear how relevant these are for sporadic AD, which (by
definition) does not have autosomal dominant hereditability and includes
the vast majority of patients diagnosed with AD. Specifically, it has been
proposed that the cognitive decline may have more heterogeneous causes
in late onset AD compared to early-onset AD [25|. However, the
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importance of AP pathology for the development of sporadic AD was
recently supported by the identification of a rare protective APP mutation
on Iceland that changes amino acid 673 in APP from alanine to threonine
(position 2 in the AP domain) and results in decreased B-secretase-mediated
AP production [26].

The genetic component is important not only in fAD but also in sporadic
AD. Twin studies suggest that 40-70% of the risk of sporadic AD is
explained by genetic factors [27,28]. The most important susceptibility gene
for sporadic AD is the APOE €4 gene variant, which accounts for around
50% of the risk [29], but many more low-risk loci exist [30]. Genome-wide
association studies have identified susceptibility genes linked to at least three
molecular pathways that may be involved in AD pathogenesis: (i) endosomal
vesicle recycling, (i1) cholesterol metabolism, and (ii1) the innate immune
system [31]. Further, exome sequencing has identified a rare, heterozygous
loss-of-function mutation in a microglia-regulating gene (TREM?2) that
renders microglia overactive to brain amyloidosis and increases the risk of
clinical AD atleast fourfold [32,33]. It is not yet possible to definitively relate
these pathways to each other or to APP but some suggestions emerge from
the literature and they may all be targets for therapy.

As described above, and as supported by genetic and neuropathological
data, the definitions of AD and old age dementia have changed dramatically
during the last century, with AD going from being a rare cause of early-onset
dementia to a broad diagnosis including most patients with age-related
dementia. However, despite this development, there is also a debate regard-
ing the relationship between AD and normal aging, and regarding the
relative roles of the different pathological hallmarks of AD to clinical presen-
tation of the disease. At the core of this debate are some facts that are difficult
to reconcile, including that (1) brain atrophy is widespread in normal elderly
subjects, also in brain regions primarily associated with AD, including the
hippocampus [34], (ii) autopsy studies indicate that AP plaque pathology
appears first in neocortical association areas, and only later in the hippocam-
pus [35], (iii) tau pathology may appear decades before plaque pathology in
the population [36], (iv) the location and spread of tau pathology are more
closely related to the cognitive loss in AD than the location and spread of A
pathology [37], and (v) mutations in the MAPT gene, which encodes the tau
protein, most often cause frontotemporal lobe degeneration and not AD
(but there are exceptions to this [38,39]), while mutations in APP and
presenilin genes are generally described to cause AD rather than
frontotemporal lobe degeneration.
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The controversy regarding the roles of plaques and tangles can be traced
back even to the work of Alzheimer himself, who first presented a descrip-
tion of a demented patient with combined plaque and tangle pathology, as
described above [1], but who later published a lengthy description of a
patient (a 56-year-old male) with “plaque-only” dementia (translated to
English in Ref. [40]). In this second paper, Alzheimer concluded that the
plaques were similar in young and elderly dementia patients “It cannot be
doubted that the plaques in these specific cases do in all relevant aspects cor-
respond to those which we find in Dementia senilis.”, and he observed a
poor spatial correlation between plaques and other degenerative changes,
leading him to suggest that “the plaques are not the cause of senile dementia
but only an accompanying feature of senile involution of the central nervous
system.” Later studies suggest that “plaque-only” dementia patients often
have combinations of AP plaques and other pathologies [41]. The clarifica-
tion how the pathologies seen in different neurodegenerative diseases and in
normal aging are related to each other will likely influence our future def-
initions of AD. Hypothetically, one possibility is that different pathologies
may arise partly independent of each other, with different pathologies appe-
aring first in different people. These pathologies may include not only pro-
tein aggregates such as AP plaques, tau tangles, and Lewy bodies composed
of a-synuclein but also a continuous normal loss of neurons or synapses
unrelated to the presence of inclusion bodies. The different brain changes
may converge and interact to cause both local and widespread functional
and structural changes in the brain, ultimately resulting in cognitive dysfunc-
tion sometimes recognized as AD. Recently, the identification of tau
deposits in select subcortical nuclei in young persons, decades before amy-
loid accumulation starts [42], has vitalized the idea that tau and AP pathol-
ogies may start independent from each other.

3. CSFIN AD

Cerebrospinal fluid (CSF) is located in the cerebral ventricles and also
surrounds the brain. It communicates freely with the brain interstitial fluid
and may thereby serve as a biochemical window into the brain. CSF inves-
tigations in AD were pioneered by Gottfries and colleagues in the late 1960s
and early 1970s, who reported reduced CSF monoamine metabolite con-
centrations, suggesting a breakdown of these neurotransmitter systems in
the deteriorating brain [43,44|, and elevated CSF lactate concentration as
a sign of tissue hypoxia [45]. During the 1990s, tests for proteins thought
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Figure 5.1 The figure depicts a tangle-bearing neuronal soma with dendrites, axon, and
axon terminals. An astroglial cell, a blood vessel, and senile plaques are also represen-
ted. Key biomarkers for different pathologies and cell compartments, discussed in detail
in the text, are indicated.

to reflect the core neuropathology of AD were developed. Established and
candidate biomarkers are discussed below and a summary is given in Fig. 5.1.

3.1. CSF Ap42

Initially, just after the identification of aggregation-prone AP proteins ending
atamino acids 40 and 42 in senile plaques [6,7,46], the protein was thought to
be an abnormal side-product of APP metabolism invariably associated with
AD. The natural secretion of AP from untransfected primary cells therefore
came as a surprise [47]. Since then, it has been established that APP can enter
at least three proteolytic clearance pathways: (i) amyloidogenic processing
that primarily leads to production of AB42 and AB40 (but also some shorter,
less aggregation-prone fragments) by - and y-secretase cleavages,
(11) nonamyloidogenic processing that leads to production of sSAPPa and pos-
sibly also a C-terminal fragment called p3 (this fragment should consist of
AP17-40/42, but has been difficult to verify using modern techniques;
it is possible that it is quickly degraded into shorter fragments), and
(111) another nonamyloidogenic processing pathway involving concerted
cleavages of APP by PB- and a-secretase resulting in production of
AP1-14/15/16 fragments at the expense of longer AP fragments [48].

The first assay for CSF AB42 was published in 1995 [49]. Using this
enzyme-linked immunosorbent assay (ELISA), AD patients had reduced
levels of CSF AB42, which has been verified in hundreds of papers [50].
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The reduction reflects AB42 retention in senile plaques in the brain, as
evidenced by both autopsy and in vive imaging studies [51-54]. In 1999,
the first paper showing a reduction in CSF AP42 in mild cognitive impair-
ment (MCI) patients who later progressed to AD dementia was publi-
shed [55]. Since then, numerous studies have verified that low CSF Af42
levels are highly predictive of future AD, both in MCI [56-59]| and cogni-
tively normal cohorts [60—62]. In fact, CSF AB42 is the earliest nongenetic
biomarker we know of in AD. Low CSF AB42 concentrations in the
absence of senile plaques have been reported in neuroinflammatory condi-
tions, for example, bacterial meningitis [63], multiple sclerosis [64], human
immunodeficiency virus (HIV)-associated dementia [65], and Lyme neuro-
borreliosis [66], and are often accompanied by biomarker evidence of a gen-
eral reduction in APP metabolites, for example, secreted forms of APP,
which is not typical of AD [50].

Besides AB42, several other AP isoforms are present in CSF. The most
abundant variant in CSF is AB40, which is relatively unchanged in AD. The
ratio of CSF AB42 to AP40 has been suggested to have stronger diagnostic
accuracy for AD compared to CSF AB42 alone [67]. There are also several
other C- or N-terminally truncated AP isoforms in CSF, which may be
altered in AD [68], including in early clinical stages [69].

3.2. CSF T-tau

The first CSF total tau (T-tau) assay was published in 1993 [70]. This assay
was a sandwich ELISA in which a monoclonal antibody against the mid-
domain of tau was combined with a polyclonal anti-tau antiserum. Two
years later, the first assay based on three mid-region monoclonal antibodies,
which recognizes all tau isoforms irrespective of phosphorylation state, was
published [71], today known as the “Innogenetics assay.” AD patients dis-
played clearly elevated T-tau levels [70,71], a finding that has been replicated
in hundreds of papers, using several difterent assays, in many different clinical
contexts [50]. It has been shown that CSF T-tau levels correlate with imag-
ing measures of hippocampal atrophy [72] and gray matter degeneration [73],
which would be logical given the high expression of tau in thin unmyelin-
ated axons of the cortex [74]. In response to acute brain injury, CSF T-tau
levels are dynamic; they increase during the first few days following the
injury and stay elevated for a few weeks until they normalize [75,76]. This
has led to the view that elevated CSF T-tau levels reflect ongoing axonal
degeneration, which in turn may indicate disease intensity. Indeed, CSF
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T-tau predicts the malignancy of the clinical course in AD; the higher levels,
the more rapid clinical disease progression [77]. The most extreme neuro-
degenerative condition we are aware of, Creutzfeldt—Jakob disease, goes
with very pronounced CSF T-tau elevations that are often orders of mag-
nitude higher than what is typically seen in AD [78].

Two recent discoveries have made the tau biomarker field a bit more
complicated: (i) the finding of tau secretion from cultured cells [79] and
mouse neurons [80] in a manner that may be stimulated by A in the absence
of frank neuronal death [80], and (i1) the finding that most of tau in CSF is
fragmented [81]. Tau secretion should not have come as a surprise, as it has
been well known for decades that healthy individuals have tau in their CSF,
although at lower concentrations than the typical AD or other brain injury
patient [82], but still, it makes it more challenging to interpret CSF T-tau
levels. Perhaps, the AD process somehow induces increased tau expression
and release and that this, not neuronal death, is the primary reason for tau
elevation in AD? This view would fit with tau changes in other forms of
brain injury. Following acute experimental brain injury in animals, an intra-
neuronal increase in tau expression has been demonstrated [83]. The other
finding, that most CSF tau is fragmented goes well with the established pres-
ence of endogenous tau fragments in tangles [84], explains why it has been
important to have capture and detection antibodies located closely to each
other in T-tau assays, and why combinations of distally located N- and
C-terminal antibodies do not work [81]. Tau fragments also present a chal-
lenge when we want to create reference methods and materials for this
marker. How should we define the standard protein to be measured in such
materials?

3.3. CSF P-tau

The first CSF assay for phosphorylated tau (P-tau), the form of tau that is
thought to represent neurofibrillary tangles, was published in 1995 [71].
Since then, P-tau assays for different forms of phosphorylated tau proteins
have been examined [85]. They correlate well and associate with AD in a
similar manner [85]. CSF P-tau levels correlate with neurofibrillary tangle
pathology [54,86]. The major outstanding research question regarding
P-tau assays is why other tauopathies, like frontotemporal dementias and
progressive supranuclear palsy, do not show P-tau elevation, at least not
as systematically as AD does. It is possible that these disorders show
disease-specific tau phosphorylation or that tau is processed or truncated
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in a way that is not recognized by available assays, which is an area in need of
further research. In the meantime, we should make use of the AD specificity
for P-tau elevations. There are at present only three conditions in addition to
AD 1n which elevated CSF P-tau has been reported: (i) in term and preterm
newborns, possibly reflecting physiological tau phosphorylation in brain
development [87], (ii) in herpes encephalitis [88], and (ii1) in superficial
CNS siderosis [89,90]. Clearly, these conditions are no important differen-
tial diagnoses to AD, but they may shed light on mechanisms behind CSF
P-tau increase (as may the data on tau phosphorylation in hibernating
squirrels [91] and hamsters [92]).

3.4. Diagnostic performance of combined CSF T-tau, P-tau,
and AP42 tests

Multiple studies have investigated the diagnostic accuracy of combined CSF
tests for T-tau, P-tau, and AB42 [82]. These studies collectively point to sen-
sitivities and specificities of 85-95% in cross-sectional AD-control studies, as
well as in longitudinal studies of patients fulfilling MCI criteria [82]. Higher
diagnostic performance is typically seen in monocenter studies [56,93],
whereas large multicenter studies tend to report slightly lower sensitivities
and specificities [58,94]. The association of elevated T-tau and P-tau and
reduced APB42 with AD neuropathology has been validated in autopsy [57]
and brain biopsy [54] studies. Interestingly, the alterations in CSF AB42,
T-tau, and P-tau are similar between normal AD, where the cognitive dys-
function is dominated by episodic memory loss, and a rarer variant of AD
(posterior cortical atrophy), where visuospatial dysfunction dominates
[95,96], but this topic has been less thoroughly explored in other clinical var-
iants of AD, including AD presenting with logopenic primary progressive
aphasia [97] or corticobasal syndrome [98].

3.5. Longitudinal changes in CSF AD biomarkers
and usage in clinical trials

Recent data show that it is possible to identify longitudinal changes in CSF
AP42, T-tau, and P-tau in cognitively healthy controls followed with mul-
tiple lumbar punctures over several years [99-101], but most studies (with
exceptions [99]) show that CSF AD biomarkers are essentially stable in
symptomatic AD [69,102,103]. This biomarker stability (at least during
short-term follow-up) may be useful in clinical trials to help identify effects
of interventions, both on the intended biological target, such as altered AP
metabolism in response to an anti-Af treatment. One of the truly
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longitudinal studies of cognitively normal individuals with repeated CSF
samples suggests that AB42 and tau changes occur in parallel and predict
upcoming cognitive symptoms better than absolute baseline levels [101].
CSF measurements may track trajectories of specific A and APP metabo-
lites [104—107], and downstream effects on secondary phenomena, such as
reduced axonal degeneration in response to a disease-modifying drug as
measured by CSF tau levels [108,109].

4. CANDIDATE AD BIOMARKERS AND MARKERS
OF OTHER PATHOLOGIES

As explained above, AD is sometimes described as a heterogeneous
condition with a phenotype that can be mimicked by various aging processes
in the brain. Clinically, AD in an 85-year-old person with type II diabetes,
hypertension, and sleep apnea is most likely not the same condition as AD in
an otherwise healthy 60-year-old with a positive family history. There are
also several other conditions that may contribute to AD-like cerebral dys-
function [110]. A recent clinicopathologic study reported the following
most prevalent AD mimics: dementia with Lewy bodies, cerebrovascular
disease, frontotemporal lobar degeneration, and hippocampal sclerosis
[111]. Finally, atrophy in the presence of brain plaque and tangle pathology
may sometimes strike brain regions in an atypical manner, which may cause
symptoms that on clinical or neuroimaging grounds are grouped as, for
example, posterior cortical atrophy and logopenic or progressive nonfluent
aphasia, which in some cases are believed to represent variant clinical pre-
sentations of AD [110]. A vision in the biomarker research field is to develop
biomarkers that can be used as adjuncts to neuroimaging and neuropsychol-
ogy measures to increase the understanding of the molecular basis of the
phenotype of the patient.

4.1. CSF BACE1

As described above, in the amyloidogenic pathway, AP is produced through
proteolytic processing of APP by -and y-secretases. The major B-secretase
in the brain is the B-site APP-cleaving enzyme 1 (BACE1) [112]. Increased
BACE1 activity has been measured in postmortem samples from patients
with AD [113]. The activity and concentration of BACE1 can also be mea-
sured in CSF, but the results have been conflicting. Holsinger et al. found
increased activity of CSF BACE1 in AD as well as in other dementias
[114,115]. The activity of CSF BACE1 was also found to be elevated in
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patients with MCI who progressed to AD compared to subjects with MCI
who remained stable or developed other forms of dementia [116]. Many
studies, however, have failed to show any significant difference in BACE1
activity between MCI and AD patients compared to controls [117,118].
One study suggests that CSF BACE1 activity may drop in advanced disease
stages [119]. Altogether, the discrepant results of these studies suggest that
the diagnostic value of BACE1 in AD is limited. However, the marker
may still be valuable in clinical trials of BACE1 inhibitors.

4.2. CSF sAPPa/sAPPf

Theoretically, secreted forms of APP should be excellent fluid markers of
amyloidogenic (sAPP) and nonamyloidogenic (sAPPa) APP processing.
The proteins are readily measureable in CSF, but several studies have failed
to show any differences between AD patients and controls [93,116,120]. In
the context of MCI, one study reported elevated CSF sAPPf in patients
with MCI versus controls [120], and another study showed increased
CSF sAPPP in MCI patients who progressed to AD versus patients who
remained stable [121]. Studies that grouped patients on the basis of CSF
tau and AP markers into neurochemical AD and non-AD groups found ele-
vated CSF sAPPa and sAPP in AD, but did not take into account that the
differences might have been driven by lower levels in the non-AD disease
groups (there were no cognitively normal controls in these studies.)
[122—124]. Similar to BACE1, the results of studies exploring CSF sAPPa
and sAPPP as potential biomarkers for AD have been inconsistent. How-
ever, these biomarkers may be valuable in clinical trials to monitor the effect
of novel therapies targeting APP metabolism.

4.3. AP oligomers

The correlation between cerebral load of amyloid plaques and disease sever-
ity is poor [125]. To reconcile this observation with the amyloid cascade
hypothesis, it has been suggested that most of the presumed AP toxicity is
exerted by soluble portions of AP, while the plaques per se are relatively inert.
Walsh et al. showed that soluble oligomers of AP inhibit hippocampal long-
term potentiation in rats [126], and others have found that they can lead to
abnormal phosphorylation of tau as well as neuritic dystrophy [127-129].
Comparing AD with controls, studies have shown that the former have
higher levels of oligomers in their brains [130,131]. Several studies have tried
to replicate these findings in CSF, but results have been inconsistent.
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A problem is that oligomers occur only in minute amounts in CSF, making
them difficult to reliably quantitate. Some studies have found elevated CSF
AP oligomer in AD [132—136] or in cognitively normal older adults with an
AD-like biomarker profile [137], while others have not found this relation-
ship [130,138]. The term “oligomer” includes species from dimers to much
larger protofibrils, and this may be an explanation to the diverging results,
since most studies have not used methods that enable a precise characteriza-
tion of the measurand.

4.4, Blood-brain barrier biomarkers

The best-established biomarker so far for the integrity of the blood—brain
barrier is the ratio of albumin in CSF to serum (the CSF/serum albumin
ratio). Typically, the CSF/serum albumin ratio is normal in patients with
pure AD [139], whereas patients with cerebral small vessel disease generally
present with increased CSF/serum albumin ratio [140]. The same finding is
often present in Lyme disease (neuroborreliosis), where one also may find
increased numbers of CSF monocytes and signs of immunoglobulin produc-
tion within the CNS [141]. Novel potential but so far less well-established
blood-brain biomarkers in CSF include secretory Ca”>'-dependent phos-
pholipase A2 activity [142] and antithrombin III [143]. More research is
warranted in this field, especially to develop assays to difterentiate between
specific forms of blood—brain barrier dysfunction.

4.5. Biomarkers for subcortical axonal degeneration

An established biomarker of the subcortical axonal degeneration frequently
seen in potential AD mimics, such as cerebral small vessel disease [144—146],
frontotemporal lobar degeneration [147,148], and HIV-associated dementia
[149], 1s neurofilament light protein (NFL). NFL, as well as other members
of the neurofilament group of proteins, acts as an integral part of the neural
cytoskeleton, providing structural support for predominantly large-caliber
myelinated axons. Elevated CSF NFL indicates involvement of these axons
in the disease process and helps differentiate pure AD from the conditions
listed above. Combined T-tau and NFL increases are common in mixed
forms of AD and cerebrovascular disease. These mixed CSF findings are very
common in unselected patients undergoing evaluation because of suspected
neurodegenerative disease [150]. NFL is also a useful biomarker for damage
severity in several other conditions characterized by white matter lesions and
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injury to subcortical brain regions such as idiopathic normal pressure hydro-
cephalus [151], ALS [152], various CNS infections [88], and stroke [153].

4.6. Biomarkers for inflammation, oxidative stress,
and microglial activation

Inflammation, oxidative stress, and microglial activation in AD may be
downstream phenomena of neurodegeneration, but recent genetic data sug-
gest that they may well contribute to pathogenesis in susceptible individuals
[32,33]. Possible triggers are the accumulation of abnormal proteins (aggre-
gated AP in the case of AD) and/or mediators released from dying cells. Such
triggers may lead to overshoot inflammation in some individuals, for exam-
ple, carriers of a recently described loss-of-function mutation in the
microglia-controlling triggering receptor expressed on myeloid cells-2
(TREM?2) gene [32,33], possibly making them more likely to develop clin-
ical AD in response to Ap.

Many studies have examined potential biomarkers linked to inflamma-
tory processes. Cytokines, such as interleukin 6, transforming growth factor
(TGF-B), tumor necrosis factor o (TNF-a), and interleukin 1B (IL-1f),
have been measured in CSF of AD patients, but upon meta-analysis in
2010, the only consistent finding was increased CSF levels of TGF-f in
AD versus control groups [154]. Additional candidate inflammatory bio-
markers that have been examined in relation to AD since then include
the cytokine osteopontin, which is elevated in CSF from AD patients
[155], and the TNF-a-induced proinflammatory agent lipocalin 2 which
has been found at lower concentrations in CSF from MCI and AD patients
compared with controls [156]. Another study found that CSF lipocalin 2,
also known as neutrophil gelatinase-associated lipocalin, occurred at lower
levels in AD and stable MCI patients compared with patients who had AD
and vascular risk factors [157].

It should be noted that the biomarker literature is tainted by studies
reporting CSF cytokine or interleukin concentrations below the analytical
sensitivity of the employed assays (IL-1f is just one example) and that stan-
dard clinical chemistry tests for neuroinflammation, including CSF leuko-
cyte count and general signs of IgG or IgM production within the CNS,
are generally negative in AD and other primary neurodegenerative diseases
[158]. Distinct positive results on these latter tests speak against pure AD and
should motivate further investigation of the patient to exclude neuro-
borreliosis, multiple sclerosis, and other neuroinflammatory conditions that
may contribute to the cognitive symptoms.
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Isoprostanes, in particular a subclass called F2-isoprostanes, are the most
examined CSF biomarkers for oxidative stress. They are prostaglandin-like
compounds produced by free radical-dependent peroxidation of
arachidonic acid [159]. Studies report elevated F2-isoprostane levels in
AD CSF [160-164] in a manner that appears to be downstream of AP
pathology [165]. CSF isoprostanes correlate to clinical disease progression
in the MCI and dementia stages of AD, especially in APOE g4-carrying
patients [166], and may serve as damage response markers. Pilot studies sug-
gest that the levels of oxidative DNA damage repair products are elevated in
CSF from mixed vascular and Alzheimer’s dementia patients [167], and that
reduced levels of mitochondrial DNA in CSF suggest depletion of mito-
chondria [168], which may reflect oxidative stress, but these studies await
replication.

Neuroinflammation is tightly linked to activation of the inflammatory
M1 phenotype of microglia, the macrophages of the brain. Chitotriosidase
is an enzyme that is secreted by activated macrophages [169] and its plasma
levels are increased in patients with the lysosomal storage disorder, Gaucher
disease [170]. Increased CSF chitotriosidase activity has been found in AD
versus nondemented controls [171]. A glycoprotein that has great homology
with chitotriosidase but lacks its enzymatic activity is YKL-40 [172]. YKL~
40 is expressed in both microglia and astrocytes and elevated levels have been
reported in both prodromal AD and cerebrovascular disease [173,174].

Another microglial marker, the C—C chemokine receptor 2, is
expressed on monocytes and one of its ligands, C—C chemokine ligand
2 (CCL2), that can be produced by microglia is important for the recruit-
ment of monocytes in the CNS [175]. Increased CSF CCL2 has been asso-
ciated with a faster cognitive decline in MCI patients who developed AD
[176]. CCL2 levels in CSF were increased in AD patients compared with
healthy controls [177,178], as well as in the MCI stage of the disease
[179]. However, one study failed to report any significant differences
between AD patients and controls [180]. Another study found increased
CSF CCL2 in AD patients versus controls, but there was an age-dependent
increase that may have affected the result [181]. Moreover, one study
reported elevated levels of a soluble form of CD14 in the CSF from AD
(and Parkinson’s disease, PD) versus healthy controls [182]. CD14 is a sur-
face protein mainly expressed by macrophages. As a cofactor for Toll-like
receptors, CD14 is essential for the recognition of pathogens by the innate
immune system of the brain. Another microglial biomarker that has been
detected in the CSF of AD patients is neopterin, a degradation product
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deriving from the purine nucleotide guanosine triphosphate. However,
no significant differences between AD and controls have been seen to
date [183].

Taken together, biomarker studies support involvement of low-grade
neuroinflammation, oxidative stress, and microglial activation in the AD
process. Future longitudinal studies of healthy individuals will most likely
help to sort out in what order these markers change in relation to plaque
and tangle pathology and neurodegeneration in AD. A recent study found
that several proteins in CSF, possibly associated with microglia activity,
predicted longitudinal reduction of CSF AB42 in cognitively healthy sub-
jects, suggesting involvement of inflammatory pathways in early AD [100].

4.7. Biomarkers for synaptic changes

Loss of synapses is highly correlated with decrease in neurocognitive func-
tion in AD patients [184]. A biomarker that reflects this pathology would
therefore be desirable. Synaptic proteins such as synaptotagmin, growth-
associated protein 43, synaptosomal-associated protein 25, rab3a, and
neurogranin are abundant in brain tissue, but present at very low concen-
trations in CSF [185], thus presenting an analytical challenge. Nevertheless,
the dendritic protein neurogranin has been detected in CSF and elevated
levels in AD have been observed using a semi-quantitative immunoblot
method [186]. More research is needed to determine the biomarker poten-
tial of synaptic proteins in the CSF. Recent breakthroughs in ultrasensitive
immunochemical techniques may help in this regard [187,188].

4.8. Other protein inclusions

a-Synuclein is the major component of intraneuronal Lewy bodies, which
are characteristic of PD and dementia with Lewy bodies [189]. a-Synuclein
pathology is sometimes found together with AP plaques and neurofibrillary
tangles in AD [190]. In addition, experimental studies show that AB42
enhances aggregation of o-synuclein [191]. CSF a-synuclein in PD and
other synucleinopathies is typically reduced [192,193]. In AD and CJD,
the levels are elevated and correlate to T-tau, suggesting that a-synuclein
may also be an unspecific marker of neurodegeneration [193-196]. In addi-
tion, a-synuclein is highly expressed in red blood cells. Therefore, blood
contamination during sample collection may further limit the diagnostic
value [197,198].
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4.9. AD biomarkers in blood

The most successful body fluid for finding biomarkers for AD has undoubt-
edly been CSF, probably because its proximity to the brain and the patho-
logic processes of interest. However, for practical reasons, blood-based
biomarkers would be superior in clinical routine. Despite much research
in this field, there is still no established blood-based biomarker for AD.
Brain-derived proteins occur in lower concentrations in blood than in
CSF, at least partly because of the blood-brain barrier, which limits the
transport of substances between blood vessels and the brain parenchyma,
but probably also because of degradation. The analysis of AP peptides in
blood in AD patients and controls has most frequently shown similar levels
[199]. Recent approaches using techniques where several biomarkers are
analyzed simultaneously have identified promising biomarkers [200,201],
but the results have unfortunately been hard to replicate [202,203].

5. STANDARDIZATION EFFORTS

The clinical utility of CSF tests for T-tau, P-tau, and AB42 is clear and
their importance for selecting patients in predementia stages of AD for
clinical trials of disease-modifying drug candidates is undisputable [204].
However, most of the commercially available assays for these biomarkers
are still research grade, and there are no common calibrators or certified
reference measurement systems at hand [205]. This leads to bias in the bio-
marker measurements across different assay platforms. Furthermore, even
when the same assay is used, variation in biomarker measurements between
laboratories is high, which can be seen in multicenter comparisons of mea-
surements [206], including the Alzheimer’s Association quality control
(QC) program for CSF biomarkers [207,208]. This program includes
around 90 participants around the globe and shows that the interlaboratory
coefficients of variation (CVs) for commercially available tau and A assays
are between 20% and 30%, whereas intralaboratory studies show that CVs of
<10% should be feasible.

Important preanalytical sources of variation for the most difficult AD
biomarker, AP42, are storage tube type (polypropylene tubes are rec-
ommended, but different brands may show different analyte adsorption
[209]), sample aliquot volume [210], and blood contamination [211].
Analytical sources of variation include the composition of the diluent bufter;
low concentrations of detergent increase the measured AB42 concentration,
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which has to be standardized [211]. Several additional factors may be
important in an assay-specific manner and close adherence to kit inserts is
recommended, as is participation in the Alzheimer’s Association QC pro-
gram and other interlaboratory comparison programs to ensure that proper
laboratory procedures are in place.

To solve bias and variation problems, a number of standardization eftorts
have been initiated, all aimed at facilitating the development of standard
operating procedures for preanalytical sample handling and assay procedures,
as well as reference methods and materials for the key analytes. These
initiatives include the Alzheimer’s Association Global Consortium for Bio-
marker Standardization (GCBS) and the International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) Working Group for CSF Pro-
teins [212]. Standard operating procedures for CSF sampling and storage
have been published [82] and a selected reaction monitoring mass
spectrometry-based method for AB1—42 has been described [213]. Strong
collaborative efforts within GCBS are underway and updates are available
on http:/www.alz.org/research/funding/global_biomarker_consortium.asp.

6. CONCLUDING REMARKS

CSF T-tau, P-tau, and AP42 are clinically useful markers of AD
pathology. In the absence of definite results from ongoing standardization
efforts, it is still possible to upgrade currently available tests for use in clinical
laboratory routine. We perform CSF T-tau, P-tau, and AB42 measurements
by INNOTEST ELISAs twice a week using procedures that are accredited
by the Swedish Board for Accreditation and Conformity Assessment and
have managed to measure CSF T-tau and P-tau concentrations in a reason-
ably stable manner over more than 10 years according to a system of internal
QC samples representing clinically relevant low and high concentrations of
the analytes. Careful bridging of QC pools and incoming kit lots has been
important to maintain and monitor analytical stability. CSF AP42 has been
more challenging, and recently, we have had to adjust the normal reference
limit from <450 to <550 ng/L due to changes in the calibration of the assay.
Laboratories that want to establish these analyses in clinical routine are pres-
ently encouraged to develop their own reference limits or align to labora-
tories that have already done so. Moreover, enrollment in an external
QC program, such as the Alzheimer’s Association QC program, is strongly
recommended. In a 10-year perspective, the hope is that reference methods
and materials for CSF T-tau, P-tau, and APB42, as well as automated assays,
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will be in place so that globally applicable reference ranges and decision
limits for these markers can be employed, which will make it easier to com-
pare studies and to develop detailed diagnostic algorithms. It is also reason-
able to hope for the establishment of novel biomarkers for molecular
pathologies that may be seen in important differential diagnoses to AD.
As a closing comment, we wish to emphasize that the future of the CSF bio-
marker field depends to a very large extent on whether disease-modifying
therapies against specific molecular changes in different neurodegenerative
conditions eventually are blessed with clinical success.
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Abstract

Food allergy (IgE-mediated hypersensitivity) is a common clinical problem affecting
approximately 15% of children in the Western world. These hypersensitivity reactions
tend to be “immediate” (typically within minutes of food exposure), and clinical features
may range from mild to life threatening (anaphylaxis). Detailed clinical history is critical
to correct diagnosis. Available laboratory tests have limitations not least poor positive
predictive value and limited repertoire. Laboratory tests should support clinical diagno-
sis not vice versa.

1. FOOD ALLERGY—A GROWING PROBLEM

Fortunately, while Type 1 (IgE mediated) hypersensitivity 1is
extremely common, with affected children in every local school, fatalities
are extremely rare (approximately 1 per 5 million in the general population
in the UK) [1]. Hospital admissions in the UK for suspected acute allergic
events are increasing [2,3]. Severe, potentially life-threatening food allergy
is more likely where a patient has concurrent poorly controlled asthma.
Introduction of community Epinephrine autoinjectors is regarded as man-
datory in many cases (e.g., where patients have previously had or are deemed
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to be at risk of anaphylaxis), but there is no evidence that fatalities from food
allergy have been significantly reduced by this measure [4].

Over the last 25 years, prevalence has increased. Regarding food allergy
specifically, prevalence in the USA is up to 6% in children and 4% in adults
[5]. In the industrialized West, more than 1% of children have peanut allergy
[6]. Reasons for this are much debated and likely multifactorial, including
changes in weaning, food processing, etc. Symptoms typically occur in
infancy. Fortunately, with increasing age, many of the sensitivities (egg,
wheat, dairy (largely cow’s milk)) are outgrown. By contrast, nut and peanut
allergies tend to persist in adulthood. With increasing age, new food allergy
is less likely, but exceptions include, for example, the so-called oral allergy
(or “pollen—fruit”) syndromes where pollen hypersensitivity leads to cross-
reaction with raw uncooked fruits and vegetables carrying the same cross-
reacting protein.

Ninety percent of true Type 1 (IgE) food-related hypersensitivity is
accounted for by allergy to a limited range of foods including peanut, tree
nuts, fish, shellfish, wheat, soya, dairy, and egg |7]. Clinically significant IgE
responses are directed (generally) against protein allergens.

Food allergy presents a challenge because many patients, and some doc-
tors, incorrectly and illogically ascribe a wide range of diverse symptoms to
“food allergy.” Symptoms occurring more that 1 h after food or symptoms
including bloating, abdominal pain, and diarrhea are not likely to be due to
true food allergy. More convincing symptoms tend to be associated with the
upper gastrointestinal tract including oral irritation or itching, mouth swell-
ing, nausea, and vomiting. Associated rapid onset body-wide urticaria/
angioedema is seen in the majority but confusion arises because most
urticaria/angioedema presenting in adults will be nonallergic and unrelated
to food [8].

The differential diagnosis requires an ability to distinguish between true
(immediate, Type 1 hypersensitive) food allergy and other problems, includ-
ing food intolerance. The former requires previous exposure to allow acqui-
sition of immunological memory, is dose independent, and will occur on
every exposure even with only tiny quantities of allergic protein (allergen).
By contrast, with intolerance, food-associated symptoms may be delayed,
dose dependent, and variable.

Sadly, the currently available diagnostic laboratory blood tests have many
limitations including restricted repertoire, low sensitivity (false-negative test;
it has been reported that 10-25% of patients with negative serology may
have clinical reactivity [9]), but (more problematically) false-positive tests
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(low specificity). In this context, a clinically false-positive test is defined as
demonstration of the presence of specific IgE to an allergen without clinical
reactivity to that allergen on challenge testing (sensitization not sensitivity).
In addition, true technical false-positive results are commonly encountered
in patients with eczema, where high background baseline IgE level may be
associated with unconvincing multiple weak false-positive results across a
range of IgE-specific food tests. In contrast to the above, in this context,
the limitation is with the technology to remove the nonspecific IgE from
the testing system in patients with total IgE >5000 kU/L (the upper limit
of the reference range for adults being in the order of 160 kU/L in most
studies [10]). Patients disappointed by these limitations may be tempted
to try unorthodox tests, (e.g., testing hair samples, using IgG-based tests,
etc.) often generating misleading or meaningless data, supporting unlikely
speculative food associations, or worse, new unproven food links. Food
avoidance when excessive may cause nutritional deficiency and damage
health.

The best approach is for a trained clinician to take an exact and detailed
medical history and only then consider laboratory allergy tests. For example,
an adverse reaction 24 h after eating two peanuts cannot on temporal gro-
unds be “immediate hypersensitivity” (normal reaction occurs within a few
minutes) and testing for IgE-specific nut or peanut allergy would be a waste
of time and money, or worse may generate false-positive results (e.g., by
cross-reactive carbohydrate antibodies, see Section 2.2.1.1.5). By contrast,
a patient admitted to I'TU with asthma and stridor, urticarial rash, and col-
lapse a few minutes after eating shellfish requires ongoing shellfish avoidance
even if initial allergy testing gives apparently reassuring negative results.

2. TESTING FOR FOOD ALLERGY
2.1. Serological testing—Standard methods

We have recently reviewed this elsewhere [10].

2.1.1 Total IgE concentration

Measurement of total serum IgE is technically easy, but of questionable value
when investigating food allergy. An elevated total IgE level is neither nec-
essary nor sufficient to support a diagnosis. Total IgE levels within the nor-
mal range does not exclude food allergy. The World Health Organization
provides a reference for total serum IgE (international reference preparation
75/702) [11]. Normal ranges are age, gender, and smoking related [12—14].
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Total serum IgE at 6 years of age
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Figure 6.1 Overlap of the atopic and nonatopic populations at age 6 years. Reproduced
courtesy of the Journal of Pediatrics (Elsevier) from Kulig et al. [15].

We use a cutoff of IgE of <113 kU/L for adults. However, the atopic (those
with combinations of asthma, eczema, or hayfever) and nonatopic
populations overlap and cannot be reliably distinguished on the basis of total
IgE, although the former group do tend to have significantly higher levels of
IgE (Fig. 6.1, reproduced by kind permission of Elsevier [15]). Total IgE has
a low-positive predictive value and is a poor screen for atopy [16]. The neg-
ative predictive value of a normal IgE for atopy is unacceptably low.

2.1.2 Allergen-specific IgE antibody

These investigations remain the mainstay despite their limitations. As dis-
cussed in our recent review [10], the target allergen, extract, or allergen
mix is fixed to a solid-phase carrier—paper disk (e.g., RAST, radioallergo-
sorbent test), plastic surface (ELISA, other), cellulose (e.g., ImmunoCAP,
Thermo Fisher Diagnostics), or a fluid phase polymer (e.g., Immulite, Diag-
nostic Products Corporation). The paper disk and ELISA oftfer the least
binding capacity and therefore lead to more false-negative results. Single
purified allergens, allergen extracts, or allergen mixes (purified, extracted,
or a combination thereof) can be used. It is important to note that extracts
will contain a mixture of allergens and other components, for example, car-
bohydrates. Patients may react to either the allergenic or the nonallergenic
components, the latter will again contribute to clinical false positivity. In
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addition, the more complex the mix, and hence the more allergens included,
the lower the sensitivity for a given allergen (assuming equal proportions)
and again risk of false-negative results. Importantly, titer does not relate
to nor predict the degree of clinical sensitivity or risk. This underlines the
key importance of first taking a clear clinical history to underpin the inter-
pretation of subsequent laboratory tests. Microarrays which can test for reac-
tivity to many (90-100) individual proteins simultaneously have recently
been introduced [17,18]. The concern here is that the testing is not directed
by the history; testing for specific IgE to 90—100 allergens tested increases the
chance of clinical false positivity (as the assay detects sensitization not clinical
reactivity to an allergen).

Specific IgE tests lack agreed international standards. Assays have used
functional “standards,” typically based on a single donor serum with (appar-
ent/presumed) specificity to a specific allergen and a designated arbitrary
value. More recently, assays for specific IgE calibrate to the international ref-
erence preparation 75/702 in mass equivalent terms.

Screening tests include the commonest allergen sources and proponents
argue that negative values can be useful because of generally high negative
predictive values. One POCT system has been approved by the US Food
and Drug Administration using a panel of 10 common inhalant allergens
(ImmunoCAP Rapid System, Phadia) [19]. None to our knowledge has
yet been approved for food allergy, however.

In children and adolescents, 85% of all food allergies are accounted for by
three allergens: cow’s milk, hen’s egg, and peanut [9]. Correspondence
between different manufacturers’ assays for specific IgE to food allergens
is clearly less than ideal. Table 6.1 gives examples of the variability of sen-
sitivity and specificity of IgE assays for some common food allergens, as
documented.

Peanut is the most common reported cause of fatal or near fatal reactions
to food. In children, high levels of specific IgE to peanut (>15 kUA/L) have
a high-predictive value for clinical allergy to peanut (92% positive predictive
value, 95% confidence interval: 74-99%) using cautious medically super-
vised food challenge (at clinical risk) as gold standard [27]. Similarly, clinical
reactivity to hen’s egg white was predicted with >95% certainty when spe-
cific IgE was >6 kU /L [25]. For cow’s milk allergy, Sampson and Ho [28]
found that clinical reactivity was predicted with >95% certainty when spe-
cific IgE was >32 kU, /L. However, it is important to note that not all stud-
ies agree on these limits (e.g., Celik-Bilgili ef al. [22]), and the chosen cutoff
is dependent on the population studied and the laboratory assay used, as well
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Table 6.1 Examples of sensitivity and specificity of IgE assays, as reported by different
centers, for some common food allergies

Source Allergen Sensitivity (%) Specificity (%) Method
Rottem Cow’s 67.9 70.4 Immulite, DPC, Los
et al. [20]  milk Angeles, CA, USA
Norgaard  Cow’s 100 71 CAP, Pharmacia, Uppsala,
et al. [21]  milk Sweden
75 71 Magic Lite, ALK-Abello,
Heorsholm, Denmark
75 71 Matrix Food Aero, Abbott
Laboratories, Abbot Park,
IL, USA
Celik- Cow’s 83 53 CAP, Pharmacia
Bilgili milk
et al. [22]
Ricci Cow’s 91 70 ImmunoCAP, Pharmacia
5 .
etal. 23] milk 82 74 ADVIA Centaur, Bayer
Corporation, New York,
USA
Guilloux Peanut 100 73 Immulite, 3gAllergy, DPC
2y
et al. [24] 100 46 ImmunoCAP, Pharmacia
Norgaard  Hen’s 100 33 CAP, Pharmacia
ctal [21]  egg 100 33 Magic Lite, ALK-Abello
white
89 17 Matrix Food Aero, Abbott
Laboratories
Celik- Hen’s 97 51 CAP, Pharmacia
Bilgili egg
et al. [22]  white
Ricci Hen’s 94 64 ImmunoCAP, Pharmacia
2
ctal [23] egg  gg 52 ADVIA Centaur, Bayer
white :
Corporation
Celik- Wheat 79 38 CAP, Pharmacia
Bilgili
et al. [22]
Majamaa Wheat 20 93 CAP, Pharmacia

et al. [25]
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Table 6.1 Examples of sensitivity and specificity of IgE assays, as reported by different
centers, for some common food allergies—cont'd

Source Allergen Sensitivity (%) Specificity (%) Method

Celik- Soy 69 50 CAP, Pharmacia
Bilgili

et al. [22]

Giampietro Soy 69 83 RAST, Pharmacia
et al. [26]

DPC, diagnostic products corporation; RAST, radioallergosorbent test.

Sensitivity is based on a positive assay in patients who develop unequivocal features of Type 1 hypersen-
sitivity (e.g., rash and abdominal pain) on food challenge.

Specificity is determined from those in whom there are no features of Type 1 hypersensitivity on admin-
istration of placebo.

DPC and Bayer now both Siemens Healthcare Diagnostics, Deerfield, IL, USA.

Pharmacia now part of Thermo Fisher Scientific Inc., Waltham, MA, USA.

Reproduced from Lock and Unsworth [10], courtesy of the Annals of Clinical Biochemistry, with kind
permission of SAGE Publications Ltd.

as confounding factors such as concurrent eczema. These results have assisted
clinical practice, but recently reliability has been improved by employing
component-resolved diagnostics (CRD), not only for peanut but for a range
of other foods too.

Another reason that researchers moved toward CRD (covered in detail
in Section 2.2.1) was because of recognized cross-reacting antibodies. Some
recognize similar epitopes in proteins from different species (“panallergens,”
e.g., birch pollen Bet v 1, and its homologues including, e.g., Mal d 1
(apple), and other PR-10 proteins found in many fruits including apple
and peach). Shellfish tropomyosin is another panallergen that may provoke
an allergic response to several species (e.g., shrimp, crab, crayfish) and yet
may also cross react with house dust mite [29]. Clinical examples of cross
reactions include the oral allergy or pollen/fruit syndrome and latex
Hev b 1/fruit cross-reactivity, including kiwi and banana.

2.1.3 Skin prick testing

Skin prick testing is effectively a simple, useful, qualitative, and point of care
test. In a clinic setting, skin prick testing generally gives equivalent results to
parallel blood testing and can be used to corroborate or check unexpected
results. However, there are limitations to the use of these tests, as outlined
below:
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» Skin prick testing for IgE-specific antibody is not suitable for use in all
patients, for example, those taking medications including antihistamines
or those with extensive eczema or dermographism.

* The repertoire of available allergen sources is more limited than blood
testing.

e Generally, the assay is safe with mild local reactions being common, but
patients may very rarely have severe systemic reactions.

* Concordance between skin prick and serological tests is variable, at least
in part because the allergen sources differ.

* The biggest drawback of these tests is that “false positives” are common.
The Isle of Wight population-based study of 981 infants showed that
1.2% (15 cases) were test positive against nuts, but only half were clin-
ically sensitive to nuts on cautious nut challenge under medical
supervision [30].

2.2. Serological testing—Advanced methods

2.2.1 Component-resolved diagnostics

The technologies using whole extracts of allergen sources have been used for
many years and have become an established adjunct to investigating the
allergic patient. However, they are unable to distinguish between a reaction
to a nonallergenic component and an allergenic component; that is, they
detect sensitization but not sensitivity. Up to 50% of patients have asymp-
tomatic sensitization [31].

Over the last 15 years, assays have been developed to look at reactions to
individual proteins so-called CRD. These may be purified natural proteins
or those derived from recombinant DNA technology. Individual compo-
nents are named for the Latin of the corresponding source, for example,
Arah 1 is protein 1 from peanut, Arachis hypogaea. Formats include individ-
ual assays for single components through to multiplex arrays on biochips. In
addition, some preparations are available for skin prick testing. Some specific
areas of food allergy investigation have been enhanced by the introduction
of these assays and are discussed below.

2.2.1.1 Plant food proteins

Plants and their seeds contain many different proteins. These may be char-
acterized by function, and reactivity to different groups of proteins is more
or less likely to predict clinical symptoms. There are five major groups,
discussed below.
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2.2.1.1.1 PR-10 proteins There are 14 families of PR (pathogenesis-
related) proteins, about half of which are known to contain allergens.
The archetypal PR-10 protein is Bet v 1, the major allergen from Betula
verrucosa, the white birch. PR-10 proteins have a wide distribution in the
plant kingdom. They are upregulated as stress proteins, but their exact func-
tion is still uncertain [32]. Similar PR-10 proteins (Bet v 1 homologues) are
found in many foods including hazelnut (Corylus avellana, Cor a 1), peach
(Prunus persica, Pru p 1), celery (Apium graveolens, Api g 1), soy bean (Glycine
max, Gly m 4), apple (Malus domestica, Mal d 1), and peanut (Ara h 8).
Patients sensitized to Bet v 1 in birch pollen may also be sensitized to other
PR-10 proteins (cross-reactivity). In Northern Europe, reactions to foods
via birch sensitivity are generally relatively mild and life-threatening anaphy-
laxis is rare [33]. Typically, milder oral allergy syndrome (OAS) is seen,
where the patient has local symptoms associated with the oropharynx but
no systemic features. This restricted reactivity may result from the lability
of the PR-10 proteins which are degraded before absorption in the gut.
These proteins are readily denatured by heat so that when present in
well-cooked food, they are expected to be rendered harmless.

However, there are reports to indicate that some patients may addition-
ally have more severe reactions, notably to soy milk Gly m4 in birch-
sensitized patients [34-36].

2.2.1.1.2 Profilins These are also called Bet v 2 homologues. Profilins
are 12-15 kDa actin-binding proteins. They are one of the main causes of
cross-reactivity in pollens and plant foods [37] and are considered a
panallergen [38]. Although it is possible to assess reactivity to other profilins
(e.g., Olive tree, Olea europea, Ole e 2 and Timothy grass, Phleum pratense,
Phl p 12), this is not particularly helpful in clinical practice [39].

2.2.1.1.3 Nonspecific lipid transfer proteins (PR-14 proteins) Lipid
transfer proteins (LTPs) are classified in to two subgroups by molecular
weight: LTP1 (9 kDa) and LTP2 (7 kDa). Although LTPs are demonstrated
to bind lipids, their in vivo function remains unclear [40]. It has been
suggested that they may play a role in plant defense, possibly by inducing
permeabilization of fungal membranes [41] or by mobilization of lipid
reserves [42]. LTPs are very heat-stable, although allergenicity can be
reduced by severe heat treatment [43].

Reactions to LTP appear to be more common in the Mediterranean
area [44], with clinical cross-reactivity being described between foods and
pollens. However, although less common in birch-endemic areas, clinical
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reactivity to LTP is still important in some patients, for example, Flinterman
et al. [45]. Clinically, there are thus similarities with the North European
pollen/fruit syndrome, but this Southern Europe variant is clinically more
severe, not prevented by cooking, and due to different protein cross-
reactivities.

The peach protein Pru p 3 is the predominant LTP in terms of patients’
specific IgE [46,47]. As with profilins and PR 10 proteins, there is significant
cross-reaction between species, owing to structural homology. Reactions
may be systemic (anaphylaxis) or more localized (oropharynx, skin, or gas-
trointestinal) [48]. Of interest, a recent study by Pascal et al. [49] suggested
that 40% of those suffering anaphylaxis required the involvement of a cofac-
tor (most frequently nonsteroidal anti-inflammatory drugs (NSAIDs)). In
some cases (11 of 34 cases), the cofactor was an absolute requirement for
reactivity as well as modulating the severity of the response [49]. The mech-
anism by which cofactors enable clinical reactivity is unclear. It has been
suggested that effects on mucosal permeability by NSAIDs or exercise,
resulting in higher antigen exposure, are key [50,51].

As seen in other food allergic responses, there does not appear to be any
correlation between LTP-specific IgE concentration in the serum and the
severity of symptoms seen [49,52]. As with Bet v 1 and OAS, it has been
suggested that the LTP-syndrome also arises as a primary response to pollen.
The primary source of sensitization appears to be the plane tree (Planatus ace-
rifolia). This seems to be the case both for peach sensitivity (Pru p 3) [49] and
for hazelnut sensitivity (Cor a 8) [53,54]|. However, it should be noted that
LTPs from other pollen sources have also been implicated: olive (Ole e 7)
[55], pellitory (Parietaria judaica, Par j 1, Parj 2) [55-57], and mugwort (Arte-
misia vulgaris, Art v 3) [56,58].

2.2.1.1.4 Storage proteins Specific IgE to storage proteins is often
associated with severe reactions, including anaphylaxis. These are proteins
found in seeds. They are often stable and heat resistant. They include Ara
h 2 (2S albumin from peanut), Ses I 1 (7S globulin from sesame, Sesamum
indicum), Gly m 6 (11S globulin from soy), Jug r 2 (vicilin from walnut,
Juglans regia), and gliadins from wheat.

2.2.1.1.5 Cross-reactive carbohydrate determinants Allergic res-
ponses to elements other than the protein core of glycoproteins are well
described. They are prone to significant cross-reactivity. Cross-reactive car-
bohydrate determinants (CCDs) are not restricted to plant proteins, and
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antibodies may interfere with assays to whole extracts, for example, to bee
and wasp venoms. There are two types of CCD described.

The first is galactose-alpha-1,3-galactose (a-gal). This may have clinical
importance and 1s discussed later in Section 2.2.1.2.6.

The second CCD is of the MUX type, containing mannose, glucose, and
xylose. These are often clinically irrelevant and may give clinically false-
positive results when using, for example, whole peanut extracts. It is possible
to check for the presence of MUX-type CCD using commercial reagents,
for example, bromelain from pineapple (Ananus comosus, nAna c 2).

2.2.1.2 CRD in specific food allergy

The following is not a complete summary of all the assays studied in this area
(well over 100 specific IgE CRD components are described). Rather, this
represents the areas which have had, or may have, the greatest impact on
diagnostics.

2.2.1.2.1 Peanut The peanut 2S albumin storage protein Ara h 2 has
emerged as the most important allergen in peanut, with a high specificity
and positive predictive value for severe reaction on oral challenge
[59,60]. Indeed, it has been suggested that, on the basis of the Ara h 2 result,
challenges could be reduced by over 50%. The other storage proteins Arah 1
and Ara h 3 are also important allergens [61], but in practice do not add a
great deal to the Ara h 2 result. The LTP Ara h 9 has been suggested to
be important in the Mediterranean area [61-63], but a contrasting study [64]
suggests the storage proteins are still the more important, as is seen elsewhere
in the world.

In contrast to the above, single sensitization to the profilin Ara h 8 is
indicative of no or mild symptoms on oral challenge [65].

2.2.1.2.2 Hazelnut Hazelnut allergy may vary from mild to severe.
The former is largely caused by sensitization to pollen, predominantly birch,
and is associated with the Bet v 1 homologue Cora 1 or the profilin Cor a 2.
More severe symptoms are associated with antibodies to Cor a 8 (LTP) and
Cora9 (11S globulin) and possibly Cora 11 (7S globulin) [66]. Interestingly,
severity relates in part to the age of clinical presentation. Young children
present predominantly with reactivity to the storage protein (Cor a 9) or
the cupin (Cor a 11) and a more severe clinical outcome on ingestion of
hazelnut, whereas adults presentation is most likely related to OAS due to
reactivity to the Bet v 1 homologue Cora 1.04 [67,68] and clinically milder.
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2.2.1.2.3 Hen's egg Egg white contains the more important allergens:
ovomucoid (Gal d 1), ovalbumin (Gal d 2), ovotransferrin/conalbumin
(Gal d 3), and lysozyme (Gal d 4) [69]. Ovomucoid, which comprises
10-15% of the protein in egg white, is very thermostable and digestion sta-
ble, whereas the others are more labile. It has been shown that children with
egg allergy high concentrations of specific IgE to Gal d 1 are predictive of
those that will have a positive oral provocation challenge [70,71]. Continu-
ing reactivity to sequential epitopes on Gal d 1 is associated with persistence
of egg allergy beyond childhood [72].

2.2.1.2.4 Wheat Hypersensitivity or intolerance to wheat in manifest is
several different ways, including celiac disease, and other immune or non-
immune mechanisms. We will only consider IgE-mediated allergy in this
chapter. Most cases will present following oral exposure, but inhalation
(including Baker’s asthma) and contact sensitivity are other mechanisms.

Wheat allergy may occur in infancy, as a typical type 1 reaction, with a
rapid onset of symptoms. Less commonly, a cofactor, as described below, is
required [73]. Specific IgE reactivity to a variety of wheat proteins is recog-
nized including alpha-gliadins, beta-gliadins, gamma-gliadins, and omega-
gliadins [74]. Reactivity to omega-5-gliadin 1s associated with more severe
reactions including anaphylaxis.

2.2.1.2.5 Food-dependent exercise-induced anaphylaxis Food-
dependent exercise-induced anaphylaxis (FDEIA) is a further example of
a requirement for a cofactor to induce an allergic reaction (see
Section 2.2.1.1.3). In this case, the most common presentation is a patient
who can either eat a given food or take exercise without problem, unless the
exercise is taken soon after (within an hour or two) eating a specific food, for
example, wheat. In 90%, symptoms will be manifest within 30 min of
starting exercise [75]. The first description was of shellfish-induced anaphy-
laxis [76]. Since then, many other foods have been implicated in many cases
in the literature. Other triggers, for example temperature, have also been
implicated in some cases (e.g., Refs. [77,78]). The underlying mechanisms
are still unclear. The best characterized FDEIA is wheat-dependent
exercise-induced anaphylaxis (WDEIA). In WDIEA, omega-5-gliadin
(Triticum aestivum, Tri a 19) is the critical allergen and specific IgE to
omega-5-gliadins 1s frequently found in patients’ serum [73].

2.2.1.2.6 Red meat allergy Galactose-alpha-1,3-galactose (a-gal) is a
sugar structure found in glycoproteins and glycolipids from all mammals
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except primates, including humans. Allergy to red meat (beef, pork, lamb)
usually involves delayed-type reactions (3—6 h postingestion), and this
should raise suspicion of sensitization to o-gal [79-81]. The reason for
the delay is unknown but may be related to the route of entry of the allergen
which, it has been suggested, can be via the lymphatic system [82]. There is
some evidence to suggest sensitization occurs via tick bites, with the south-
ern and eastern US states being most affected [79,80]. However, no com-
mercially available test exists for this antibody.

2.2.1.3 The practical application of CRD

While the use of CRD has greatly advanced our understanding of particular
target allergens and mechanisms involved in type 1 hypersensitivity reac-
tions, the day-to-day impact in the clinic has been relatively small. Many
further studies are required to test, refine, and potentially extend the diag-
nostic worth of CRD. In the majority of cases, historical standard assays (spe-
cific IgE to unpurified allergen sources (e.g., hen’s egg white and cow’s milk)
or SPT) are sufficient to confirm the diagnosis suspected from a good clinical
history. In a few cases, CRD may obviate the need for food challenge
testing. These include Ara h 2 for peanut allergy and ovomucoid (Gal
d 1) for persistent hen’s egg allergy. Specific IgE to omega-5-gliadin is more
sensitive than whole wheat extract for the diagnosis of WDEIA. In addition,
there are some examples of complex allergy where a knowledge of sensiti-
zation patterns (e.g., PR-10 vs. LTP sensitivity) might direct specific immu-
notherapy for example, [83]. However, we must remain alert to the
inevitable consequence of more testing, that is, more clinically false-positive
results and not necessarily the improved sensitivity and specificity for which
we had hoped [84].

2.2.2 Mast cell tryptase

Mast cell tryptase (MCT) is a major component of mast cell granules. Nor-
mally, low levels are found in the serum. When released from mast cells, it
has a short (2-2.5 h) half-life. It is present persistently in serum in high con-
centration when the total body mass of mast cells has increased (mas-
tocytosis), or transiently (elevation lasting less than 24 h) when large
numbers of mast cells degranulate simultaneously following a severe allergic
reaction, for example, [gE-mediated anaphylaxis following intravenous drug
injection in a sensitized hypersensitive (allergic) individual, or a
life-threatening food allergy with systemic features. Anaphylaxis is a
“severe, life-threatening generalized, or systemic hypersensitivity
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reaction” [85]. Symptoms of anaphylaxis include laryngeal or pharyngeal
edema, bronchospasm, and hypotension, but most episodes also include skin
rashes and mucosal changes [86].

Measurement of serum histamine is unhelpful owing to the very short
half-life in circulation postreaction. In contrast, serum MCT may be very
useful to confirm a true anaphylactic reaction. MCT enters the blood stream
postreaction and is at a peak 1-2 h postreaction, declining to normal con-
centration by 24 h [87]. As the initial peak may be missed, UK guidance
is that samples should be taken “as soon as possible after emergency treat-
ment has started” and “a second sample ideally within 1-2 h (but no later
than 4 h) from the onset of symptoms” [86,88]. It is important to record
the time of reaction and the time of sampling for correct interpretation of
the data.

These recommendations are based on data from adults. Although data for
children are sparse, the guidelines recommend a similar regime could be
applied and clinicians should consider taking blood for MCT, in particular,
where the trigger is thought to be venom-related, drug-related, or idio-
pathic [88]. We see no logical reason why the recommendations in adults
should not also apply to children or why they should not also apply where
tood is the suspected trigger. If MCT is elevated at presentation, a further
baseline sample for MCT should be obtained to exclude the rare diagnosis
of mastocytosis.

Mastocytosis is a rare genetically determined clonal proliferation. Muta-
tions are typically somatic, so cases can present early in childhood or in adults
but without a familial pattern. Mast cell proliferation can be cutaneous only
or systemic (confirmed by bone marrow examination) [89].

Where a suspected anaphylactic death has occurred, the postmortem MCT
may be helpful to confirm. Particular care must be taken in the interpretation
of postmortem MCT. The result may be affected by cause of death, sampling
time postmortem, and the site from which the sample was taken. Several stud-
ies show that MCT is higher in nonanaphylaxis postmortem samples than in
living control samples [90-93]. MCT from heart samples is more often ele-
vated than those from femoral sites [94]. While very high levels are generally
considered to be supportive of a diagnosis of anaphylaxis, they may be found
outside of this context [90,95]. A recent publication advocates the use of aor-
tic samples. An MCT >110 pg/L had a sensitivity of 80% and a specificity of
92% for anaphylaxis-associated death using this approach [93]. Whether in
cases of death caused by trauma the MCT tryptase is elevated as compared to
controls remains controversial. Edston and van Hage-Hamsten [90] showed
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a clear association. In contrast, McLean-Tooke et al. [93] did not find an
association of elevated MCT with trauma. Similarly, the effect of opiates
(which may directly activate mast cells) on postmorters MCT remains unre-
solved. Fineschi ef al. [96] identified elevated MCT in a number of cases of
drug overdose, whereas McLean-Tooke ef al. [93] saw no such association.
[t is important to note that low or normal levels of MCT cannot exclude
anaphylaxis, either premortem or postmortem. Low MCT is well described in
particular patients with likely food-induced anaphylaxis [97,98]. In conclu-
sion, moderate elevations of MCT postmortem are quite common. Elevated
postmortem MCT may be supportive of a diagnosis of anaphylaxis, but the
result must be interpreted in the context of the accompanying history.

2.3. Food challenge

This is regarded as the gold standard for diagnosis, and standardized protocols
have been developed (e.g., Ref. [99]). Literally the proofis in the eating, but
there are limitations and significant risks including risk of serious adverse
allergic reaction. Hence, where food allergy based on clinical history seems
likely, particularly in a high risk patient with brittle asthma, food challenge
even under medical supervision is unethical and contraindicated. IgE-based
food testing beforehand with negative, that is, normal, results makes an
uneventful, safe challenge more likely.

Outside ethically approved research studies, this time-consuming,
manpower-dependent, potentially risky approach is restricted to cases where
food allergy is unlikely and where knowing the definitive answer is impor-
tant, for example, in a malnourished patient on an unhealthy restricted diet.
Even then, challenge needs to be medically supervised, with written con-
sent, and with a robust way of defining a positive clinical challenge, not rely-
ing only on ill-defined symptoms. In an ideal world, because of patient
anxiety or suggestibility, challenge should be placebo controlled and blinded
adding to the complexity and practicality. Patients need supervision for at
least 1 h postchallenge before deciding whether a patient may safely be
allowed home.

2.4. Basophil activation tests

Like mast cells, basophils may be activated via IgE receptors on the cell sur-
face leading to release of mediators including histamine, leukotriene C4,
interleukin (IL)-4 and IL-13 [100,101]. Traditionally, functional assays for
basophils relied on measurements of the released mediators, particularly
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histamine and leukotriene and collecting cell supernatants for factor-specific
quantitative assays [102,103]. These are practically problematical and have
been restricted to specialist laboratories.

Recently, flow cytometric methods have instead been developed that are
technically simpler and more accessible to many routine laboratories [104].
They rely on the observation that the secretory granule-associated protein
CD63 (also known as 53 kDa tetraspanin or lysosomal-associated membrane
glycoprotein 3 (LAMP-3)) is upregulated on basophil degranulation [105].
Generally, expression correlates well with histamine release [105,106],
although not in all situations [104,107]. A rapid and transient expression
of CD230c may also be seen, notably where the stimulus does not result
in anaphylactic degradation (e.g., IL-3) [108].

Assays have reasonable sensitivity, with the CD63 basophil activation test
in the order of 60-80% [100,109] and the leukotriene release assay in the
order of 65% [109]. Although the flow-based assays have been used in some
studies related to food allergy [109,110], perhaps their most extensive and
promising use has been in investigating drug allergy [111,112] where exis-
ting alternative laboratory tests are very limited.

These assays require significant hands-on time and have no international
standards and no external quality assessment scheme. As such they are dif-
ficult to maintain and we do not advocate their use outside specialist flow
laboratories with access to allergy expertise, and certainly their role in food
allergy is unproven.

2.5. Unconventional assays for allergy testing

2.5.1 IgG class antifood antibodies

There are several studies advocating the use of IgG antibodies to indicate
sensitivity to specific foods and hence to direct an exclusion diet. With
the exception of antigliadin antibodies in coeliac disease, these remain
unproven in the diagnosis of food hypersensitivity, largely because many
health individuals eating a normal diet have these IgG antibodies and are
“sensitized” but not “sensitive.”

Even in coeliac disease, the clinical utility of IgG antigliadin is limited.
Specificity is poor, with the antibody being found in 15% of blood donors
[113]. Current guidelines advise against the use of [gG-based assays to detect
antibodies to native gliadin for the diagnosis of coeliac disease [114,115]. [gA
antigliadin has better specificity for a diagnosis of coeliac disease but is like-
wise not sufficiently robust for diagnostic purposes.
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Patients with irritable bowel syndrome (IBS) attribute their symptoms to
certain foods. Such patients may modify their diet based on these beliefs
risking inadequate nutrition [116]|. True IgE-mediated food allergy is
uncommon in IBS [117]. Atkinson ef al. [118] suggested that IBS patients
on a diet free of foods identified by the presence of IgG class antibodies
showed an improved symptom score. However, this study has been criti-
cized by others [119-121]. By contrast, another study suggested that symp-
toms improved using IgG4 antibodies to foods to select foods for inclusion in
the diet [122]. There was no control group in this observational study.
A more recent population-based study, after correction for subject charac-
teristics and diet, found that there were no significant difterences with regard
to food- and yeast-specific IgG and IgG4 antibodies between subjects with
IBS and controls [123]. Thus, the use of these IgG food antibody tests in the
investigation of IBS is of uncertain significance.

A similar argument applies to the use of IgG antigliadin assays in ataxia.
Studies have shown that both IgG antigliadin and IgG class antibodies to
other food proteins are seen in both patient and control groups equally
[124,125]. As with the disease-specific finding of antitissue transglutaminase
(type 2 transglutaminase) in coeliac disease [126], there is currently much
interest in antibodies to transglutaminase 6 in so-called gluten ataxia
[127]. However, ataxia may not be the only setting for these antibodies
[128] and further studies are required before we can come to a full under-
standing of the relevance of these findings.

In all, we remain unconvinced that there is sufficient evidence to support
the use of specific IgG assays to foods, either for diagnosis or for the direction
of elimination diets.

2.5.2 Other unconventional assays
There are a number of other tests offered for allergy testing. These include
kinesiology, electrodermal testing, the leukocytotoxic test, and hair testing.
Kinesiology relies on the unfounded assumption that holding a vial of an
allergen source in one hand will lead to muscle weakness in the contralateral
arm. A controlled trial by Garrow [129] showed the assay to be unreliable for
food allergy diagnosis. Similarly, Liidtke ef al. [130] showed the assay to be
unreliable for venom allergy, concluding “results suggest that the use of
Health Kinesiology as a diagnostic tool is not more useful than random
guessing.”
Electrodermal testing (Vegatesting) is based on an unsubstantiated
hypothesis that in patients with allergy, there are associated changes to
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electrical skin resistance. A double-blind placebo-controlled trial showed
that electrodermal testing cannot distinguish between atopic and nonatopic
individuals defined by skin prick tests [131]. Similarly, Semizzi et al. [132]
determined that, in a double-blind placebo-controlled trial, electrodermal
testing could not correctly detect respiratory allergy. There is no reason
to believe electrodermal testing would be any more eftective in the diagnosis
of food allergy.

Leukocytotoxic tests involve cumbersome assays and observing changes
in cell morphology on the addition of specific allergen to whole blood.
There is no theoretical basis for this assay. It is subjective, nonstandardized,
and nonreproducible [133—136]. In our opinion, there is no justification in
its use.

Hair analysis has a limited use in identifying long-term exposure to toxic
substances including heavy metals and drugs, although there are serious lim-
itations to the analyses which make interpretation difficult. For example, it
has been suggested that cadmium exposure from environmental tobacco
smoke may be associated with asthmatic status [137]. Hair analysis may also
help in the investigation of exposure to drugs [138]. However, there is no
evidence to support its use in food allergy testing [139-141].

Hence, we support the view expressed by Niggemann and Griiber [142]
that “to date, no complementary or alternative diagnostic procedure can be
recommended as a meaningful element in the diagnostic work-up of allergic
diseases.”

3. CONCLUSIONS

IgE-based laboratory tests for food allergy remain error prone, espe-
cially with regard to clinical false-positive results and unnecessary food
avoidance. Recent advances in CRD using purified and better defined aller-
gens have provided more specific and reliable assays in some niche areas
(e.g., peanut Ara h 2), and these can be of great clinical value in helping safely
predict whether a food challenge can safely proceed or not. However, over-
all, the benefit of CRD has been limited. There remains no alternative to a
carefully documented clinical history, taking care to note time intervals
between food exposure, and symptom onset and type. History should dictate
test selection not vice versa. Patients are often surprised by the limitations of
the best available tests, and this may unfortunately tempt them to try alter-
native, unorthodox testing which only tends to cloud the issue. This is an
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area for cautious use of existing IgE food-based assays, selective use of CRD,
and more research using well-defined clinical study groups.
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Abstract

Matrix metalloproteinases (MMPs) are an important class of endopeptidases, having a
role in a diverse range of physiological and pathological processes. This chapter provides
an overview of the key regulatory processes in MMP production and activation. The com-
mon techniques used to assess MMP activity are discussed and their various strengths
and weaknesses presented. This comparison of methodologies is specifically intended to
aid any investigator who wishes to determine the most appropriate analytical method
for their future studies because any investigation of MMPs in biological samples should
be cognizant of the key mechanisms influencing the expression and activity of these
proteinases. The endogenous, preanalytic and analytic chemistry of MMP activation
influences the interpretation of the various techniques widely employed throughout
the literature. Therefore, the ability to accurately evaluate the true endogenous activity
of MMPs is heavily dependent on a clear understanding of these processes.
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Figure 7.1 Domain structure of matrix metalloproteinases. Adapted from Massova et al.
[4] © Federation of American Societies for Experimental Biology (FASEB), used by
permission.

Matrix metalloproteinases (MMPs) are a subfamily of the metzincin superfam-
ily of endogenous proteinases [1-3]. MMPs typically consist of a propeptide
domain, a catalytic metalloproteinase domain, a linker (hinge region) peptide,
and a hemopexin domain [1]. Common structural features consist of a
zinc-binding motif (HEXXHXXGXXH) within the catalytic domain and
a cysteine switch motif (PRCGXPD) within the propeptide domain [4]
(Fig. 7.1). The binding of these domains to the catalytic zinc ion keeps the
proenzyme in an inactive state by preventing water molecule binding,
required for catalysis, to the zinc ion [1]. Understanding the nature of these
activation states is key to interpreting any methodological technique that
attempts to measure MMP activity.

The various members of the MMP family are subdivided based on their
substrate specificities, but share common features such as having Zn>" in
their active catalytic site, requiring Ca®" to function, and being biologically
active at neutral pH [1]. Most are secreted in an inactive proform (so-called
zymogen) and are inhibited by a family of endogenous inhibitors, the tissue
inhibitor of matrix metalloproteinases (TIMPs). The TIMPs are a family of
endogenous MMP inhibitors that appear to regulate MMP activity by bind-
ing noncovalently to the target, inhibiting functioning of the active site by
interacting with the Zn>" [5].

MMPs are highly conserved across animal species, and it is likely that a
single primordial MMP gene was duplicated, with the resulting divergence
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leading to the observed multiplicity of structure and function between dif-
ferent members of the MMP family [6]. While their main role appears to be
proteolysis of extracellular matrix components [3], it is important to note
that these proteases also have substrate specificity for cytokines, nuclear pro-
teins, and membrane proteins. As such, MMPs play a significant role in phys-
1ological processes including procytokine and growth factor activation,
DNA repair and cell death, ectodomain shedding, as well as cell migration,
differentiation, and survival [2].

The key MMP subgroups, based on substrate preference and domain
organization, involved in human disease are the collagenases (MMP-1,
-8, -13), gelatinases (MMP-2, -9), stromelysins (MMP-3, -10), matrilysins
(MMP-7, -11, -26), macrophage elastase (MMP-12), and membrane-type
MMPs (MMP-14, -15, -16, -24 and GPI-anchored MMP-17, -25). There
is a multiplicity of MMP substrate specificities, with the overlapping func-
tions most-likely acting as a safeguard against any loss of regulatory control.
While undoubtedly biologically advantageous to the organism, this overlap
in MMP-associated proteolytic potential is a likely confounder to any MMP
activity analysis |7] and should be well understood by any investigator
undertaking research in this area.

1. REGULATION OF MMPs

In any experiment analyzing MMPs within biological specimens, it is
important to understand the key mechanisms influencing the expression and
activity of these proteinases. Because of their potentially potent physiological
and pathogenic functions, MMPs are tightly regulated at the transcriptional,
posttranscriptional, and posttranslational levels. In addition, protein activity
isinfluenced by activators, inhibitors, and specific tissue-binding characteristics.

1.1. Transcriptional control

The MMP genes are under transcriptional control, with their promoters
containing several cis-elements which can be regulated by frans-activators
such as AP-1, SP-1, C/EBP-3, TIE, and NF-xB [8]. A number of MMPs
are therefore secreted in response to growth factor mediators of remodeling,
vascular stress, injury, and inflammation [9]. In contrast, MMP-2 appears to
be unique in that it is not induced by inflammatory cytokines, and conse-
quently has a more stable expression in vivo [10]. A schema clustering difter-
ent MMP genes based on the presence or absence of TATA box and AP-1
binding sites has been suggested [8]. Since inflammatory cytokines such as
IL-1 and TNFa interact with TATA box and AP-1 elements, it can be
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correctly predicted that MMP genes with these elements (e.g., MMP-1, -3,
-9) will be altered by inflammation [11,12].

Genetic variations within MMP promoters have been associated with
altered gene expression. Generally, these variants involve alteration of cis-
elements. For example, the —1562T polymorphism within the promoter
of MMP?9 alters a nuclear protein-binding complex and is associated with
a 1.5-fold increase in MMP-9 expression [13]|. Similarly, the —1306T
variant within the promoter of MMP2 disrupts a Spl-binding site.
Consequently, the —1306C variant has a 1.4- to 2-fold increase in gene
expression compared with the T variant [14]. By examining such variants,
investigators have been able to implicate MMPs in various pathological
conditions [13,15—17].

1.2. Posttranslational

MMPs are synthesized as preproenzymes, with the signal peptide being
removed during translation. The key aspect of MMP activation requires
release of the cysteine switch. A cysteine residue within the prodomain
complexes with the zinc ion within the catalytic region, thereby preventing
enzyme activity. The amino acid sequences surrounding both the
prodomain cysteine residue and the zinc-binding ligands are highly con-
served in all MMPs [18]. Removal or modification of the prosequence
releases the cysteine switch, freeing the active site and allowing it to interact
with water and catalytic substrate [19] (Fig. 7.2).

Depending on the specific MMP, activation may occur within the intra-
cellular or extracellular domains or at the cellular surface. Extracellular acti-
vation typically involves a stepwise activation [21], involving an initial
cleavage of a protease susceptible “bait” region, then complete removal
of the remaining propeptide, often by other MMPs. Those MMPs that
undergo intracellular activation utilize a furin-like proprotein convertase
recognition sequence at the propeptide terminus [22]. MMPs that have
undergone intracellular activation can then be secreted from the cell, or
bound to the cell surface, in an active state. In such cases, the tissue activity
of these MMPs is therefore dependent on tissue specific expression and/or
the presence of endogenous inhibitors.

MMPs can be stored within intracellular exocytic vesicles, including
those associated with the microtubular network. Disruption of the micro-
tubules in melanoma cells results in decreased MMP secretion. This suggests
that the active propulsion of MMP-containing vesicles along the microtu-
bular network may be a key feature of the rapid, directional secretion of
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E— ’C]{ L
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Figure 7.2 MMP activation states. Partial denaturing of the latent zymogen results in a
conformational perturbation which opens the cysteine switch and forms the interme-
diate active isoform. Because this isoform is still attached to the propeptide, it has a
higher molecular weight than the active isoform but is partially catalytically active. Con-
sequently, both the intermediate and active isoforms are able to digest substrate in
zymography gels [20]. Adapted from Snoek-van Beurden and Von den Hoff [20] © 2009
BioTechniques, used by permission.

MMPs during processes such as cell migration, cancer cell invasion, and
three-dimensional tissue organization [23]|. While MMPs clearly have a sig-
nificant role in extracellular proteolytic processes, reports indicating nuclear
localization of MMPs in a wide range of cell types suggest that some of these
enzymes may participate in a much wider range of biological processes [24].

A wide range of biological molecules have been shown to play a role in
MMP activation. These include oxidative compounds [19] and a range of
proteolytic enzyme such as the serine proteinase chymase [25], urokinase
plasminogen activator [26], and kallikrein [27]. Activation via other MMPs
also occurs [28]; for example, MMP-2 can be activated by the membrane-
type MMPs [27] and MMP-9 by MMP-3 [29,30]. Self-convertase activity
has also been demonstrated, with membrane-type MMP-1 being capable of
cleaving of its own prodomain at the furin cleavage motif [31].

MMPs can undergo chemical modification resulting in enzyme activa-
tion. This is an important feature that has been successfully utilized in several
of the analytical techniques that will be discussed below. These chemical
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activators fall into four main groups: (1) proteases (e.g., trysin and MMP
autolysis), (2) conformational perturbants (e.g., detergents such as sodium
dodecyl sulfate (SDS)), (3) reversible sulthydryl-group modifiers (e.g.,
organomercurials such as p-aminophenylmercuric acetate (APMA) [32]),
and (4) irreversible sulthydryl-group modifiers (e.g., oxidants, alkylating
agents) [18].

An endogenous example of such modification includes the ability
of neutrophils to utilize chlorinated oxidants, such as HOCI, to activate
latent MMP [33]. This reaction ability to release the cysteine switch and
free the catalytic domain is a process that appears important during
inflammatory-mediated MMP activation. Another important example, at
least within vascular and cancer biology, is the activation cascade of uroki-
nase, leading to conversion of plasminogen to plasmin. Plasmin appears to be
an important component in prodomain cleavage and the subsequent activa-
tion of some MMPs [34,35], with inhibition of this pathway in murine
genetic knockouts of urokinase [26] and plasminogen [36] resulting in
altered MMP activity.

[t is important to note that the MMPs can exist in an intermediate active
form (Fig. 7.2), whereby the catalytic zinc ion is exposed but the prodomain
remains attached to the catalytic domain. In such cases, though the MMP is
potentially catalytically active, it is important to consider whether this activ-
ity is physiological or an artifact of chemical perturbation, for example, dur-
ing sample analytical processing.

1.3. MMP inhibitors—The TIMPs

MMP activity is also regulated by the TIMPs, a family of two-domain pro-
teins, which act as endogenous MMP inhibitors [37]. All mammalian TIMPs
have an N-terminal domain of approximately 125 amino acids in length and
a shorter (~65 amino acids) C-terminal domain. These domains are stabi-
lized by three disulphide bonds. Though they have varied specificities, the
four human TIMPs can all be considered to be broad-spectrum inhibitors of
the MMPs found in humans. The four human TIMPs share around 40%
sequence homology, while the most similar pair, TIMP-2 and -4, has
50% homology. While TIMP-1 has the most restricted inhibitory range,
having relatively low affinity for the membrane-type MMPs, it has a higher
affinity for MMP-3 and -7 than TIMP-2 and -3. TIMP-3 inhibits the
broadest range of MMPs, as well as several members of the disintegrin—
metalloproteinases (ADAMs and ADAMTSs). TIMP-1, -2, and -4 have
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much more limited interactions with the disintegrin—metalloproteinases [37].
The biological significance of these varied affinities is demonstrated by the
absence of significant abnormalities in TIMP1 or TIMP2 knockout mice,
while mice without TIMP3 develop significantly impaired liver [38] and lung
function and have a shorter life-span [39].

The key inhibitory interaction involves a ridge insert, formed by disul-
fide linkage, of five residues in the TIMP N-terminal domain that fits above
the MMP zinc ion catalytic domain. This occupies approximately 75% of
the protein—protein interaction and displaces the water molecule needed
for peptide bond hydrolysis. Although the TIMP C-terminal domains do
contact with the MMP structure, in most cases, these appear to have limited
roles in enzyme inhibition since truncated N-terminal TIMP fragments
appear to act as high-affinity MMP inhibitors. There are exceptions, how-
ever, that indicate that the C-terminal domain also acts to increase binding
affinity [40]. For example, the TIMP-2 C-terminal domain forms stabilizing
interactions with the hemopexin domain of MMP-2, resulting in greater
binding affinity by the full-length TIMP compared with the isolated
N-TIMP domain [41]. This noninhibitory MMP-TIMP complex has been
shown to have a role in cell surface activation via TIMP mediated tethering
to membrane-type MMPs [42].

Several other proteins also inhibit specific members of the MMP family,
including a P-amyloid precursor protein [43] and a procollagen
C-proteinase enhancer protein [44] which both inhibit MMP-2. RECK,
a membrane-anchored glycoprotein, negatively regulates MMP-2, -9,
and membrane-type MMP-1 [45].

2. DETECTION OF MMPs IN BIOLOGICAL SAMPLES,
TOTAL ZYMOGEN VERSUS ENZYMATIC ACTIVITY

When considering the assessment of MMPs within a biological sample,
it is important to consider which aspect of MMP expression (total zymogen,
prodomain cleaved, TIMP-bound, or endogenously active) is most biolog-
ically relevant to the research question being investigated. This is an impor-
tant determinant, as direct measurement of MMP protein will not
distinguish active from inactive enzyme. At this point, it is probably worth
clarifying some of the terminology used regarding the various isoforms of
MMPs. The term “total MMP” should be used when discussing the com-
bined protein levels of all MMP isoforms. “Pro-MMP” levels refer to the
amount of protein that has an intact propeptide domain. “Latent MMP”
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refers to the summation of pro-MMP and propeptide-cleaved MMP that is
also complexed with a TIMP. The term “active MMP” should be reserved
for propeptide-cleaved MMP that was not endogenously bound to a TIMP.
Active MMP would therefore have been enzymatically active within the tis-
sue from which it was extracted. As described below, different analytical
techniques vary in their ability to make these important distinctions.

2.1. Immunohistochemistry

The localization of MMPs and TIMPs within biological tissues is a straight-
forward and robust technique, particularly given the abundance of high-
quality commercially available antibodies. Figures 7.3 and 7.4 show
chromogenic-substrate visualized MMP-9 and -2 staining in human vascular
tissues. While this technique is an excellent method to identify regions and
cell types with increased MMP protein expression, it cannot typically dis-
criminate whether the enzymes are latent or active.

2.2, Substrate zymography

Substrate zymography is a widely used technique that identifies MMPs by
the degradation of their specific substrates [20]. In its most basic form sam-
ples, suitably homogenized (in the presence of a protease inhibitor such as
pepstatin) and extracted, are loaded into a well on a polyacrylamide gel
and the proteins separated by electrophoresis. The polyacrylamide gel is

preprepared by copolymerizing it with the MMP substrate of choice

HL e s —— AT, e ‘,m
Figure 7.3 Serial sections showing smooth muscle alpha actin (left) and MMP-9 (right)
immunostaining (DAB, dark reaction product) in human atherosclerotic (posterior tibial)
artery. Macrophages within the atherosclertic intimal layer are MMP-9 positive. The
monoclonal primary antibodies used were anti-alpha smooth muscle actin, Sigma
#A2547, and anti-human MMP-9, R&D Systems, # MAB911. The surrounding tissue is
not counterstained but rather tissue contrast is provided by differential interference
contrast (DIC). Scale bar equals 100 um.
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Figure 7.4 MMP-9 (left) and MMP-2 (right), immunohistochemical staining (DAB, dark
reaction product) in human vascular (posterior tibial artery) tissue. The cytoplasm of a
circulating monocyte within a small blood vessel is strongly MMP-9 immunopositive.
MMP-2 positive staining with smooth muscle cells (arrowheads) adjacent to the internal
elastic lamina (IEL) of a muscular artery. The monoclonal primary antibodies used were
anti-human MMP-9 and anti-human MMP-2, R&D Systems, # MAB911 and #MAB902,
respectively. Surrounding tissue contrast is provided by DIC. Scale bar equals 20 pm.

(e.g., gelatin). Electrophoresis is conducted under nonreducing conditions
using SDS as the denaturing agent. Denaturing inactivates the MMPs during
gel migration, after which the SDS is exchanged by washing in Triton
X-100 resulting in partial renaturing and restoration of activity. As described
above, SDS is able to cause conformational perturbation of the cysteine
switch, a change that persists after the partial renaturation of the protein.
Consequently, the zymogen is left in the intermediate active form
(Fig. 7.2). The gel is then incubated at 37 °C to allow MMP-mediated sub-
strate degradation. The gel is then stained with a protein stain (typically
Coomassie blue) and the MMPs detected as unstained regions on the pos-
itively stained protein substrate background (Fig. 7.5). To confirm that the
observed proteolytic activity is MMP specific, it is prudent to routinely
incubate a  duplicate gel in a Dbuffer that also contains
ethylenediaminetetraacetic acid (EDTA), a strong metal ion chelator and
therefore a broad-spectrum MMP inhibitor. In zymography, SDS treatment
plays three critical roles. First, it causes a reversible inhibition of MMP activ-
ity during electrophoresis. Second, when the MMP is partially renatured,
the cysteine switch ends up in an open position so that otherwise inactive
zymogen is (partially) catalytically active. Finally, it dissociates TIMPs from
the catalytic domain so that MMP that was endogenously bound to a TIMP
can also be catalytically active. The widely reported advantage of this tech-
nique is that it can be used to assess both pro- and “active” MMP isoforms
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proMMP-9

< active* MMP-9

proMMP-2

active* MMP-2

Figure 7.5 Gelatin substrate zymography. Note the absence of significant pro-MMP-2
isoforms in lanes 2 and 3 and the active isoform band in lane 4. *Because TIMPs are
chemically dissociated from MMPs during the processing for this technique, it is not
possible to know how much of the active isoform band would have been endogenously
active (i.e, some of the MMP protein within this band is likely to have been latent
in vivo).

within a single sample. This is because the molecular weight of the pro-
peptide containing zymogen will be predictably higher than the “active”
isoform. Although a very widely used technique, the chemical modifications
to both the MMPs and MMP-TIMP complex means that quantification of
zymography results should be viewed with significant caution. First, the
renaturation of the protein following removal of SDS only partially restores
catalytic activity of both isoforms. This may result in a failure to detect all the
MMP within a sample, particularly when they are of low abundance. While
gelatin substrate zymography has been shown to be remarkably sensitive for
MMP-2 and -9 [46], this is not necessarily the case for other MMPs which
have lower specificity for this substrate [20)].

Second, it is not possible to know how much of the MMP in the “active”
isoform band was endogenously bound to a TIMP. For this reason, the true
quantification of latent MMP protein levels consists of the entire pro-MMP
band and a fraction of the protein within the so-called active band. Finally, the
proteolytic properties of the propeptide containing MMP isoforms, in the
intermediate active state, are reduced compared to that of the active isoform.
Densitometry-based quantification of the pro- and active lysis-bands should
not necessarily be interpreted as direct comparison of the number of MMP
molecules present.

These points notwithstanding, it is certainly possible to identify difter-
ences in isoform abundance using this method. For example, it is possible
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to gain an appreciation of the relative presence or absence of a particular iso-
form within a given sample. As shown in Fig. 7.5, the sample run in lane 4 has
no detectable lysis-band corresponding to the smaller (prodomain cleaved,
so-called active) MMP-2 isoform. It is therefore possible to conclude that
this sample had no (detectable) endogenous MMP-2 activity. In contrast,
the lane 2 and to a lesser extent lane 3 samples appear to have undergone near
complete prodomain cleavage. However, it is not possible to determine how
much of the smaller isoform was truly endogenously active, since the inhib-
itory effects of TIMP binding cannot be accounted for in the analysis.

A range of methodological variations of the conventional gel zymography
technique have now been developed. These include transfer blot, mixed
substrate, two-dimensional and antibody zymography. The relative advan-
tages and disadvantages of these technique variants are well described in a
recent review by Vandooren and colleagues [47]. However, since aspects
such as electrophoresis remain as integral methodological components, the
issues of technique-induced sample artifacts (discussed above) largely also
remain valid.

In summary, zymography is certainly a useful technique for the analysis
of MMPs, albeit one that requires a careful understanding of its limitations
and how best to interpret the analytical results.

2.3. In situ zymography

In situ zymography combines fresh-frozen histological tissue sections with
substrate digestion zymography. Sites of proteolytic activity can thus be
localized to specific tissue regions or cell types. Visualization may be via sim-
ple degradation of a slide coating substrate such as gelatin [48,49] or may
involve cleavage of a dye-quenched substrate producing fluorescence at
the site of substrate degradation [50,51]. Because this technique does not
involve the same degree of chemical modification associated with gel elec-
trophoresis, the resulting proteolytic activity is a truer reflection of the
endogenous state. Care must still be taken to include the appropriate control
slides, such as separate MMP and other specific protease inhibitors, to ensure
that the resulting enzymatic activity is specifically MMP related. This tech-
nique is best suited to histological localization of substrate-specific MMP
activity, but does not differentiate between the various MMPs capable of
cleaving the substrate. When combined with immunohistochemistry,
in situ zymography is an effective means of studying protease activity within
tissue samples [47].
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2.4. Western blot

Using the abundance of highly specific antibodies, that are commercially
available, it is possible to accurately quantify protein levels in biological sam-
ples using Western blot analysis. A good example of how this technique can
be utilized was reported by Kohrmann and colleagues [52], who examined
the expression of 19 MMPs in breast cancer cells. The antibodies employed
in this study recognized both the zymogen and the prodomain cleaved MMP
isoforms. Because these isoforms have different molecular weights, the
authors were able to report the relative abundance of both isoforms. While
the relative quantification of the two related MMP protein bands does not
suffer some of the same methodological issues associated with quantification
of zymography bands (specifically possible difterential rates of substrate
digestion), there are still issues which require consideration when inter-
preting Western blot results. Any MMP—-TIMP complexes will still be dis-
sociated during electrophoresis; therefore, the small molecular weight band
may not accurately represent endogenous activity. Separate Western blot
quantification of the TIMP family members may help address this issue
but only indirectly.

2.5. Conventional enzyme-linked immunosorbent assays

As with Western blot techniques, the availability of highly specific MMP
and TIMP protein antibodies has resulted in a wide range of sensitive
enzyme-linked immunosorbent assays (ELISA) being available to the
research community. By carefully selecting antibodies that are specific to
the various MMP domains or whose binding is not influenced by the
MMP-TIMP complex, it is possible to accurately determine MMP protein
levels. These may be measures of pro-MMP or, by selecting an antibody
which binds both pro- and propeptide-cleaved MMPs, total MMP. By mea-
suring total TIMP-1 protein in the same way, it is possible to calculate the
of MMP/TIMP ratio. Such ratios have been widely used by researchers as
a surrogate for MMP activity [53-55]; however, recent studies have
reported a poor correlation between the MMP/TIMP ratio and MMP
activity [56,57]. While this lack of coherence may be in part context
dependent, for example, being more pronounced in states of inflaimma-
tion [56], it nevertheless suggests that researchers should be extremely
cautious about interpreting the MMP/TIMP ratio as a reliable surrogate
for MMP activity.
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2.6. ELISA-based MMP activity assays

As discussed above, there are a range of possible issues with zymography,
Western blot, or MMP/TIMP ratio-based assessments of MMP activity.
An alternative technique is to utilize immunocapture followed by a dye-
quenched fluorescence substrate degradation assessment of MMP activity.
Such ELISA-based activity assays have several advantages. First, MMPs
are selectively and sensitively isolated, using a MMP-specific capture anti-
body, in such a way that there is minimal chemical modification of captured
protein. Second, the capture process does not dissociate the MMP/TIMP
complex so that endogenous inhibition of MMPs is maintained. Finally,
the multiwell format of these assays allows large numbers of samples (includ-
ing sample duplicates) to be analyzed simultaneously along with standards
consisting of known concentrations of recombinant MMP. This results in
a sensitive, highly quantifiable, assay for the assessment of endogenous
MMP activity. The addition of a sulthydryl-group modifier, such as APMA,
is used to activate the recombinant standards but can also be added to the
sample wells to determine the samples total catalytic potential. It should be
noted, however, that when this is done, the resulting total (activity) MMP
concentration measurement can appear higher than the promeasurement
by conventional ELISA [58]. A possible explanation for this relates to the dif-
ferent capture antibodies used, with at least one commercial supplier stating
that their selected capture antibody has a lower cross-reactivity with MMPs
that are bound to a TIMP [59,60]. Regardless of the reasons, even though
most of the various conventional ELISA and ELISA-based activity assays
are intrinsically reliable [58], with coefficients of variance generally well
below 10% [61], their respective measures of MMP levels are unlikely to
be directly comparable.

It stands to reason that the most biologically important isoform is that
which is endogenously active. Such propeptide-cleaved and TIMP-free
isoforms are arguably best measured by ELISA-based MMP activity assays.
Studies comparing both conventional ELISA measures of pro-MMP and
ELISA-based activity assays have shown that endogenously active MMP
levels can be altered without significant changes in the levels of the associated
pro-MMP isoforms [61-63]. Such observations must be of concern when
considering the numerous negative studies that have only measured pro-
or total MMP protein levels. It is highly plausible that enhanced activation
of MMPs without significant changes in total MMP production could be a
factor in MMP-mediated biological processes.



212 Gregory T. Jones

3. CONFOUNDERS OF MMP MEASUREMENTS

A number of variables have been implicated as confounders of circu-
lating MMP levels, including age [64], gender, white cell count [65],
and certain medications [66—68]. Altered MMP expression has also been
implicated in a wide range of pathophysiological conditions including obe-
sity [69], cancer [70,71], liver fibrosis [72], rheumatoid arthritis [73], heart
disease [65,74—76], and peripheral vascular disease [77].

Controversy exists regarding several preanalytical aspects of MMP assess-
ment; in particular, the suitability of serum versus plasma [78,79], the anti-
coagulant used for blood plasma collection [78,80], and length of time frozen
samples are stored before being analyzed [81,82].

The generation of fibrin, via intrinsic and extrinsic coagulation pathways,
dose-dependently binds MMP proforms (such as MMP-1, -8, and -9). The
associated plasmin activity results in an elevation of active MMP isoforms
within the serum. In addition, thrombin-mediated platelet aggregation
and activation also results in the release of MMPs [79]. Finally, the silica-
based compounds used as coagulation accelerators in blood serum collection
tubes also induce cellular release of MMPs [83]. It may therefore seem
appropriate to avoid MMP analysis in serum in preference to plasma;
however, this sample type is not without issues that need to be carefully
considered. As MMPs are zinc-dependent enzymes, it seems reasonable
to expect that metal ion chelators, such as EDTA, could influence the
activity of plasma collected using such agents as anticoagulants. Indeed,
lower MMP-2 activity has been reported in EDTA plasma compared with
heparin plasma or serum [80]. Citrate has been shown to be associated with
lower MMP-9 [84], while heparin has been reported to increase MMP-9
and TIMP-2 [85]. Probably the most informative study compared serum
with different concentrations of EDTA, citrate, and heparin in plasma [86].
Although this study was limited by the use of gelatin substrate zymography
(as discussed above), it nevertheless showed a clear effect, with increasing
concentrations of citrate having an inverse relationship with the densitom-
etry measurements of the propeptide-cleaved (active) isoform bands.
Perhaps surprisingly, EDTA did not appear to significantly reduce MMP
levels. The authors found that despite these differences, MMP measure-
ments in all three anticoagulants correlated well with each other
(Pearson’s correlation coefticient r>0.85) and concluded that all three anti-
coagulants could potentially be used to assess MMPs in blood. Nevertheless,
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serum, particularly that produced with the aid of coagulation accelerators,
should be avoided if possible, as this sample type appears to have the greatest
variation due to release from platelets and leucocytes [78,80].

Rouy et al. have previously described a rapid decline in both MMP-9
protein and enzymatic activity in plasma samples stored at —80 °C for as
little as 3 months, with a more gradual decline extending beyond
2 years [81]. They did not observe the same decline in TIMP-1 or
MMP-2 protein levels. These observations are of significant concern to
any investigator wishing to assess these analytes. This is a particularly dif-
ficult problem for the clinical researcher, for whom sample collection can
occur over an extended period of time. In such studies, sample analysis is
typically performed in a single batch at the completion of participant
recruitment [61,87]. A recent study examining the effect of frozen storage
time on MMP-9 activity was performed using the same commercial assay
as the Rouy study. Although samples were not examined in the first year
of storage, there was no apparent decline in samples stored from between
1 and 3 years [82]. This observation, in a large set of samples, is in striking
contradiction with that of Rouy ef al. and the results are difficult to rec-
oncile. One explanation for the difterent observations is that the two stud-
ies examined plasma collected with different anticoagulants. In the Rouy
et al. study, citrate was used, while Tarr ef al. used heparin. As noted
above, choice of anticoagulant is a potential confounder of MMP mea-
surements, particularly pro-MMP-9 activity when assessed by substrate
zymography.

Several other investigators have also examined the eftect of storage tem-
perature and repeated freeze thaws on detection of MMPs in blood samples.
Kisand et al. [88] examined the rate of degradation of MMP-7 and TIMP-1
when stored at different temperatures and found that MMP-7 was highly
stable, particularly when stored at —75 °C. Souza-Tarla et al. [89] examined
the effect of freeze-thaw cycles and storage temperature on the stability of
pro-MMP-2 and -9, and the zymographic activity of MMP-9, finding that
there was no significant difference between MMPs stored at —20 or —80 °C
for 1 month. Based on these observations, it would appear prudent to
acknowledge the potential confounding effects of sample storage time in
any study that examines MMPs. Although the inclusion of a quality control
analysis examining storage time as a confounding factor should always be
considered, the balance of evidence indicates that at least some MMP-related
analytes can be successfully measured in appropriately stored long-term
biobanked samples.
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In conclusion, any investigation of MMPs in biological samples should
be cognizant of the key mechanisms influencing the expression and activity
of these proteinases. The chemistry of MMP activation also influences the
interpretation of the various analytical techniques widely employed
throughout the literature. The ability to accurately evaluate the true endog-
enous activity of MMPs is dependent on a clear understanding of the chem-
ical modifications associated with all steps in the analytical process.
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