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ABSTRACT

The Use of Tissue and Serum ‘Omics’ Methods to Characterize Disease

Ying Ding
Department of Chemistry and Biochemistry, BYU
Master of Science

Preeclampsia (PE) is a multisystem disorder that contributes to maternal and fetal
mortality and morbidity worldwide. It is characterized by de-novo hypertension and proteinuria
or other maternal organ damage after 20 weeks of gestation. Evidence suggested that endogenous
digitalis-like factor (EDLF) contributes to the pathogenesis of PE, and that the potential source
of EDLF is the placenta. EDLF can inhibit the sodium pump (SP) specifically and may lead to
hypertension, it has also been associated with hypoxia, oxidative stress and other abnormalitites
present in PE.

We studied whether normal human placenta responded to SP inhibition casued by EDLF
with a change in abundance of lipids in the placental cytosol, and whether there was a
characteristic set of lipid changes that could serve as a signature for EDLF exposure if there were
such changes. Placenta tissues from 20 normal pregnancies were incubated for 48 hr in the
presence and absence of ouabain, a widely studied EDLF, followed by tissue homogenization,
lipid extraction, and the study of lipids using a mass spectrometery (MS) based lipidomics
approach. 1207 lipidomic markers were surveyed by paired Student t-test, among which 26
markers had significantly different abundances between cases and control at the FDR=0.05 level.
A set of 8 lipidomic markers were selected by a statistical model built with a sparse partial least
squares discriminant analysis method (sPLS-DA) and a bootstrap procedure. All eight markers
were then chemically characterized and partially identified using tandem MS. These markers
might be used to identify placentas that have been previously exposed to EDLF in return.

Endogenous peptides and small proteins might contribute to the pathophysiology of
various diseases. Therefore, we investigated the potential peptidomic profile of placenta tissues
in response to EDLF exposure as well. Placenta tissues from 20 normal pregnancies were
incubated for 25 hr with and without the addition of ouabain, followed by homogenization,
protein depletion, and the study of the peptides by a LC-MS based peptidomics approach. 275
peptidomic markers were evaluated by Student t-test. A set of 8 markers was chosen using a
logistic regression model build with the Akaike information criterion (AIC). However, no
peptidomics markers or set of markers showed specific, statististically significantly different
changes in abundances between cases and controls after applying a false discovery rate (FDR)
correction or using more conservative methods to overcome over-fitting. Using an optimal sPLS-
DA, cross-validation studies and logistic regression models, we also found that the addition of
any peptidomic marker to the previously selected lipidomic profile was unlikely to help identify
placentas that had been exposed to EDLF.

Alzheimer’s disease (AD) is the most common form of dementia and the number of AD
cases worldwide is currently estimated to be 36 million. The exact pathogenesis of AD remains



elusive and available therapeutic strategies can only delay its progession temporarily. Several
hypotheses have been proposed regarding the pathophysiology of AD and the beta-amyloid (Ap)
hypothesis is considered the core mechanism. However, the majority of studies concerning AD,
or AD biomarkers specifically, have ignored a potentially important variable that is gender,
despite reported gender differences in the risk of developing AD, the risk factors, clinical
symptoms and CSF biomarkers of the disease, among many other aspects.

We analyzed data obtained from a previous study of diagnostic serum lipid biomarkers
for AD with the consideration of potential gender difference. Firstly, we studied the interaction
between gender and disease stage using analysis of variance (ANOVA) and analysis of
covariance (ANCOVA). Lipid markers that showed statistically significant interaction were
selected after applying a FDR correction. Secondly, using a lasso logistic regression model with
binary classification (control vs. all AD stages), we identified gender-specific markers and found
different coefficient estimates for different genders as well. Lastly, we build a new ordinal model
with the addition of a gender-specific marker using a Bayesian lasso probit ordinal regression
model. The predictive performance of the new model was found to be statistically significantly
better than the previous model which was built without the consideration of gender.

In conclusion, we successfully discovered, chemically characterized lipidomic markers
indicative of EDLF exposure in placenta and detected gender-specific lipid markers for AD.

Keywords: Preeclampsia, Alzheimer’s disease, lipidomics, peptidomics, endogenous digitalis-
like factor, placenta, biomarkers, gender, serum, diagnosis
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Chapter 1 Introduction

My research has sought to use mass spectrometer-based methods to probe the molecular
composition of biological specimens seeking to find, initially, specific biochemical signatures for
a disease or signatures in response to factors thought to mediate disease. Then there has been
additional research to identify the relevant factors and the biological or physiological pathways
involved in the transition from a normal state of health to one of disease. In this dissertation I
will focus on two diseases: preeclampsia and Alzheimer’s disease and ask focused questions

about molecular changes typifying and potentially mediating them.

1.1 Preeclampsia (PE)

1.1.1 History

Around 400 BC, Hippocrates stated in the Coan Prognosis that headache accompanied by
heaviness and convulsions during pregnancy was considered bad'. This marks the earliest
recognition of the medical problem of eclampsia®, one of the most serious complications of
pregnancy. According to McMillen, it was Francois Mauriceau who first systematically
described eclampsia’. Boissier de Sauvages (1739) successfully distinguished eclampsia from
epilepsy”, despite the fact that eclampsia had been mistaken for epilepsy for centuries. In 1797,
severe swelling, medically termed edema, in women with eclampsia was recognized by
Demanet”. Pierre Rayer (1840) first discovered proteinuria in eclamptic women’, followed by
John Lever’s finding in 1843 that the preeclampsia-associated proteinuria was specific to the

disorder®. In the same year, Robert Johns brought to light the connection between an increased



risk of convulsions and the following symptoms: headache, loss of vision, severe abdominal pain
and edema’. In 1897, eclamptic hypertension was finally documented by Vaquez and
Nobecourt. Since then, the concept of preeclampsia as a unique disease or set of closely related

diseases unique to pregnancy has been widely recognized and accepted.

1.1.2 Epidemiology

Preeclampsia (PE) is a multisystem disorder that complicates 2-5% of all pregnancies in
the United States, Canada and Western Europe® and 3-10% of all births around the world’. It is a
major source of maternal and fetal mortality and morbidity worldwide’. PE can be life-
threatening, especially in less economically developed countries, due to the lack of adequate
antenatal and intrapartum care'”.

PE is currently defined and characterized by hypertension and proteinuria after 20 weeks
gestation. Every year, approximately 50,000 women die from PE globally'’. Eclampsia, the most
dramatic form of PE, can account for up to 10 percent of all maternal mortality'’. Complications
associated with PE include stroke, renal or liver failure, cardiac dysfunction or arrest, pulmonary
edema, eclampsia, the HELLP syndrome (hemolysis, elevated liver enzymes, and low platelet

9, 14,18

count), and placental abruption . PE is also a potential risk factor of cardiovascular diseases

9,13, 19

and related mortality later in life . Risk factors for PE (Table 1.1) encompass nulliparity,

vascular/endothelial/renal disease, preexisting hypertension, diabetes mellitus, obesity, >10 years
birth interval, having donated a kidney, high altitude, molar pregnancy, etc'>"".
PE is associated with fetal and neonatal mortality and morbidity as well. It contributes to

about 12 to 25% of fetal growth restriction and small for gestational age fetuses. and 15 to 20%

of all preterm births additionionally’. Stillbirth, neonatal death and associated complications of



Table 1.1 List of maternal risk factors for preeclampsia. (Reprinted with permission from Mol, B.
W.; Roberts, C. T.; Thangaratinam, S.; Magee, L. A.; de Groot, C. J.; Hofmeyr, G. J., Pre-
eclampsia. Lancet 2016, 387 (10022), 999-1011.)



prematurity from early delivery are some of the other examples of PE related fetal
complications” '®. Children born to preeclamptic mothers have been reported to be more

susceptible to coronary heart disease, stroke, and metabolic syndrome in adult life".

1.1.3 Diagnosis

PE is characterized by new onset hypertension (systolic blood pressure >140 mmHg or
diastolic blood pressure >90 mmHg, on two occasions at least 6 hours apart) and proteinuria
(excretion of >300 mg protein in a 24 hour urine collection or a protein/creatinine ratio >0.3 or a
urine dipstick reading of 1+) after 20 weeks of gestation’. In the absence of proteinuria, the
diagnostic criteria for PE are de-novo hypertension with new onset of any of the following
symptoms: pulmonary edema, thrombocytopenia, renal insufficiency, impaired liver function,
cerebral or visual distrubances™.

Features of severe PE include SBP >160 mmHg or DBP >110 mmHg (on two occasions,
at least 6 hours apart), proteinuria >5¢g in a 24 hour collection, CNS disturbances, pulmonary
edema, generalized edema, hemolysis, elevated liver function tests, low platelet count, i.e.
thrombocytopenia (collectively the HELLP syndrome), epigastric/right upper quadrant pain,
progressive renal insufficiency, placental abruption, fetal growth restriction or
oligohydramnios™'"*.

Apart from the diagnostic criteria and risk factors for PE listed above, several other
methods have been utilized to possibly predict this complex disorder of pregnancy. For example,
Doppler ultrasonography, a noninvasive method, can be used to assess uteroplacental circulation,

owing to the fact that inadequate placental perfusion is associated with the development or

presence of PE'". Moreover, a number of maternal biochemical markers have been proposed to



potentially predict PE (Table 1.2) with modest predictive value, although the clinical application
of most of these biomarkers needs to be further evaluated in prospective, unselected,
interventional studies'®. Evidence also suggests that better predictability can be achieved by
combining biochemical markers with biophysical measurements (e.g. Doppler ultrasound
evaluation)'’. However, the predictive value of serum uric acid has been somewhat

1*'# Urinary calcium excretion appears to have no predictive value and provocative

controversia
tests are unreliable®*. One aspect of note regarding the prediction of PE involves false positive
and false negative results. It is more desirable to apply tests that are highly sensitive in the
diagnosis of PE, because a false positive prediction may lead to increased monitoring and
screening which are rarely harmful. A false negative prediction, in contrast, could prevent or

delay necessary treatment and lead to the development of PE, eclampsia, or other relevant

complications'.

1.1.4 Pathophysiology

PE, a multisystem disorder of pregnancy, remains “a disease of theories” due to its
complex and incompletely understood pathophysiology. Despite the fact that the exact cause and
earliest events of PE are still elusive, much understanding of its pathogenesis has been gained
over the years.

It is generally believed that the placenta is the most important organ in the pathogenesis
of PE. This can be demonstrated by the following evidence: 1. PE can be resolved quickly by
removing the placenta in most cases; 2. Patients with a molar pregnancy have an increased risk
in developing PE even though a fetus is absent; 3. In the case of postpartum eclampsia (LPPE),

which has been linked to retained placental fragments, uterine curettage can lead to rapid



Table 1.2 List of potential maternal biochemical markers for predicting preeclampsia. (Reprinted
with permission from Mol, B. W.; Roberts, C. T.; Thangaratinam, S.; Magee, L. A.; de Groot, C. J.;
Hofmeyr, G. J., Pre-eclampsia. Lancet 2016, 387 (10022), 999-1011.)



recovery; and lastly, 4. in women with an extrauterine pregnancy complicated by PE, clinical
symptoms remain even after delivering the fetus, but the symptoms resolve after subsequent

delivery of the placenta® '*! 2,

It is thought by many that the principal cause of PE is abnormal placentation'® %> 12!,
which is characterized by impaired endovascular trophoblast invasion mainly and defective
interstitial trophoblast invasion of the decidualized endometrium and myometrium
secondarily'*°. In this proposed model of PE during endovascular invasion, cytotrophoblasts,
derived from the embryo, fail to adopt an endothelial cell-surface adhesion phenotype, and
consequently fail to adequately invade and remodel the uterine spiral arteries of the maternal
decidua and myometrium'*', resulting in the continued presence of low-flow, high-resistance
vessels. These vessels cannot adequately supply maternal blood to the villous space and the
fetoplacental unit, thus leading to underperfusion and hypoxia of the placenta and potentially the
fetus'> 1%,

The imbalance between proangiogenic factors and antiangiogenic factors has been

identified as a central characteristic of PE**. It was suggested”™ '*!

that the placental hypoxia
resulting from abnormal placentation leads to the release of antiangiogenic factors, which in turn
result in generalized damage to maternal endothelium in the kidney, liver, and brain, etc. Though
it has also been suggested that placental hypoxia could be a result of PE development instead of
its cause'>'. Proangiogenic factors include vascular endothelial growth factor (VEFG), placental
growth factor (P1GF), transforming growth factor-f (TGF-) and surface endoglin. VEGF can
bind to Flt-1 and kinase domain receptor (KDR), both of which are receptors on vascular

endothelial cells. It has been suggested that VEGF is crucial in placental and embryonic

vasculogenesis and angiogenesis, vascular homeostasis, as well as nitric oxide-dependent



vasodilation. PIGF binds to Flt-1 only and could amplify VEGF effects by displacing VEGF
from FIt so that it can bind to the more active KDR receptor. TGF-3 could bind to the type I
TGF-p receptor ALKS and type II receptor TGF-BII that are important in angiogenesis, vascular
homeostasis and regulation of VEGF expression. Endoglin is a co-receptor for TGF- and is

necessary in endothelial cell proliferation and migration'> >

. In preeclamptic women, the levels
of antiangiogenic factors including soluble Flt-1 (sFlt-1) and soluble endoglin (sEng), are both
higher than those in women having normal pregnancies. sFlt-1 is a potent inhibitor of VEGF and
PIGF, whereas sEng is a TGF-PB1 inhibitor (Figure 1.1). The binding of sFlt-1 to VEGF and PIGF
may lead to reduced levels of free VEGF and free PIGF. Therefore, the levels of free PIGF, sFlt-
1/PIGF, and the combination of sEng and sFIt-1/PIGF have all been suggested as markers of PE
in clinical setting™. It has also been reported that aberrant regulation of angiogenic factors could
contribute to poor cytotrophoblast invasion. As early as about 11 weeks of gestation, the
expression of sFlt-1 could be upregulated, leading to inadequate cytotrophoblast invasion.
Similarly, excessive production of TGF- or endoglin during early gestation has been

hypothesized to cause shallow cytotrophoblast invasion and subsequent PE'*!

. However, there
are serious questions about these factors causing or mediating PE. For example, many women
with PE have ‘normal’ levels of both the anti-angiogenic and pro-angiogenic factors, especially

women with milder or later PE!*®

. Furthermore, a large, prospective, blinded trial of anti-oxidant
therapy to prevent or reduce PE showed no reduction in PE in the treatment group, however,
levels of sFlt-1 and PIGF both normalized in the PE women'””. Moreover, a recent large study
found that the sFlt-1/P1GF ratio, long touted as a strong predictive marker for PE, failed to

predict women with PE. A very high ratio provided a sensitivity of 34%. There was almost

complete overlap of the values of the ratio for women with later with PE versus women of



Figure 1.1 Imbalance between proangiogenic factors and antiangiogenic factors that contributes to
the pathogenesis of PE. (Reprinted with permission from powe, C. E.; Levine, R. J.; Karumanchi,
S. S., Preeclampsia, a disease of the maternal endothelium: the role of antiangiogenic factors and
implications for later cardiovascular disease. Circulation 2011, 123 (24), 2856-69.)



comparable gestational age having uncomplicated pregnancies although there was a weak but
statistically significant difference between the groups®*.

Oxidative stress has also been associated with PE. It was reported that preeclamptic
placentas produced greater amount of superoxide than normal placentas. Evidence from an
animal model of placental ischemia-induced hypertension in pregnancy'>* has also suggested an
association between placental hypoxia and reactive oxygen species (ROS) production in the
maternal liver. Moreover, oxidation of protein and lipoprotein particles, elevated levels of lipid
peroxidation isoprostanes, and lower levels of antioxidants have all been detected in women with

PE** '*! although contradictory results are present as well*****

. In addition, it was suggested
that shedding of placental debris, which possibly results from placental hypoxia, could lead to
increased oxidative stress, vascular endothelial damage, inflammation, and possibly elevated
circulating levels of sFlt-1 in preeclamptic women'*’.

The immune system has been suggested to contribute to PE as well. Evidence has

21 1t was

demonstrated the importance of an intact immune system in the development of PE
suggested that altered immune adaptation to fetal antigens* might be responsible for shallow
cytotrophoblast invasion. Statistically significant elevations in dendritic cells and macrophage
infiltration have been reported in preeclamptic placentas, together with increased levels of

chemokines'?!

. At the fetal-maternal interface, natural killer (NK) cells and altered regulation of
the complement system have both been associated with abnormal placentation®. It was indicated
that the combination of a HLA-C2 genotype, expressed by invading cytotrophoblasts, and an
AA-KIR genotype, the receptor on uterine natural killer (NK) cells was linked to PE". In

addition, increased levels of inflammatory cytokines'?’ and AGT II type 1 receptor

autoantibodies (AT1-AAs) have both been detected in women with PE. AT1-AA can bind to and
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activate the angiotensin type I receptor (AT1-R) through the TNF-a-dependent pathway,
inducing the production of anti-angiogenic factors sEng and sFIt-1"*". The binding of AT1-AA to
AT1-R could also induce vasoconstriction in the absence of TNF-a signaling, or mediate
hypertension by increasing ROS production''. It has also been reported that AT1-AA could lead
to elevated TNF-o/IL-6 signaling, resulting in increased production of endothelin-1 (ET-1)"**,
the elevated levels of which have been suggested as a contributing factor to PE. In addition,
elevated expression of TNF-o and AT1-AAs has both been correlated to placental hypoxia in the
setting of PE. It was reported that TNF-a could lead to increased production of sEng and sFlt-
1'*, and that TNF-q, together with interleukin 6 (IL-6), could lead to a number of observations
mentioned above by producing AT1-AA'*,

Genetics has been suggested to play a role in the pathogenesis of PE. People who have a
maternal or paternal family history of PE are more likely to develop the disease or father a
preeclamptic pregnancy'® *2. Aberrant expression of or the Y 153H mutant of transcription factor
storkhead box 1 (STOX1) has been associated with abnormal placentation in PE, although
inconsistent findings exist*®. It was also noted that STOX1 is not a common cause of PE. In
addition, PE had been linked to impaired DNA methylation, defective Notch signaling pathway
(which is essential in vasculogenesis), polymorphisms of genes that control oxidative stress,
angiotensinogen, endothelial nitric oxide synthase (eNOS) to name a few, and multiple PE
implicated loci, for example, 2p25, 9p13, 10q22, etc!? 127,

Last but not least, endogenous digitalis-like factor (EDLF) has been associated with PE
and proposed as a factor that may mediate the hypertension of PE. This is supported by the
evidence that the levels of EDLF in sera and placental homogenates from patients with PE are

71,72

significantly higher than those in women having a normal pregnancy’ "~ '*, that EDLF can cause
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vasoconstriction and increased blood pressure and that Digibind, the Fab fragment of a
polyclonal anti-digoxin antibody that can inactivate EDLF, has reduced blood pressure or the use
of anti-hypertensives in women with EDLF-positive PE and led to improvement of other
neonatal and maternal complications leading to better outcomes''’. For a detailed explanation
regarding the association between EDLF and PE, please refer to the second part of the

Chapter 1.

1.1.5 Treatment, management and prevention

The only definitive treatment for PE is the delivery of the placenta and the fetus™'* "7, the
criteria of which are based on gestational age at the time of diagnosis and the severity of the
disease'. The potential benefit of fetal growth in utero should be carefully balanced with the
maternal and fetal risk of complications of PE*’. Digibind, the Fab fragment of the anti-digoxin
antibody raised in sheep, has been used to treat women with PE in multiple clinical trials and
improved maternal and neonatal outcomes were observed without any adverse effects’® " 1%,

Prior to delivery, calcium supplementation has been recommended, especially for women
with low calcium diets, since calcium supplementation during pregnancy is associated with
significantly reduced risk of PE*. Anti-hypertensive drugs are typically used only with more
severely elevated blood pressures whereas magnesium sulfate is often used in the US to treat
women with PE to prevent eclamptic seizures'>'* !”. Additionally, corticosteroids are
administered if possible to the mother for 48 hours before delivery, if the woman is not at severe
risk and can be stabilized, to allow for the acceleration of fetal lung maturation'® **.

Hemodynamic, neurological and laboratory monitoring are typically done for women with severe

PE following delivery, since rarely, complications of PE can occur postpartum'’. In such cases
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long-term monitoring for cardiovascular disease is also recommended.

1.2 Endogenous digitalis like factors (EDLF)

1.2.1 Digitalis-like factors (DLF) or Endogenous digitalis-like factors

Digitalis-like factors (DLF), which are also referred to as ouabain-like factor, digoxin-
like factor, cardiotonic steroids (CTS), or sometimes cardiac glycosides, are a family of
compounds that currently consist of cardenolides and bufadienolides*’. Examples of plant-
derived cardenolides are ouabain, digoxin, and digitalis, and examples of animal-originated
bufadienolides include marinobufagenin (MBG), telocinobufagin (TCB) and proscillaridin A* to
name a few (Figure 1.2). DLFs have a cyclopentaphenanthrene nucleus with 1 AB cis, BC trans,
and CD cis fused ring system, a C-14 hydroxyl group or a C14-C15 epoxide’®, and a f-
unsaturated (5-membered in cardenolides, 6-membered in bufadienolides) lactone ring™.

Digitalis and related compounds have been and still are used to treat congestive heart
failure (CHF)*". By specifically inhibiting the Na"/K " -ATPase or sodium pump, they increase
the intracellular Na" concentration, resulting in cell membrane potential depolarization with
activation of voltage-dependent Ca®" channels or the Na'/Ca®" exchanger. Intracellular Ca*"
levels thus increase in heart muscle leading to enhanced myocardial contractility in CHF
patients. The highly conserved nature of the binding site for plant-derived DLFs such as digitalis
on the Na'/K-ATPase raises questions as to the existence of one or more endogenous digitalis-
like factors®®. Indeed, in 1961 de Wardener et al.* suggested the existence of ‘the third factor’
based on the demonstration that natriuresis induced by saline infusion can still be maintained

even if both renal perfusion pressure and glomerular filtration rate remain normal. Since then,
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Figure 1.2 Chemical structures of digitalis-like factors (DLF): cardenolides and bufadienolides.
(Reprinted with permission from Bagrov, A. Y.; Shapiro, J. I.; Fedorova, O. V., Endogenous

cardiotonic steroids: physiology, pharmacology, and novel therapeutic targets. Pharmacological
reviews 2009, 61 (1), 9-38.)
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‘the third factor’, now termed EDLF, has been shown to respond to volume expansion and is
capable of inhibiting the activity of the Na'/K'-ATPase, has remained a research topic of great
interest.

Elevated concentrations of a circulating EDLF have been associated with a number of
diseases that are marked by salt or volume overload, such as renal disease, hepatic failure,
several forms of hypertension in both the human and in animal models, and in PE’". It is thought
that increased levels of EDLF detected in various pathological conditions are one of the body’s
attempts to advance sodium and volume excretion in the kidney by reducing renal sodium
reabsorption®>”'. Additionally, Graves et al. detailed four different responses to increased levels
of EDLF in the cardiovascular system, all of which can result in blood pressure elevation and
facilitate salt and water excretion. He suggested that elevated concentrations of an EDLF in
clinical settings, consequently, may lead to chronic hypertension’ either directly by causing
vascular smooth muscle (VSM) contraction or by sensitizing the VSM to other vasoconstrictors.

Over the years, EDLF has been “detected and identified” in a number of human tissues
and fluids under various clinical settings. Below is a summary of these findings:

An EDLF indistinguishable from ouabain has been identified in human plasma using
NMR and mass spectrometry™. Evidence suggested that the endogenous ouabain is produced by

the adrenal cortex and/or hypothalamus®" >

. This is supported by the observation that the
circulating level of EDLF is reduced following adrenalectomy™; and in patients with adrenal
tumors, increased circulating level of EDLF is associated with elevation of blood pressure, both
of which were normalized following adenoma removal®’. Elevated levels of an endogenous

ouabain-like factor have also been detected in the plasma of preeclamptic women®. It was

suggested that the placenta could be the source of EDLF in women with PE. Animal models also
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indicated the association of ouabain with hypertention and cardiac hypertrophy® >

. It is thought
that inhibition of the SP caused by increased levels of endogenous ouabain in vascular smooth
muscle is one of the three mechanisms that lead to vasoconstriction in hypertension®. At the
same time, however, there are contradictory results concerning even the existence of endogenous
ouabain® .

An EDLF indistinguishable from digoxin had also been isolated from human urine”’,
although Qazzaz et al. suggested that the EDLF was deglycosylated or non-glycosylated analogs
of digoxin instead of digoxin itself, and the former was identified in bovine adrenal glands™®.

Research has provided evidence for the existence of endogenous bufadienolides in
mammals as well. An endogenous bufalin-like factor has been detected in human placenta’,

human bile and plasma by multiple research groups™ - *°

. EDLFs that appear to be derivatives of
bufalin were identified in the lens of several mammals using mass spectroscopy®'. An EDLF that
can cross-react with an antibody to proscillaridin A®* was reported in hypertensive human
plasma in 1996. Additionally, an EDLF identical to marinobufagenin (MBG) at increased
concentrations was also found in human urine and plasma and in patients with PE, hypertension,
end-stage renal disease, acute myocardial infarction and CHF, and in one study identified by

. 63-66
NMR, immunoassay and mass spectrometry

. Takahisa et al. suggested that marinobufotoxin
(MBT), purified from cultured adrenocortical cells, is a novel EDLF associated with an animal
model of hypertension. Lastly, elevated levels of telecinobufagin (TCB)®’ were detected by
NMR and tandem mass spectrometry in uremic plasma in 2005.

The above findings concerning the identity of EDLF, though, should be interpreted with

caution, due to the non-specificity of the assays for EDLF, which include the ATPase-based

assay and radioimmunoassay’', etc. For detailed suggestions and explanations regarding the
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criteria for EDLF (Table 1.3), please refer to relevant review articles in the literature’" **.

1.2.2 EDLF and the sodium pump

The Na'/K™ ATPase or sodium pump (SP) was discovered by Skou®' in 1957, it uses the
energy derived from the hydrolysis of ATP to maintain the low intracellular Na'/K" ratio, which
is achieved by transporting three sodium ions out of the cell and two potassium ions into the cell
against existing concentration gradients of both®>. This also generates a cell membrane potential.
The sodium pump is a highly conserved heterotrimeric enzyme/ion pump in eukaryote cells. It

consists of an o subunit, a p subunit, and a FXYD (the y subunit)*> *’

(Figure 1.3). The a subunit
has ten transmembrane segments with a molecular mass of 110 kDa. It is the catalytic subunit of
the SP and it has the binding sites for Na", K, ATP and extracellularly EDLF*®. The binding site
for ATP is on the intracellular region of TM4-TMS5 loop. The binding sites for EDLF include the
TM1-TM2, TM5-TM6, TM7-TMS loops and a few amino acids on the transmembrane segments
of M4, M6, and M10%, among which the extracellular section of the TM1-TM2 loop is the most
important part. The B subunit is a single transmembrane protein that has a molecular mass of 36
kDa, which is important in assisting plasma membrane localization and activation of the a
subunit. The FXYD subunit has a molecular weight of 7.3 kDa and regulates SP activity in a
tissue-specific and isoform-specific manner’.

There are four isoforms of the o subunit (al, a2, a3, and a4), three isoforms of the 3
subunit (B1, B2, and B3) and at least seven isoforms of FXYD?’ documented so far. The al
isoform is expressed ubiquitously but is the sole isoform expressed in the kidney. The a2 isoform
is expressed in heart, vascular smooth muscle, brain, skeletal muscle, bone, cartilage, lung and

37-41

adipocytes®”™'. The 03 isoform is expressed in neural tissues, heart and ovaries*' ™. The a4
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Table 1.3 Proposed criteria for DLF. (Reprinted with permission from Hollenberg, N. K.; Graves,
S. W, Koch’s postulates and the digitalis-like factor. Hypertension research: official journal of the
Japanese society of hypertension 1995, 18 (1), 1-6.)
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Figure 1.3 Structure of the sodium pump and its binding sites for EDLF. (Reprinted with
permission from Bagrov, A. Y.; Shapiro, J. I.; Fedorova, O. V., Endogenous cardiotonic steroids:
physiology, pharmacology, and novel therapeutic targets. Pharmacological reviews 2009, 61 (1), 9-
38.)
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isoform is expressed in sperm™. The B isoforms are expressed in a tissue-specific fashion as
well. The B1 isoform is ubiquitously expressed. Both 2 and 3 isoforms can be found in the
brain, erythrocytes and cartilage, additionally, the B2 isoform is expressed in cardiac tissues and
the P3 isoform can also be found in lung tissues™. The variable combinations of o complexes,
the discrepancies in the amino acid sequence among different species and several other
mechanisms underlie the diverse functions of the SP and its differential sensitivities to different
EDLFs*>*®. For example, the al isoform, which can be found in the brain tissue and the
kidney25 , 1s less sensitive to ouabain, whereas the a3 isoform, which can also be found in the
brain, has high sensitivity toward ouabain®®.

The SP has many cellular functions: for instance, the electrochemical membrane potential
necessary for neuron excitability is created by the SP*. The low intracellular sodium
concentration essential for the normal function of smooth muscle and cardiac myocytes is
maintained by the SP*. The Na* gradient generated by the SP can be coupled to the Na'/Ca®" -
exchanger’. Last but not least, it is also important for sodium reabsorption from the glomerular
filtrate in the distal tubule of the kidney™”.

The effects of EDLF on the Na'/K" ATPase under physiological conditions are examined
here. It had been reported that elevated circulating and/or urinary levels of EDLF are associated
with acute saline infusion, volume expansion, acute fluid ingestion and salt ingestion’"*>*°,
Bagrov et al. proposed that there are two pathways that “work in parallel and synergistically”
regarding the effects of EDLF on the SP. One is the ionic pathway, in which the inhibition of SP
by EDLF coupled with the Na"/Ca®" exchanger leads to elevated intracellular calcium
concentrations, which can act as a second messenger for a number of cell functions®'. The other

is the signaling pathway in caveolae that includes the activation of the protein Scr upon the
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binding of EDLF to the SP, the subsequent transactivation of the protein EGFR, and a cascade of
events that follow which involves multiple signaling proteins, and ultimately, leads to a variety
of genomic and non-genomic effects™.

The effect of EDLF on the SP has not been extensively studied in women with
uncomplicated pregnancy’’. Jie et al. indicated that increased concentrations of EDLF were
detected in women with normotensive pregnancy using radioimmunoassay’'. However, in a
different study, Hopate-Sitake et al. reported that the reduction of SP activity in sera from
women with uncomplicated pregnancy compared with those from non-pregnant women was not
a result of the presence of an EDLF’?. Since increasing amount of sera from women with normal
pregnancy did not lead to enhanced SP inhibition, combined with the fact that Digibind, an
antibody that can cross-react with and bind EDLF, failed to reverse the SP inhibition displayed in
sera from women with normal pregnancies. Some other studies described the presence of an
immunoreactive factor with high concentrations in sera of pregnant women, with or without
measurement of modest inhibition of the SP in the same sera’’. It had also been reported that
concentrations of the factors that can cross-react with anti-digoxin antibodies displayed
substantial increase during the course of normotensive pregnancy. However, other studies
suggest that the immunoreactive EDLF is largely protein bond and is not filterable without heat

‘[reel‘[nlen‘[246

. It is essential, though, for any researcher to recognize and consider the criteria for
EDLF’"*% when it comes to the detection and identification of such factors. And it should be
noted that in some cells sodium can be regulated by multiple transport systems, the most
important of which is the Na'/K -ATPase’’. Despite the suggestion that (small elevation in
concentrations of) a SP inhibitor may be present in the circulation of women with uncomplicated

98. 99 . . . .. . .
pregnancy ~ , most studies favor an increase in SP activity in women with normal pregnancy. It
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had been proposed that even if elevated levels of a SP inhibitor are exhibited in women with
normal pregnancy, the elevation in the number and activity of the SP would have more than

adequately offset their existence’’.

1.2.3 EDLF in various clinical settings

1.2.3.1 EDLF in PE

It has been suggested that EDLF plays a role in the pathogenesis of PE’®. This is
supported by the evidence that significantly higher levels of EDLF have been detected in the
placental homogenates and sera from preeclamptic women compared with women having a
normal pregnancy, using assays that measure the degree of SP inhibition and/or apparent
concentration of the substance that can cross-react with Digibind’" "> '**. Furthermore, increased
levels of an EDLF were reported in cord blood from neonates born to women with PE compared
with those in cord blood from infants born to women with normotensive pregnancies™. The
natriuretic factor EDLF was suggested to be released in an attempt to correct renal salt retention
or to improve fetal-placental perfusion in the setting of PE. This however, unfortunately leads to
hypertension. The addition of Digibind, the anti-digoxin Fab fragment from sheep sera that can
inactivate EDLF, resulted in 43% and 35% reduction in SP inhibition in the placental
homogenates and sera from women with PE respectively’”. Digibind also led to reduced blood
pressure in PE and pregnancy-induced hypertension associated with significantly elevated levels
of EDLF®>7%""_ Similarly, anti-EDLF antibodies effectively decreased blood pressure in an
animal model of PE as well'® '°! It was also found that Digibind could mitigate the

inflammatory responses induced by TNF-a and protect endothelial cells in PE'".
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Additionally, it has been suggested that the placenta is the potential source of EDLF in
the setting of PE, based on the evidence that EDLF concentration in placental homogenates from
preeclamptic women was reported to be (much) higher than that in sera from women with PE"",
and EDLF continued to be present in fetal blood after birth for a few days, and that EDLF

quickly disappears from maternal blood postpartum'®*

. In the attempt to study the synthesis and
regulation of EDLF, it was demonstrated that an EDLF, capable of cross-reacting with Digibind
and causing SP inhibition, could be produced and released from cultured human placenta
explants into the surrounding media’'. Furthermore, EDLF release could be increased by adding
17-OH-progesterone or decreased by adding ketoconazole, a known steroid synthesis inhibitor,
to the cultured placental tissue. Moreover, EDLF produced from human placenta has been
associated with a number of abnormalities present in PE for example, hypoxia, oxidative stress
and proinflammatory cytokines. Statistically significant higher levels, sometimes a doubling of
EDLF, were found to be produced and released from placenta explant culture in the presence of
hypoxia, hydrogen peroxide and TNF a, respectively’ .

In other experiments Digibind was also able to reverse the vasoconstrictive effect of an
EDLF in perfused preeclamptic placenta'®. Not only did the expression of SP increase in the
preeclamptic placenta, but these SPs now displayed an increased sensitivity to an ouabain-like

1% Apart from the placenta® "" "2, EDLF had also been detected in cord

factor inhibition
serum®’, fetal and neonatal plasma®, and amniotic fluid'*. Substantially higher levels of EDLF
were detected in amniotic fluid in women with hypertensive complication of pregnancy in
comparison with women with normal pregnancy, using both a radioimmunoassay and a

functional assay that measures SP inhibition™.

It has been proposed that the EDLF detected in the plasma of preeclamptic women'® is
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very similar to ouabain. Using an ‘ouabain-specific’ antibody assay, elevated levels of EDLF
capable of SP inhibition have been reported in patients with PE®. Evidence also suggests that the
EDLF present in human placenta could be in the category of bufadienolides”>. MBG was
proposed to be one such candidate, because elevated levels of MBG and SP inhibition were
reported in the plasma and placenta of women with mild and severe PE. The administration of
anti-MBG antibodies effectively neutralized the SP inhibition present in PE®> '%*!%_Similarly,
increased levels of MBG and heightened sensitivity to MBG have also been reported in different
animal models of PE. The addition of anti-MBG antibody significantly reduced blood pressure in
both models'”” '*®. Additionally, MBG was suggested to play a role in the dysfunction of
cytotrophoblasts and the subsequent abnormal placentation in the pathogenesis of PE''°.

However, other studies have reported the absence of immunoreactive factors or factors
that are capable of inhibiting the SP in the setting of PE''" "> '!7 In the secondary analysis of
the DEEP trial, women with PE were classified as being EDLF negative or EDLF positive''’.
This was based on an earlier report that demonstrated higher levels of urinary EDLF could be
detected in 82% of preeclamptic women compared with women with normotensive pregnancy'"”,
a percentage comparable to the 78% reported in the DEEP clinical trial. In patients who were
EDLF positive, multiple findings were reported. For example, it was found that Digibind

treatment significantly lowered EDLF levels in preeclamptic women’® 7" '%*

. Digibind also
preserved renal function by preventing GFR reduction in women with severe PE''"''®. The
association between EDLF and pulmonary edema was also suggested for the first time, which
was supported by the observation that women who were administered the Digibind Fab fragment
had a substantially reduced rate of maternal pulmonary edema compared with those who were

117

administered placebo . Lastly, it was reported that the rate of intraventricular hemorrhage
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(IVH) in neonates was substantially reduced in EDLF positive women treated with Digibind.
This Fab fragment may also then neutralize an endogenous ouabain-like factor in cord blood™
that is capable of inhibiting the SP. Digibind treatment therefore might bring about improved

. . . 11
neonatal outcomes in babies born to preeclamptic women''’.

1.2.3.2 EDLF in hypertension

Higher levels of SP inhibitor have been reported in many studies of essential
hypertension and several types of secondary hypertension including hypertension associated with
chronic kidney disease®. In hypertensive individuals with increased levels of EDLF, three
mechanisms have been proposed regarding the hypertensinogenic effects of EDLF?.

In an animal model designed to study the pathogenesis of salt-sensitive hypertension,
higher concentrations of free EDLF have been detected in cataract-prone Dahl salt-sensitive
rats*, a subgroup of Dahl salt-sensitive rats®, compared with non-cataract prone Dahl salt-
sensitive rats and control Dahl salt-resistant rats. Digibind, a polyclonal antibody Fab used to
treat digoxin poisoning, effectively neutralized the EDLF found in several animal models of

hypertension’*

. Digibind also led to decreased blood pressure in DOCA-salt rat model, 5/6
reduced renal mass model” '"® and animal models of hypertension with increased EDLF
concentrations. No such effect was observed in the controls of the 5/6 reduced renal mass model.
EDLF that cross-reacts with anti-ouabain antibody has been detected in the hypothalamus and

pituitary gland in several rat models of hypertension as well''*

. The administration of Digibind
successfully prevented blood pressure elevation associated with brain EDLF®®. In dogs,

natriuresis was found to be blocked by Digibind during saline infusion''°.
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1.2.3.3 EDLF in renal disease
It was suggested that a circulating EDLF plays a role in the pathogenesis of renal failure
and the uremic syndrome according to research done on experimental rat models and human

°0-% In rodents, elevated circulating levels of EDLF in plasma have been reported in

subjects
clinical and experimental renal failure”. Similarly, significantly increased levels of TCB and/or
MBG were also detected in plasma of patients with end-stage renal disease (ESRD)®’ and animal
models of chronic kidney failure®. These animal models developed symptoms comparable to
human uremic cardiomyopathy as well. Immunization against MBG in rats was able to attenuate
the features that characterized the uremic cardiomyopathy®.

Elevated levels of a circulating EDLF have also been reported in patients with acute and
chronic kidney failure using assays that measure the degree of SP inhibition and immunometric
apparent EDLF concentration’'. In several animal models of defective kidney function that
include renal artery clipped primates, renal artery wrapped rats and more, increased circulating
levels of EDLF were shown to occur to some extent before or along with the clinical
manifestation of hypertension. Unclipping or unwrapping, on the other hand, effectively led to
hypertension reversal and EDLF reduction’'. It was also found that Digibind could inactivate an
ouabain-like factor and reverse EDLF inhibition of the SP found in human peritoneal dialysate’”.

Apart from the association of EDLF with PE, hypertension and renal failure, EDLF had
also been linked to myocardial ischemia/infarction, cardiorenal syndrome™, uremic
cardiomyopathy®, diabetes, polycystic kidney disease®’, necrotizing enterocolitis (NEC)*’,
acromegaly, hepatic failure, severe liver disease, obstructive sleep apnea and behavioral stress.

The list goes on™.
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In my research described hereafter I attempt to use mass spectrometer-based profiling of
tissue components to identify a pattern of change in those tissues that have been exposed to
EDLF. To this end, we sought to find whether normal human placenta responded to SP inhibition
with a change in the abundance of biomolecules in the cytosol and if there were changes whether
there was a characteristic set or pattern of responses. To do this, we studied the changes in
lipidomic and peptidomic profiles of placenta tissues in the presence and absence of ouabain, a
known SP inhibitor and a proposed EDLF, using mass spectrometry based ‘omics’ methods. The
findings, in return, could potentially advance our understanding of the pathogenesis of

preecalmpsia and a great number of other diseases that had been associated with EDLF.

1.3 Lipidomics

1.3.1 Introduction

Lipids are biomolecules that are soluble in non-polar organic solvents but insoluble in
water. A better definition of lipids is as follows: hydrophobic or amphipathic small molecules
that may originate entirely or in part by carbanion based condensation of thioesters and/or by
carbocation based condensations of isoprene units'*. Lipids can be divided into eight major
categories: 1) fatty acids, 2) glycerolipids, 3) glycerophospholipids, 4) sphingolipids, 5) sterol
lipids, 6) prenol lipids, 7) saccharolipids, and 8) polyketides (Figure 1.4), with further divisions
into classes, subclasses, and sometimes fourth-level classes. The functions of these highly
diverse lipids include membrane-formation, membrane anchoring, energy storage, hormones,
cell signaling, protein modification, regulation, etc. Abnormal lipid metabolism has been

associated with a number of human diseases such as diabetes, cancer, atherosclerosis, liver
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Figure 1.4 Eight lipid categories and examples. (Reprinted with permission from Brugger, B.,
Lipidomics: analysis of the lipid composition of cells and subcellular organelles by electrospray
ionization mass spectrometry. Annual review of biochemistry 2014, 83, 79-98.)
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steatosis, chronic inflammation, PE, and many neurological disorders including Alzheimer’s
disease'> *°.

The lipidome refers to the complete collection of chemically distinct lipids within a cell,
tissue, organ or a biological system. It has been estimated that there are as many as tens of

thousands to millions of lipids in a cellular lipidome'’

. Lipidomics, as a branch of
metabolomics, is defined as the full characterization of lipid molecular species and of their
biological roles with respect to expression of proteins involved in lipid metabolism and function,
including gene regulation. It has become more and more important in our understanding of many
diseases and physiological processes'*. Lipidomic studies'*’ typically involve the identification
and quantification of individual lipid species of interest, the study of the interaction between
lipid and protein, other lipids or metabolites, etc. There are a variety of analytical methods
utilized in lipidomics research, including: gas chromatography (GC), high-performance liquid
chromatography (HPLC), mass spectrometry (MS), nuclear magnetic resonance (NMR)
spectroscopy, enzyme-linked immunosorbent assays (ELIZA) to name a few (Table 1.4).
However, many of these focus on a single targeted lipid or group of lipids and are therefore

limited in the number of lipids surveyed. We will provide brief introductions to several methods

routinely used in lipid analysis below.

1.3.2 Lipid extraction
Extraction of lipids from complex biological fluids, membranes, cell or tissue
homogenates is generally the first step in a lipidomics analysis. By eliminating proteins,

138

saccharides, and minerals " that potentially interfere with lipid analysis, better results can be

achieved.
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Table 1.4 Analytical methods in lipidomics. (Reprinted with permission from Wenk, M. R., The
emerging field of lipidomics. Nature reviews. Drug discovery 2005, 4 (7), 594-610.)
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Lipid extraction usually involves a phase separation between immiscible solvents in
which the lipids partition into the hydrophobic phase. The most commonly used method involves

1'*°. This method was

the addition of chloroform and methanol (2:1, v/v), developed by Folch et a
later modified by Bligh and Dyer'*' through the addition of water or acetic acid to maximize
extraction of both polar and nonpolar lipids. However, these protocols may need to be further
modified"” in order to extract low-abundance lipids, labile lipid metabolites, etc. Another liquid-
liquid extraction (LLE) method involves using hexane and isopropanol (3:2, v/v) to extract
apolar lipids'**. Other LLE methods include a methyl-tert-butyl ether (MTBE)-based method, a

butanol and methanol (BUME)-based method, a metal complex “Phos-tag”-based method, etc'>*

138,139
Because of the diverse chemical properties of different lipids, no single method can
extract lipids of all classes with optimal recovery. In addition, a pre-clearing step before
extraction has been suggested to remove interfering agents such as high salts, detergents and
density gradient media. Lastly, it has become a standard practice recently to add internal lipid
standards prior to lipid extraction to account for variability in quantitative lipid analysis'>*. This

of course assumes that you know the particular lipid you wish to analyze.

1.3.3 Lipid separation

Due to its excellent separation efficiency, chromatography plays an important role in the
analysis of complex lipid extracts. A variety of chromatographic approaches'*® can be coupled
with MS in lipid analysis, for instance, thin-layer chromatography (TLC), gas chromatography
(GC), high-performance liquid chromatography (HPLC), hydrophilic interaction LC (HILIC),

supercritical fluid chromatography (SFC) and capillary electrophoresis (CE), etc. No single
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method can completely resolve a complex extract into individual lipid species. We will briefly
review the first three chromatographic methods below.

TLC is a simple, inexpensive method that can analyze lipids with acceptable resolution in
some applications. With the advent of high-performance TLC (HPTLC), 2-D TLC, and micro-
TLC combined with certain other techniques, TLC resolution has been increased substantially.
Various combinations of a stationary phase and mobile phase allow for separation of almost all

. 2 248, 249
lipid classes™

. However, it is challenging to identify lipid subclasses utilizing TLC. In
lipidomic studies, TLC can be coupled with ESI-MS, MALDI-MS, or DESI-MS*. In addition,
TLC-blot-MALDI-MS has also been used in lipid analysis™".

GC is frequently used in lipid analysis, and it has exceptional capabilities for isomer
separation and highly sensitive quantitation. The resolution and sensitivity of GC can be further
improved if the analysis is focused on only one specific class of lipids. However, derivatization
is essential since most lipids are nonvolatile. Multidimensional GC is preferred for the analysis
of complex lipid extracts. However, GC-based lipidomic methods have their own limitations.
Structural information of lipids may be lost or modified substantially following derivatization. At
the high temperatures needed for GC, certain lipids are prone to modification or degradation'*®.

The coupling of high performance liquid chromatography (HPLC) with ESI-MS is the
most commonly used method for lipid analysis in biological samples. There are primarily two
strategies in lipidomic analysis: targeted analysis that focuses on sensitive detection of pre-
specified known lipids, and non-targeted analysis that focuses on simultaneous detection of as
many lipid species as possible. It has been recommended that two-dimensional LC (2D LC) be

utilized in non-targeted analysis, in which normal-phase LC (NPLC) separates lipid classes

based on the polarity of head groups, and reversed-phase LC (RPLC) separates lipids of one
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class preferably or different classes'’’ based on the hydrophobicity of fatty acyl chains. Virtually
all lipids can be separated by HPLC, a separation method with high resolving power, high
sensitivity and good reproducibility. Much higher resolution can be achieved by utilizing an
ultrahigh performance LC (UHPLC) column, which is frequently used in global analysis of
complex lipid extracts. With reduced flow rates and higher detection sensitivity, both nano-LC

and capillary LC can be used to effectively analyze trace amounts of lipid samples'>> % 1%,

1.3.4 Ionization technologies

Analytes need to be ionized by an ion source first to allow a mass spectrometer to
measure the mass of analytes that have an electrical charge. A number of ionization technologies
have been developed over the years.

Electron ionization (EI) is usually used to analyze gases and volatile organic molecules
separated by gas chromatography. Derivatization is necessary for the analysis of non-volatile
molecules using EI. Chemical ionization (CI), unlike EI that involves high energy collisions, can
generate an intact molecular ion species through low energy collisions with a reagent gas.
However, the application of EI or CI in lipidomics is limited due to their low sensitivity and
inconvenient derivatization steps.

Fast atom bombardment (FAB) can be used to identify non-volatile lipids, but it is
challenging to quantitate lipids using FAB considering its incompatibility with chromatography,
high chemical backgrounds, and the complexity of lipid extracts'** ',

Electrospray ionization (ESI) is the most widely used method to generate positively or

negatively charged lipid molecular ions with minimal in-source fragmentation. It is one of the

softest ionization techniques and is capable of producing multiply charged ions at atmospheric
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pressure. Due to its compatibility with the liquid phase, ESI can be readily used to profile lipids
from blood, cells, biofluids, biological tissues, bacteria, virus and fungi with very high

138139 "EQI is considered a better choice for lipids because organic solvents can

sensitivity
enhance ionization and increase lipid solubility at the same time'*’. In addition, chemicals like
formic acid, lithium ion or ammonium acetate are routinely added to lipid extracts in order to
enhance ionization or the formation of charged adducts. Intra-source separation can also be
utilized to separate individual lipid classes based on variable electrical propensities of different
analytes (Figure 1.5) in ESI-MS.

Atmospheric pressure chemical ionization (APCI) and atmospheric pressure
photoionization (APPI) are two other approaches that ionize compounds at atmospheric pressure.
Both of them are more suitable for the analysis of nonpolar lipids'*®, although they have
differential sensitivities for polar and nonpolar classes. In addition, APCI and APPI are less
prone to ion suppression and salt buffer effects'*’.

Matrix-assisted laser desorption ionization (MALDI) is a laser-based soft ionization
approach that can be used to analyze both large proteins and lipids from biological samples. The
choice of the matrix is essential in optimizing MALDI-MS. HPLC or TLC usually can be
combined with MALDI-MS for the analysis of both polar and nonpolar lipids but this requires
spotting and drying each separation fraction on a MALDI plate prior to MS'*’. Ton suppression, a
major drawback shared with ESI-MS, can also be overcome by coupling TLC with MALDI-MS

: : - 135
when it comes to the analysis of complex mixtures

. MALDI-MS analysis is rapid, convenient,
and has high sensitivity compared to other ionization technologies. However, substantial off-line
purification and preparation, poor reproducibility and an inability to accurately quantitate are its

c i 137,139
major limitations 7139
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Figure 1.5 Experimental strategies for global analyses of cellular lipidomes directly from crude
extracts of biological samples. (Reprinted with permission from Han, X. L. Lipidomics:
Comprehensive Mass Spectrometry of Lipids, 1st ed.; Wiley: New Jersey, 2016.)
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1.3.5 Mass analysis

Soft ionization methods lead to minimal in-source fragmentation, which means the
identification and quantitation of lipids rely heavily on tandem MS analysis. There are four
common MS/MS techniques (Figure 1.6) in lipidomic analysis: 1) product ion scanning, 2)
precursor ion scanning (PIS), 3) neutral loss scanning (NLS), and 4) selected reaction monitoring
(SRM) or multiple-reaction monitoring (MRM). In product ion scanning mode, the first mass
analyzer selects a precursor ion of defined mass-to-charge ratio (m/z), which undergoes
collision-induced dissociation (CID) in a collision cell, the resulting product ions are then
scanned in the second mass analyzer. Product ion scanning can be used to obtain structural
information of selected precursor ions. However, MS alone cannot separate isomers with the
same molecular weight, chiral chromatography would need to be used prior to mass analysis in

13 In the PIS mode, the first mass analyzer operates in scanning mode, whereas the

that case
second mass analyzer monitors a fragment ion of defined m/z. PIS is usually used to detect all
precursor ions that generate a particular product ion after CID, e.g. you could monitor the
presence of species containing a particular head group, such as choline. In NLS, both mass
analyzers scan but with a particular offset of the m/z of a selected neutral loss fragment. Analytes
that lose a common neutral fragment after CID are detected in the NLS mode. In the SRM mode,
both the first and the second mass analyzers monitor selected precursor and product ion,
respectively. This mode is termed MRM when any of the two mass analyzers or both monitor
multiple ions, usually specific and characteristic set of product ions. SRM is commonly used to
monitor a defined CID reaction. Both NLS and PIS have been widely used to filter classes of

compounds from complex lipid mixtures in shotgun lipidomics, whereas SRM has been

frequently utilized in LC-MS-based lipidomics for determination of a compound of interest in a
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Figure 1.6 Different modes of data acquisition for tandem mass spectrometry. (Reprinted with
permission from Han, X. L. Lipidomics: comprehensive mass spectrometry of lipids, 1st ed.; Wiley:
New Jersey, 2016.)
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mixture with high sensitivity and selectivity, and quantitative analysis of lipids with the addition
of relevant internal standards'*> .

A variety of hybrid mass spectrometers can be employed to perform MS/MS experiments
in lipidomic analysis. The triple quadrupole (QqQ) mass spectrometer enables lipid identification
and quantitation through different MS/MS modes with high selectivity and broad linear dynamic
range. However, this is a targeted approach requiring knowledge of the lipid to be measured. The
hybrid quadrupole time-of-flight mass spectrometer (QqTOF) or qualdrupole-Orbitrap allows for
product ion analysis of complex samples with high sensitivity, mass accuracy and mass
resolution. The tandem quadrupole-linear ion trap (QqLIT) allows for NLS, PIS, and MS"
analysis. Linear quadrupole ion trap and three-dimensional (3D) ion trap are also commonly used
in lipidomics. Their merits include good sensitivity, high-throughput ability, and capability of
multi-dimensional MS analysis. In addition, the Orbitrap analyzers have improved in ability to
where they rival Fourier transform ion cyclotron resonance (FTICR) analyzers for high resolving
power, ability to distinguish most isobaric lipid species and reduced chemical noise in shotgun

s : - 133,137,139
lipidomics studies'>> " 1.

1.3.6 MS-based lipidomics

1.3.6.1 Shotgun lipidomics

Shotgun lipidomics is a direct infusion MS-based lipidomics approach. The constant
concentration of the lipid sample has many advantages. It allows a number of instrumental
variables to be ramped as part of the same infusion. It also allows for almost unlimited time to

carry out different MS/MS scanning modes and MS" analysis. In addition, lipid species of one
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class can often be easily visualized and quantified in shotgun lipidomics. Devices commonly
utilized in this lipidomic approach include a syringe pump or a tightly-sealed high quality glass
syringe to deliver the specimen. Chip-based devices have been recommended for their superior
capabilities.

There are three major methods in shotgun lipidomics. In tandem MS-based shotgun
lipidomics, NLS or PIS has been used to profile lipid species of a specific class of interest with
high mass spectral S/N ratio. However, non-specificity may be present in MS/MS scanning; the
fatty acyl substituents of lipids cannot be identified using this approach. In high mass accuracy-
based shotgun lipidomics, product ion scanning can be performed using QqTOF or qualdrupole-
Orbitrap mass spectrometers to identify and quantify individual lipid species in a non-targeted
manner. PIS and/or NLS can also be extracted from product-ion mass spectra, an approach
termed multi-PIS high mass accuracy shotgun lipidomics. In addition, high-resolution MS has
the advantage of identifying novel lipid species, which cannot be covered by using a QqQ mass
spectrometer' . The third approach is MDMS-based shotgun lipidomics. The interrelationships
among the four different MS/MS modes have laid the foundation for MDMS-SL. With this
approach, differential hydrophobicity, stability, electrical properties of different lipid classes or
subclasses can be exploited as part of lipid analysis through sample preparation (multiplexed
extraction) and intrasource fragmentation. Moreover, NLS or PIS of the head group can be used
to identify a particular lipid class, and fatty acyl side chains can be utilized to identify individual

s . . 137,139
lipid species of one particular class'®” ',

1.3.6.2 LC-MS-based lipidomics

Another category of MS-based lipidomics is LC-MS-based lipidomics, in which the
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concentration of the lipid sample is always changing. LC-MS-based lipidomic approaches aim to
combine the excellent separation capabilities of LC'*® with the highly sensitive detection power
of MS. In NPLC-MS-based lipidomics, lipid extracts are separated into different lipid classes
based on the polarity of head groups. MS detection is achieved through selected ion monitoring
(SIM), in which the ion(s) of interest can be extracted from total ion chromatogram after the
chromatographic separation. The short elution time of individual lipid species renders MRM and
data-dependent analysis unsuitable. In RPLC-MS-based lipidomics, in most cases lipids of one
particular class can be separated based on the hydrophobicity of fatty acyl chains through MRM,
which is preferred for detection of one specific ion since it can be done in the short elution time
of the lipid species. It has also been reported that certain classes of lipids could be analyzed by
performing both PIS and product ion scanning on the hybrid QqQ mass spectrometer coupled
with RP-HPLC'®. In addition, UHPLC has shown its potential to replace 2D-HPLC (NP-HPLC
followed by RP-HPLC) because of its improved chromatographic resolution in several global
lipid studies, in which SIM is the current preferred method. Other possible LC-MS-based
lipidomic approaches include HILIC-MS-based approach, silver-ion LC-MS-based approach,
and chiral chromatography-MS-based approach'”’, etc.

Mass spectrometry is often applied in qualitative and quantitative lipidomic analysis
owing to its high sensitivity and specificity”**>. A multitude of MS/MS (tandem mass
spectrometry) strategies, in particular, are often combined with various bioinformatic analysis
tools and databases to aid data processing, i.e. lipid identification and quantitation®> *>>,
However, unlike proteomics, in which the analysis of the fragmentation spectra of proteins and
peptides is straightforward due to the fact that they present highly conserved fragmentation

patterns when fragmented by MS/MS, the analysis of lipidomics MS/MS spectra is challenging
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because of the high degree of molecular heterogeneity of lipids and their more diverse and

complicated fragment mass spectra®>>>>

. Lipids do not have single-favored ionization polarity as
proteins and peptides do, and frequently structural information of lipids cannot be deduced
without specific experimental setups, additionally the MS/MS spectra of lipids can be
tremendously diverse depending on various factors, for instance, the choice of mass
spectrometer, the collision energy used, ion mode and the choice of adduct ions, etc*.
Therefore, it is often impossible to deduce structural information of lipids by simply submitting
actual MS/MS data to lipid databases like we do in the identification of proteins and peptides.
Still, various lipidomic data-processing software and search tools have been developed despite
the lack of standardization of data processing®’, improvement of data interpretation®” and the

fact that databases for lipids are far from complete®*

. Examples include the lipid metabolite and
pathways strategy (LIPID MAPS), the human metabolome database (HMDB), XCMS2
(METLIN database), MassBank, Lipid View, LipidXplorer, m/zMine2, to name a few*>> >>> >,
The spectral databases of lipids have limited use due to the presence of isobaric precursors and
the fact that only lipids that have been included in the databases can possibly be identified, if the

databases are not extended by end-users>>. Lipidomics is still at its early stage before these

. 252
1ssues can be solved™~.

1.4 Proteomics and Peptidomics

1.4.1 Proteomics

The proteome is defined as all the proteins expressed in a specific biological system at a

144

certain time . Therefore, the large-scale analysis of the ‘entire’ protein complement of a cell,
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tissue, or organism at a given time under defined conditions is termed proteomics'* '*. Mass
spectrometry (MS) is the most comprehensive and popular tool in the analysis of complex

- 8
protein samples'*” '

. There are two broad proteomic approaches: the bottom-up approach and
the top-down approach. Top-down proteomics uses the masses and fragments of intact proteins
for characterization whereas the bottom-up approach, the most popular method, uses the masses
and fragments of peptides for protein identification after proteins are enzymatically or

147, 151, 152

chemically digested into peptides prior to MS analysis . The applications of MS-based

proteomics'*® '*> *! include protein identification in biochemical or large-scale proteomic
studies, the detection and identification of posttranslational modifications (PTMs), the study of
protein-protein interactions, the characterization of macromolecules such as recombinant
proteins in the biotechnology field, and the identification of biological markers or novel
therapeutic targets, etc. The strategies for MS-based proteomics involve protein
purification/sample preparation, sample separation, ionization, instrumentation, data acquisition,
protein identification, the analysis of PTMs, and quantitative MS'*"'*_ each of which will be
briefly summarized below.

A variety of separation techniques or combination of separation techniques can be used
for sample preparation and separation, depending on the sample complexity, the specific
proteomic approach to be used, and different research goals. Electrophoretic gel-based
proteomics strategies include one-dimensional polyacrylamide gel electrophoresis (1D PAGE),
which is a low-resolution method for protein separation, and two-dimensional (2D) PAGE, that
can be utilized in the separation of complex protein mixtures in the 10-200 kDa range'®* based

on iso-electric point (pI) followed by molecular mass'*. However, gel-based approaches are

labor intensive. Other drawbacks of these techniques include lack of reproducibility, insensitivity
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with limited dynamic range, and the inability to detect highly acidic or basic proteins'** '*°. Gel
free proteomics strategies encompass RP-HPLC, affinity chromatography, ion-exchange
chromatography, and multi-dimensional protein identification technology (MudPIT) coupled to
MS. In these approaches, complex protein mixtures are usually digested into peptides prior to
sample preparation. RPLC separates peptide mixtures based on their hydrophobicity. With high
resolution, reproducibility, efficiency and compatibility with ESI, RP-HPLC has been suggested
to be used as a single phase or the last dimension of MudPIT'?. Affinity chromatography is
more frequently used to enrich proteins and peptides with PTMs, examples of such studies
include phosphoproteomics and glycoproteomics'*’. Multi-dimensional separation is applicable
to samples with high complexity. In MudPIT, the coupling of strong cation exchange (SCX)
chromatography to RP-HPLC leads to sample separation with unbiased high sensitivity, high
resolution and high capacity'*”'*’. An alternative to MudPIT is the RP-RP approach, in which
the first dimension is high pH HPLC, and the second dimension is low pH HPLC'®'. Other
separation strategies include HILIC, electrostatic repulsion hydrophilic interaction
chromatography (ERLIC), and capillary electrophoresis (CE)'°".

Both proteins and peptides are polar, nonvolatile, and thermally unstable biomolecules
that are necessarily ionized by soft ionization techniques like ESI and MALDI. Most of the ions
generated by MALDI are singly charged species, which makes MALDI better suited for the
analysis of high-molecular-weight proteins with pulsed MS instruments in top-down
proteomics'*’. However, MALDI suffers from low reproducibility and strong dependence on
prior sample preparation and purification. MALDI is more frequently utilized in the analysis of
relatively simple peptide mixtures'* since proteins can be fragmented to some extent during

MALDI, resulting in low sensitivity'*’. ESI is routinely used in either direct infusion mode or in

43



combination with HPLC. It has been suggested that ESI-LC-MS is the preferred method for the
analysis of complex peptide mixtures'**. Large ions generated by ESI from proteins and peptides
are predominantly multiply charged, therefore, they are within the m/z range of typical
quadrupole sector containing mass spectrometers'*”. The lowered flow rates of micro-ESI and
nano-ESI can lead to sample separation with improved sensitivity'*’.

The mass analyzers most frequently used in proteomics include 3D ion trap (QIT-MS),
linear ion trap (LIT-MS), QqQ-MS, LTQ-Orbitrap MS, LTQ-FTICR MS, QqTOF-MS, and IT-
TOF-MS. The applications and features of the mass analyzers mentioned above are elegantly
summarized in Table 5. Among the various mass spectrometers, QqTOF-MS, with the merits of
high sensitivity and high mass resolution, most often can unequivocally determine the charge
state and provide very high specificity in database searching'*’. Despite its higher sensitivity and
mass accuracy, FTICR is not widely used in biological mass spectrometry, due to cost and the
very high Tesla permanent magnet. TOF, Q, and trapping mass spectrometers such as ion trap,
Orbitrap, and FTICR can all be coupled to both ESI and MALDI. However, MALDI is routinely
coupled with TOF-MS whereas ESI is typically coupled with Q and trapping MS'** '#.

Protein identification can in many cases be achieved through either database searching or
de novo sequencing. The sequence databases that can be searched by MS data include non-
redundant protein databases, expressed sequence tag (EST) databases, and genomic databases'®.
Database searching can be further divided into two different approaches. One approach is peptide
mass fingerprinting, in which a protein is enzymatically cut into peptides first, then the set of
experimentally observed peptide masses are compared with in silico generated peptide masses in

the database. Peptide mass fingerprinting is usually utilized for the identification of a single

protein, or sometimes very simple protein mixtures'*’. The success rate for identification of
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Table 1.5 Comparison of characteristics and applications of different mass spectrometers.
(Reprinted with permission from Yates, J. R.; Ruse, C. I.; Nakorchevsky, A., Proteomics by mass
spectrometry: approaches, advances, and applications. Annual review of biomedical engineering
2009, 11, 49-79.)
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proteins from organisms with completely sequenced genome has been estimated'* to be 50-
90%. A more widely used approach for protein identification involves peptide sequencing by
tandem MS. In the peptide sequence tag method, an accurate tag is first picked out, then this
short sequence ladder, together with enzyme specificity, peptide mass, and fragment ion masses

can all be used in a sequence homology search for protein identification'*” '

. However,
nowadays sequence tag searches are more frequently used in the ‘error tolerant’ mode when a
peptide has an unknown modification or amino acid sequence variation'>>. The other method
involves database searching with uninterpreted MS/MS data directly. The experimental MS/MS
spectra of individual peptides from proteins of interest are matched against theoretical spectra
generated in the database in a continuous, real time way. This approach can be highly automated
and potentially can use MS/MS spectra of marginal quality for protein identification'>?,
especially in small data sets. However, this method does require manual inspection of matched
sequences in most cases'*’. The search parameters for this method have been discussed in greater

detail in the tutorial written by John S. Cottrell'**

. The database searching algorithms for
sequence identification using MS/MS spectra include Mascot, Sequest, X! Tandem, and PEAKS.
If the appropriate database entries for the protein of interest do not exist or if the abundance of
protein is low or if the number of matching fragments is too few, then de novo sequencing has to
be used. The software for de novo sequencing of MS/MS data includes PEAKS, DeNovoX, and
PepSeq. In addition, SPIDER can be used for homology search, and either SIMS or Ascore’s
algorithm can be utilized in PTM analysis'®'.

The fields of quantitative proteomics include relative quantitative proteomics and

absolute quantitative proteomics. Relative quantification in MS-based proteomics can be

achieved through either stable-isotope labeling methods or label-free methods'*’. Isotope labels
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can be attached to proteins enzymatically (during or after digestion), metabolically'>* '>*

(through in vivo isotope labeling of organisms or SILAC, which stands for stable isotope
labeling by amino acids in cell culture), or chemically'*> '*® (using ICAT, which stands for
isotope-coded affinity tags, or iTRAQ, which is the abbreviation for isobaric tags for relative and
absolute quantification, or TMTs, which stands for tandem mass tags)'*”'°'. The label-free
method utilizes either peptide peak intensity/area or spectral counting for relative quantification

147, 161

of proteins in the sample . In addition, evidence has shown that spectral counting is strongly

correlated to isotope labeling methods for quantitative proteomic analysis via MudPIT'*" %7,
Absolute abundance of proteins, on the other hand, can be obtained with SILAC, artificial QCAT
proteins, or synthetic sequence identify, isotope labeled internal standard peptides'*” °*1°. All
of the above quantitative methods are non-gel based. However, protein quantification can also be
achieved possibly though gel-based methods, for example, by comparing the intensities of
protein stains on the gel in 2D PAGE or 2D-DIGE (two-dimensional differential gel
electrophoresis) with much better quantitative capability and reliability. But due to the inherent
limitations of 2D gel techniques, including sensitivity, reproducibility and poor separation

resolution, gel-based protein quantification is less preferred than non-gel based protein

quantification'®.

1.4.2 Peptidomics
The definition of the peptidome is all the endogenous peptides that are present in a
biological system at a certain time. It forms the low molecular weight proteome and its

145, 170, 195

distribution within an organism is usually dynamic . Peptidomics is defined as the

comprehensive qualitative and/or quantitative analysis of all peptides in cells, tissues, organs,
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162-16% "peptidomics is considered a subset of proteomics'®® and many of the

fluids, or an organism
MS approaches are similar. The applications of peptidomics range from the study of dietary
protein digestion in food science to the discovery and identification of disease biomarkers
(DBM) or novel signaling molecules like neuropeptides and peptide hormones using chemical
modification and LC-MS/MS'® 177 Tt has been shown that endogenous peptides are crucial
to almost all physiological processes. They can also be seen as a measure of health status'® %,
In addition, peptides are thought to play roles in pathologic processes resulting from abnormal
regulation of protease activity' . Despite the similarities between peptidomics and proteomics,
intrinsic differences in conceptual and analytical techniques exist (Figure 1.7 and Table 1.6).
Enzymatic digestion of peptide mixtures is not necessary in peptidomics, although
skipping this step does not make peptidomic analysis any easier, especially for larger peptides'**
1% Peptidomic analysis usually starts with peptide enrichment to overcome the presence of
proteins, lipids, salts and carbohydrates'® that interfere with downstream analysis of peptides.
Peptides can be separated from proteins using size exclusion chromatography or ultrafiltration'®”
1% Proteins can also be precipitated with the addition of organic solvents or acid'® '* to a
biological sample. It has been suggested that hot acid should be avoided because it can lead to
peptide degradation'®. The removal of proteins can improve the resolution and loading capacity

165

of chromatographic separations of peptides afterwards °. In addition, protease activity can be

controlled by protein denaturation or with the addition of protease inhibitors'®®

, thus post-sample
collection proteolysis can be avoided and subsequently peptides of interest can be detected by
LCMS with higher signals. However, for peptide samples like urine that are relatively stable,

rotease inhibition is not required'’®. It has been suggested that multiple peptide fractionation
p q gg ple pep

strategies can be employed due to the diversity of peptides chemically or physically, for instance,
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Figure 1.7 Comparison of analytical methods between proteomics and peptidomics. (This image is
used under a Creative Commons Attribution 3.0 Unported license. Reprinted with permission from

Schrader, M.; Knappe, P. S.; Fricker, L. D., Historical perspective of peptidomics. EuPA Open
Proteomics 2014, 3, 171-182.)
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Table 1.6 Advantages and disadvantages of proteomics and peptidomics. (Reprinted with
permission from Di Meo, A.; Pasic, M. D.; Yousef, G. M., Proteomics and peptidomics: moving
toward precision medicine in urological malignancies. Oncotarget 2016, 7 (32), 52460-52474.)

50



size, charge state, and PTMs'®.

Bioactive peptides usually exist in very low concentrations in biological samples,
therefore it is important that peptides are purified from complex biological matrices, which can
be achieved by RP-HPLC and/or ion exchange HPLC'% with high resolution. The advantages of
the popular column chromatography in peptidomic analysis include the absence of peptide loss,
increased number of peptide identifications'™, the high peptide recovery rate due to the fact that
the folding behavior of peptides are reversible in most cases, and its applicability to peptide

195 Affinity chromatography has been reported useful for

mixtures of various dynamic range
peptide purification and selection'*. In addition, capillary electrophoresis has also been
successfully applied to peptidomic analysis'’°. However, multi-dimensional chromatography in
peptidomics is not recommended unless more than 1,000 peptides need to be analyzed from a
single source. It has also been reported that 2D PAGE cannot provide sufficient separation and
detection of peptides from complex samples'®.

The combination of HPLC and MS has been considered a standard in peptide research
since the total peptide content can be sensitively detected in complex samples by MS'®> 1 Tt
has been suggested that ESI is the preferred ionization method for tryptic or natural peptides,
although overlapping signals may result from ESI of larger peptides because of multiple charge

165

states . Another advantage of ESI is that increased number of product ions resulting from

fragmentation of multiply charged peptides can be detected'”*. Alternatively, MALDI is
considered the ionization method of choice for larger peptides if the peptide is known and can be
targeted. In this case, LC needs to be connected offline to MS, but the generation of singly

charged species leads to MS analysis with higher resolving power and higher sensitivity'®> '™

7% MALDI-MS also has the advantage of tolerance against salts and other interfering
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compounds when detecting intact peptides from complex mixtures'°. In addition, surface-
enhanced laser desorption/ionization (SELDI) has also been utilized in peptidomic analysis'"”.
The fragmentation methods for peptide identification include low energy CID, electron
transfer dissociation (ETD), high-energy CID'®'**. QTOF, Orbitrap, QIT, and micro-TOF are
some of the most frequently used mass analyzers'®* '**. Once MS/MS spectra are obtained, either
database searching (if the peptide target is known) or de novo sequencing can be applied to
identify peptides of interest. One aspect of note regarding peptide identification is that manual
verification of peptide assignment is indispensible'”*. Examples of de novo sequencing programs

184-186

are UStags, PepNovo, Sherenga, etc . Database searching, however, can be challenging for

peptidomics because of unspecified cleavage enzymes, incomplete protein databases, and

deficient scoring scheme, incomplete b- and y-series fragments, etc'”’

. It has been suggested that
a “no enzyme” setting should be used for the comparison between experimental MS/MS spectra
with in silico generated spectra from peptide spectral databases or protein libraries'®, and that
the search programs used should take into account possible posttranslational modifications'**,

187-189 I

Examples of database searching programs include Mascot, MS-Fit, and OMSSA, etc n

addition, programs that make use of both database searching and de novo sequencing have been

reported for successful peptide identification'®* '*°

. It has also been suggested that using multiple
approaches for peptide identification can lead to higher rates of true positives and improved
coverage' .

Quantitative peptidomics consists of labeled quantification and label-free quantification.
The isobaric tags that can be used to label peptides include iTRAQ and TMT'®, both of which

179, 180

allow more accurate quantification of peptides with improved throughput . Quantitative

peptidomic analysis can also be achieved by isotopic labeling of endogenous peptides through
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SILAC, ICAT, and 4-trimethylammoniumbutyryl (TMAB) tags'®> '°°, among which TMAB tags
have been considered ideal because of its many advantages including capability for multivariate

181

analysis . However, due to the fact that free Cys residues are absent in most endogenous

166, 181
d B

peptides, the application of ICAT in quantitative peptidomics is limite . For isotopic

labeling like TMAB, MS/MS is not required for quantification'®', however, an increased number

of ion signals can lead to more complex spectra'®’

. Label-free quantification methods include the
spectral counting approach and the peptide signal intensity approach. Though label-free methods
are thought to be less quantitative, neither complex sample preparation nor a chemical reaction

step is required, and they are applicable to most, if not all, analytical platforms'®®

. In addition,
MRM has been coupled with stable isotope dilution for absolute peptide quantification with high
sensitivity and specificity, although identification of the peptide of interest is required prior to
quantitative analysis' .

Following identification and quantification of peptides of interest, additional programs,
for example, Pepstr'”' and SwePep'® can be utilized to predict the 3D structure and biological
functions of peptides, respectively. It may also be interesting to identify the PTMs within
peptides of interest, to find out the parent proteins and predict relevant proteolytic enzymes
based on available peptidomic data if the peptides of interest are not produced in situ'®>'*. If

peptidomic analysis of tissues with spatial resolution is desired, MALDI-imaging mass

spectrometry (IMS) may be used for such purpose'**.

1.5 Gender-specific biomarkers for Alzheimer’s disease (AD)

1.5.1 Alzheimer’s Disease
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Alzheimer’s disease was first defined by Alois Alzheimer, a Bavarian psychiatrist, in
Munich in 1906. He reported a woman named Auguste D., who had shown progressive memory
impairment, loss of cognitive functions, delusions, and psychosocial incompetence, all of which
still characterize this disecase todayzoz. Alzheimer’s disease (AD) is the most prevalent form of
late-life mental affliction in humans. It is “a disorder of the most complex of physiological

99202

systems, the human cerebral cortex””"*, and it attacks “the structures that harbor the very essence

0
of who we are”?’

. The number of AD cases worldwide is currently estimated to be 36 million,
and this number will approximately triple by 2050**. Currently, the exact pathogenesis of AD
remains elusive, the definitive diagnosis of AD is only made post-mortem, and available
therapeutic strategies can only delay AD progression temporarily**'. Alzheimer’s disease brings
enormous psychological and financial burdens on patients, caregivers, communities and society.
As life expectancy increases with improved medical care, Alzheimer’s disease has been
predicted to be the greatest public health crisis in the 21% century™".

Alzheimer’s disease is the most common form of dementia®*?. There are generally three
stages in dementia: early stage (first year or two), middle stage (2" to 4™ or 5" year), and late
stage (5" year and later)***. Correspondingly, the clinical dementia rating (CDR) scale can be
used to classify dementia based on disease severity into mild (CDR 1), moderate (CDR 2), and
severe (CDR 3). In addition, mild cognitive impairment (MCI) or very mild AD denotes the

transitional state between normal aging and mild AD, and it has a CDR of 0.5

. The symptoms
of AD vary with regard to different stages of the disease, yet they typically include: progressive
episodic memory impairment, language disturbance, deficits of visuospatial perception and

associative visual agnosia, executive dysfunction and attention shifting problems, ideomotor

apraxia, ideational apraxia, and constructional apraxia, apathy, disinhibition, agitation, social
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isolation and withdrawal, delusions, hallucinations, sleep disturbances, cognitive anosognosia
and many other behavioral symptoms>’".

The clinical diagnosis of AD is complicated. It involves initial clinical interview, physical
examination and routine laboratory tests, often to rule out other causes of symptoms”**.
Neuropsychological assessment can be done through a multitude of standard tests. For example,
the Mini-Mental State Examination (MMSE) can provide information on the severity of
cognitive dysfunction, the Activities of Daily Living (ADL) scale can be used to assess
functional status, AD-associated depression may be detected by utilizing the specifically
designed Cornell Scale for Depression in Dementia (CSDD) with high reliability and sensitivity,
The Hopkins Verbal Learning Test (HVLT) can be used for detection and measurement of
memory impairment. Executive functioning can be assessed through the Rivermead Behavioral

Memory Test (RBMT), the list goes on and on*"'

. In addition, a variety of neuroimaging,
potential biochemical and possibly genomic biomarkers of AD have been proposed and
evaluated in greater detail for their potential diagnostic value®***. Currently, none are
considered diagnostic and none are used in routine clinical practice. Again, the definitive
diagnosis of AD can only be achieved by examining the brain tissue for senile plaques and NFT
on autopsy or rarely, brain biopsy during life**> **’.

There are two forms of Alzheimer’s disease: the familial form and the sporadic form
(non-familial). Conceivably, as many as 5% of all AD cases are familial or genetic (although
several reports suggest that the actual prevalence to be closer to 1%) which are caused by
mutations in one of three genes: the gene encoding for the amyloid precursor protein (APP), and

201

the genes encoding for presenilin-1 and presenilin-2 (PSEN1 and PSEN2)""". Presenilin is

important for proper cleavage of APP by y-secretase. The missense mutations in PSEN1 have
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202 The mutations

been suggested to be causative of the most aggressive and earliest from of AD
in the three genes above can result in altered production of different amyloid beta (AB) isoforms
and therefore increased amounts of the more neurotoxic AP42 are produced leading to the
formation of senile plaques eventually. Early onset (<65 years) familial Alzheimer’s disease
(eFAD) is inherited in an autosomal-dominant fashion. Currently, 18 mutations in APP and 152
mutations in PSEN1 and PSEN2 genes associated with Alzheimer’s disease have been
identified®”. Sporadic forms of the Alzheimer’s disease are much more common, multifactorial

* Tt has been reported that the phenotype and clinical

and have complex pathophysiology
manifestations of familial cases are highly similar or often indistinguishable from those of the
sporadic AD, except that familial AD cases often have an early onset (before age 65), and that
several distinctive features have been reported in multiple family members having sporadic
forms of AD*".

A number of risk factors have been identified for AD. Examples of genes that predispose
individuals to sporadic AD are the apolipoprotein E (APOE) gene €4 allele (which has been
linked to late-onset familial AD with semi-dominant inheritance), several variants of the insulin-
degrading enzyme (IDE) gene, ubiquilin-1 (UBQLN1), SORLI genetic variants to name a
few?*"2%!. Genetic variations in the APP promoter sequences that lead to increased APP gene
expression have also been reported as a potential risk factor for late-onset AD*'"”. In addition,
evidence has also suggested the association between AD risk and dysregulated epigenetic
mechanisms representing abnormal DNA methylation and histone modifications®'®. Aging has
been reported as the greatest known non-genetic risk factor for late onset Alzheimer’s disease

(age>65 years)* ™. Individuals beyond age 85 have an ~50% chance of developing AD**. Other

possible environmental risk factors associated with late-onset AD include small white matter
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infarcts, traumatic brain injury, female gender, estrogen replacement therapy**', sleep apnea, a
history of depression, hyperlipidemia, hypertension, homocysteinemia, diabetes mellitus,

obesity, smoking, low education levels and low mental ability”**>"’

, although some of these risk
factors are disputed”"”.

Several hypotheses have been proposed in the attempt to explain the pathogenesis of AD,
including the beta-amyloid (A) hypothesis, cholinergic hypothesis, tau hypothesis, and

inflammation hypothesis*** *'°

. The amyloid cascade hypothesis is considered by many as the
core mechanism in the pathophysiology of AD, although it alone cannot adequately account for
this complex multifactorial disease. Based on the amyloid cascade model, the aberrant
accumulation of AP in the brain is thought to be a very early event in the development of AD
that ultimately leads to neurodegeneration®''. APP is a transmembrane protein widely expressed
in tissues, particularly in synapses of neurons. Its normal biological function involves modulating

. 212
synapse structure and function

. When cleaved by a-secretase, the APP releases a-sAPP and a-
CTF (Figure 1.8). Because a-secretase cleaves within the A domain of the APP, this prevents
the release of AP polypeptide. Following cleavage of a-CTF by y-secretase, a harmless fragment
p3 is produced. However, cleavage of the APP by B-secretase results in the release of -sAPP
and B-CTF. As shown in Figure 1.8, the AP domain is still attached to B-CTF and remains intact.
The subsequent cleavage of B-CTF by y-secretase leads to the release of AP polypeptide ***. Both

pathways take place in normal brain*"'

. In Alzheimer’s disease, however, increased B-secretase
activity and decreased a-secretase have been reported®””. The exact mechanism of Ap
accumulation remains elusive, though multiple hypothesized mechanisms have been proposed*’"
211 Accumulating AP peptides can aggregate into oligomers, which can transition into large

208

fibrils and eventually form senile plaques™ . AP oligomers have been suggested to induce
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Figure 1.8 Secretase cleavage of amyloid precursor protein (APP) in normal and disease states.
(Reprinted with permission from Minati, L.; Edginton, T.; Bruzzone, M. G.; Giaccone, G., Current
concepts in Alzheimer’s disease: a multidisciplinary review. American journal of Alzheimer’s disease
and other dementias 2009, 24 (2), 95-121.)
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oxidative stress and tau hyperphosphorylation, which can lead to synapse and mitochondria
damage. They may also contribute to vascular and neuronal degeneration™"*'*. Ap plaques have
been reported to cause microglial activation, which can lead to release of pro-inflammatory

208,215 However, the exact mechanism of AP neurotoxicity

cytokines and neuritic degeneration
remains unknown. Senile plaques and neurofibrillary tangles (NFT) have long been considered
the two main pathological hallmarks of AD. NFT are aggregates of abnormally phosphorylated

220 Evidence

protein tau, which is a highly soluble microtubule-associated protein (MAP)
suggests that AP accumulation may lead to oxidative stress and impaired neuronal metabolic and
ionic homeostasis, which can result in hyperphosphorylation of tau protein through an imbalance
between protein kinases and phosphatases, although NFT have also been reported to occur

202

independently of senile plaques™ . The formation of NFT then lead to widespread axonal loss,

synaptic dysfunction, neuronal death in the cerebral cortex and hippocampus, and progressive
neurotransmitter deficits, manifesting eventually as Alzheimer’s disease”" **.

Currently only five drugs are approved by the US Food and Drug Administration (FDA)
to treat the clinical symptoms of AD. The drug mechanism of action (MOA) involves preventing
the breakdown of the neurotransmitter acetylcholine, the inadequate amount of which has been

associated with AD**®

. Among the five drugs, memantine (Namenda), a N-methyl D-aspartate
(NMDA) receptor antagonist, may be the only drug that can be used to treat patients in the later
stages of the disease, namely moderate to severe AD; rivastigmine (Exelon), galantamine
(Reminyl) and donepezil (Aricept), all of which are inhibitors of cholinesterase®®’, have been

208, 209 :
*~. However, it has also been reported

reported to be most effective for early stages of AD
that only half of the patients who undergo treatment respond to the drugs, and among these

patients the progression of symptoms is only modestly and temporarily delayed**®. Once the
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treatment is terminated, rapid cognitive decline to placebo levels has been observed™'. Recently,
a drug shown to bind and remove A was tested in early AD. Despite the drug being effective
against AP, it failed to slow disease progression or limit severity. This draws into question
whether AP is the cause of AD or simply a later contributing factor. Clearly, measuring AP may

be the wrong target for an AD biomarker™**.

1.5.2 Biomarkers for AD

Several neuroimaging techniques have been employed to facilitate clinical diagnosis of
AD. For instance, both computed tomography (CT) and magnetic resonance imaging (MRI) can
be used to exclude secondary causes of dementia, the combination of magnetic resonance (MR)
volumetry and "H-MR spectroscopy (‘H-MRS) has been reported to be able to diagnose AD with

90% accuracy in the late stages of AD**

. Diffusion-tensor imaging (DTI) may be used to predict
the progression from MCI to AD, although the application of structural and functional MRI is
limited due to complex data postprocessing and other reasons***. More expensive radiologic and
radioimaging techniques have also been used in the diagnosis of AD. Both single photon
emission computed tomography (SPECT) and positron emission tomography (PET) may be
valuable for differential diagnosis and prediction of the progression from MCI to AD, though

225,226

SPECT is much more frequently used in clinical practice . Electroencephalography (EEG)

may also be used for the purpose of differential diagnosis, although its clinical application is

somewhat limited due to the lack of advanced signal analysis methods™"

. Though it can increase
diagnosis specificity by 25%, genomic biomarkers such as APOE &4 genotyping also leads to
decreased sensitivity, and therefore genotyping has very limited application in predicting AD in

the clinical setting®">***,
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A variety of biochemical biomarkers have been explored for their potential application in
the diagnosis of Alzheimer’s disease. Three cerebrospinal fluid (CSF) biomarkers, for example,
AP42, total-tau (T-tau) and phosphorylated tau protein (P-tau) have been consistently
implemented in the differential diagnosis of AD*’. It was suggested that only the combination of
these three biomarkers above could lead to over 95% sensitivity and over 85% specificity in the

237

diagnosis of sporadic AD™'. However, the application of either AB42 or total-tau in differential

diagnosis of AD is limited since their changes in concentration are associated with a variety of

201

dementias or disorders™ . The elevated concentration of CSF P-tau seems to be linked to AD

more specifically compared with the other two biomarkers>°

. The following ratios, for example,
AB42:40, T-tau:AP42, AP42:P-tau have also been suggested to be used in the clinical diagnosis
of preclinical AD or MCI**’. In addition, YKL-40 protein, carnosinase I and chromogranin A
were reported to lead to increased diagnostic accuracy in combination with AB42 and
phosphorylated tau **'. A oligomers, p-site amyloid precursor protein-cleaving enzyme 1
(BACE1) and secreted APP isoforms are among other candidate CSF biomarkers™® **°.
Although CSF biomarkers appear to aid the clinical diagnosis of AD, their application is still

limited due to the high cost, increased patient risk, and patient discomfort™!

. Better diagnostic
accuracy of AD or predictive accuracy of MCI has been reported, however, when combining
neuroimaging and CSF biomarkers™.

Compared to CSF biomarkers, blood-based biomarkers seem more practical because it is
less invasive to obtain specimens. It costs less to obtain blood and it can be repeatedly evaluated

in a clinical setting®" ***

. The potential application of plasma proteomic biomarkers in AD
diagnosis had been investigated by several different research groups. For instance, a panel of 18

plasma protein biomarkers that had been externally validated was reported in one prospective
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longitudinal study. These biomarkers were capable of differentiating subjects with AD from

#! n another study, 18

normal control subjects with high sensitivity and specificity in that study
signaling proteins in plasma were reported that could distinguish individuals with AD from
healthy control subjects with almost 90% accuracy and identify subjects with MCI that
developed to AD with 91% accuracy™>. A panel of a mere three markers: cortisol, oxidized low-
density lipoprotein and von Willebrand factor was reported to discriminate AD individuals from
healthy controls with more than 80% accuracy”*'. It was shown previously that plasma AB has
poor diagnostic power since studies showed that changes in AP concentrations in AD have been
inconsistent. However, now it has been suggested that changes in the levels of plasma AB42 or
APB42:AB40 ratio may be applicable to AD diagnosis®*’. Using a metabolomic and lipidomic
approach, researchers of a five-year study reported a panel of ten plasma phospholipids that can
detect preclinical AD with higher than 90% accuracy, although numbers were very small and
external validation is still needed™’. Additionally, circulating microRNAs (miRNAs) have been

1*. Despite many reports of

suggested as potential biomarkers for early AD diagnosis as wel
potential markers for AD, blood-based biomarkers still have their drawbacks due to the fact that
follow-up studies either have failed to find diagnostic usefulness or such studies have yet to be

238
done

. Additionally, the application of blood biomarkers is somewhat challenging owing to the
fact that the concentration of blood biomarkers for AD is usually low on account of the blood-
brain barrier and their dilution in the plasma volume™.

Since the concentration of CSF and blood biomarkers may be reduced by homeostatic
mechanisms, urinary biomarkers of AD were investigated in a variety of animal models, such as

Tg2576 transgenic AD mice*® and TgCRNDS transgenic AD mice>’. A number of biomarkers,

for example, 3-hydroxykynurenine and 2-oxoglutarate have been reported to be effective
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metabolic biomarkers for AD prior to clinical onset of dementia and late-stage AD,
respectively™*.

Lastly, while AB40, AB42 and clusterin are considered candidate biomarkers for AD for
their potential roles in the neurodegenerative pathology of AD, a variety of other biomarkers that
may have potential association with vascular risk and inflammation states of AD have been listed
and investigated in detail in one review article**?, examples of such markers include total
cholesterol, sphingolipids, oxysterols, cobalamin, insulin, leptin, and thyroid stimulating
hormone (TSH), etc**.

The majority of studies on AD, and biomarkers for AD in particular, have ignored a
potentially important variable: gender. It had been suggested that women are more likely to
develop AD in their lifetime than men'>. One study reported that the remaining lifetime risk of
developing AD is 6.3% in a 65-year-old man, whereas 12% in a woman of the same age’.
Various gender differences in the symptoms of the disease have also been found. For example,
female AD patients showed substantially worse performance on a variety of neuropsychological

tasks than their male counterparts™®

. In addition, men outperformed women in language,
semantic abilities, visuospatial abilities and episodic memory among AD patients, even after
adjusting for age, education or disease severity>> . It has been reported that there are gender
differences in certain CSF biomarkers. One study found that women have 1%-1.5% faster annual
rates of brain atrophy than men, and the atrophy rates are associated with CSF changes of AP and

260, 261
tau™

. Furthermore, gender differences in APOE &4 (best know genetic risk factor), brain
physiology and various socialcultural aspects have been investigated and reported as well**"> 2%,

Therefore, it is more than reasonable to take into consideration the effect of gender in studies of

AD biomarker discovery.
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In summary, the cause of AD is unknown. While many have focused on A pathology,
recent studies draw into question its central causative role. Currently, CSF ligand markers are
sensitive to AP, but this approach is too expensive and slow to use for screening and more
importantly it may be the wrong diagnostic target. There is therefore a critical need for clinically
useful AD biomarkers, especially markers of early disease. Importantly, given the evidence for
AD being different for women and men, markers that can diagnose early AD in a gender specific

way would greatly facilitate other drug studies and may provide insight into the disease itself.
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Chapter 2  Lipidomic Profile Of Placenta Tissues In Response To Endogenous Digitalis

Like Factor (EDLF) Exposure

2.1 Abstract

The exact pathogenesis of PE remains enigmatic despite substantial research and many
confidently proposed theories. Endogenous inhibitors of the Na'/K" -ATPase or sodium pump
(SP) have been associated with hypertension and proteinuria and have also been suggested to
contribute to the pathogenesis of preeclampsia (PE). These endogenous SP inhibitors are often
referred to as digitalis-like factors (EDLF) because chemical members of the digitalis family are
known SP inhibitors. Of these, the most often studied EDLF is ouabain. Maternal obesity is a
consistent risk factor for PE and altered lipid metabolism is thought to play an important role in
the development of PE. We set out to study whether normal human placenta responded to SP
inhibition caused by EDLF with a change in abundance of biomolecules, especially lipids, in the
placental cytosol, and if there were such changes, whether there was a characteristic set of lipid
changes that could serve as signature for EDLF exposure. Placenta tissues from 20 normal
pregnancies were incubated in the presence and absence of ouabain, followed by
homogenization, lipid extraction and the study of the extracted lipids by a mass spectrometry-
based lipidomics approach. Of the 1207 lipidomic markers surveyed by paired Student t-test, 26
markers were found to have significantly different abundances between cases and control at a
false discovery rate (FDR) of 0.05. Using a statistical model built with a sparse partial least
squares discriminant analysis method (sPLS-DA) and a bootstrap procedure, a set of 8 lipidomic

markers was chosen and subsequently identified or chemically characterized with tandem MS.
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This set of lipid markers may then be used to identify placental tissues that have previously been

exposed to EDLF with excellent cross-validation performance.

2.2 Introduction

Preeclampsia (PE) is a multisystem disorder that complicates approximately ~5% of all
pregnancies. It is characterized by hypertension and proteinuria after 20 weeks gestation.
Complications associated with PE include, but are not limited to stroke, liver failure, renal
failure, coagulation disorders, neurologic complications, including eclampsia (grand mal
seizure), and the HELLP (Hemolysis, Elevated Liver enzymes, and Low Platelet count)
syndrome in the mother and fetal growth restriction/small for gestational age babies’. PE is also a
risk factor of cardiovascular diseases later in the mother’s life and also increases risk of several
diseases including stroke in adult life for children born to preeclamptic mothers'®. Though the
exact pathophysiology of PE is still incompletely understood, the placenta is thought by most to

be the most important organ in its pathogenesis' "> '*

. It is generally believed that the principal
cause of PE is abnormal placentation. Cytotrophoblasts (from the placenta) fail to adequately
invade and remodel the uterine spiral arteries, leading to the continued presence of low-flow,
high-resistance vessels, thus the supply of maternal blood to the fetoplacental unit is inadequate,
resulting in underperfusion, hypoxia of the placenta and possibly of the fetus'®. A central
characteristic of PE is the imbalance between proangiogenic factors (VEGF, PIGF, TGF-3 and
surface endoglin) and antiangiogenic factors (sFlt-1 and sEng) in many of these women. In

addition, oxidative stress, EDLF, the immune system, and genetics have been associated with the

pathogenesis of PE'",
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DLFs (digitalis-like factors) are cardiac glycosides that consist of plant-derived
cardenolides (e.g. ouabain, digoxin and digitalis) and animal-originated bufadienolides (e.g.
marinobufagenin and proscillaridin A). Digitalis and related compounds are used to treat
congestive heart failure because they specifically inhibit the Na'/K™ -ATPase or sodium pump,
leading ultimately to enhanced myocardial contractility'’ and better cardiac output. EDLFs
appear to cause similar effects but are produced endogenously rather than administered as
medications. Increased concentrations of EDLF have been associated with a number of diseases,
especially hypertension, but also renal disease, and PE. Significantly higher levels of EDLF have
been detected in PE placental homogenates, sera from preeeclamptic women and cord blood

1214 Evidence has suggested that

from neonates born to women with PE compared with controls
EDLF potentially contributes to the pathogenesis of PE, that the potential source of EDLF is the
placenta’ '*, and that the EDLF detected is structurally similar to ouabain or bufalin'®. It is
believed that the release of EDLF is an attempt on the part of the mother to improve fetal-
placental perfusion, but if it persists, it also unfortunately leads to hypertension. EDLF has been
associated with a number of abnormalities in PE such as hypoxia, oxidative stress, pro-
inflammatory cytokines as well'.

Lipids are biomolecules that are insoluble in water but soluble in non-polar organic
solvents. Lipids have been divided into eight major categories, with further divisions into classes
and subclasses. The lipidome refers to the complete collection of chemically distinct lipids
within a cell, tissue, organ or a biological system. The functions of lipids vary from membrane
formation and energy storage to cell signaling and protein regulation. Lipidomics is defined as

the full characterization of lipid molecular species and their biological roles using variable

analytical methods such as high-performance liquid chromatography (HPLC) and mass
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spectrometry (MS). The link between maternal obesity and PE has been well documented' >’
Altered lipid metabolism is believed to play a key role in the pathogenesis of PE. For example,
low-density lipoproteins (LDL) and triglycerides have been suggested to be involved in
glomerular lesions which are associated with proteinuria'’. Upregulated processes in PE such as
inflammation and oxidative stress have been associated with higher levels of sphingolipids
(SM)'® and glycerophosphoserine (PS) in serum of women with PE'?,

Despite the belief that EDLF may contribute to the pathogenesis of PE, its exact
mechanism still remains unknown, compounded by the fact that the pathophysiology of PE is

10-12
complex

. Therefore, we aim to investigate the biochemical signature of placental lipid
changes in response to EDLF exposure employing a global lipidomics approach. This is the first
attempt to study the lipidomic profile of placenta tissues in response to SP inhibition. No such
studies have been reported previously in the literature. Following incubation of placental tissues
(20 normal placentas) in the presence or absence of ouabain, a proposed EDLF, lipids were
extracted from tissue homogenates and then the extract directly injected into a mass spectrometer
for identification and characterization purposes. We hypothesized that the presence of EDLF will
lead to specific lipidomic changes in placental tissues, and if there are such changes, that the
lipid markers revealed will be identified or chemically characterized using tandem MS. These
findings can in turn facilitate the identification of placentas that have previously been exposed to

SP inhibition, and furthermore lead to better understanding of the complex pathophysiology of

PE.

2.3 Materials and methods
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2.3.1 Tissue collection

Lipidomic analysis of placental tissue was the focus of this study. To this end, application
was made and Institutional Review Boards at Intermountain Healthcare and Brigham Young
University approved this study. No personal or medical information about patients was provided.
Twenty placentas were obtained immediately after uncomplicated vaginal or Cesarean section
deliveries of healthy individuals. Four to five pieces of tissue (~ 15 mm x 5 mm x 5 mm) taken
midway between umbilical cord and edge of placenta were cut off from the intervillous region on
the fetal side after fetal membranes were removed. The tissue pieces were then kept on ice and

processed within twenty minutes.

2.3.2 Sample processing

The placental tissues were cut into small pieces (~3mm) with sterilized scissors. All
visible blood clots and vessels were removed with sterilized tweezers as thoroughly as possible.
Then the tissue pieces were washed repeatedly (5+ times) with ice-cold, sterile phosphate-
buffered saline (PBS) until all visible blood was removed. The placental tissues were patted dry
on a sterilized paper towel. All tissue samples were processed on ice to maintain minimal
proteolysis.

Placental tissues (~300mg/well) were incubated in 4mL of Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, Grand Island, NY, USA) containing 1% penicillin-streptomycin
(Sigma-Aldrich, St. Louis, MO) for 48 hours at 37°C in an incubator gassed with 5% CO,, in the
absence or presence of ouabain (final concentration 50nM). The culture medium was changed at

24 hrs.
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Immediately after incubation, placental explants were removed from their wells and
patted dry on sterilized paper towels and further processed separately thereafter. Each placental
explant was placed in a 5 mL stainless steel ball mill cylinder (Mikro-dismembrator, Sartorius
Stedim, Bohemia, NY) along with ~12 stainless steel balls with the addition of 1.5 mL ice-cold
1X PBS, 20 pL of protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and 20 puL of 8.87
mM 1, 10-phenanthroline (metallopeptidase inhibitor). This was followed by submersion of the
entire cylinder in liquid nitrogen for 4 minutes to allow for thorough freezing of the contents in
the cylinder. The cylinder was then placed in the ball mill dismembrator and shaken at 2000 rpm
for ~12 minutes. The placental homogenate was transferred to a 15 mL conical tube with the
addition of 1.5 mL ice-cold 1X PBS. Next, the sample mixture was vortexed thoroughly and
centrifuged for 30 minutes at 4000 rpm (Sorvall RT7 Centrifuge, Thermo Scientific, Waltham,
MA) at 4°C. The supernatant was collected, aliquotted and stored at —80°C until further
processing and assay'™.

The following method of lipid extraction has been found to generate the greatest number
of MS features with highest signal to noise ratio’. To a glass stoppered, glass vessel 3.6 mL of
hexane and isopropanol (3:2, v:v) and 600 pL of 0.5 M KH,PO4 were added to 400 puL of
homogenate (supernatant) for lipid extraction. Hexane is normally used for the extraction of
lipids with low polarity, while isopropanol is better suited to extract lipids that have both polar
and non-polar regions. After being vortexed vigorously, the mixture was agitated on a motorized
shaker for 1 hr at 80 rpm at room temperature. Then, 1 mL of water was added to the samples for
better separation of the organic phase from aqueous phase, followed by centrifugation for 10 min
at 2000 rpm. The upper organic phase was collected, dried under nitrogen, and redissolved in

200 pL of chloroform : methanol (3:1) to prevent oxidative degradation. The combination of the
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polar solvent methanol and the non-polar solvent chloroform is usually used for lipid storage.

The lipid extracts were stored at —80°C until mass spectrometric analysis °.

2.3.3 Mass spectrometric analysis

Prior to analysis 46 pL of chloroform, 92 puL of methanol, and 28 pL of 100 mM
CH;CO;NH4 were added to 40 pL of lipid extract. These samples then were injected directly into
a mass spectrometer (6230 TOF LC/MS Agilent Technologies, Santa Clara, CA) through an
electrospray nebulizer at the flow rate of 10 uL/min for 4 min using a syringe pump. The mass
spectrometer (MS) was operated in the positive ion mode. The capillary voltage was at 3500 V.
The MS data was collected at the acquisition rate of 1 spectrum/sec from mass to charge ratios
(m/z) of 100 to 3000. The drying gas flow rate was set to 5 L/min, and the pressure of the
nebulizer gas was 1.03 bar. A total ion current (TIC) chromatogram from m/z 100 to 3000 was
generated for each sample and used to extract a MS spectrum, from which a peak list consisting
of the m/z of all peaks and their relevant abundances was exported. The TIC counts were
calculated to normalize all peaks in each MS spectrum. The MassHunter Qualitative Analysis

software (Agilent Technologies, Santa Clara, CA) was used for data analysis.

2.3.4 Statistical analysis

A one tailed Student t-test was used to calculate p-values from the normalized
abundances for all monoisotopic peaks. Any peak which showed a significant difference between
control and case at a p-value smaller than 0.05 was viewed as a candidate marker. In other
words, the set of candidate markers that changed with ouabain incubation will be considered as a

biochemical signature for human placentas exposed to EDLF. The percentage of p-values below
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0.05 was obtained using the binomial exact method, assuming all the t-tests are independent. In
addition, a permutation test was applied for the same calculations. The false discovery rate
(FDR) approach was employed to correct for the multiple comparisons made.

We built a statistical model utilizing the sPLS-DA method for the selection of candidate
markers as well. Parameter optimization was achieved through cross-validation. The bootstrap
procedure was then performed to evaluate the stability regarding the detection of potential
markers for EDLF exposure in placenta. Last but not least, leave-one-out validation was applied

to estimate the predictive performance of the statistical model.

2.3.5 Identification and chemical characterization of lipids by tandem MS

The candidate markers selected by the statistical model were chemically characterized by
tandem MS employing a fragmentation step (6530 Q-TOF MS, Agilent Technologies, Santa
Clara, CA). The samples were directly injected at a flow rate of 10 pL/min for at least 4 min into
the MS run in the positive ion mode. The capillary voltage was 3500 V. The targeted MS/MS
(seg) was applied for the fragmentation of the charged markers using collision-induced
dissociation (CID). The isolation mass window was set to narrow (~1.3 m/z). The collision
energies for each candidate marker were optimized to allow best fragmentation coverage. The
MS/MS spectra were collected at the mass range of 50-1000 m/z, at the acquisition rate of 1
spectra/s.

Exact mass studies were employed to determine the elemental composition of lipids of
interest, using an Elemental Composition Calculator and externally added, internal standards
having known masses, i.e. m/z 121.0509 and 922.0098. The LIPID MAPS Structure Database

(LMSD) was utilized for the prediction of the formula and main class and subclass. The
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METLIN Database (The Scripps Research Institute) was used to identify all possible fragments
and neutral losses derived from the fragmentation of the parent ion of interest. The MS/MS data
was exported and submitted to the following MS/MS databases for possible identification
purposes: The LIPID MAPS, METLIN, HMDB (Human Metabolome Database), MassBank
(High Quality Mass Spectral Database) using spectrum search, mzCloud (Advanced Mass
Spectral Database). Online resources such as Lipidbank, Madison Metabolomics Consortium
Database (MMCD), Lipidblast (the m/z lookup function) were used in the analyses as well. In
addition, fragmentation patterns and typical fragments of various lipid classes were compared
manually with the MS/MS literature data to facilitate chemical characterization of lipids of

interest.

2.4 Results

2.4.1 Discovery of candidate lipid markers

Of the 1207 candidate lipidomic markers surveyed by a paired Student t-test, 106
candidate markers were discovered having p-values below 0.05. With a 95% confidence interval
of (0.0725, 0.105), the percentage of markers with p<0.05 was calculated to be 0.0878 using the
binomial exact method, which indicates that there are significantly more significant candidate
markers (p=4.59x10™) than we expected. Using the permutation test, the number of candidate
markers was found to be marginally significantly higher (p=0.098) than we expected. Then we
proceeded to apply the FDR correction and set the cutoff to 0.05. After correction, 26 markers
were found to have significantly different abundances between case and control at the FDR=0.05

level (Table 2.1).
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Table 2.1 Lipid biomarkers that have significant differences between case and control at the
FDR=0.05 level

99



Four markers comprised the optimized statistical model built using the SPLS-DA method
with cross-validation (highlighted in yellow in Table 2.2). The stability of the selection of
markers was evaluated utilizing a bootstrap procedure. Among 500 repetitions of the bootstrap, 8
markers appeared more than 25% of the time (Table 2.2). And all 8 markers have significant
differences between case and control at the FDR=0.05 level except m/z 189.1621. This indicates
that the 8 markers can be considered part of a biochemical signature of human placentas that
have been exposed to EDLF (using ouabain as both an EDLF candidate and a known sodium
pump inhibitor), though it is possible that m/z 189.1621 provides no information regarding the
effect of EDLF on placenta. Using a leave-one-out cross validation, the panel of markers making
up the statistical model was evaluated for its predictive ability on future data. Both the ROC
curve (Figure 2.1) and the performance estimates (Table 2.3) showed that the performance of the

model is statistically significantly better than a random model bearing no useful information.

2.4.2 Identification and Chemical characterization of lipids

It has repeated been suggested by laboratory, animal and clinical experiments that higher
levels of EDLF contribute to the pathogenesis of PE and there is evidence that the source of
EDLF production is human placenta. Therefore, the investigation of the biochemical signature of
placentas exposed to EDLF will likely shed light on the involvement of EDLF in the
development of PE. In this study we examined the lipidomic profile of placentas that had been
exposed to EDLF employing a global lipidomics strategy. In addition, the discovery of such a
lipidomic profile will facilitate the identification of placental tissues that have previously had
exposure to EDLF.

Our lipidomic analysis of 20 cases and 20 control placentas yielded 106 candidate
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Table 2.2 List of lipid biomarkers that can serve as a biochemical signature indicative of EDLF
exposure in human placenta. (The 8 markers were selected using a bootstrap procedure, markers
highlighted in yellow were chosen using a sSPLS-DA method and cross-validation.)
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Figure 2.1 ROC Curve of the lipidomic profile indicative of EDLF exposure in human placenta
obtained using a leave-one-out cross validation
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Table 2.3 Performance estimates of the lipidomic profile indicative of EDLF exposure in human
placenta
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markers that had statistically significant abundance differences. Using a statistical model built
through the bootstrap procedure, 8 lipid markers were shown to have much higher performance
and provided a biochemical profile of placentas that had been exposed to EDLF. Furthermore,
the same list of selected markers showed statistically significantly better predicted performance
in its discriminatory ability in future studies. The charge state of all 8 markers was +1, and they
were identified or chemically characterized by tandem MS. Searches on LIPID MAPS, METLIN
and HMDB using mass and charge usually yielded a large number of isobaric molecules for each
of the 8 markers. However, none of them has either the same or a closely similar fragmentation
pattern, i.e. MS® spectrum. This is not surprising given the very limited archive of lipids
available in all current lipid databases. Given that none of the MS? spectra generated in this study
for the 8 best biomarkers closely resembled archived MS? spectra in databases (such as
METLIN, HMDB, massbank and mzCloud), none of the 8 compounds could be identified
unambiguously. Both the accurate masses of prominent peaks and their intensity ratios in the
MS/MS spectra need to be close to enable identification’. The ‘fragment search’ and ‘neutral loss
search’ options” ® on METLIN helped us predict the elemental compositions (Table 2.4) and
possible structures (data not shown) of all 8 markers based on available ESI-MS/MS spectra in
the database. Consequently, chemical characterization of the markers allowed us to gain insight
into the structural compositions of the selected lipid markers but without confirmed final
structures.

Database searching and exact mass study suggested that the marker at m/z 168.138 was
an ammoniated precursor peak that has an elemental composition of C;oH;sNO". It may be a
fatty alcohol, fatty aldehyde or isoprenoid. The mass difference between m/z 168.1361 and

150.0291 indicated the loss of H>O suggesting the possible presence of an —OH group. By the
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Table 2.4 Predicted elemental compositions of fragments and neutral losses using METLIN

105



Lipid Collision
marker energy Fragment (m/z) Neutral loss (m/z)
(m/z) (CE)
10 126.1029 (CgH140)
43.0544 (C3H,"), 55.0547 (C4H;"), | 27.9975 (CO), 30.0115 (CH,0),
62.0595 (C,HgNO"), 71.0519 31.0374 (CHsN), 46.0448 (C,H¢O0),
(C4H,0%), 80.0484 (CsHgN™), 58.0765 (C4H10), 55.0052 (C,HNO),
91.0542 (C;H,%), 110.0599 66.0471 (CsHg), 67.0055 (C3HNO),
(CeHgNO™), 137.099 (CgH1307) 82.0443 (CsHe0), 88.088 (CsH1,0),
15 94.0446 (CgHsO), 97.0845 (CsH11N),
106.0769 (CgHyp), 113.0817
(CeH11NO), 115.0958 (C¢H13NO),
124.0882 (CgH1,0), 125.082
(CsH11NO), 131.093 (C¢H13NOy),
143.0933 (C;H13NO,)
186.1462 30.0341 (CH4N'), 41.0412 (CsHs'), | 27.0139 (CHN), 31.0055 (HNO),
67.0552 (CsH,"), 131.0757 44.0104 (CH,;NO), 57.0195 (C,H3NO),
(CgHgN™) 63.0206 (CsHs), 68.0266 (C4H,0),
20 72.0491 (C3H¢NO), 74.0277
(C3H4NO,), 81.0315 (CsHs0), 85.054
(C4H7NO), 90.0345 (CgH4N),
101.0416 (C4H;NO;), 153.0806
(CgH11NO,)
25 78.0459 (CeH¢"), 124.0741
(C7H10NO")
40 56.0485 (C3HgN"), 68.0519 26.0133 (C,H;), 63.021 (CsHs)
(C4HgN™), 130.0587 (CoHgN™)
51.027 (C4H5"), 56.0268 (C5H,0%),
50 82.0308 (C,H,NO"), 103.0557
(CeH7')
45,0369 (C,Hs0"), 55.0566 17.0027 (OH), 26.0161 (C,H,),
(C4H"), 69.0674 (CsHg"), 95.0835 | 29.0403 (C,Hs), 38.0163 (C3H,),
(C7H11"), 121.0622 (CgH0Y), 42.0458 (C3Hg), 43.0544 (C3H5),
133.0998 (CyoH13), 147.1139 52.0304 (C4H4), 56.0599 (C4Hs),
(Cy1H15" or CgH1sN,0,%), 161.0687 | 59.0226 (CH3N,0), 78.0432 (CgHs),
189.1621 10 (CoHoN,O" or C1gHs0,"), 171.1045 | 88.0629 (C5HsN,0), 92.0573 (C;Hs),

(CgH1sN,0;")

94.0762 (C;Hy0), 102.0371 (C5HaN, or
CsHeN,0,), 102.077 (CaH1oN;0),
116.0479 (CgHgN), 120.0923 (CoHya),
126.0676 (C;H100,), 134.1031
(C1oH14), 144.1228 (C;H16N,0, or
CsH160,)
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Lipid Collision
marker energy Fragment (m/z) Neutral loss (m/z)
(m/z) (CE)
43.0183 (C,H;0%), 57.0703 15.0207 (CHs), 26.0136 (C,H,),
(C4Ho"), 67.0542 (CsH,", or 28.0305 (C,H,), 38.0146 (C3H,),
CsHgNa®), 81.0688 (C¢Hs", or 54.0107 (C3H,0), 54.046 (C4He),
C4H1oNa"), 93.0678 (C;Hs", or 55.0172 (C5H50), 66.045 (CsHg),
25 CsHioNa®), 109.0992 (CgHys", or 68.0251 (C4H40), 80.0596 (CgHs),
C¢H1sNa®), 119.0833 (CoHy; ", or 88.0537 (C4Hs0,), 90.0435 (C;Hq),
C;H1,Na"), 133.0996 (CyoHy3", or 94.0425 (C¢Hg0), 106.0415 (C;H0),
CsHisNa®), 147.1138 (Cy1Hys', or 120.0561 (CgHs0), 130.04 (CsH60),
CoHigNa®), 161.0929 (C1;H130%, or | 142.0997 (CsH140,)
235.1683 CoH140Na"), 187.1103 (Cy3H150%)
91.0536 (C;H;", or CsHgNa"), 28.029 (C,H,4), 38.0145 (C5H,),
30 105.0689 (CgHy", or CgHqoNa®) 42.0443 (C5H¢), 56.0241 (C5H40),
56.0609 (C4Hs), 70.0394 (C,Hs0),
82.0395 (CsHg0), 96.0548 (C¢Hs0)
41.0392 (CsHs"), 79.0534 (CgH,", | 16.0312 (CH,), 26.0148 (C,H,),
or C4;HgNa®), 91.0543 (C;H;", or 27.9931 (CO), 40.0291 (C5H,),
40 CsHgNa'), 159.1134 (Cy,Hys", or 68.0222 (C4H40), 76.0536 (C5Hs0,),
CioH1gNa®), 187.1065 (C13H150%), | 102.0684 (CsH10,), 116.0827
205.0986 (C16H13") (CeH120,)
57.0334 (C3Hs0"), 75.0432 17.0006 (OH), 18.0098 (H,0),
(C3H,0,%), 85.0631 (CsHs0%), 28.0297 (C,Ha), 144.0527 (CyoHs0),
10 201.0861 (C13H130,"), 299.0957 176.0142 (CsH404), 197.006
(C17H1505+) (CSHSOG); 224.0525 (C14H803),
242.0623 (C14H1004)
316.1001 20 43.0194 (C,H;0%), 298.0834 18.0148 (H,0)
(C17H1405")
40 91.0538 (C;H,"), 104.0605 (CgHs"), | 13.0036 (CH)
119.046 (CgH,0")
50 55.054 (C,H;"), 81.0706 (CHs"), 18.0069 (H,0), 26.0166 (C,H,),
109.0603 (C;H,0") 27.9897 (C=0)
119.0851 (CsH11", or C;Hi,Na"), 60.0237 (C,H405), 118.0737 (CoH1),
175.1334 (CsH1505"), 237.1588 178.0974 (Cy;H140,), 188.1521
10 (C14H2103+, or C18H21+) (C14H20), 204.1712 (Cy11Hyp4 O3),
266.1966 (C16H,603), 306.2258
(C19H3003), 322.2449 (CyoH3403),
441.3297 366.2495 (Cy5H340,)
107.0844 (CgH4", or CgHioNa') 27.9959 (C=0), 48.0241 (CH40,),
40 60.0249 (C,H40,), 76.02 (C,H403),

306.2497 (CyoH340,), 322.2448
(C0H3403), 334.2456 (Cy1H3403)
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same token, the mass difference between m/z 168.1356 and 140.067 suggested a CO loss. The
presence of m/z 53.0345, 67.0531 and 81.0691 suggested methylation or demethylation (a
change of 14 in mass) when the charged marker was fragmented using the collision energy (CE)
of 20. And the product ion m/z 125.9757 suggested the neutral loss of CH3CN (acetylation).
Likewise, a neutral loss of 59 suggested the loss of trimethylamine.

The elemental composition of the protonated marker at m/z 179.105 was suggested to be
C11H;50,+ by exact mass study. It can be a fatty alcohol, fatty ester, fatty aldehyde or fatty acid.
For example, m/z 41, 91, 105 and 161 are usually observed in the MS spectra of fatty esters. The
product ion at m/z 143.0829 suggested the loss of two water molecules at the collision energy of
10. At CE 20, the neutral loss of 78.0446 suggested the presence of C¢Hg. The combination of
the product ions at m/z 91 and 77 indicated that this marker might be an aromatic compound.

The species at m/z 186.145 was predicted to be an ammoniated fatty acid, fatty aldehyde,
fatty ester or isoprenoid with the elemental composition of C;oH,0NO,". The lipid mass spectral
prediction tool suggested this marker to be ammoniated FA (10:2) or ammoniated FA (10:1)-
cyclo. The presence of the product peaks at m/z 140, 154, and 168 using the CE of 10 indicated
that those fragments are likely to be alkenes and/or cycloalkanes. A water loss of 18.0076 was
observed in the same fragmentation spectrum.

The charged lipid marker with m/z 189.16 may be an amino fatty acid with the elemental
composition of CoH»N20,". The precursor ion is probably protonated [M+H]", although MMCD
suggested it might also be ammoniated [M+NH,]" or a molecular ion M". The predicted
elemental composition of all the detected fragments and neutral losses at various CE are listed in
Table 4. The peaks at m/z 41, 55, 69 and 83 in the fragmentation spectrum at CE 20 suggested

the presence of cycloalkenes. Likewise, the detected product ions at m/z 77 and 91 observed in
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the fragmentation spectra of various CE indicated that the marker might be an aromatic
compound.

Exact mass studies suggested that the elemental composition of the precursor ion with
m/z 217.15 is likely to be either C;sH,;0" (protonated) or C;3H,,0ONa" (sodiated). It may be a
fatty acid, or isoprenoid. The peaks with m/z 141, 155 and 169 were predicted to be alkanes
according to the their typical fragmentation patterns, and the peaks with m/z 77 and 91 in the
MS/MS spectra using a CE of 50 suggested that the precursor ion might be aromatic.

The marker at m/z 235.167 had a mass consistent with the elemental composition of
Ci5H20," (IM+H]") or C13H240,Na’ ([M+Na]"). It was predicted to be a fatty acid, fatty ester or
isoprenoid. The m/z 189.1607 and m/z 161.0923 were obtained from m/z 217.1547 by
successively losing CO. The product ions with m/z 43 and 57 are usually observed in the
fragmentation pattern of alkanes. The detection of m/z 67, 81, 95 and 109 suggested that alkynes
were possibly present.

The marker with m/z 316.098 was predicted to have the elemental composition of
C17H160¢". It may be a molecular ion or a protonated precursor ion. The peak at m/z 299.09
indicated the loss of a hydroxyl group from the precursor ion. The presence of fragment ions at
m/z 43, 57, 70, and 85 suggested that those peaks were alkane fragments. Similarly, the presence
of ions at m/z 91 and 77 suggested an aromatic precursor ion. The fragment loss of m/z 71 may
be due to the loss of neutral species such as CsH;;. The observed neutral loss of 59 suggested the
loss of trimethylamine.

The elemental composition of m/z 441.3 was proposed to be either CooH,503"
(protonated) or C,7H4s03Na" (sodiated) based on database searching and exact mass studies. The

mass is consistent with its being a sterol, a secosteroid or bile acid or its derivative. The mass
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difference between m/z 441.3 and 425.3 suggested the loss of NH; or that hydroxylation or
epoxidation occurred during fragmentation. The possible loss of trimethylamine was also
observed. The Fragment Search feature on METLIN and Peak Search feature on Massbank
yielded a great number of possible identifications for two prominent peaks (m/z 59 and 119)

observed on the fragmentation spectra, but the marker remains unidentified.

2.5 Discussion

EDLF has been shown to be an inhibitor of Na, K'-ATPase (the sodium pump, SP).
Increased levels of EDLF have been associated with the pathogenesis of essential hypertension,
experimental hypertension and PE">2. SP inhibition leads to vascular smooth muscle contraction
and later if sustained, hypertension. Evidence has also shown a potential link between EDLF and
abnormal renal function®. It is believed that EDLF may derive from placenta and contribute to
the pathogenesis of PE. Statistically significantly increased production and release of EDLF from
placenta tissues have been reported under the conditions of hypoxia, oxidative stress (H,O,) or
the presence of proinflammatory cytokines such as TNF-a, all of which are typical abnormalities
seen with PE'. Digibind, the Fab fragment that can cross-react with and inactivate EDLF,
significantly reduced blood pressure in animal models of hypertension. It has also been
demonstrated that Digibind can reduce SP inhibition caused by serum or placental homogenates
from preeclamptic pregnancies®. A phase II clinical trial of Digibind treatment for women with
severe PE greatly reduced SP inhibition and was associated with better maternal and neonatal
outcomes™> >,

This study was conducted to test the following hypotheses: Firstly, whether normal

human placenta responded to SP inhibition caused by EDLF with a change in the abundance of
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lipids in the cytosol; and secondly, if there were such changes, whether there was a characteristic
set or pattern of responses. Therefore, we incubated placental tissues from 20 normal
pregnancies in the presence and absence of EDLF, and then studied the biochemical profile of
the placenta tissues using mass spectrometry-based lipidomics method. Indeed, changes in the
abundance of lipids in the cytosol were observed. Of the 1207 lipidomic markers surveyed by a
paired Student t-test, 26 markers showed statistically significantly different abundances between
cases and controls at the false discovery rate of 0.05 (Table 2.1). Using a statistical model built
with the sPLS-DA method and the bootstrap procedure, a set of 8 lipidomic markers was chosen
(Table 2.2). All eight markers were then identified or chemically characterized using tandem MS
(Table 2.4). This set of 8 markers can in return, facilitate the identification of placentas that have
previously been exposed to EDLF. The ROC curve of the cross-validated predictions (Figure
2.1) and the performance estimates of this set of lipid markers (Table 2.3) were shown as well.
Lipids play important roles in various cell signaling mechanisms and in the composition
of membrane receptors and ion channels. Modified lipid composition in cells can result in severe
pathologies. Maternal obesity is considered a potential risk factor for PE*. The link between
obesity and PE may partly be due to higher levels of pro-inflammatory cytokines triggered by
adipose tissue. In addition, the important roles that lipids play in various signaling pathways
further relates impaired lipid metabolism to PE*’. Lipid-laden macrophages have been reported
in the arterial lesions at the site of uteroplacental implantation in women with PE. The term
“glomerular endotheliosis” describes lipid deposits observed in the renal glomeruli in
preeclamptic women. Additionally, the endothelial dysfunction and insufficient trophoblast
invasion in PE may result from altered lipid metabolism'’. It has been suggested that certain

classes of lipids are more strongly associated than others with the development of PE**.
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Lipidomics, one of the “omics technologies™ in systems biology that also includes
genomics, transcriptomics, proteomics, metabolomics and epigenetics, combined with platform
technologies and bioinformatics, has enabled the identification and quantitation of bioactive
lipids in diseased patients and healthy controls™. It is expected that the high-throughput global
analysis of the lipidome can provide further insights into the complex pathogenesis of PE,

despite the extremely complicated structural diversity of lipids'® >’

. Using direct infusion,
shotgun lipidomics as was done here has the advantages of recording mass spectrum at a
constant concentration of lipid extracts and avoiding chromatographic abnormalities and time
constraints. A pre-selected internal standard per lipid class is usually sufficient for quantitation®
39

Ouabain is among one of the most studied cardenolides and a proposed EDLF. The effect
of SP inhibition on normal human placenta using a global technique such as lipidomics has never
been reported previously in literature. One study, however, investigated the effect of sub-lethal
concentration of ouabain (36nM) on the lipid contents in PC-3 cells (human prostate cancer cell
line) using Fourier transform infrared spectroscopy”'. It was found that the following lipid
species were affected by the presence of ouabain: phosphatidylethanolamines (PE),
phosphatidylcholines (PC), phosphatidylglycerol (PG), sphingomyelin (SM) and
phosphatidylinositol (PI). In our study of PE, a set of 8§ lipid markers were revealed and can be
used as a potential biochemical signature predictive of placentas that have been exposed to
EDLF. Despite the coverage limitation in current available databases, the possible identities and
structures (data not shown) of lipid fragments following tandem MS have been proposed. The

lipid classes of the selected markers range from fatty acids and other fatty acyl containing

compounds to sterol lipids and prenol lipids. It is our hope that as the capacity of current lipid
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databases grows and expands, the markers selected in this study can be identified and further
investigated functionally.

An altered serum lipidomic profile in PE has been limitedly studied and reported in
literature using either a lipidomics or metabolomics approach. Metabolomics usually surveys the
known low molecular weight metabolites or breakdown molecules in blood samples following
protein precipitation. A two-phase study of serum lipidomic profile predictive of PE revealed 23
different lipid biomarkers, including fatty acids, fatty alcohol and aldehydes,
glycerophosphocholines (PC) and triglycerides’. Another two-phase study of plasma
metabolomic biomarkers predictive of later PE reported 14 metabolites, among them are a series
of fatty acids, steroids and phospholipids®. It has been suggested that higher levels of
proinflammatory cytokines in PE can lead to lipid dysregulation by various distinct mechanisms
including stimulating lipolysis and releasing free fatty acids™. Decreased levels of PC in serum,
for instance, have been associated with altered choline metabolism, which affects angiogenesis
and inflammation®'. In one metabolomics study of PE, significantly higher levels of lipid were
found in first-trimester preeclamptic sera, esp. higher levels of triglycerides that were
collectively predictive of PE compared to sera from healthy controls®'. Lipids such as
triglycerides and very low density lipoproteins (VLDL) have been linked to endothelial damage

28,31,34

secondary to oxidative stress as reported in women with PE . In one study, increased levels

of triglycerides and VLDL were detected in serum of women with PE compared with controls,

1728 Further,

and the levels of both were significantly correlated with the severity of proteinuria
women with PE have also shown to have statistically significantly different levels of total

cholesterol (TC), low density lipoprotein (LDL) and high density lipoprotein (HDL) in serum

compared with healthy women®’, although conflicting results also exist'’.
p y g g
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In one study of plasma lipid profiles of women with early-onset PE, the lipid biomarkers
found and identified belonged to the classes of PC, glycerophosphoserines (PS),
glycerophosphoglycerols, glycosyldiadylglycerols, and glycerophosphates™***°. PS, for
instance, a major constituent of lipid signal molecules, are involved in enhanced oxidative stress,
coagulation and apoptosis in PE, possibly mediated by reactive oxygen species (ROS) derived
from placenta. Disturbed lipid metabolism has also been reported in late-onset PE, the
metabolites identified include glycerol, carnitine, methylhistidine and acetone, along with fatty
acids and members of some other lipid classes’'. It was suggested that the transport of fatty
acids by carnitine is significantly altered in PE and is associated with lipid peroxidation'”.
Sphingolipids have been suggested as key molecules in the pathogenesis of PE as well and may
serve as biomarkers. Increased levels of SM have been associated with endothelial dysfunction in
patients with PE*’. Dysregulated sphingolipid profiles leading to ceramide overload, and thus
increased trophoblast autophagy, has also been reported in the context of PE***°. An association
between omega-3 and omega-6 fatty acids and PE has been suggested. A Sudanese study of PE
investigating omega-3 and omega-6 fatty acids reported increased levels of arachidonic acid
(omega-6) in association with sphingomyelin only and eicosapentaenoic and docosahexaenoic
acids (both omega-3) in association with phosphatidylethanolamines, phosphatidylcholines and

sphingomyelins® **

, although conflicting results regarding omega-3 fatty acids have also been
found*®*’. All of these studies were in serum.

Proposed predictive biomarkers for PE as reported in the literature to date have been
discordant among various studies. As such, it is hard to have confidence in them. Some

contradictions have been suggested due to different pathophysiologies concerning different PE

phenotypes, such as early onset and late onset PE, or mild and severe PE'®. This of course could
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lead to different biomarker profiles if in fact the explanation is true. Therefore, a single screening
test may be unable to predict subsequent PE with the required sensitivity, specificity and cost
effectiveness. It is also possible that the predictive PE biomarkers described are artificial
differences due to the large numbers of species measured.

Somewhat similarly, despite substantial evidence of increased concentrations of EDLF in
preeclamptic women, some women with PE do not have detectable levels of EDLF>. Clearly,
EDLF does not explain all PE although it appears to contribute substantially to the disease when
present and antibody therapies that counteract EDLF have been shown to ameliorate both
maternal and fetal pathology. With this in mind, it is critical that the EDLF status of women with
PE be considered in any investigation concerning the potential roles of EDLF play in the
pathogenesis of PE or the allocation of EDLF targeting therapies in the treatment of PE. Our
study can serve that purpose. However, unlike proteomics, the analysis of lipidomics MS/MS
spectra is challenging due to the high degree of molecular heterogeneity of lipids, the high
number of isobaric lipids and their more diverse and complicated fragmentation mass spectra®”.
Additionally, various factors such as the choice of mass spectrometer, the collision energy used,
ion mode and the choice of adduct ions to name a few contribute to the tremendous variability
and diversity of the MS/MS spectra of lipids®®. Lipidomics is still at an early stage, and current
databases for lipids are substantially incomplete. More challenging still there are only few
searchable fragmentation databases with very limited data available (comparing to the total
number of lipids in human) that can be used to identify lipids which is very different than what is
available for peptides and proteins. Consequently only lipids that have been included in the
databases can possibly be identified. Structural MS?, often done in the positive mode, can

provide fragments representing neutral losses and can indicate the presence of specific head
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groups, fatty acids or oxidized fatty acids but cannot indicate the points of connection of the
pieces. Sometimes more structural information of the selected markers may be obtained through
conducting tandem MS experiments in negative ion mode or employing specialized
derivatization techiniques. In addition, the lipids comprising the profile discovered in this study
should be further investigated for their biological or pathological significance in the context of
PE.

In conclusion, normal human placenta appear to respond to SP inhibition caused by
EDLF with a generally consistent set of changes in the abundance of lipids in the cytosol of
human placenta, and an optimal set of lipid changes indicative of EDLF exposure were
discovered using a mass spectrometry based lipidomics method. The selected lipid markers can
now be used to identify placentas that have previously been exposed to EDLF. This study should
lead to better understanding of the role of sodium pump inhibition in PE pathogenesis, the altered
lipid metabolism observed in PE and facilitate the development of future preventive and

therapeutic strategies for PE.
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Chapter 3 Peptidomic Profile of Placenta Tissues In Response To Endogenous Digitalis-

Like Factor (EDLF) Exposure

3.1 Abstract

Ouabain, a known endogenous sodium pump (SP) inhibitor and widely studied digitalis-
like factor (EDLF), can contribute to hypertension and has been associated with renal
dysfunction and maternal endothelial injury, all major features of preeclampsia (PE). The clinical
trials that utilized Digibind, a Fab fragment of anti-digoxin antibody that can bind and inactivate
EDLF, showed improved maternal and neonatal outcomes of statistical significance in
preeclamptic women during either the antepartum or postpartum period. Not only mounting
evidence suggests that the placenta plays a central role in the pathogenesis of PE, but the origin
of EDLF implicated in the setting of PE is believed to be the placenta. Endogenous peptides and
small proteins are essential to most physiological processes and may regulate or contribute to the
pathophysiology of various diseases. In this study, we aim to investigate whether specific and
consistent changes in the peptidomic profile of normal placental tissues result from SP inhibition
caused by ouabain, and if there are such changes, whether a specific set of peptidomic markers
can serve as a signature of placental EDLF exposure and be applied in future studies to PE
placenta to assess EDLF exposure. In this study, placental tissues from 20 healthy pregnancies
were incubated in the presence and absence of ouabain, followed by homogenization, protein
precipitation and the study of the peptides using a mass spectrometry-based peptidomics
approach. Of the 275 peptidomic markers evaluated by paired Student t-test, 9 candidate markers
showed statistically significant abundance differences between cases and controls. A set of 8

markers was found using a logistic regression model built with the Akaike information criterion
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(AIC). However, after applying a false discovery rate (FDR) correction or when using more
conservative approaches to overcome over-fitting, no peptidomic markers or set of markers
showed specific, statistically different changes in abundance between cases and controls. In
addition, the potential of peptidomic markers to add value to previously revealed lipidomic
profile was explored through an optimal sparse partial least squares discriminant analysis (sPLS-
DA), cross-validation studies and logistic regression models. Results suggested that the formerly
revealed lipidomic profile was not statistically improved by the addition of any peptidomic
marker and hence peptide differences would not likely help define placentas that had been

exposed to EDLF.

3.2 Introduction

Preeclampsia (PE) is a multi-system disorder that is estimated to affect 5-8% pregnancies
worldwide’. The definition of PE has been changed recently and proteinuria is no longer
required, according to both the American College of Obstetrics and Gynecology (ACOG) and the
International Society for the Study of Hypertension in Pregnancy (ISSHP). The new diagnostic
criteria include the presence of de-novo hypertension after 20 weeks of gestation, proteinuria or
other maternal organ damage, ranging from neurological complications to uteroplacental
dysfunctiong’ 10 PE is associated with various maternal, fetal, and neonatal morbidities and
increased mortality®'. Postpartum preeclamptic women have increased risks of developing
cardiovascular disease, renal disease and metabolic disorders later in life’. Children born to
preeclamptic women are more likely to be afflicted with cerebral palsy, stroke, diabetes mellitus
or bronchopulmonary dysplasia'® '>. Management of this polymorphic disease involves carefully

weighing the benefits of delayed delivery for the fetus against potential maternal complications
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resulting from such a delay'?. The only cure of PE is the delivery of the placenta. Aspirin has
been reported to prevent PE in women at risk but has shown no benefit when used in unselected
pregnant women. In addition, calcium supplementation can reduce incidences of PE in women
with low dietary calcium intake'?. However, in a large study of calcium supplementation in
pregnant women in the U.S., no benefit was observed™. Further evaluation of other preventative
interventions such as low molecular weight heparin is needed before definite conclusions can be
drawn'',

The placenta is thought to play a central role in the pathophysiology of PE and it is
believed that the primary cause of PE is abnormal placentation. A two-stage hypothesis has been
proposed: defective remodeling of uterine spiral arteries leads to chronic placental ischemia
(stage 1), followed by secretion of soluble factors into the maternal circulation that results in

widespread maternal endothelial damage (stage 2)” '

. Hypertension occurs afterwards to
compensate for reduced blood flow through uterine arteries'>. PE has been divided into two
categories by some: placental PE vs. maternal PE and early onset PE vs. late onset PE (after 34
weeks of gestation) by others’. It is generally believed that different subtypes of PE have
different phenotypes and pathophysiology. In early onset or placental PE, abnormal
transformation of uterine spiral arteries leads to underperfusion of the placenta. This subtype is
usually associated with significantly higher incidences of maternal and fetal complications. In
late onset or maternal PE, however, the placenta is mostly normal, maternal endothelial
dysfunction instead contributes to generalized vasoconstriction and reduced blood supply to
kidney, brain and heart. One aspect of note is that substantial overlap between the two subtypes

can exist and parts of both pathologies are present in most preeclamptic women”''. The exact

pathophysiology of PE is still not understood. A multitude of disease pathways have been
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suggested to contribute to the clinical onset of PE. For instance, antiangiogenic factors like
soluble fms-like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng), the heme oxygenase
pathway, the hydrogen sulfide generating system, the nitric oxide pathway, reactive oxygen
species, cytokines (TNF-a, IL-10 and INF-y among many others) and chemokines, several
susceptibility genes, autoantibodies to angiotensin receptor 1, the Notch signaling pathway, and
misfolded proteins have all been proposed” ' 1**1*.

Endogenous digitalis-like factors (EDLF) are specific sodium pump (SP) inhibitors.
EDLF may contribute to elevated blood pressure in essential and experimental hypertension'. SP
inhibition caused by EDLF can lead to increased intracellular sodium concentration, membrane
depolarization and subsequent increased intracellular calcium levels. The latter can result in
vascular smooth muscle contraction, generalized vasoconstriction, chronic hypertension, and also

28.29.31 ‘EDLF has also been associated with renal

reduced uteroplacental perfusion in PE
dysfunction, and possibly maternal pulmonary edema and neonatal intraventricular hemorrhage
in severe PE*'. The exact structure of EDLF remains elusive, but evidence strongly suggests that
the EDLF implicated in the setting of PE is structurally similar to cardiac glycosides such as
ouabain, bufalin, or marinobufagenin (MBG)'. Digibind, the Fab fragment of an anti-digoxin
antibody, can cross-react with, bind and thereby inactivate EDLF, and has been shown to reverse
SP inhibition induced by cord blood and plasma of women with severe PE*, increase
uteroplacental circulation, and lower blood pressure in women with PE, in patients with essential
hypertension, and in animal models of hypertension and PE by binding a hypertensinogenic
EDLF"!%20-28.31.33 ‘The clinical trials that have evaluated the effect of Digibind administered to

women with severe PE during the antepartum or the immediate postpartum period showed

statistically significantly decreased blood pressure or better maternal and neonatal outcomes in
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the treatment group, providing strong evidence that EDLF contributes to major features of
women with PE'*?,

EDLF has been detected in the maternal plasma, placenta, cord blood and fetal blood*" >
28 However, evidence strongly suggested that the EDLF implicated in PE originates from the
placenta, due to higher quantities of EDLF measured in the placenta than found in plasma, rapid
EDLF clearance from maternal plasma after delivery of the placenta and the fact that EDLF was
present in fetal plasma for a few days following childbirth'®. A study concerning the production
and regulation of EDLF in the setting of PE provided strong evidence for the presence of a
placental EDLF, whose biosynthesis may share steps with the isoprenoid and steroid pathways'.
For example, the addition of ketoconazole, a drug that inhibits steroid synthesis, caused reduced
production and release of EDLF from explanted placental tissue in a dose-dependent manner.
Conversely, addition of 17a-hydroxyprogesterone, an intermediate in steroid synthesis,
statistically significantly increased production and release of EDLF from placental explants in
both a dose-dependent and time-dependent manner. In addition, imposition of several of many
proposed pathogenic abnormalities present in PE such as hypoxia, oxidative stress and
proinflammatory cytokines has been shown to lead to statistically significant higher EDLF
levels, sometimes a doubling of EDLF produced and released from placental explant culture’ **.

Endogenous peptides have a variety of biological functions and are indispensible to most,

if not all, physiological processes*” > **

. Examples of small native peptides include some
hormones, neuropeptides and other signaling molecules. Peptides may also modulate protein-
protein interactions in a cellular system. Peptidomics is defined as the characterization of all

peptides in a biological sample, for instance, a cell organelle, cell, tissue, or organ. MS-based

peptidomics is currently capable of detection and quantitation of many, although not all, peptides
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with identification of many post-translational modifications. In peptidomics studies, peptides are
usually generated by endogenous proteolytic enzymes, some with unknown identities.
Peptidomics is considered more difficult than proteomics, due to the wide range in size, charge

states and occasional hydrophobicity of endogenous peptides*” **

, and the complexity is
amplified by various PTMs of peptides such as methylation, glycosylation and phosphorylation.
Peptidomic studies usually aim to investigate the endogenous form of peptides and therefore
exclude the use of trypsin. This simplifies sample preparation and yet makes interpretation of
MS data complex and increases the rate of false positive identifications, especially regarding
larger peptides. More stringent and statistically significant criteria for peptide identification are
preferred over protein identification because peptide identity is usually derived from a single
MS? spectrum.

Given the apparent causal role of EDLF in hypertension and evidence for EDLF
participation in major features and pathways of PE, it is of great interest to investigate the effect
of EDLF exposure on biological samples. Such a study should shed light on the mechanisms by
which EDLF contributes to PE specifically and the pathophysiology of PE in general. The
placenta remains the most important organ in the pathogenesis of PE due to the substantial
overlap between different pathologies of PE in preeclamptic women and the fact that abnormal
placentation is thought to be its primary cause. Moreover, evidence strongly suggests that one
source of EDLF in PE is the placenta. Therefore, the biological samples that we employed in this
study were fresh placental tissues collected and processed immediately after delivery from
uncomplicated human pregnancies. Taking into consideration the importance of the peptidome to
most physiological processes, we aim to study the peptidomic profile of placental tissues in

response to SP inhibition caused by EDLF exposure using a MS-based peptidomics approach.
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Placental tissues (20 normal human placentas) were first incubated in the absence or presence of
ouabain, a proposed EDLF, followed by peptide extraction from tissue homogenates,
fractionation of peptides and small proteins through reverse phase LC and qualitative and
quantitative analysis of eluate using a mass spectrometer. We hypothesized that the presence of
EDLF will lead to specific peptidomic changes in placental tissues, and if there were such
changes, that the peptidomic markers revealed will be identified or chemically characterized
using tandem MS. Results from this study may potentially be used to identify placentas that had

been previously exposed to SP inhibition.

3.3 Materials and methods

3.3.1 Tissue collection

Institutional Review Boards at Intermountain Healthcare and Brigham Young University
approved this study. No personal or medical information about patients was provided. Twenty
placentas were obtained immediately after uncomplicated vaginal or Cesarean section deliveries
from women having poor fetal presentations, with failure of labor to progress, or due to fetal
distress but without evidence of maternal medical problems. Four to five pieces of placenta (~15
mm X 5 mm X 5 mm), taken midway between the umbilical cord and the edge of each placenta
were dissected from the intervillous region on the fetal side after removal of fetal membranes.

The tissue pieces were then kept on ice and processed within 20 minutes.

3.3.2 Sample processing
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The placental pieces were cut into smaller pieces (~3mm) with sterilized scissors. All
visible blood clots and vessels were thoroughly removed with sterilized tweezers. All visible
blood was removed by repeatedly (5+ times) washing the tissue pieces with ice-cold, sterile PBS

before the tissues were patted dry. All samples were processed on ice to minimize proteolysis.

3.3.3 Placental explant culture

Placenta tissues (~300mg/well) were incubated in 4mL of Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, Grand Island, NY, USA) containing 1% penicillin-streptomycin
(Sigma-Aldrich, St. Louis, MO) for 24 hours at 37°C in an incubator gassed with 5% CO; and

95% O, in the absence and presence of ouabain (final concentration 50nM).

3.3.4 Placental tissue homogenization

Immediately after incubation, placental explants were removed from their wells and
patted dry on sterilized paper towels and processed individually thereafter. Each placental
explant was placed in a 5 mL stainless steel ball mill cylinder along with ~12 stainless steel balls,
1.5 mL ice-cold 1X PBS, 20 pL of protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)
and 20 pL of 8.87 mM 1, 10-phenanthroline (a further protease inhibitor). Then the entire
cylinder was submerged in liquid nitrogen for 4 minutes, subsequently placed in the ball mill
dismembrator (Mikro-dismembrator, Sartorius Stedim, Bohemia, NY) and shaken at 2000 rpm
for ~12 minutes. With the addition of 1.5 mL ice-cold 1X PBS, the tissue homogenate was
vortexed thoroughly and centrifuged for 30 minutes at 4000 rpm (Sorvall RT7 Centrifuge,
Thermo Scientific, Waltham, MA) at 4°C to remove debris. The supernatant was collected,

aliquotted and immediately stored at —80°C until further processing and assay'™.
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3.3.5 Acetonitrile precipitation

In order to remove uninformative, high-abundance, higher-molecular weight (MW)
proteins and obtain greater access to low-abundance, lower-MW small proteins and peptides of
interest, the placental homogenate was subjected to a modified technique of acetonitrile (ACN)
precipitation®®. 400 pL of high performance liquid chromatography (HPLC)-grade ACN was
added to 200 puL of placental homogenate. This was followed by vigorous vortexing for ~10 sec
and incubation for 30 min at room temperature. Then the mixture was centrifuged (IEC
Micromax RF; Thermo Fisher Scientific, Waltham, MA, USA) at 14,000 rpm for 15 min at 4 °C.
The supernatant was separated from the pellet and vortexed briefly following the addition of 300
uL of HPLC-grade water. The total volume was reduced to ~200 pL using a vacuum centrifuge
(CentriVap Concentrator; Labconco, Kansas City, MO, USA) at 37 °C to remove the organic
solvent. Then the apparent protein concentration of each control or case specimen was measured
using a Bradford protein assay kit (Bio-Rad laboratories, CA, USA). A volume of each
lyophilized sample equivalent to 10 pg of apparent protein was reduced to 5 puL using the

vacuum centrifuge, then immediately stored at —80°C until further analysis.

3.3.6 Capillary liquid chromatography separation

We performed capillary liquid chromatography (cLC) using an LC Packings Ultimate
Capillary HPLC pump system to more fully separate peptides and small proteins and other
smaller biomolecules including lipids in the samples. The cLC system was controlled by Agilent
MassHunter Workstation Software (Agilent Technologies, Santa Clara, CA, USA). 5 uL of 88%

formic acid (FA) was added to each of the protein-depleted samples previously processed,
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making the final volume 10 pL with a final apparent protein concentration of 1 pg/uL. Each
acidified sample was then vortexed briefly and injected into the cLC system through a FAMOS
autosampler (Dionex, Sunnyvale, CA, USA) kept at 4 °C. The cLC columns contained a 1 mm
(16.2 um) MicroBore guard column (Upchurch Scientific, Oak Harbor, WA, USA) coupled to a
15 cmx250 pm i.d. in-house packed capillary column. The POROS R1 reversed-phase media
(Applied Biosystems, Foster City, CA, USA) was used to dry-pack the guard column and slurry-
pack the capillary column. The elution gradient employed an aqueous phase (98% HPLC grade
H,0, 2% ACN, 0.1% FA) and an organic phase (2% H,0, 98% ACN, 0.1% FA). At a flow rate
of 5 pL/min, the gradient started with an isocratic hold of 95% aqueous phase and 5% organic
phase for 3 min, then it was increased linearly to 60% organic phase in 24 min, followed by a
further linear increase to 95% organic phase over the next 7 mins to allow the elution of more
hydrophobic biomolecules. The gradient was held at 95% organic phase for the next 7 min to
ensure elution of all analytes, and then quickly reduced to 95% aqueous phase and 5% organic
phase over 5 min and held at the same concentration for the following 12 min for re-equilibration
of the column. A blank run preceded the analysis of each sample to ensure washout and

reproducibility.

3.3.7 Mass spectrometric analysis

Eluate from the capillary column was introduced into a quadrupole time-of-flight mass
spectrometer (6530 Accurate-Mass Q-TOF LC/MS, Agilent Technologies, Santa Clara, CA,
USA) through a Jetstream electrospray ionization (ESI) source. The ESI source was operated in
the positive ion mode and the capillary voltage (VCap) was set at 3500 V. The drying gas flow

rate was 5 L/min. The gas temperature was set at 300 °C and the nebulizer pressure was 15 psi.
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The MS data was acquired over the mass range of m/z 400-3000 at the acquisition rate of 8
spectra/s using Agilent MassHunter Data Acquisition software. The elution profile for each
sample was reported as a total ion chromatogram (TIC) and subsequently analyzed using Agilent

MassHunter Qualitative Analysis software.

3.3.8 Elution time normalization

In an effort to minimize day-to-day and potentially run-to-run chromatographic
variability, internal time standards were selected and used for the normalization of elution time.
Eleven 2-min elution windows were defined throughout the usable part of the cLC
chromatogram, excluding the void volume of ~16 min and the washout period. Each elution
window was defined around a central endogenous peak best meeting criteria for its
appropriateness and used for time normalization’. Criteria required the peak to be easily
distinguished and measured, baseline resolved from neighboring peaks, occurring at the right
time (i.e. 1-2 min after the previous marker) and present in untreated and treated samples. If,
however, no central peak meeting all the criteria for time standards was found in one specific
window, the earlier and later time standards of 2 neighboring windows were utilized instead to
normalize data in that elution window. An extracted ion chromatogram (EIC) for each sample
was generated from the TIC, followed by the extraction of MS spectra from the EIC (therefore
averaging MS spectra) within each 2-min window defined by the selected internal time
alignment peaks.

Following time alignment, the extracted MS spectra for both ouabain-exposed and
ouabain-free pieces from the same placenta were color coded (treatment versus control) and

recorded. Then all 20 sets of results were overlaid and visually inspected. All the peaks that
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appeared to show quantitative differences (~1.5x) between treatment and control were
considered candidate markers™ * and their respective abundances (as a peak height) were
determined and recorded. The abundances of candidate markers were obtained from the EIC
individually extracted, based on the mass-to-charge ratio (m/z) of each marker. In addition, one
co-eluting peak whose abundance did not change with ouabain exposure was selected from each
time window according to previously described criteria® and candidate peak abundances were
normalized to its abundance™ *. The normalized abundances of potential markers were submitted

for subsequent statistical analysis.

3.3.9 Statistical analysis

A two tailed Student t-test was used to evaluate p-values. Any peak that had a p-value
below 0.1 was considered a candidate marker that might represent a significant change in
abundance with ouabain exposure. A false discovery rate (FDR) correction was also applied
subsequently.

Three logistic regression models were built for further analysis of the MS data. The first
two step-wise models used the Akaike information criterion (AIC) and the Bayesian information
criterion (BIC), respectively. The third model was built with an aim to achieve the greatest
reduction in residual deviance of statistical significance.

Two additional models were built to overcome the overfitting problem: an optimal lasso
logistic regression model and an optimal sparse partial least squares discriminant analysis (SPLS-
DA) model. N-fold cross validation was used to estimate the predictive performance of the

models built.
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Lastly, the potential added value of the peptidomic markers to the previously selected
lipidomic profiles (See Chapter 2) was investigated. The candidate peptide biomarkers were
combined with all the candidate lipidomic markers and submitted to the sSPLS-DA algorithm.
Cross-validation was also performed. Additionally, we investigated all models comprising
lipidomic markers and one peptidomic marker in attempt to find models with the lowest

deviance.

3.4 Results

3.4.1 Elution time normalization

The volume of cLC-MS data generated by our peptidomics approach presents a challenge
to its in-depth analysis. Additionally, small, but real day-to-day chromatographic variability and
modest variation of in-house packed columns necessitated elution time normalization. By
aligning MS spectra using a central recognizable, endogenous species as a time alignment
standard within each 2-min window, chromatographic variability was effectively minimized,
enabling meaningful comparisons of peaks and their responses to ouabain, i.e. EDLF, exposure
for each placenta. The following internal time-alignment standards were chosen for such
purposes: m/z 695.09 (z=+4) eluted at 18 min, m/z 827.75 (z=+6) eluted at 20.6 min, m/z 474.2
(z=+1) eluted at 22.7 min, m/z 672.36 (z=+3) eluted at 25.2 min, m/z 570.109 (z=+1) eluted at
27.86 min, m/z 409.1543 (z=+1) eluted at 30.12 min, m/z 496.3159 (z=+1) eluted at 36.2 min,
m/z 594.36 (z=+1) eluted at 38.2 min, m/z 650.43 (z=+1) eluted at 40.4 min, and m/z 675.53

(z=+1) eluted at 43.4 min.
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Endogenous references peaks within each time window were employed to further
minimize non-biological variability, due to sample processing or differences in ionization
efficiencies. All reference peaks showed comparable abundances between no ouabain exposure
and ouabain treatment. The m/z values of the selected reference peaks are listed hereafter: 709.92
(the 2™ time window), 543.23 (3" window), 401.58 (4™ window), 642.49 (5™ window), 409.15
(6™ window), 533.35 (7™ window), 454.28 (8" window), 463.30 (9™ window), 672.42 (10™

window) and 578.31 (11™ window).

3.4.2 Exploration of peptidomic markers indicative of EDLF exposure

In this study we investigated the peptidomic profile of placentas that had been exposed to
SP inhibition using a global cLC-MS-based peptidomics approach. Placental tissue explants were
incubated in the absence or presence of ouabain, a known SP inhibitor and proposed EDLF.
After tissue homogenization, acetonitrile precipitation allowed us greater access to informative
peptides and small proteins having low-abundances and lower-molecular weights. Following
cLC separation and the MS procedure, we built a variety of statistical models to explore whether
the presence of EDLF resulted in specific peptidomic changes in placental tissues.

275 peaks were observed and submitted to statistical analysis using a paired Student t-
test. Of these, 9 of the candidate markers (m/z 416.0675, 509.7571, 786.0771, 401.5766, 489.33,
577.39, 424.325, 428.365 and 519.48) had p-values below 0.1, showing statistically or near
statistically significant differences in abundances between treatment and control. However, no
markers were found to have statistical significance between cases and controls after applying a

FDR correction to account for multiple comparisons.
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To further model the MS data of peptidomic markers, we built three different logistic
regression models. The first model employed the AIC criterion and the markers that had
statistically significant differences between treatment and control are listed hereafter: m/z
416.07, 489.33, 564.24, 403.22, 808.56, 544.33, 889.49 and 617.94. The area under curve
(AUCQ), classification rate, sensitivity and specificity of this model appeared to be 1, that is the
model could identify correctly placenta exposed to ouabain compared to tissue from the same
placenta that had not had ouabain exposure. Nonetheless, this model seemed particularly prone
to the overfitting problem, which often suggested poor predicative performance on future data.
No peptidomics markers were revealed using the second and third logistic regression models we
built, indicating that none of the candidate markers had differences between cases and controls of
statistical significance.

An optimal lasso logistic regression model was built to overcome over-fitting, but this
more conservative approach found no useful sets of peptidomic markers. However, an optimal
sPLS-DA model, also a more conservative approach, trained for the same purpose revealed 2
markers (m/z 416.07 and 489.33) that showed statistical significance. The classification rate,
sensitivity and specificity of this model were 0.684, and the AUC was 0.742. The ROC curve
(Figure 3.1) was near the diagonal line, suggesting that the sSPLS-DA model would perform
poorly at predicting future observations. N-fold cross validation was applied to both models for
performance estimates, but neither of the penalized methods was capable of clearly
distinguishing between treatment and control.

In conclusion, while some peptidomic panels performed well with the limited data,
however, after correction for a false discovery rate, no peptidomic marker or set of markers had

the clear ability to identify placenta exposed to EDLF/ouabain using conservative statistical
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Figure 3.1 ROC curve of selected peptidomic markers using an optimal sSPLS-DA model
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approaches that more realistically consider the future ability to identify placenta exposed to
EDLF. We conclude that EDLF exposure does not lead to any obvious, consistent specific
peptidomic changes in normal placental tissues as revealed by this particular peptidomics

approach.

3.4.3 Exploration of peptidomic markers with added value to previously selected
lipidomic markers

In Chapter 2, we surveyed the lipidomic profile of placental tissue response to EDLF
exposure. Here, by combining the 1207 candidate lipid markers and 275 candidate peptidomic
markers, we examined the possible added value of combining peptidomic markers to the existing
lipidomic profile. However, an optimal sPLS-DA model did not find any peptidomic markers
that added value to the lipid biomarker profile. Cross-validation studies yielded similar results.
Next, we explored all models that included lipidomic markers and one peptidomic marker,
seeking to find a model with minimal deviance. The model that included the peptidomic marker
m/z 587.89 and the 4 lipidomic markers selected by the sPLS-DA model (refer to Chapter 2)
showed the best deviance of 1.17 x 10™ and was better than a logistic regression model
comprising the 4 lipidomic markers alone that had achieved a very good deviance of 2.6 x 10°%°.
However, while the model encompassing one peptidomic marker fit the data better, the
improvement was small and not statistically significant. Hence, we conclude that no peptidomic
marker added statistically significant value to previously modeled lipidomic profile found, and
the predictive performance of the previously modeled lipidomic signature in response to EDLF

exposure is unlikely to be improved with the addition of any peptidomic markers observed here.
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3.5 Discussion

This study was conducted to test the following hypotheses: Firstly, that normal human
placenta responded to SP inhibition caused by EDLF with a change in the abundance of peptides
and small proteins in the cytosol; and secondly, if there were such changes, that there would be a
characteristic set or pattern of responses. Placental tissues from 20 healthy pregnancies were
incubated in the presence and absence of EDLF, followed by the exploration of the biochemical
profile of the placental tissues employing a MS-based peptidomics approach. Due to the
complexity of the sample extracts, reverse-phase capillary liquid chromatography was utilized
for peptide fractionation, followed by elution time normalization using both internal time-
alignment standards and endogenous reference peaks prior to statistical analysis.

Of the 275 peptidomic markers observed and surveyed using a paired Student t-test, 9 of
the candidate markers showed statistically or near statistically significant quantitative differences
between cases and control (p<0.1). However, no peptidomic marker had statistical significance
after a FDR correction was applied. A logistic regression model built with the AIC criterion
revealed 8 peptidomic markers that had statistically significantly different abundances between
cases and controls. Yet, after correcting for potential overfitting, none of peptidomic markers
continued to show obvious statistical differences. More conservative statistical approaches were
utilized to overcome over-fitting, and thereafter no peptidomic marker or set of markers were
statistically different. Therefore, we draw the conclusion that SP inhibition caused by ouabain
exposure does not result in consistent specific changes in the peptidomic profile of normal
placental tissues with EDLF exposure using this specific peptidomics method. In addition, the
potential added value of peptidomic markers to previously selected lipidomic markers was

assessed. Neither the optimal sSPLS-DA model nor cross-validation studies revealed any
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candidate markers that added value to the lipidomic profile. Combining 4 lipidomic markers with
1 peptidomic marker, despite one logistic regression model showing very good deviance, did not
improve the model significantly. We conclude that the inclusion of peptidomic markers will
probably not improve discrimination of ELDF exposure beyond the previously modeled
lipidomic profile.

Despite the new diagnostic criteria for PE, hypertension remains the most important
symptom of this systemic disease. Additionally, increased vascular permeability and impaired
renal hemodynamics, including decreased glomerular filtration rate (GFR), renal plasma flow
(RPF) have been associated with PE **>!. It is widely believed that the placenta plays a crucial
role in the pathogenesis of PE, due to the fact that delivery of the placenta is the only known
treatment of PE, that in the case of hydatidiform mole PE can occur in the absence of fetus but
the placenta is required'” '*, and that immediate uterine curettage can lead to accelerated
recovery in women with severe PE®. It is also likely that the placenta is a localized target for
EDLF associated with PE*®,

EDLFs are endogenous SP inhibitors that may contribute to the pathogenesis of PE.
Despite the existence of some contradictory studies, the majority of research has reported
elevated concentrations of EDLF in both maternal plasma and placental homogenates from PE
patients. This was supported by both functional bioassays indicating the degree of SP inhibition
and radioimmunoassays measuring the apparent concentration of EDLF'* > 223133 Statistically
significantly increased SP inhibition was also detected in women with severe PE, possibly
resulting from elevated circulating levels of EDLF*. Ouabain may play important roles in the
inhibition of the proliferation, migration and invasion of cytotrophoblasts, cells that are essential

35,36

to normal placentation during pregnancy” ™ . Research suggested that EDLF could also cause
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elevated peripheral vascular resistance and vascular fibrosis, and possibly maternal endothelial
dysfunction in PE'”. It has been reported that ouabain can cause endothelial barrier injury and
increased permeability in endothelial cells (EC), both of which can be prevented by pretreating
samples with Digoxin Immune Fab (DIF) specifically’'. Digibind has also been shown to reduce
the inflammatory response and SP dysfunction induced by TNF-a in vascular endothelium®.
Proteomics investigates the expression, structure and function of all proteins and their
post-translational modifications (PTMs) within a biological system. Although considered a
central approach in proteomics in the past, two-dimensional gel electrophoresis combined with
MALDI-mass spectrometry (MS) has limited resolving power and was limited to the study of
abundant, larger proteins, typically with molecular weights between 15 and 100kDa and with
isoelectric points between 4 and 10°”*°. Alternatively, both LC-MS and LC-MS/MS enable the
detection of proteins with improved dynamic range, accuracy and reproducibility™. Two-
dimensional, or three-dimensional chromatographic separations of tryptic peptides, in particular,
when combined with one-dimensional electrophoresis can provide much better peak capacity™.
Most proteomic studies employ a “bottom-up” approach, using the proteolytic enzyme trypsin to
generate protein-specific peptides that can be sequenced by tandem-MS. Such peptides usually
have 10+ residues in length, and a charge state of +2. Improved data quality and sequencing
results of tryptic fragments can more than compensate for sample complexity resulting from
trypsin digestion of a mixture of proteins®. The identification of one protein can be
accomplished without identifying all of the tryptic fragments generated from trypsin
proteolysis®®. “Top-down” proteomics, on the other hand, can better characterize protein

isoforms and PTMs™*.
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Apart from proteins, the production and metabolism of peptides can also reflect
physiological and pathological changes within a biological system®’. Peptidomics is a relatively
new field compared with proteomics. It involves the comprehensive qualitative and quantitative
analysis of the peptidome within a biological sample. It complements proteomics and enables the
detection and identification of small proteins* and peptides, smaller than 10kDa. Unlike
proteomics, all the peptides of interest under investigation in peptidomics studies are to be
identified because peptides produced from the same precursor may have different functions. It is
necessary to recognize that though the focus of peptidomics is the study of native or endogenous
peptides, protein degradation fragments®® and sampling artifacts*' can be simultaneously
detected and characterized as well.

If possible, protein degradation should be carefully minimized in peptidomic studies
without disturbing the biological matrix because even a small fraction of protein breakdown will
render difficult the detection of bioactive peptides that are already at low levels. Methods include
the addition of acids, protease inhibitors and/or chelating agents™, appropriate selection of
tissues that contain high levels of peptides, enrichment of peptides of interest such as
glycopeptides or phosphopeptides using affinity columns, microwave irradiation of biological

samples prior to tissue processing and peptide extraction®® **

, the use of cold temperature, and
employment of highly sensitive mass spectrometers such as LTQ-FT and LTQ-Orbitrap®”.
Peptide extraction is usually performed in studies employing a peptidomics approach
because of the presence of proteins, lipids, carbohydrates and salts in biological samples in
addition to peptides can limit their analysis. Moreover, low molecular weight peptides are likely

to associate with high-abundance proteins, and the signals of any abundant protein also can

suppress the signal of low-abundance peptides. Size-exclusion chromatography (SEC) is time-
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consuming but can selectively isolate peptides of specific mass ranges. Ultrafiltration membranes
are a simple alternative and allow rapid separation of peptide fractions with different molecular
weight ranges, however peptide losses and partial contamination can occur. Protein precipitation
can also be achieved through the addition of acid, organic solvents or a combination of agents*’.
We employed an acetonitrile (ACN) treatment for protein depletion in this study. Evidence has
confirmed that compared to ultrafiltration, ACN precipitation allows for not only the
denaturation and thus removal of large, abundant (and typically uninformative proteins), but also
the dissociation and release of low-MW, low-abundance proteins and peptides from large carrier
proteins with sufficient reproducibility and sensitivity®. This approach then enables the detection
of many more small proteins and peptides of interest as well as other biomolecules soluble in
ACN, providing broader access to the peptidome under investigation.

Three technologies have been more commonly utilized in MS-based peptidomics studies:
MALDI-TOF MS, offline LC-MALDI-TOF MS and nanoLC ESI-TOF MS. MALDI-TOF MS
has high sensitivity and tolerance against interfering substances and thus can be used for the
direct analysis of the peptidome in biological samples such as tissues or peptide extracts.
Additional spatial information of peptides inside cells can also be obtained with this approach.
The interpretation of the MS spectra is usually simplified due to the production of singly charged
peptides from MALDI’. Offline LC MALDI-TOF MS, however, is best utilized with automated
sample spotting and high throughput instruments®’. NanoLC ESI-TOF MS has the advantages of
high throughput, improved sensitivity and signal-to-noise ratio, therefore enabling the detection
of low abundance peptides in complex biological samples®’. Multidimensional protein
identification technology (MudPIT) that employs a biphasic column can be an efficient

alternative for the identification of overlooked peptides due to co-elution’®, although sample
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preparation is more complex and the reproducibility of this approach is probably limited thus
limiting quantitative comparisons*.

Quantitative peptidomics includes both label-free and labeled quantification of peptides™.
The approximation of the relative levels of peptides can be obtained using mass spectrometers,
although MS technologies are not inherently completely quantitative. Label-free quantification
can be done with any analytical platform and requires only simple sample preparation. Examples
of label-free quantification are spectral counting and the ion signal intensity approach®. The
relative quantitation of peptides can be measured using isotopic labeling. Absolute quantitation
can be achieved with the addition of known amounts of internal standards that contain heavy
stable isotopes. Peptide quantification with isotope labeling can be done without fragmentation,
although the resulting spectra are generally more complex. SILAC culture has been reported in
peptidomics studies*. The isotopic coded affinity tags (ICAT) that can react with the sulfhydryl
group are hardly used in quantitative peptidomics due to the fact that endogenous peptides rarely
contain cysteines’®. Isobaric tag reagents such as isobaric tags for relative and absolute
quantification (iTRAQ), tandem mass tags (TMT) can be adapted to quantitative peptidomics
without difficulty. They have the advantages of improved throughput and more accurate
quantitation. In addition, trimethylamino-butyryl (TMAB) tags are considered ideal labels for
peptidomics studies due to the presence of a quaternary amine™.

Successful peptide sequencing in peptidomics studies usually requires a combination of
accurate mass and tandem mass spectrum. Collision-induced dissociation (CID) is the most
frequently used method for peptide fragmentation except glycopeptides*. QTOF with CID has
been used to sequence peptides below 3-5kDa, and rarely up to 9kDa. Electron transfer

dissociation (ETD) works well for glyco-peptides and provides moderately different results from
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CID*. Both FTICR with ECD and linear quadrupole ion trap with ETD have the potential for
sequencing larger peptides and even smaller proteins®®. In addition, a combination of CID, ETD
and high-energy CID has been reported to generate a more complete fragmentation profile*.

Most peptide spectral databases widely used in proteomics are rarely applicable to
peptidomics studies. In peptidomics, peptides are identified through either database searching
that compares experimental tandem mass spectra with theoretical spectra, or de novo sequencing
without making reference to a sequence library. De novo sequencing may benefit from chemical
derivatization of peptides when sequence information is insufficient for certain organisms. It can
also be applied to peptide sequence confirmation®”. Programs utilized in database searching
include Mascot, SEQUEST, X!Tandem, etc, and for de novo sequencing, examples are
PepNovo, MS-Tag, and Peaks to name a few**. There have also been reports of programs that
can combine both identification approaches.

In our study, we investigated the peptidomic profile of normal placental tissues in the
presence and absence of SP inhibition caused by ouabain exposure. Despite the discovery of
several peptidomic markers that might indicate previous ouabain exposure, we were unable to
obtain a set of peptidomic markers that could reliably predict ouabain exposure in future studies.
This was likely due in part to very stringent statistical analyses applied and to the specific
peptidomics method we employed in this study that only interrogated a few hundred peaks.
Perhaps a higher concentration of ouabain would have provided a more dramatic change of
peptides and small proteins. Furthermore, fractionation of peptides by multiple chromatography
steps may be used to allow for more peptide to be detected®® or perhaps a more sensitive mass
spectrometer would have revealed more. The broader range of concentrations of proteins and

peptides present in biological samples that can differ by many orders of magnitude renders it
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difficult to overcome the limited dynamic range imposed by current MS technologies in both
proteomics and peptidomics studies.

In conclusion, though a small set of peptidomic markers appears to show statistically
significant abundance differences between cases and control in response to EDLF exposure in
normal placental tissues, no peptidomic marker or set of markers was selected using more
stringent methods of statistical analysis that assess the predictive value of markers of interest in
future data. We also explored combining potential peptidomic markers with previously revealed
lipidomic profiles to improve their ability to reveal EDLF exposure, however, none added

statistically better discrimination than the lipid markers alone.
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Chapter 4  Gender-Specific Biomarkers For Alzheimer’s Disease

4.1 Abstract

Alzheimer’s disease has become a global health crisis. While AD has been extensively
studied, it is currently difficult to diagnose, especially in its early stages. This inability has
impeded the development of drugs. Part of the challenge may be that AD is actually more
heterogeneous in its etiology than previous understood. Research continues to amass that
suggests the disease may differ between men and women. It has been reported that women are
more susceptible to AD than men, and that higher age-adjusted incidence of AD has been found
in women. Besides gender differences in various clinical symptoms of AD, it appears that gender
also plays an important role in the pathogenesis, diagnosis and prognosis of the disease.
Consequently, as one attempts to develop diagnostic tools to identify those likely to have very
early AD and therefore facilitate more efficient drug studies, gender should also be considered in
this effort. In this study, we analyzed data obtained from a previous study of diagnostic serum
lipid biomarkers for AD with the consideration of potential gender difference. We investigated
the interaction between gender and disease stage through analysis of variance (ANOVA) and
analysis of covariance (ANCOVA). Markers with significant gender and disease stage
interactions were reported for each of the three different statistical models after applying false
discovery rate (FDR) correction. Using a lasso logistic regression model with binary
classification (control vs. all AD stages), we identified different markers for different genders,
the coefficient estimates for different gender were also found to be different. We proceeded to
build a new ordinal model that includes a gender-specific marker and compared its diagnostic

capability with a previous model using the bootstrap procedure. Results indicated that the new
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model performed statistically significantly better than the previous model, thus we conclude that
the addition of a gender-specific biomarker improved the predictive performance of a diagnostic

model for AD.

4.2 Introduction

Alzheimer’s disease (AD) is the most common form of dementia. It is generally
characterized by progressive memory impairment, loss of cognitive functions and increased
psychosocial incompetence. Among AD patients, women perform substantially worse on various
neuropsychological tasks than men' ¢, the rate of cognitive and functional deterioration is faster
in women as well'*. Women with AD have also been reported to be significantly outperformed
by men at the same stage of AD in language, semantic abilities, visuospatial abilities and
episodic memory™*, to which gender differences in age, education or disease severity do not seem
to contribute. Gender differences in the clinical manifestation of AD seem to be most
pronounced among patients with MCI'. Additionally, gender differences in neuropsychiatric
symptoms of AD have been reported. For example, among patients with AD, apathy and anxiety
are more common in men whereas women suffer from delusions more often™.

More than 5 million people suffer from AD in the United States, approximately two-
thirds of them are women'. The age-adjusted incidence of AD has also been reported to be
higher in women than in men in several studies, although controversial findings exist”***. It
appears that women are more likely to develop AD in their lifetime than men'’. One study
reported that the remaining lifetime risk of developing AD is 6.3% in a 65-year-old man,
whereas it is 12% in a woman of the same age’. AD has been classified into four different stages:

very mild AD or mild cognitive impairment MCI (CDR 0.5), mild AD (CDR 1), moderate AD
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(CDR 2), and severe AD (CDR 3). The asymptomatic phase (preclinical AD) may last decades
prior to the clinical onset of AD*'. It has also been reported that the probability of developing
MCI at older ages is generally higher in women than in men'?. Similarly, the rate of
progression'' from MCI to AD is higher in women®* than in men beyond the age of 80.

The number of AD cases globally has been projected to triple by the year 2050. In 2010,
the estimated worldwide cost of dementia has been reported to exceed 1% of global GDP. The
economic and social costs of AD are so massive that the issue of AD has reached political
attention®*. Unfortunately, none of the currently available treatments for AD can prevent, slow or
halt its progression or reverse it. Interestingly, gender differences have been reported among

patients with AD regarding the response to treatments'* **

. Evidence also suggested that men are
more likely to receive antipsychotic medications than women due to the reported gender
differences in non-cognitive behavioral problems among individuals with AD®.

Neuritic plaques and NFT have long been considered two neuropathological hallmarks of
AD. In a longitudinal clinicopathologic cohort study, more neuritic plaques and NFT have been

reported in women than men among AD patients after adjusting for age'®>*

. In another study that
examined more than 5,000 autopsy cases, women were found to have more extensive deposition
of amyloid plaques at early NFT stage I, II, and III than men®*. The relation of AD pathology to
clinical diagnosis also appears to be gender-specific, with each unit increase in global AD
pathology the probability of AD diagnosis in men increased almost 3-fold, however the odds of
clinical AD in women increased more than 20-fold, and the correlation between gender and AD
pathology remained significant even after adjusting for age and educational levels. In the same

study, with each additional unit of AD pathology, more significant reduction in various cognitive

. . . 10
function scores has been reported in women than in men .
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Gender differences in AP42 and total tau, two examples of CSF biomarkers for AD have
also been reported. One study found that women show 1%-1.5% faster annual rates of brain
atrophy than men®, and the atrophy rates were found to be correlated with CSF changes of AP,
tau, and APOE &4 status’*. More pronounced cognitive deficits have been associated with low
AP42 levels or high levels of total tau in the CSF of women compared to those in men'. Women
with low AB42 levels have more severe left hippocampal atrophy, worse episodic memory
performance, worse executive function performance and greater decrease in functional abilities.
Similarly, both the left hippocampal atrophy and longitudinal executive function deficits were
more severe in women with high total tau levels'. Furthermore, the interaction between gender
and CSF biomarkers may be modified by the diagnostic status, education level and APOE &4
status. One study reported that higher tau levels (near significance) were observed among female
MCI patients compared with male MCI patients, after adjusting for APOE &4 status and age™.

Evidence showed that there is greater APOE e4-related risk of developing AD in women

. 19,33
than in men

. For example, among individuals with APOE &4 heterozygous genotype, women
are two times more likely to develop AD compared with men®. The risks of conversion to MCI
or conversion from MCI to AD were significantly increased or significantly increased to a
greater degree in women than in men among APOE &4 carriers, respectively’”. APOE &4 has
been suggested to have the potential capacity to modify gender differences in neuropsychiatric
symptoms of AD*’. In patients with modest to severe AD, evidence has shown that female
APOE €4 carriers had a 7.7-fold and 8.3-fold higher risks of developing disinhibition and
irritability than male carriers after adjusting for age and educational levels, respectively™.

Although the same study also reported that gender differences in neuropsychiatric symptoms do

not exist in moderate to severe AD before APOE g4-stratified analysis, or both before and after

155



APOE e4-stratified analysis in mild AD**. More pronounced deleterious effects of APOE &4
genotype have also been reported in women than in men related to the hippocampal pathology,

cortical thickness®*, default mode functional connectivity*>**

and memory performance. One
study showed that women with either one or two APOE ¢4 alleles were associated with
significantly reduced hippocampal volume, which however, was found only in men with two
APOE &4 alleles® **. The effects of sex hormones on neuropsychiatric symptoms have been
suggested to differ by APOE &4 status in women with AD as well; yet such regulation or
association has not been reported in men with AD*’. These findings suggest that the interaction
between gender and APOE genotype may be detected in the preclinical stage of AD*. Apart
from APOE ¢4, higher risk of AD was also found to be associated with the Met66 allele of brain
derived neurotrophic factor (BDNF) gene in females'. In addition, SNPs such as the G allele of
NSP65 of the peroxisome proliferator-activated receptors gamma and rs688 of the low-density
lipoprotein receptor were suggested to be potential risk factors of AD for the male gender and be
associated with significantly higher risks of AD in men, respectively'”. However, no associations
between gender differences and familial AD have been reported so far. Familial AD can be
caused by mutations in one of the three genes: APP, PSEN1 or PSEN2. Genetics and autosomal
dominance have been suggested to prevail over other factors>.

In addition, gender differences in various sociocultural aspects have also been reported.
In one longitudinal study, more pronounced differences in cognitive gains between earlier born
cohorts (1886-1913) and later born cohorts (1914-1948) were found in women than in men®. It
was suggested that the higher male cognitive reserve, which potentially results from higher

education and/or occupation, led to differences in gender-related risk for AD'?. Current cognitive

activity may also contribute to gender differences in cognitive aging trajectories>*. Gender
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differences in exercise patterns have also been associated with differential risks for AD between
females and males®. It is generally believed that the protective effect of exercise against the
development of AD is more pronounced in women than in men'.

Gender differences in the brain physiology have been investigated and reported as well.
For example, gender has been suggested to be one of the significant predictors of hippocampal
volume since women typically have smaller volumes than men’. It has been suggested that men
can tolerate more pathology than women because men may have a larger brain reserve. This is
supported by evidence that the cerebral metabolic deficits are greater in men than in women with

15,16

the same cognitive impairment levels ™ . The rate of brain volume decline has been found to be

faster in women than in men among patients with MCI and AD, and this difference persisted

17,18
718 In

even after adjusting for the difference in cerebral brain volume between men and women
another study, not only were the rates of brain atrophy and clinical decline higher in women than
men in all cohorts (healthy individuals, individuals with MCI and individuals with AD), but also
gender differences demonstrated risk as great as that of the APOE &4 effect after adjusting for
education, ApoE4, age and baseline cognition’.

It seems that gender plays an important role in the pathogenesis, diagnosis and prognosis
of AD®. Various factors have been suggested to contribute to gender differences in the
prevalence of or susceptibility to AD, including the differences between the female population
and male population in life expectancy (age being the risk factor), genetics (APOE &4 status), sex
hormones, prevalence of type 2 diabetes, depression and anxiety (all higher in women),
hypertension (esp. higher in women older than 75 years), cognitive detection biases, educational

level and sociocultural effects™ **. However, the exact effect of gender on AD is still poorly

understood®*. Among thousands of research articles regarding AD, very few studies were
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designed to test gender differences manifested in AD, not to mention the role that gender plays in
AD pathophysiology®. It has been suggested that gender, a fundamental human variable, should
be taken into account in both design and analysis of basic and clinical research at all levels'?.
Biomarkers have the potential to provide early detection, diagnosis, progression
monitoring and prognosis of AD, and they may have further value in treatment selection and new

>33 Most research on AD biomarkers has focused on amyloid beta protein and

drug discovery
tau protein in the CSF with some measure of diagnostic utility in mid- to late-stage disease.
These same analytes do not perform well in serum or plasma. However, recently two large drug
studies that targeted AP and successfully reduced it failed to influence the progression of AD
suggesting that A may not be reflective of the early events in AD and hence may be a poor
biomarker for very early AD diagnosis. Moreover, studies of AD biomarkers have not
considered gender in their analysis. If the disease differs between men and women and classic
diagnostic targets may not be useful in early disease, there is a substantial need to find new

biomarkers and very importantly to find those that take into account gender differences. We

report on efforts to find early stage AD biomarkers that perform better in women or men.

4.3 Data and Methods

All serum specimens were collected as part of a previous study at the Knight Alzheimer’s
Disease Research Center (ADRC), the Washington University School of Medicine, St. Louis,
MO (WUSTL) with approval from Washington University Institutional Review Board (IRB)".
We were provided sera from 55 controls and 58 cases (7 cases of CDR=0.5, 4 cases of CDR=1,

19 cases of CDR=2 and 28 cases of CDR=3, none of which has any co-morbidities) with the
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approval from the Institutional Review Board for Human Subjects at BYU. All specimens were
further processed in the following fashion after being stored at —80°C.

Using our novel method of sample processing, highly abundant proteins were first
removed from all specimens by acetonitrile precipitation*’. The supernatant was collected. Then,
with the addition of HPLC grade water to the supernatant, all residual traces of acetonitrile were
removed from all samples using vacuum centrifuge. A Bio-Rad microliter plate protein assay
was utilized to measure apparent protein concentration. All case and control samples were
concentrated separately to 0.2 pg/uL ‘protein’ and acidified with 88% formic acid (FA). Then all
samples were randomly loaded onto and carefully analyzed through a capillary-LC-ESI-QTOF
mass spectrometry system. A lmm microbore guard column and an in-house guard column (both
packed with POROS R1 reverse phase media) were used to separate compounds. Information
regarding the specific gradient used can be found in our published work*. The Analyst QS®
software package was used for data collection and analysis. MS data for each specimen was
collected at m/z 500-2500 from 5-55 min of gradient elution, followed by time normalization of
the data using internal standards. Spectra of all cases and controls were then color coded and
overlaid to facilitate selection of candidate AD biomarkers, which were normalized using
internal references as well. All the above procedures were performed in a previous study of
serum lipid AD biomarkers®’.

All experiments in this study were performed on the data obtained from a previous study
of diagnostic serum lipid biomarkers for Alzheimer’s disease™. Prior to the statistical analysis,
one observation was deleted because the gender of the subject was unlisted. Fully conditional

specification was used to estimate the few missing biomarker abundances, and the biomarkers
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were standardized to have sample mean 0 and sample variance 1. R software and packages were

utilized for all analyses in this study.

4.3.1 Analysis of variance and analysis of covariance

In conjunction with Justin Barnes and Dr. Dennis Tolley of the Department of Statistics
at BYU, analysis of variance (ANOVA) and analysis of covariance (ANCOVA) for each
biomarker were conducted to test the following null hypotheses of equal effects: that the
biomarker abundances for the two genders are equal, that the biomarker abundances for different
disease stages are equal, and that there is no interaction between disease stage and gender.

For biomarker / = 1,..., p, the ANOVA model is defined as follows:

Y =pta +r +H(ar) +e
ijk i J ij o ik

Y  is the marker abundance of the k" observation for stage i and gender j, p is the overall mean,
ijk

a is the effect of binary disease stage i = 0,1 (which corresponds to the group of healthy controls
I

and the group of patients with any stage of AD, respectively), t is the effect of gender j = 0,1
J

(which corresponds to males and females, respectively), (at) is the interactive effect of the i”
i

stage and the /” gender, and ¢ ~ Normal (0,1) is the residual for the observation. We also
ijk

created a second type of ANOVA model, in which the disease stages are categorical, therefore i
=0, 1, 2, 3 (which corresponds to the group of healthy controls, the group of patients with CDR
0.5, the group of patients with CDR 1, and the group of patients with CDR 2, respectively). In
the ANCOVA model, the disease stage effect was treated as a linear variable (i =0, 1, 2, 3)

instead of a categorical or factor variable due to the fact that disease stage is ordinal. Lastly, a

160



false discovery rate (FDR) correction was applied to all three models to correct for multiple

comparisons problem.

4.3.2 Gender-specific binary classification models

Because several biomarkers were found to have significant interactions between disease
stage and gender, we proceeded to build gender-specific binary (control vs. all AD stages)
classification models using a lasso logistic regression model, which was more efficient
computationally compared to the Bayesian lasso probit regression model used in a previous
study®’. Data selection was conducted as follows: we excluded biomarkers that have different
directionality, and saved biomarkers that have p values below 0.05 in a T-test. Then we saved
biomarkers that showed significant interactions between gender and disease stage (p<<0.05) in an
ANOVA model, and biomarkers with both a disease stage p<0.15 and a gender*disease stage
interaction p<0.1 in an ANOVA model. Then, we trained the lasso logistic regression model on
all the saved biomarkers.

We calculated the coefficients for both genders in the lasso logistic regression models,
and we also compared them to the coefficients of the Bayesian lasso probit regression model
used in the previous study*’. Next, the coefficient differences for both the male and female
models were quantified using the bootstrap method. This was achieved by removing biomarkers
that showed insignificant coefficient differences for the two genders, followed by the
identification of biomarkers that had coefficient estimates that were statistically significantly
different using a 95% confidence interval. Then Bonferroni-corrected confidence intervals were
applied to solve the multiple comparisons problem. In addition, the proportion of times that the

biomarkers were selected was evaluated in the models for both genders across the bootstrap data.
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Lastly, we compared the cross-validated performance of both gender-specific and non-gender-

specific lasso logistic regression models.

4.3.3 New Ordinal Model

Because it had been shown that there were biomarkers that have significant interaction
effects between gender and disease stage, that biomarkers selected for the male and female
gender were substantially different, and that the coefficient differences in the male and female
models were significantly different at 95% confidence intervals, we proceeded to test whether
the addition of a gender specific biomarker would significantly improve the diagnostic
performance of a predictive model for AD using Bayesian lasso probit ordinal regression model.
The procedure to build the model was identical to that applied in a previous study®’, except that a
gender-specific marker was included here. Note that there were three different disease stages in
this model: controls, stages 0.5 or 1 and stage 2.

Next, we estimated the performance of the new ordinal model using n-fold cross-
validation. MSE and classification rate of the current model were calculated. The classification
rate was also compared with that of the model created in a previous study™. For the purpose of
comparison, the classification rate of a model identical to that in the previous study but trained
on the data obtained in this study was calculated as well.

Then, the performance difference between the new ordinal model and the model built in
the previous study™ (i.e. Improvement) was quantified using the bootstrap procedure for internal
invalidation. We calculated the MSE and classification rate, Climprovement (95% confidence
interval of the improvement), %Better (the proportion of times that the new ordinal model

performed better than the previous model, i.e. MSE<O0 and the classification rate>0) and p-value
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for both models. Note that the following null hypothesis was tested: that the new ordinal model
showed better performance for 50% of the time, or that it showed worse performance than the

previous model.

4.4 Results

4.4.1 ANOVA and ANCOVA

In the first type of ANOVA model with a binary disease stage effect, 3 biomarkers (m/z
724.52,750.53, and 752.54) were found to demonstrate significant (p<0.05) interactions between
gender and disease stage at the FDR=0.3 level. The effects of gender on the biomarker
abundances were significant or near significant for all 3 biomarkers (m/z 752.54 was the only
marker that showed a significant gender effect at the FDR=0.3 level), although no significant
disease stage effect was observed. The p-values for each of the 3 biomarkers testing the null
hypotheses above are shown in Table 4.1. The gender specific relationships between biomarker
abundances and binary disease stage for the 3 biomarkers are shown in Figure 4.1.

In the second type of ANOVA model where the disease stage effect is categorical, 8
biomarkers were found to have significant interactions between gender and disease stage at the
FDR=0.3 level. However, only 3 of the 8 biomarkers (m/z 430.37, 514.38 and 630.47) showed
significant disease stage effects at the FDR=0.3 level, and they were selected by the following
ANCOVA model as well. In addition, several biomarkers showed significant or near significant
gender effects, but only 3 markers (m/z 630.47, 724.52 and 752.54) were found to have
significant gender effects at the FDR=0.3 level. The p-values for each of the 8 biomarkers testing

the null hypotheses above are given in Table 4.2. The gender specific relationships between
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Table 4.1 Biomarkers that have significant interactions between gender and biomarker abundances
in the ANOVA model with binary disease stage
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Figure 4.1 Gender specific relationships between biomarker abundances and binary disease stage
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Table 4.2 Biomarkers that show significant interactions between gender and biomarker
abundances in the ANOVA model with categorical disease stage
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categorical disease stage and biomarker abundances for 5 of the biomarkers (m/z 447.35, 724.52,
750.53, 752.54 and 766.56) are shown in Figure 4.2.

In the ANCOVA model, where the disease stage effect is linear, we found 3 biomarkers
(m/z 430.37, 514.38 and 630.47) that showed significant interactions between gender and disease
stage at the FDR=0.3 level. The disease stage effects for all 3 markers were significant at the
FDR=0.3 level as well. Among the 3 markers, only m/z 630.47 showed a significant gender
effect at the FDR=0.3 level. The p-values for each of the 3 biomarkers testing the null
hypotheses above are listed in Table 4.3. The gender specific relationships between linear
disease stage and abundances for the 3 biomarkers are shown in Figure 4.3. It was also observed
that, there is a strong monotonic relationship between biomarker abundance and disease stage for
males, yet no such relationship seems to be present for females between disease stage and

abundance.

4.4.2 Gender-specific binary classification models

After the process of data selection, the gender-specific binary classification models were
created based on the data selected. The coefficients for both genders in the gender-specific lasso
model are listed in Table 4.4, as are the coefficients obtained from the Bayesian lasso probit
regression model used in a previous study®. If the coefficient for one biomarker is zero, it means
that this marker was not selected to be in the model, i.e. showed no gender effect. Seven
biomarkers (m/z 430.37, 514.38, 620.42, 714.6, 752.54, 886.76 and 888.78) were selected for the
Male model; the same number of biomarkers (m/z 620.42, 630.47, 724.52, 799.65, 824.62,
860.75 and 862.77) were selected for the Female model. However, only one marker (m/z 620.42)

was shared between the two genders. It was also observed that 4 in 7 biomarkers in the Female
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Figure 4.2 Gender specific relationships between biomarker abundances and categorical disease
stage
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Table 4.3 Biomarkers with significant interactions between gender and marker abundances in the
ANCOVA model with linear disease stage
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Figure 4.3 Gender specific relationships between biomarker abundances and linear disease stage
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Table 4.4 Coefficients for the gender-specific lasso logistic regression models
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model (m/z 620.42, 630.47, 824.62 and 860.75) were shared with the Bayesian model, but only 2
in 7 biomarkers (m/z 620.42 and 714.6) were shared between the Male model and the Bayesian
model, therefore it can be concluded that the biomarkers in the Bayesian lasso probit regression
model were more closely aligned with those in the Female lasso logistic regression model
compared with the biomarkers in the Male model.

Next, the coefficient differences in the Male and Female models were quantified. 46
biomarkers were selected after removing biomarkers that showed insignificant coefficient
differences. Then, 30 biomarkers that had coefficient estimates that were statistically
significantly different were identified using a 95% confidence interval. 7 of these biomarkers are
listed Table 4.5. A confidence interval was considered to be statistically significant if its lower
bound (LB) or upper bound (UB) was zero. After applying the Bonferroni-corrected confidence
intervals, 4 biomarkers (m/z 391.27, 488.35, 752.54 and 792.57) that showed significant
coefficient differences in the Male and Female models remained, and their coefficient
differences were significantly higher in females, males, males and males, respectively (data not
shown).

Biomarkers that show the largest differences in the proportion of times selected (a
difference greater than 0.2) are listed in Table 4.6. It was observed that the differences between
the Male and Female model in the proportion of times that the biomarkers were selected are
substantial. Additionally, all the biomarkers selected in the female model showed up in more
than 22% of the bootstrap samples, and all the biomarkers in the male model appeared in at least

19.8% of the bootstrap samples (data not shown).
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Table 4.5 Coefficient differences in the male and female models using 95% confidence intervals

173



Table 4.6 Proportion of times that the biomarker was selected in the gender-specific models
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Last but not least, the cross-validated performance of both the gender-specific and non-
gender-specific lasso logistic regression models are shown in Table 4.7. The gender-specific

model performed fractionally, but significantly better than the non-gender-specific model.

4.4.3 New Ordinal Model

The markers that were selected, the coefficient estimates, CI (95% credible intervals) and
probabilities P(|Estimate| < 0) for the new ordinal model are shown in Table 4.8. A coefficient
estimate greater than 0 means that the higher the biomarker abundance, the higher of the
probability of AD. However, a coefficient estimate less than 0 indicates the opposite trend.

In the attempt to estimate the performance of the new ordinal model, we obtained an
MSE of 0.464 and a classification rate of 0.696 (data not shown), whereas the classification rate
obtained from the previous model*® was 0.702. However, the new ordinal model with the
inclusion of a gender-specific biomarker showed somewhat better performance than the previous
model, due to the fact that a classification rate of 0.679 was achieved from a model identical to
the one used in the previous study but trained on the data obtained in this study.

The performance difference between the new ordinal model and the previous model® is
shown in Table 4.9. It may appear that the performance difference between the two models is not
statistically significant, due to the fact that the MSE of the new model is 0.050 lower than that of
the previous model and Clinprovement includes 0, and that the classification rate of the new model
was 0.019 higher than that of the previous model and the Climprovement includes 0 as well.
However, the new ordinal model showed better performance than the previous model in 82% of
the bootstrap replications based on MSE with a p-value of 7.71 x10™'°, and in 61% of the

bootstrap replications based on the classification rate with a p-value of 0.011. The two p-values
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Table 4.7 Cross-validated performance of lasso logistic regression models
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Table 4.8 Summary of the bayesian lasso probit ordinal regression model
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Table 4.9 Summary of performance improvement in the new ordinal model
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given demonstrate that the opposite of the null hypothesis tested above was true. It can be
concluded that the new ordinal model performed statistically significantly better than the model
created in the previous study™. Consequently, we conclude that the addition of a gender specific

biomarker improved the diagnostic performance of a predictive model for AD.

4.5 Discussion

In this study, we proposed that there are gender-specific biomarkers for AD and inclusion
of such biomarkers in a multi-marker model of AD can greatly improve diagnostic capability.
Prior to discovery of potential gender-specific biomarkers for AD, we set out to study whether
there was a significant interaction effect between disease stage and gender. Of the three models
we used, it appears that the ANCOVA model worked the best. When testing for a linear disease
stage effect, three markers that showing a significant interaction between disease stage and
gender were discovered in this model. Though a confirmation study using different data is
needed, this finding suggests that biomarkers staging AD may differ with gender. The first
ANOVA model selected three markers that had significant interaction effects between disease
stage and gender. However, the disease stage effects for the three markers individually were
insignificant. Results obtained from the second ANOVA model have few implications due to the
fact that the disease stage for this model is ordinal.

Next we attempted to train separate AD diagnostic models for each gender using a lasso
logistic regression model. As we expected, the biomarkers selected for AD diagnosis and stage
differ considerably between women and men (see Table 4.4). The coefficient differences

between the male model and the female model were significantly different (data not shown).
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Furthermore, compared with the Bayesian lasso probit regression model, results indicated that
the lasso logistic regression model was preferable in terms of gender-specific biomarker studies.

The performance of gender-specific binary (i.e. cases versus controls) classification
models was evaluated. The Female model was found to perform better than the Male model
based on the classification rates, although both were able to identify cases very well and were not
markedly different in model performance despite employing different markers (Table 4.10). It
should be remembered that previous binary classification was excellent even when not
considering gender. Not surprisingly overall performance was not markedly different when a
model developed for one gender was applied to the other (‘gender switch’, Table 4.11).
However, the Female diagnostic model, when applied to males, performed substantially better in
almost every aspect than the Male model applied to females.

Last but not least, we built a new ordinal model for AD diagnosis and disease stage that
included a gender-specific biomarker using a Bayesian lasso probit ordinal regression model. We
also quantified the performance difference between the newly built model and a previous model
that excluded the gender specific biomarker. Evidence (% Better and p-value) suggested that the
new ordinal model performed statistically significantly better than the previous model. Thus, we
can conclude that the diagnostic capability of the predictive model for AD, which was already
very good, can likely be improved by adding a gender-specific biomarker.

According to the mean standard error (MSE) and classification rates, a better
performance was found in the gender-specific ordinal model for males than for females (Table
4.12). Generally, the female data provided better performance in binary classification, whereas

the male data performed better for the staging disease. This better performance of the gender-
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Table 4.10 Performance of gender-specific binary model: by gender
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Table 4.11 Performance of models on opposite genders
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Table 4.12 Performance of gender specific ordinal model: by gender
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specific ordinal model for males suggests the presence of markers (for example, m/z 430.37,
514.38 and 630.47 in Figure 4.3) that might allow marker intensities to specify disease stage.
However, the numbers for these studies of the interaction of biomarker abundance and AD stage
for each gender were few and additional understanding of their performance awaits further
investigation.

Numerous studies have been designed and conducted for the discovery of AD
biomarkers, which include genomic biomarkers, biochemical biomarkers (for instance, CSF,
blood and urinary biomarkers) and various neuroimaging techniques. However, none or very few
of them took into consideration the potential role that gender plays in the pathological cascade of
AD. Even so, several of the many AD biomarkers discovered have been found to be gender-
specific as well.

One article™ reported the discovery of a new plasma biomarker for AD diagnosis using
LC-API-CI-MS. The new biomarker was identified as desmosterol. The study found that both
the desmosterol level and the desmosterol/cholesterol ratio in plasma were significantly
decreased in patients with AD and MCI compared to healthy controls, and this result was
confirmed using 109 clinical samples in the same study as well. Interestingly though, gender
differences regarding this new plasma biomarker was observed. Both the desmosterol level and
the desmosterol/cholesterol ratio in plasma were more significantly reduced in the female
patients with AD than male patients. In addition, higher discrimination power of the biomarker
desmosterol/cholesterol ratio was observed in female AD patients. Similar results were also
observed among female patients with MCI. Furthermore, gender differences in the correlation
between desmosterol level or desmosterol/cholesterol ratio and Mini-mental state examination

scores were reported.
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Another study™ reported that transthyretin (TTR) might be a candidate CSF biomarker
for AD that is also gender specific. It was observed that the TTR level in plasma was
significantly lower in female patients with MCI or AD compared with male patients with MCI or
AD, and healthy female controls. In addition, the estradiol level in the plasma was reduced in
both genders. A correlation between disease stage and TTR level was also observed™. Thus it
was concluded that the modulation of AD by TTR might be gender specific.

The protein, progranulin (PGRN), has also been suggested to be a candidate biomarker
for both AD and another neurodegenerative disorder™". It was proposed that the contribution of
PGRN to AD pathogenesis is related to gender. PGRN level was reported to be increased
(although not significantly) in women compared to men. Moreover, the PGRN level was found
to be positively correlated with age among female AD patients®. Another potential biomarker
for AD or MCI, plasma leptin, was also found to have approximately twice as high concentration
in the female population as that among the male patients®'.

One study that was designed to discover predictive plasma biomarkers that can
differentiate between patients with stable MCI (S-MCI) and those with progressive MCI (P-
MCI) reported a model of 12 abundance plasma proteins that showed an accuracy of
approximated 79% in predicting the outcomes of MCI®*. Interestingly, several gender specific
protein markers were also found. Among them, for example, alpha-2-macrogloblin (A2M)
showed a strong correlation with MCI progression in women, yet such correlation was not found
among male MCI patients. One article published recently reported a significant association
between serum A2M concentration and concentrations of tau and p-tau in CSF. It was found that
a potential specific mechanism centered on the role of A2M that associates systemic

inflammation with AD pathogenesis is gender specific®’. In addition, the well acknowledged fact
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that gender differences exist in abundant proteins of blood proteome® puts in doubt various
studies of AD biomarkers without considering the effect of gender. Therefore, it was suggested
that gender specific models for potential AD biomarkers should be studied and used for the
validation of numerous studies employing sex-unified models as well.

Apart from the discovery of several AD biomarkers that also seem to be gender-specific,
one study focused on the identification of homogeneous subpopulations of AD patients using a
multi-layer clustering method (clinical descriptors of AD as the first layer and biological
descriptors as the second layer). Gender specific differences in AD were reported®®. Among AD
patients and patients with MCI, there are significant differences in the clusters constructed
between female and male subpopulations. To be specific, two clusters (M1 and M2) were
constructed for the male population yet only one cluster (F1) was constructed for the female
population. AD patients in the M2 cluster are characterized, surprisingly, with statistically
significantly increased ICV and whole brain volume compared with those in the M1 cluster, and
such M2 cluster was not found in the female population'. The above results, as the authors
suggested, might be due to an artifact in the data processing procedures, but it is also possible
that such findings result from the presence of gender specific differences in AD. And the
construction of the M2 cluster indicates that it is likely that two different biological pathways for
AD exist in the male population only, which necessitates the segmentation of patient population
in studies of AD biomarkers and other related areas. Although the authors pointed out that the
clusters constructed in this study are small and only includes a small percentage of AD patients,
and the practical segmentation of AD population in a non ad-hoc way seems impossible as of

now.
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It seems that “biomedical research in general, and neuroscience in particular, has been

built on a false assumption that one may safely ignore potential sex influences.”**°. T

n
particular, sexual dimorphism of the brain (including neurogenesis, synaptogenesis and axon
guidance'?, etc.) have been largely ignored in a multitude of studies investigating AD
biomarkers. Here we provide a brief summary of some of the many aspects of the sexual
dimorphism of the brain among healthy population. In the general population, evidence
suggested that men perform significantly better on tasks concerning their visuospatial abilities
such as mental rotation, spatial perception and spatial visualization*>*°. Gender differences in
verbal abilities (including lexical fluency, category fluency and confrontation naming) appear to
be less robust than visuospatial abilities™. In the healthy elderly population, elderly men seems
to perform better on tasks regarding mental rotation and spatial perception than elderly women,
although variable results were reported for spatial visualization tasks*” **. Gender differences in
verbal abilities and memory among the elderly are however inconsistent™. Sexual dimorphism is
also present in terms of brain structure. Women seem to have smaller brain volumes, bigger gray
matter volume and greater cortical depth compared with men. Robust gender differences were
also observed in the white matter of the brain®.

It has been suggested that both genetic differences (X and Y chromosomes) and the
differences between female hormones and male hormones contribute to sexual dimorphism of
the human brain®* *°. At the genetic level, evidence suggested that the X-chromosome is more
susceptible to neurodegeneration in AD”. Disproportionally increased susceptibility to AD in
female may result from X-inactivation patterns at the epigenetic level as well*". It had been
found that certain brain areas that show greater sexual dimorphism are associated with

50 .
developmentally greater amounts of sex hormone receptors” . However, the exact mechanism
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concerning the effects of sex steroid hormones on brain structure remains elusive™. Although it
had been reported that sexual dimorphism of the brain may also result from the functions of both
PSENI and PSEN2, which are thought to be involved in familial AD”’,

Gender differences in hormones have been studied in the context of AD. It was suggested
that the severe estrogen deficiency after menopause in women is associated with higher risk of
MCI and AD*’. Men, however, do not experience significant estrogen loss. Since estrogen can be
converted from testosterone in men, their testosterone declines are less significant than those in
women'~. Estrogen has been reported previously to be capable of increasing the activity of
choline acetyltransferase™®, preventing neural tau hyperphosphorylation®', reducing Ap
aggregation and AB-induced apoptosis of neurons’’, enhancing neural survival through a variety
of mechanisms including improving mitochondrial function (mitochondrial bioenergetic deficits
is one of many characteristics of AD), maintaining calcium homeostasis and promoting A

clearance'* %

. Hormone replacement therapy (HRT) has also been associated with reduced risk
of AD in women following menopause or after bilateral oophorectomy. However, controversial
findings do exist. It was reported that the risk of AD was not lowered in women who initiated
HRT 5 years or later after menopause, and surprisingly the risk of AD was two times higher
among women who started HRT at or after 65 years old’”. It has been suggested that the
discrepancies between observational studies and clinical trials might potentially result from
differences in the timing of HRT regarding “a window of opportunity” or mixing of effects'* >,
Additionally, findings from transgenic animal studies also suggested that AD pathogenesis could
be regulated by sex hormones from both genders™.

So far very little research has been done regarding gender differences among AD

patients, despite the reports on sexual dimorphism of the human brain among health population
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and on a number of gender differences in the following aspects ranging from clinical symptoms,
prevalence, risk factors of AD to responses to treatment and drug discovery. Even though few
contradicting findings have been reported, it is only reasonable to take gender differences in AD
biomarkers into consideration based on the results of the majority of neuroscientific studies
concerning AD. Indeed, evidence has suggested that a number of processes in AD can be
affected by gender”. One study reported that the glucose metabolism in the major brain areas
related to AD was significantly greater in women than men’. Understandably, our study is not
the only one to have suggested that biomarkers for AD may vary by gender™.

One aspect we could have taken into consideration in this study is the APOE &4 status of
the subjects. APOE ¢4 allele has been confirmed to be the known strongest known genetic risk
factor for late onset AD**. However, it has been suggested that there is a strong interaction
between APOE and gender. For example, the total tau levels in CSF are significantly different
between women with APOE €4 genotype and women with homozygous APOE €3 genotype, yet

the same difference was not found in men* **

. The large gender differences in deposition of
senile plaques at early NFT stage I, II, and III are found to be specifically linked to women with
APOE &4 genotype as well*. In addition, a significant APOE g4-by-sex interaction on CSF
levels of total tau, p-tau and tau-Ap-ratio was reported among APOE &4 carriers with MCI, with
more AD-like changes in women®>. We suggest that future studies on gender-specific biomarkers
of AD should take into account the APOE &4 status of the subjects. Additionally, population
studies and longitudinal multicenter studies on the effects of gender on AD can be beneficial
since most of the current few studies on gender specific biomarkers of AD are post hoc and

exploratory in nature. It is our belief that more research efforts should be focused on the gender

differences in AD, and gender-specific biomarkers in particular. Not only the study of gender-
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specific biomarker can facilitate accurate diagnosis of AD, but also substantially improve our
understanding of the molecular and genetic pathogenesis of AD, including the potential
mechanism behind gender differences. Thus, clinical trials of AD can be designed to tailor to

each individual gender, and better prognosis of AD (esp. MCI) can possibly be achieved.

4.6 Conclusion

This study investigated possible gender-specific serum lipid biomarkers for AD. Using
data from a previous set of studies on the discovery and validation of biomarkers for AD
diagnosis and staging, we first examined whether there was a significant interaction effect
between gender and AD and further between gender and disease stage. Using an ANCOVA we
discovered three AD biomarkers that showed a significant (p<0.05) interaction effect between
disease stage and gender. Next, we created gender-specific AD case versus control classification
models using a lasso logistic regression model. Only one in seven markers was found to be
shared between the two gender-specific panels. Coefficient differences between the two gender-
specific models appeared to be significantly different as well. Lastly, we built a new ordinal
model that included a gender-specific AD biomarker using a Bayesian lasso probit ordinal
regression model. We found that the new model had a statistically significantly better
performance than a previous model, which was built using the same method but without the
addition of a gender-specific biomarker. We concluded that the diagnostic performance of a
predictive model of AD can be potentially improved with the inclusion of a gender-specific
biomarker. Taken together the results of this study provide strong preliminary evidence of
gender-specific biochemical changes in women versus men with AD. Our results suggest that

gender-specific serum lipid biomarkers exist that allow for diagnosis of AD and the staging of
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disease. Our results suggest that inclusion of gender in the development of biomarker panels for
AD will improve the performance of biomarkers which may allow for earlier and more accurate
diagnosis of AD, allowing for smaller, more targeted drug trials and the potential to identify
gender-specific, disease specific biomarkers that will predict response to AD therapeutics.
Clearly, further studies powered to explore gender and AD stage are needed but appear

promising.
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Chapter 5  Concluding Remarks

5.1 Summary

5.1.1 Summary: Chapter 2

Endogenous digitalis-like factors (EDLF) are sodium pump (SP) inhibitors that have been
associated with a number of diseases including preeclampsia (PE). Altered lipid metabolism is
thought to play an important role in the development of PE, even though the exact pathogenesis
of PE remains enigmatic. In this study involving placental tissues from 20 normal pregnancies
and ouabain, the most often studied EDLF, we found that normal human placenta seems to
respond to SP inhibition caused by ouabain with a generally consistent set of changes in the
abundance of lipids in the placenta cytosol, we also discovered a characteristic set of lipid
changes indicative of EDLF exposure using a mass spectrometry-based lipidomics method.
Among the 1207 lipidomic markers surveyed by Student t-test, a set of 8 lipidomic markers was
chosen after applying a statistical model built with a sparse partial least squares discriminant
analysis method (sPLS-DA) and a bootstrap procedure, followed by chemical characterization
with tandem MS. The selected lipid markers could potentially then be used to identify placentas

that have been previously exposed to EDLF.

5.1.2 Summary: Chapter 3
Endogenous peptides and small proteins are important to most physiological processes
and may regulate or contribute to the pathophysiology of PE. It has been suggested that not only

the placenta plays a central role in the pathogenesis of PE, but it produces and releases EDLF
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itself. EDLF as a SP inhibitor has been associated with several features of PE. Using placenta
tissues from 20 healthy pregnancies, we tested the following hypotheses: firstly, normal human
placenta responds to SP inhibition caused by ouabain, this EDLF studied with a change in the
abundance of peptides and small proteins in the cytosol; and secondly, if such changes occur,
that there would be a characteristic set or pattern of responses. A modified procedure of
acetonitrile (ACN) precipitation was employed to remove high abundance, high molecular
weight (MW) proteins, followed by a global cLC-MS-based peptidomics approach. 275
candidate peptidomic markers were observed and evaluated using the Student t-test. However, no
peptidomic marker or set of markers was revealed by this particular peptidomics approach after
correction for a false discovery rate or using more conservative statistical models. Evidence also
suggested that the predictive performance of the existing lipidomic profile in response to EDLF

exposure is unlikely to benefit from the addition of any peptidomic markers studied here.

5.1.3 Summary: Chapter 4

It is believed that Alzheimer’s disease (AD) is a biologically and biochemically complex
disease of the cerebral cortex. Despite its potentially important role in the pathobiology, clinical
symptoms and diagnosis of AD, gender has largely been overlooked in the majority of the AD
research conducted in the past. We investigated the potential gender differences in serum lipid
biomarkers for AD using data obtained from a previous set of studies, with the attempt to
improve diagnostic tools for early AD to allow for more efficient drug studies. We created
ANOVA (Analysis of Variance) and ANCOVA (Analysis of Covariance) models to test three
hypotheses, the first of which was the hypothesis that there is no interaction between gender and

AD disease stage. Biomarkers that demonstrated significant (p<0.05) gender interaction with
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disease stage at the FDR=0.3 level were reported for each of three models. Next, we created
binary gender-specific AD cases vs. controls classification models using lasso logistic regression
models, followed by additional numerical studies. Several markers showed different expression
in AD subjects that were gender specific. The coefficient differences between the two gender-
specific multi-marker models also appeared to be significantly different, indicating significantly
different biochemical profiles in AD cases between the two genders. Last but not least, we tested
whether the addition of a gender-specific marker would improve the diagnostic performance of a
predictive model of AD using a Bayesian lasso probit ordinal regression model. We found that
the new ordinal model performed statistically significantly better than the previous model which

did not consider gender.

5.2 Limitations

5.2.1 Limitations: Chapter 2

In an attempt to gain a better understanding of the pathogenesis of PE, we selected and
chemically characterized a set of 8 lipidomic placental biomarkers that were indicative of EDLF
exposure using a mass spectrometry-based lipidomics approach. Despite the low abundances of
these markers, we obtained good quality fragmentation spectra for all 8 markers. However, as
with most lipidomic MS results, none of the 8 markers was uniquely identified due to several
reasons. The most prominent of these is that there are only very limited archives of lipids in all
current databases. These archives are not searchable by fragmentation data by rely only on mass.
Another very significant problem is that many lipids share the same or very nearly the same mass

with other lipids making identification difficult. Based on our experience using the available
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databases for lipid identification, searches that use accurate mass only almost always result in a
large number of various lipid species of different classes that have shared accurate mass. Another
problem is that of overlapping peaks. This often confounds fragmentation data making it
problematic to know which fragments are derived from one compound. In addition,
fragmentation spectra can vary somewhat depending on the choice of the collision energy,
adduct ion, type of mass spectrometer’, etc. As a result, the chemical identity and hence
biological function of these markers in the pathogenesis of PE remain unknown even though we
were able to predict the elemental compositions and possible structural features of each of the 8
lipid markers. Confirmation studies of new samples should be conducted to confirm the selected

markers that can indicate EDLF exposure in the placenta.

5.2.2 Limitations: Chapter 3

We tested whether normal human placenta responds to SP inhibition caused by ouabain,
an EDLF, with changes in the abundance of peptides. We used a MS based peptidomics
approach. While some peptides had values at p<0.05, none displayed significant changes in
abundance with ouabain exposure after correcting for multiple comparisons. This result could
mean that the concentration of ouabain, which was only tested at 50 nM, may have been too low
to produce a statistically significant difference'*. It may be that the tissues may have not been
exposed for a long enough period of time. It may be that tissue processing may be somewhat
irreproducible obscuring smaller changes, considering the anatomical complexity of the placenta.
We attempted to collect tissues in the intervillous region, it is possible that a small part of the
chorionic plate or the basal plate was collected as well. Variation in placenta morphology might

also contribute to the lacking of peptidomic markers discovered in this study. It may be that the
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tissues were unresponsive to ouabain, which more selectively inhibits the a3 isoform of the SP.
There may have been limitations in only running the mass spectrometer in the positive ion
mode"’. The lack of an internal time alignment standard between the 33-35 min time window
may have increased the chromatographic variability, limiting the detection of candidate markers.
We used acetonitrile precipitation to remove high abundance and high MW proteins present in
the placenta homogenates, therefore limiting our study to low abundance, low MW peptides
only. It would be interesting and potentially more informative to investigate a broader range of

biomolecules using a proteomics approach.

5.2.3 Limitations: Chapter 4

We discovered and identified gender-specific markers by analyzing data acquired from a
previous study of diagnostic serum lipid biomarkers for AD*'. The inclusion of gender-specific
markers also improved the predictive performance of an AD diagnostic model significantly
statistically. However, the data obtained in this discovery phase must be confirmed to ensure that
the gender-specific markers observed continue to show diagnostic utility. A lack of
reproducibility may result from technical variability, sample preparation, and biological
variability'’. Therefore, a confirmatory study designed and powered appropriately is needed
using other serum specimens from a new set of AD patients.

It was suggested that lipid metabolism disorders are related to AD and lipids have a role
in the pathophysiology of AD'®. Additionally, a large multitude of proteins and peptides may
contribute to AD pathology'. In fact, a previous study published in our lab discovered and
confirmed 11 low abundance and low molecular weight (MW) serum peptide markers that

allowed for the diagnosis of AD in most subjects™. It is of interest to analyze the same data and
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examine the confirmed 11 markers with the consideration of gender. Again, additional studies
should be conducted to determine if any previously found serum peptide AD marker as well as

novel markers are gender-specific.

5.3 Future objectives

5.3.1 Future research objective: Chapter 2

Clearly further efforts are needed to identify those placental lipid markers that were
indicative of EDLF exposure. Use of a more mass accurate mass spectrometer might help. This
should allow for greater confidence in the elemental composition. It is possible that using an
instrument with different ionization methods might produce different fragments allowing for a
more complete understanding of the molecular components making the parent molecule. Having
MS" likewise using ion trap or FTMS might produce smaller identifiable constituents. We can
also benefit from the huge collection of MS" spectra available in the NIST MS Search database,
although the differences between the fragmentation rules for electron ionization and those for
ESI should be considered.

Gas chromatography mass spectrometry (GC-MS) may be used although derivatization
steps are needed for nonvolatile lipids like fatty acids and sterol” ®., but this approach is unlikely
to work and allow complete structural determination because it assumes that we know minimally
the class of the molecule and functional groups that can be derivatized.

Ion-mobility spectrometry (IMS) coupled to MS is traditionally used to character
peptides, proteins and small molecules®. Recently a few studies have shown its application in

the characterization and identification of lipids in complex biological samples using the shotgun
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lipidomics method**. IMS-MS can potentially enhance sensitivity, spectral clarity, overall
detection limits, and allow selective analysis of lipid species that have the same accurate mass
and improved lipid identification®*. Therefore, it is of interest to utilize IMS-MS to elucidate
further the class and structure of the lipid markers that were indicative of EDLF exposure in our
study. IMS-MS may also allow the separation of isomeric and isobaric lipid species although
instrument with better resolving power may be needed. The differentiation of lipid classes and
subclasses contributes to the improved structural annotation of unknown lipid markers. In
addition, computational modeling supported by IMS-MS instrument may complement lipid
marker identification achieved through UHPLC IMS MS studies™.

Another possible approach involves the use of reported data in the literature. Since the
fragmentation spectra, such are we obtained, are not included in any major databases like LIPID
MAPS structure database and HMDB among many others’, we may look for lipids that have
similar fragmentation patterns as published in the literature instead of focusing on direct
identification of the markers by comparing MS/MS spectra alone. Shared fragmentation
pathways usually indicate structural similarity between known lipids and unidentified ones® .
However, this requires that the someone else has started with the compound of interest and
submitted it to MS-MS fragmentation studies. However, one can learn a great deal even from
fragmentation spectra of structurally related lipids. If a hypothesized structure can be
determined, it may be possible to synthesize it, if it is not commercially available, especially
since the number of commercially available lipid standards is limited. Then, we will compare the
MS/MS spectra of the synthetic standard with those of the selected markers. We may also test
whether the synthetic standard will elute with the same retention times as the endogenous

markers using LC-MS. Combined with exact mass studies and possibly co-elution studies, this
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approach will potentially enable us to confirm the final structures of the markers>. However, this
particular method is labor intensive by its nature, requires a degree of luck and may require the
collaboration with organic chemists.

The advances of bioinformatics technology may also enable the identification of novel
lipids in our study. This approach requires not only a thorough understanding of the biochemical
aspect of the study, but computational skills and the ability to use cheminformatics and variable
statistics tools. For example, we may build in silico MS/MS libraries based on the fragmentation
patterns of external reference standards, fragmentation rules, and computer-generated structures
to facilitate the identification of novel lipids'.

Compared to direct infusion used in shotgun lipidomics, LC-MS analysis of complex
lipid mixtures improves sensitivity, enables the separation of isomeric lipid species, and
increases the likelihood of successfully identification by adding the parameter of retention time.
Therefore, the addition of chromatographic separation of lipid extracts might improve structure
elucidation of already selected markers and reveal new candidate lipid markers that can indicate
EDLF exposure in placenta. Additionally, we could run the same samples in negative ion mode
(ESI-MS/MS), with a variety of collision energies, thus making full use of all the fragmentation
spectra available in different databases. However, while it is possible that new lipid markers
belonging to different classes may be revealed, structure elucidation of new markers is not
guaranteed and it will be nearly impossible to differentiate newly discovered markers from
previously selected ones because it is likely to get a completely different set of peaks in the
negative mode for the same molecule.

Another possible approach is LC-NMR, which stands for liquid chromatography nuclear

magnetic resonance'. Despite its high reproducibility, NMR has poor resolving power and low
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sensitivity compared with MS®. Samples need to be purified and or enriched prior to the analysis
using NMR spectrometry, and a substantially larger amount and significantly purer sample is
usually required for NMR analysis when it is compared to mass spectrometry”> . However,
successful structural elucidation of unknown lipids in complex mixtures without isolating
individual lipids had been reported by combining chromatographic separation methods such as

3,8,10, 11
>S5 550 Tt was also

LC with high resolution NMR spectroscopy, in addition to mass spectrometry
suggested that the elucidation of the exact structure of lipids still requires MS" experiments, in
addition to large-scale biochemical isolation and NMR*. The complexity of our sample and the
low abundances of selected markers may limit the use of this approach. It has been suggested
that LC-NMR is more preferable when a lot of information regarding the sample is already

known if the lipids under analysis have lower percentage™, however, the approach may provide

complementary structural information if we use it at the right time.

5.3.2 Future research objective: Chapter 3

It might worth running the same samples in negative ion mode (ESI-MS). Additional
candidate peptidomic markers that could indicate EDLF exposure in the placenta may be
revealed, especially acidic peptides that are more likely to form deprotonated molecules. In
addition, cleaner fragmentation spectra have been reported in the negative ion mode that might
improve the possibility of successfully identification’.

Peptides and small proteins are indispensible to most physiological processes, therefore it
is worth investigating the peptidome in placental cytosol in response to a higher final
concentration of EDLF. A broader range of peptides, small proteins and metabolites can be

surveyed if we run the MS in both positive and negative ion mode.
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In addition to focusing on low abundance and low MW peptides, we can also employ a
more global proteomic approach to survey the full length proteins present in human placental
cytosol, one such method is termed MudPIT, short for Multidimensional Protein Identification
Technology. Unlike 2D-gel electrophoresis that focuses more on high abundance proteins,
MudPIT allows for a more comprehensive, non-biased study of placental proteome when
coupled with effective sample fractionation methods such as LC or ultracentrifugation. In one
study, differential sucrose gradient ultracentrifugation enabled the proteins in tissue homogenates
to be extracted into separate subcellular fractions, therefore substantially reducing sample
complexity and allowed for the detection of both low abundance and high abundance proteins'”.
The MudPIT analysis of each fraction can be repeated more than once to increase detection
coverage. Following tissue homogenization and protein extraction, proteins are digested with
trypsin, the resulting peptide mixtures are separated using reverse-phase and strong cation
exchange (SCX) columns'®. After chromatographic separation of the peptides, proteins can be

identified by comparison to protein databases.

5.3.3 Future research objective: Chapter 4

The candidate gender-specific serum lipid AD markers need to be confirmed to insure
that they are reproducible and useful. Previously unanalyzed serum specimens from a different
group of AD patients will be analyzed with the same MS based untargeted serum lipidomics
approach’'. New samples will be processed following the same procedure. If different lipid
markers for different genders were both discovered and confirmed, it is reasonable to move on to
targeted evaluation of gender-specific markers in larger cohorts of AD patients in a clinical

validation phase”. Both the diagnostic accuracy and predictive ability of the markers will be
p g y p
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assessed in different study populations™. Multi-marker panels can be modeled based on
replicating markers.

Low abundance proteins and peptides had also been associated with AD pathology.
Therefore, it is equally interesting to explore whether any of the confirmed peptide markers for
AD diagnosis are gender specific. A confirmatory study would then be necessary if any
promising gender-specific peptide AD markers.

If gender-specific lipid/peptide markers can be discovered and confirmed, it might be
interesting to investigate gender-specific markers for different disease stages of AD (CDR 0.5,
CDRI1, CDR2, and CDR3). Results obtained from the ANOVA model (where the disease stage
effect is categorical) and the ANCOVA model (where the disease stage effect is linear) have
suggested this possibility. The large number of gender differences in various aspects of AD such
as symptoms, risks of developing the disease and brain physiology may potentially result from
different pathophysiology related to gender, and possibly gender-specific path of disease
progression. This could consequently impact the effective diagnosis and treatment of the disease

for different genders.
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