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Figure 1.8 General structure and classes of sphingolipids 
(taken from Han, X.; Gross, R. W., Shotgun lipidomics: electrospray ionization mass spectrometric 

analysis and quantitation of cellular lipidomes directly from crude extracts of biological samples. Mass 

spectrometry reviews 2005, 24 (3), 367-412). 
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1.5.4 Separation of lipids in the positive or negative ion mode through ESI 

The ionization efficiency of a lipid depends on its tendency to lose or gain (oxidized or reduced) 

charge in the electric field. The lipid species carrying an inherent charge ionize more readily than 

the ones that do not carry an inherent charge. Ionization can also be achieved in the ESI source 

through the formation of adduct ions using cations or anions. Under the presence of an electric 

field, a dipole moment sufficient enough could be induced to make the lipid species interact with 

either an adduct cation or anion to form lipid-adduct ions. 

The ionization efficiencies depend upon the degree of the dipole potential induced in the molecular 

species. For example, a PC contains a large dipole moment in the zwitterionic polar head group. 

Therefore, it rapidly ionizes to form M+H+ or M+Na+ in the positive ion mode. In the negative ion 

mode, a PC can form M+Cl- or M+OAc-. Because head group of a PC contributes in a major way 

to the dipole moment, the ionization efficiencies of different PC species varying in carbon chain 

length are nearly identical. On the other hand, TAG’s are nonpolar lipids forming ammoniated, 

sodiated or lithiated adducts. A polar head group is absent and the dipole moment is influenced by 

the carbon chain length. Therefore, the ionization efficiencies of different TAG species are 

different depending on the number of carbon atoms and double bonds.  

For a lipid extract obtained from a crude biological sample, all the anionic lipid species would be 

observed in the negative ion mode. After addition of a base to make the extract slightly basic, all 

the weakly anionic lipids would also be observed in the negative ion mode. All the neutral polar 

lipid species would show up in the positive ion mode. Setup for intrasource separation of lipids 

through ESI is shown in Figure 1.9 32. 
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1.5.5  Tandem mass spectrometric based lipidomics 

The four MS/MS modes used in lipidomics are: 

1. Product ion analysis mode 

In this mode, the precursor ion of interest is first selected by the first analyzer which acts as a filter 

to transmit only the ion of interest. The ion of interest is then fragmented in the collision cell to 

form a number of product ions which are analyzed by the second mass analyzer. The structure of 

the precursor ion may then be elucidated from the fragment ions.  

2. Precursor ion scanning mode 

In this mode, the second mass analyzer focusses on the fragment ion of interest and scans different 

m/z from the first mass analyzer. All the m/z’s which produce that particular fragment ion are 

selected. It is useful to detect different species belonging to the same lipid class. 

3. Neutral loss scanning mode 

In the neutral loss scanning mode, both the first and second analyzers are scanned simultaneously 

to find a particular offset mass between the two. For some lipid species, the product ion produced 

by the fragmentation of the precursor ion corresponds to a neutral loss of a particular mass and 

likely a particular structural component. All the lipid species belonging to a class producing a 

particular neutral loss fragment can be identified using this technique.  

4. Selected reaction monitoring mode (SRM) 

In this mode, the transitions between the precursor and the product ions are previously known. 

Both the first and second analyzers are focused on selected ions with m/z=M and m/z=p, where p 

represents the product ion of parent or precursor ion M. 
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Figure 1.9 Intrasource separation of lipid species through ESI directly from the crude extract. 
(taken from Han, X.; Gross, R. W., Shotgun lipidomics: electrospray ionization mass spectrometric 
analysis and quantitation of cellular lipidomes directly from crude extracts of biological samples. 
Mass spectrometry reviews 2005, 24 (3), 367-412). 
 

 

 

 

 

 

 

 



 

30 
 

When either one or both the analyzers are set to record multiple ions, it’s called multiple reaction 

monitoring (MRM). For SRM/MRM mode, the mass spectrometer is coupled with HPLC. These 

techniques provide high sensitivity and specificity because of the high duty cycle of transitions of 

interest and are commonly used for the quantitative analysis of a lipid species of interest.  

These different modes are shown in Figure 1.10 34. 

 

1.5.6 Mass spectrometric analyses of the lipid species  

1. Analysis of anionic lipid molecular species 

Those species possessing a negative charge inherently can be analyzed in the negative ion mode 

at neutral pH.  For example, abundant deprotonated peaks for anionic lipids including PI, PtdGro, 

PS and cardiolipins were observed in the ESI mass spectrum of a crude lipid extract from mouse 

myocardium, whereas it displayed low abundance pseudo-molecular ions for otherlipid classes 

like PC and PE 32. In the negative ion mode, the molecular ion species of PI yielded a fragment 

ion at m/z 241. Therefore, all the species corresponding to PI can be identified by precursor ion 

scanning or product ion analysis. Similarly, lipids from the PS class can be identified by neutral 

loss scanning of 87 amu. Also, a product ion at m/z 153 corresponding glycerophosphate are 

produced from deprotonated anionic phospholipid species including PtdGro, cardiolipins etc.  

2. Analysis of weakly anionic lipid molecular species 

Addition of a weak base in low concentrations will result in deprotonation of weakly anionic lipid 

species including PE, lysoPE and eicosanoids, therefore displaying abundant deprotonated peaks. 
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Figure 1.10 Tandem mass spectrometry modes for analyses of lipid species 
 (taken from Multi‐dimensional mass spectrometry‐based shotgun lipidomics and novel strategies 
for lipidomic analyses. Mass spectrometry reviews) 
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The combinations of acyl chains present in PE can be identified by looking for the individual 

fragment ions. For example, m/z 255.2 is for 16:0, m/z 279.2 is for 18:2, m/z 281.2 for 18:1 and 

m/z 303.3 for 20:4. Although the anionic lipids ionize much more readily as compared to weakly 

anionic lipids, the ion suppression of PE species is not affected by anionic species. This is mainly 

because of the low abundance of anionic lipids relative to PE molecular species resulting in 

minimum interference during the ionization process.  

3. Analysis of electrically neutral lipid species 

These species are mainly detected in the positive ion mode. The highly polar lipid species including 

PC, lysoPC and SM are easily ionized with protons, whereas relatively less polar lipids e.g. TAG 

require ammonium, sodium or lithium ions to form adducts. The fragmentation spectrum of 

choline containing lipid species like PC, lysoPC and SM display product ions with m/z 59, 104 

and 184 corresponding to trimethylamine and choline and phosphocholine moieties. The parent 

SM species can be distinguished from PC species by the nitrogen rule. The nitrogen rule states that 

organic compounds containing exclusively H, C, N, O, Si, P, S and the halogens either have odd 

nominal mass that indicates an odd number of nitrogen atoms or even an even nominal mass that 

indicates an even number of nitrogen. 

The combinations of acyl chains can also be determined by analyzing the neutral loss of fatty acids 

from the parent in the product ion spectrum.  

TAG’s contain three fatty acid chains attached to the glycerol backbone. Although non-polar, 

abundant peaks are observed for TAG adducts (sodium, lithium or ammonium) in MS1 spectrum. 

Because of the absence of a head group, the ionization efficiencies for TAG’s mainly depend on 

the acyl chain length and the number of double bonds. 
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1.5.7 Approaches for lipidomic analysis 

 

The first approach used for lipidomics is an LC-MS based approach where separation of lipids 

takes place on a column prior to ESI-MS. The other major approach involves direct infusion of a 

lipid extract into the mass spectrometer through ESI. This approach is termed as shotgun 

lipidomics.  

A) LC/MS based approaches:  

The combination of ESI-MS with LC separation provides high sensitivity and resolution. Column 

separation also facilitates the analysis of isobaric compounds with different hydrophobicities. The 

LC-MS based approaches includes SIE (selective ion extraction), SRM/MRM and data-dependent 

analysis. In SIE, selected ions are extracted from the chromatogram after the LC run. The ion peak 

area of all the species of interest can be compared either to a standard curve of the same molecular 

species or ion peak area of an internal standard under identical experimental conditions. This 

approach is useful for quantitation of targeted low abundant species whose standard curve could 

be generated. However, this approach cannot be used for large scale quantification of lipids. The 

interference caused by coexisting lipid species in the same peak having similar hydrophobicities 

is a drawback of this approach. In contrast to SIE, SRM/MRM is preferable because the 

quantification is dependent on the fragment ion intensities specific to the parent ion of interest.  

A large number of studies have been carried out in the past to quantify lipid species using LC/MS. 

For example, quantification of ceramides from human stratum corneum has been successfully 

performed using normal phase LC/MS 35. In a study LC/MS/MS facilitated the quantification of > 

50 fatty acyl amino acids (35) 36. 
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B) Shotgun lipidomics 

Direct infusion of a lipid extract into ESI-MS was first described by Han and Gross in 1994. This 

approach is widely termed as shotgun lipidomics. It facilitates high throughput analysis of a 

lipidome directly from the lipid extract of complex biological samples. An advantage of the direct 

infusions over LC/MS is this high throughput sample analysis requires less time. The methods 

most commonly used for shotgun lipidomics are: 

1. Tandem MS based shotgun lipidomics 

As described earlier, most of the lipid species belonging to a particular class produce a 

characteristic fragment ion associated with the head group specific to that class. Therefore, all the 

lipid species belonging to a particular class can be isolated, measured and identified using 

precursor ion scan or neutral loss scan. This offers the advantages of simplicity, efficiency, high 

sensitivity, ease of management and faster analysis. The filtering process of MS/MS results in a 

high S/N ratio. 

There are several limitations associated with this approach. Firstly, the aliphatic constituents 

associated with different lipid species belonging to the same class are not identified. Secondly, the 

detection with MS/MS approach might not always be specific to the particular class. For example, 

the fragment ion at m/z 184 can be produced by species belonging to PC or SM; therefore, it can 

easily produce assignment artifacts. Lastly, accurate quantification of the lipid species might not 

be simple because of slightly different fragmentation pathways of the species belonging to the 

same lipid class.  

Despite the described disadvantages, many laboratories have adopted this approach for lipid 

analysis. For example, it’s widely used for plant lipidomics, detecting changes in lipids in response 
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to individual conditions or stresses 37-38. The identification of PC subclasses and the individual 

molecular species belonging to PC have also been achieved using NLS and PIS from their lithiated 

molecular ions 39. 

2. High mass accuracy lipidomics 

Currently, the Q-TOF mass spectrometer offers an increased duty cycle improving the detection 

sensitivity. TOF analyzers can detect ions simultaneously, providing high mass accuracy and 

resolution resulting in exact mass determination of the precursor or fragment ions minimizing false 

positives. 

 

1.5.8  Application of lipidomics in disease biomarker discovery 

 

Lipids are known to play important physiological functions including acting as a source of energy, 

maintaining cell membrane integrity and being involved in cell signaling pathways. Therefore, it’s 

important to consider and detect lipids involved in disease processes which may reflect disease 

states and indicate about the mechanism of the disease.  

A number of studies have proven that dyslipidemia or abnormal lipid metabolism can lead to a 

number of human diseases including diabetes 40, obesity 41, atherosclerosis 42 and brain disorders 

43. Therefore, studying alterations of individual molecular species of lipids in diseased specimens 

can help in detection of potential lipid biomarkers indicative of that disease.  

The most common workflow for detecting lipid biomarkers includes the following steps. Lipid 

extraction from biological samples including serum, tissue or other body fluids is carried out for a 
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set of cases and controls. The crude lipid extract is either first separated using LC or GC and then 

passed through ESI to MS or directly infused into the MS through ESI. Following that, a peak list 

of individual molecular species of lipids belonging to diverse classes from the mass spectrum is 

generated. Next, the data is normalized and subjected to various statistical tests to detect peaks 

which are statistically different between the cases and controls. Finally, the detected lipid 

biomarkers are correlated with metabolic pathways and their possible role in the mechanism of the 

disease is interpreted. 

A number of lipidomic studies have been helpful in detecting novel lipid species that could serve 

as potential biomarkers for a number of diseases. For example, in a study, phospholipid profiling 

in plasma samples of diabetic mellitus-2 (DM-2) cases and controls was done using an LC-MS/MS 

approach to detect potential lipid markers. This study led to discovery of four lipid markers 

including two PE and two lyso-PC molecular species that discriminated DM-2 cases from controls 

44. In another study, lipid profiling of liver tissues obtained from wild type and APOE*3-Leiden 

transgenic mice suffering from diet induced hyperlipidemia and atherosclerosis was done using 

LC-MS on both cases and controls 45. The results found higher levels of two lysoPC species in the 

APOE*3-Leiden transgenic mice. Also, a number of TAG species were found to be higher in these 

transgenic mice. Ceramides have been found to be increased in neuropathic diseases 33 and a 

number of TAG’s were found to be elevated in cardiovascular diseases 46. 

 

1.6 Preeclampsia 
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1.6.1  Background 

Preeclampsia (PE) is a serious life threatening gestational disorder. It occurs in 5-8% of 

pregnancies worldwide and is a leading cause of fetal and maternal deaths and morbidity 47. As 

established by International Society for the Study of Hypertension in Pregnancy (ISSHP), PE is a 

state of new onset hypertension after 20 weeks of gestational age together with proteinuria, 

followed by the postpartum normalization of the symptoms within 3 months. The thresholds 

defined for hypertension in PE are a systolic blood pressure of >140 mm Hg and a diastolic blood 

pressure of >90 mm Hg measured twice within an interval of at least 4 h, whereas proteinuria is 

defined to be the presence of >300 mg/day of urinary protein 48. Furthermore, the ISSHP has 

defined PE to be severe if the blood pressure is >160 mm Hg systolic and >110 mm Hg diastolic 

and proteinuria of >5 g/day 49. Despite the fact that proteinuria has been conventionally considered 

a requisite for diagnosis of PE, its role as a marker is debatable 50. Also, the appearance of 

additional complications in PE can occur and is termed  HELLP (hemolysis, elevated liver 

enzymes and low platelet counts) syndrome characterized by thrombocytopenia, microangiopathic 

hemolytic anemia and hepatic dysfunction 51. In some cases severe PE can progress to eclampsia 

which involves the development of seizures antepartum, intrapartum or postpartum, probably due 

to cerebral vasoconstriction or vasospasm, ischaemia, cerebral edema and/or cerebral 

haemorrhage. Other maternal symptoms considered for clinical diagnosis of PE include renal 

insufficiency (creatinine >0.09 mmol/L), liver disease, neurological problems (hyperreflexia with 

severe headaches, visual disturbances), hematological disturbances and fetal growth restriction 49. 

Fetal complications include prematurity and low birth weight. Collectively, taken together, a wide 

range of symptoms makes PE a syndrome rather than a disease. 
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Despite years of research, the etiology of the disease is not known.  Indeed, PE has been known 

since the times of ancient Egypt around 3000 years ago, where it was first reported as a pregnancy 

related disorder 52. However, it has been accepted that the presence of the placenta is responsible 

and/or necessary for the disease which is supported by the fact that the symptoms are relieved 

following its removal 53. It is defined as the “disease of theories” as exhibited by its having no 

decided cause 54. 

 

1.6.2 Pathogenesis of PE   

The first step that is proposed to initiate the PE process is the inadequate remodeling of the uterine 

spiral arteries leading to improper perfusion of the fetal-placental unit. This further results in the 

placenta becoming hypoxic. The alternate periods of hypoxia and re-oxygenation within the 

placenta triggers oxidative stress and increases placental apoptosis and necrosis 55. This shedding 

of placental debris into the maternal circulation leads to systemic endothelial dysfunction and an 

adverse inflammatory response 51.  

 

1.6.3 Biomarkers for PE 

Despite a number of clinical studies, there is no single reliable parameter for early diagnosis of 

PE. Currently, a number of biomarkers have been proposed for PE. The most commonly studied 

are 1. Angiogenic factors- vascular endothelial growth factor (VEGF) and placental growth factor 

(PlGF). 2. Anti-angiogenic factors- soluble fms like tyrokinase (sflt1) and soluble endoglin. 

Other proposed candidate markers for PE are Placental Protein 13, P-Selectin and Pregnancy-

Associated Plasma Protein A (PAPP-A).  
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Although a number of evaluations have been performed on these markers, their use is limited due 

to lack of sensitivity and specificity and inability to diagnose PE at an early stage 56. 

Therefore, there is a need for detection of set of novel biomarkers which can differentiate patients 

at risk for PE from controls at a very early stage. We carried out a study using our serum proteomic 

approach to detect low M.W. biomarkers for PE as elaborated in Chapter 2. 

We also used a lipidomic approach to detect and identify potential lipid biomarkers for PE 

specifically (details in Chapter 3). 

 

1.7 Alzheimer’s disease (AD) 
 

 

1.7.1  Background 

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder and is the most common form 

of age related dementia in modern society 57.  It is characterized by progressive loss of cognitive 

functions. The early signs mainly include memory loss and mild behavioral changes with gradual 

progression to dementia. It is estimated that approximately 25 million people worldwide currently 

have AD, and the number of affected people is estimated to be increased to 80 million by 

204058.The risk factors mainly linked to the incidence of AD include age, gender (females are 

more likely to be affected), genetic factors, head injury and Down’s syndrome.  

Mild cognitive impairment (MCI) is proposed to be an early phase of cognitive decline that 

precedes dementia. MCI patients may progress to AD, vascular disease and other kinds of 
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dementia. A study showed that people with MCI were 6.7 times more likely to develop AD than 

cognitively normal individuals 59. 

 

1.7.2  Clinical Dementia Rating Scale (CDR) for AD 

The 5 stages of dementia used to evaluate the progression of symptoms in patients with dementia 

are  

1. CDR 0 or no impairment: This stage represents no memory problems, proper orientation in time 

and space, normal judgement and the ability to take care of the all of the personal needs. 

2. CDR 0.5 or very mild dementia: It represents minor memory inconsistencies but the ability to 

manage personal needs is not affected. 

3. CDR 1 or mild dementia: Symptoms include moderate memory loss, geographic disorientation 

and difficulty in handling problems. Social judgement is usually maintained. 

4. CDR 2 or moderate dementia: It includes severe memory loss, severe difficulty with time and 

space orientation, social function usually impaired and there is no pretense of independent function 

outside home. 

5. CDR 3 or severe dementia: It is accompanied by severe memory loss, complete judgment 

impairment, can’t solve problems and inability to take care of personal needs. 
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1.7.3  Pathophysiology of AD 

Currently, AD is believed to be driven by two biochemical processes. The first involves the 

extracellular deposition of beta amyloid (Aβ) which is a 36-43 amino acid peptide cleaved from 

the parent protein amyloid precursor protein (APP) by action of enzymes β and γ secretase. Further, 

the Aβ monomer polymerizes to soluble oligomers and then to insoluble fragments such as Aβ 42 

which finally precipitates to amyloid fibrils resulting in deposition. 

The second biochemical process associated with AD is the formation of neurofibrillary tangles due 

to abnormal processing and accumulation of tau protein. Tau protein forms aggregates by twisting 

filaments around each other. These aggregates then interfere with normal cellular processes by 

displacing organelles and impairing axonal transport.  

 

1.7.4 Current Neuroimaging techniques 

Disease pathogenesis may affect the brains of patients well before the actual clinical symptoms of 

AD occur. Therefore, early diagnosis may help in the prevention of disease progression and also 

benefit development of effective treatment.  

Neuroimaging techniques used for diagnosing AD are described below. 

1) Structural neuroimaging 

Magnetic resonance imaging (MRI) allows measurement of hippocampal volume, which is a 

known established AD marker 60. Multiple studies have confirmed hippocampal neuron loss at 

post-mortem in AD patients61-62. 
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2) Functional neuroimaging  

Decrease in regional blood flow and glucose metabolism preceding cerebral atrophy is known to 

occur in AD patients 63. Functional imaging with fluorodeoxyglucose positron emission 

tomography (FDG-PET) shows characteristic glucose hypometabolism in temporoparietal areas 

of AD brain due to synaptic loss 64.  Multiple studies have distinguished established AD from other 

healthy controls with 90% sensitivity and specificity using FDG-PET 65.  

PET can also detect binding of labelled molecules to Aβ indicating Aβ plaques in AD brains 66. 

Although these imaging techniques can improve diagnosis, their use is limited to small scale 

studies. This is because of expensive instrumentation, their invasive nature and laborious 

methodologies. 

 

1.7.5  Current proposed biomarkers for AD 

A number of candidate markers proposed for AD in CSF, serum, plasma and urine are shown in 

Table 1.1 67. 

Despite a number of proposed candidate biomarkers for AD, the definite diagnosis can only be 

made by post mortem histopathological examination of brain tissue having amyloid plaques 

containing a core of Aβ peptide and neurofibrillary tangles of tau protein. 

Therefore, there is a need for detection of panels of novel biomarkers that could aid in the early 

diagnosis of AD and help in the development of treatment therapies. 
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1.7.6  Lipid biomarkers for AD 

Lipids could be directly involved in the biochemical pathway of AD or could be produced as a 

result of the disease. A number of studies have shown alteration of lipids in AD mentioned in 

Chapter 4. Therefore, lipids could prove useful as potential markers for diagnosing AD at an early 

stage. We carried out a study to characterize the alterations in lipid species from different classes 

between AD cases and controls using direct infusion ESI mass spectrometry.  

The methods and results are elaborated in detail in Chapter 4.  
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Chapter 2  Serum Biomarkers Predictive of Preeclampsia 

Disclaimer: This chapter is mainly reproduced from published research article: Anand, S., Bench 

Alvarez, T. M., Johnson, W. E., Esplin, M. S., Merrell, K., Porter, T. F., & Graves, S. W. (2015). 

Serum biomarkers predictive of pre-eclampsia, Biomarkers in medicine, 9(6), 563-575.

2.1 Abstract 

Materials and methods: Sera obtained at 12-14 weeks of pregnancy from 24 cases who later 

developed PE and 24 controls with uncomplicated pregnancies were processed and analyzed using 

a serum proteomic approach. 

Results: Many statistically significant serum PE biomarker candidates (>60) were found 

comparing cases and controls.  In addition, logistic regression analysis modeled biomarker data 

resulted in 14 different multi-marker combinations having high detection sensitivity and specificity 

(AUC>0.9).  

Conclusion: Developed panels of serum biomarkers appeared effective in identifying pregnant 

women at 12-14 weeks gestation at risk of PE later in their pregnancy. 

2.2  Introduction 

Preeclampsia (PE) is a potentially life-threatening pregnancy disorder.  It occurs in 5-8% of 

pregnancies worldwide and is a primary cause of fetal and maternal morbidity and death 1.  PE has 

been defined by new onset hypertension and proteinuria, but can worsen to involve several 

systems.    
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Although there has been extensive research, the early etiology of PE is incompletely understood. 

It is widely accepted that the placenta is required for the disease which is supported by the 

observation that symptoms reverse rapidly following its removal2,3.  PE historically has been called 

the “disease of theories” based its many proposed causes4.  

 

Despite no definitive cause, and potentially no single cause, there is evidence for a number of 

potentially contributory problems in PE that occur prior to clinical presentation of the disease.  For 

example PE is associated with an incomplete invasion and remodeling of the maternal uterine 

spiral arterioles by extravillous trophoblasts leading, it is thought, to ischemia and hypoperfusion 

of the placenta 5.  Further, it has been proposed that alternating recurrence of hypoxia-

reoxygenation in the uteroplacental region leads generation of reactive oxygen species (ROS) 6. 

There also appears to be altered expression of angiogenic and anti-angiogenic factors in the 

maternal circulation prior to established PE 7.  Such early changes hold out the possibility of 

biochemical changes that may foreshadow the disease and could be used as biomarkers.  

 

 While knowing that a pregnant woman is at risk of PE, presently, treatment or prevention 

of PE remains limited.  Several clinical trials have investigated the use of various agents to prevent 

or reduce the incidence of PE, including low dose aspirin (as an anti-inflammatory and anti-

coagulant); vitamins C and E (as antioxidants and agents countering ROS) and calcium 

supplementation (as a potential mediator of hypertension) but these did not provide a general 

reduction of PE incidence overall although there is evidence of each providing a benefit to a small 

subset of pregnant women 8-10.  Again, the potential heterogeneity of PE may obscure selected 

benefits.  Drug interventions are limited to blood pressure control in symptomatic PE women and 
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steroids to hasten fetal lung maturation when premature delivery may be required.  Other drug 

therapies have yet to be established and approved.  Nevertheless, having a reliable set of predictive 

biomarkers might allow for more appropriate levels of clinical surveillance for both at-risk and 

not-at-risk pregnant women. 

 

 Biomarkers have been proposed for PE.  They have been chosen most often because of 

their being altered in clinically established, active disease.  The most highly studied of these are 

markers of angiogenic imbalance, with elevated serum levels of the anti-angiogenic factors,  

soluble fms-like tyrosine kinase-1, sFlt-1, and soluble endoglin, sEng, and decreased levels of pro-

angiogenic factors, i.e. placental growth factor, PlGF and vascular endothelial growth factor, 

VEGF 7, 11-12. However, as predictive markers, they have shown limited accuracy in unselected 

populations13-16. Furthermore, they are not entirely specific to PE with comparable changes found 

in other pregnancy-related complications, e.g. intrauterine growth restriction without PE 17.  

Additionally, it has been shown that prophylactic use of anti-oxidant vitamins, while failing to 

reduce the incidence of PE, did surprisingly normalize these pro-angiogenic/anti-angiogenic 

factors in those women who later had PE, suggesting that environmental factors, such as nutrition, 

can directly affect them without changing risk for disease.  Other less studied, potentially 

predictive PE biomarkers are placental protein 13 (PP13), P-selectin and pregnancy associated 

plasma protein A, but they also demonstrate low predictive value.  Consequently, there is on-going 

need for a better set of PE biomarkers.   

 

 Proteomics is an analytical approach that couples chromatographic separations with mass 

spectrometry.  These methods can survey hundreds to thousands of different molecules 
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simultaneously, creating the possibility of a more global, unbiased assessment of potential 

diagnostic or predictive biochemical changes accompanying or predating clinical disease.   

            The use of serum as part of proteomic approaches to finding biomarkers is challenging.  

Not only is the target specimen complex, a more significant problem is the presence of ~30 highly 

abundant proteins.  High abundance species cause ion suppression in MS-based methods obscuring 

thousands of lower abundance species.   Hence, there is always a tradeoff:  focus on large proteins 

and suffer ion suppression losing thousands of potentially informative biomolecules or focus on 

lower molecular weight species and eliminate potentially informative proteins.  Previously, there 

have been few, if any, attempts at global serum proteomic approaches to identify serum or plasma 

PE biomarkers, certainly none that have fully eliminated high abundance proteins and none that 

have interrogated lower molecular weight, low abundance species.  Our approach is new and 

focuses on the less abundance (nM or lower), lower molecular weight (<10,000 daltons) proteins, 

peptides and lipids predicting PE.  In doing so, the approach increases dramatically the number of 

biomarkers interrogated by MS (>5000 additional novel analytes), increasing the possibility of 

finding important predictive PE biomarkers.  This approach at a minimum complements previous 

studies.  In this study, this approach has been applied to serum from pregnant women collected at 

12-14 wks pregnancy and markers have been sought to allow for prediction of later PE.  These 

results are described here. 

 

2.3 Methods 
 

2.3.1 Patient Population 
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Serum specimens utilized for this PE study were obtained from the Department of Obstetrics and 

Gynecology, University of Utah School of Medicine and from Intermountian Healthcare and 

represent sera previously collected from pregnant women at 12-14 weeks gestation as part of a 

prospective study that considered universal potential complications. There were 24 controls, 

having term uncomplicated pregnancies and 24 cases, which developed PE later in the same 

pregnancy.  The diagnosis of PE followed guidelines established by the American Congress of 

Obstetricians and Gynecologists and the International Society for the Study of Hypertension in 

Pregnancy 1.  Women on medications or with major intercurrent disease were excluded, including 

those with diabetes, renal disease, or preexisting hypertension.  Demographic information on the 

women whose speciments were included in the study in summarized in Table 2.1.  All women 

were Caucasian subjects reflecting the racial make-up of the general hospital population.  The 

study was approved by representative Institutional Review Boards at both the University of Utah 

and Brigham Young University.  We note that at the outset of this research we had anticipated 

completing a follow-up, confirmation study, but found that there were no additional specimens 

available from cases that had not been thawed and refrozen, perhaps repeatedly.  We were unaware 

of other studies that collected specimens prospectively at 12-14 gestation, processed expeditiously 

and kept frozen until analysis available to us. 

 

2.3.2 Sample Preparation 

As part of the original protocol, blood was collected, allowed to clot (~60 min) and the serum was 

separated immediately from the clot by centrifugation and stored at -800C until processed further.   
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Table 2.1 Demographic Data for Study Groups 

 
SBP: Systolic blood pressure, DBP: Diastolic blood pressure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 Maternal Age 
(yr) 

Gestational 
Age (wks) 

Body mass 
index 
(BMI) 

Birth weight 
(gm) 

Max. SBP 
mm Hg 

 

Max. DBP 
mm Hg 

Cases 28 ± 1.2  35 ± 0.8 25.5 ± 1.2 2467 ± 200 159 ± 3.4 103 ± 1.6 

Controls 

 

28 ± 0.97   38 ± 0.35 21.2 ± 1.4 3447 ± 108 132 ± 2.8 83 ± 2.3 
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In order to selectively focus on low MW peptides, a protocol was followed to deplete proteins 

from the sera by adding acetonitrile in a ratio to serum of 2:1 18.  This removed high abundance, 

high MW proteins. The apparent protein concentration of protein-depleted samples was 

determined using a Bio-Rad microtiter plate protein assay following the manufacturer’s method 

(Bio-Rad Laboratories, Hercules, CA). An aliquot containing 4 µg apparent protein was 

transferred into a fresh microcentrifuge tube. The aliquot was lyophilized (CentriVap Concentrator 

Labconco Corporation, Kansas, City, MO) to less than 20 µL, and the volume was brought up to 

20 µL with HPLC grade water and acidified with 20 µL of 88% formic acid.  The specimens were 

loaded onto a capillary liquid chromatography-tandem mass spectrometer system (cLC-MS) via 

autosampler injection (Dionex Corporation, Sunnyvale, CA). 

 

2.3.3 cLC-MS Analysis of Protein Depleted Specimens 

 Specimens were introduced onto an LC system utilizing a 1 mm (16.2 μL) microbore guard 

column (Upchurch Scientific, Oak Harbor, WA) coupled to a 15 cm x 250 μm i.d. in-house packed 

capillary column (POROS R1 reversed-phase media, Applied Biosystems, Framingham, MA). The 

instrument employed an LC Packings Ultimate Capillary HPLC pump system, with a FAMOS® 

autosampler (Dionex Corporation, Sunnyvale, CA) controlled by Analyst QS® software (Applied 

Biosystems, Foster City, CA). The chromatographic separation gradient used an aqueous phase 

(98% HPLC grade H2O, 2% acetonitrile, 0.1% formic acid) and an organic phase (2% H2O, 98% 

acetonitrile, 0.1% formic acid).  Details of the elution gradient used and other parameters of the 

method have been described previously 18.  
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During the chromatographic separation, eluate from the fractionated samples was 

introduced into a QSTAR Pulsar I quadrupole orthogonal time-of-flight mass spectrometer through 

an ESI (electrospray ionization) source. The MS data for each sample was collected for m/z 500 

to 2500 from 5 to 55 min of the cLC elution with mass spectra obtained every 1 sec. The elution 

profile of each cLC fractionated sample was reported as the total ion chromatogram (TIC) and the 

results analyzed using Analyst QS® 1.1 software (Applied Biosystems, Foster City, CA).  

Following the void volume (~12-15 min), ~25 min of the remaining 55 min gradient was divided 

into ten ~2 minute regions or windows based on previously described serum time markers 19. 

Within each two-minute window, the spectra for cases and controls were overlaid and color-coded 

to distinguish the two comparison groups for analysis. Visual inspection was conducted and peaks 

with apparent quantitative differences between cases and controls were recorded for further 

analysis. The intensities of these potential markers were recorded for each of the specimens in the 

initial specimen set using the extracted ion chromatogram (XIC) function and were used for 

statistical analyses. Additionally, a co-eluting species having comparable intensity for the cases 

and controls were chosen as the reference peaks. Their intensities were determined and used for 

the normalization of the potential biomarkers.  

 

2.3.4 Statistical Analyses 

 The peak heights of potential markers of interest from the initial sample set were subjected 

to Student's T-test to determine statistical significance of case versus control differences observed 

in the visual inspection step. A p-value of <0.05 was considered statistically significant, although 

markers with a p-value of less than 0.1 were also included for modeling biomarker panels with 

higher specificity and sensitivity. Thus, all the potential markers with a p-value of less than 0.1 
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(66 markers) were subjected to biomarker panel development using a forward selection, leave one 

out, logistic regression approach 20-21.  It is recognized that a simple T-test is not a sufficient 

statistical test.  However, the field of proteomics is emerging and there is no agreed upon statistical 

approach.  Typically, multi-marker modeling and/or retesting of markers increase confidence in 

their usefulness.  The forward selection process was done in conjunction with logistic regression 

analysis and receiver operator characteristic (ROC) curves were generated to allow for sensitivities 

and specificities to be considered.  The ROC would ideally be used with larger numbers but 

provide a sense of the usefulness of biomarker combinations. 

 

2.3.5 Tandem MS Identification of Significantly Different Candidate Biomarkers 

Previously assayed samples having high abundance of a candidate PE biomarker were 

selected for fragmentation studies.  A quantity of 5-20 µg of the sample was treated with 2.5 µL 

of 88% formic acid and loaded onto cLC-MS-MS system. Prior to fragmentation experiments, the 

specimen was submitted to two cLC-MS runs to determine the exact elution time of the molecule 

of interest. If a consistent elution time was obtained, a two minute window comprising one minute 

before and one minute after the candidate peak height maximum was directed into the 

fragmentation cell and fragmentation data collected. The same guard column, capillary column 

and column packing were used as described above. The aqueous phase was 98% HPLC grade H2O, 

2% acetonitrile, 0.1% formic acid and the organic phase was 2% H2O, 98% acetonitrile, 0.1% 

formic acid. The initial cLC-MS runs lasted for 40 min starting with 3 min of 95% aqueous phase 

and 5% organic phase, followed by a linear increase to 60% organic phase over 20 min. Following 

that, the gradient was then further increased to 95% organic phase over 5 min and held at 95% 

organic for 6 min. Finally, the gradient was then returned to 95% aqueous phase over 3 min and 
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held there to re-equilibrate the column. The mass range for collecting the scans was dependent on 

the parent mass fragmented.  Fragmentation was produced by ion collisions with nitrogen or argon. 

Collision product ions were then analyzed by time-of-flight MS and a composite spectrum for the 

2 min of fragmentation spectra were obtained. Fragmentation at different collision energies was 

also carried out until fragment ion coverage was as complete as possible. As one spectrum was 

collected per second, 120 MS/MS spectra were collected in 2 minutes and the MCA (multi-channel 

analyzer) function was turned on which summed all 120 MS/MS spectra resulting in increased 

signal to noise.  The MCA spectra for different energies were overlaid together using the ‘overlay’ 

feature, followed by summing of all these spectra using the ‘sum overlays” feature to provide a 

single spectrum with optimal fragmentation coverage.  

 

The summed spectrum was visually inspected and compared to the exported peak list to 

check for any miss-assigned charge states. After charge state correction, all the peaks in the peak 

list higher than +2  were transformed into their +1 m/z values using the formula: +1 mass = m/z 

value * charge – (charge – 1H+) to simplify the database search. The corrected mass list was 

exported as a tab-delimited text file and submitted to Mascot (Mascot 2.3, 

www.matrixscience.com) database search. 

 

2.3.6 De Novo Sequencing of Protein or Peptide Markers 

 In instances when Mascot database comparisons of candidate marker MS/MS spectra did 

not yield any promising results, de novo sequencing of these markers was attempted. MS/MS 

spectra were first examined for b1 and/or y1 ions to indicate the start of the peptide sequence at 

either the N- or C-terminus. These ions occur in the lower m/z range of the spectra. Peak 

http://www.matrixscience.com/
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comparisons were then made in an attempt to identify sequential amino acids. This process was 

continued until a continuous chain of amino acid sequence was determined. The predicted peptide 

sequences were also confirmed by independently subjecting them to a BLAST search available 

through NCBI website which gave possible parent proteins for a peptide.  

 

 When a complete sequence of contiguous amino acids representing b- or y-series ions 

cannot be obtained, sometimes the parent protein can still be determined.  In general a sequence 

of at least 5-6 consecutive amino acids must be identified before the parent protein can be 

determined by comparison to a protein data base. 

 

2.3.7 Mass Spectrometric Fragmentation and Manual Chemical Characterization of Lipid 

Markers 

In addition to protein or peptide biomarkers, several potential biochemical markers were likely 

lipids based on their elution in the hydrophobic region of the cLC chromatogram.  These candidates 

were also submitted to MS fragmentation studies.  The fragmentation data were reviewed for peaks 

characteristic of some lipid classes, including the frequently seen peak at m/z 184.07  known to 

represent a phosphocholine head-group 22-23.  

 

 Accurate mass determination of lipids was compared to the LIPID MAPS database 

(http://www.lipidmaps.org/) to find archived lipids having very similar masses.  LIPID MAPS MS 

prediction tool (http://www.lipidmaps.org/tools/index.html) was also used to predict possible 

fragments representing Sn1 and Sn2 acyl losses, which was then compared to actual peak masses 

present in MS/MS spectra to identify possible fatty acid constituents. Additionally, previously 
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reported MS/MS fragment assignments for glycerophosphocholines (PC) were used to confirm 

identities of some candidate PC biomarkers based on comparable MS/MS spectra.   

 

2.3.8 Evaluating Possible Lipid Dimer Formation of During ESI 

 Some observed marker peaks were consistent with the presence of lipid homodimers 

(dimers of the same two PC species presenting as 2M+H+) or heterodimers (dimers of two different 

PC species presenting as M1+M2+H+).  To assess whether lipid dimers were formed using our 

instrument, a lyso PC standard, 1-oleoyl-sn-glycero-3-phosphocholine, having a MW of 521.67, 

was used (Sigma Aldrich).  It was diluted with acetonitrile to a concentration of 12 µM followed 

by addition of 88% formic acid (20 µL per 1 mL sample) and was directly infused into the ESI-

TOF MS at a flow rate of 10 µL/min.  

 

2.4 Results 
 

The question addressed by this study was whether there were biomarkers observable in the serum 

of pregnant women predictive of PE development later in the same pregnancy.  To assess this, a 

novel serum proteomic approach was used to interrogate the low abundance, LMW proteins, 

peptides and other biomolecules.  The approach found more than 60 candidate biomarkers that 

were statistically or near statistically different in pregnant women sampled at 12-14 weeks 

gestation who developed PE weeks to months later compared with pregnant women sampled at 

the same time who had uncomplicated, term pregnancies.  Enough specimen was available to 

conduct MS/MS fragmentation studies on 39 of these.  These candidate biomarkers are 

summarized in Table 2.2.  
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 Table 2.2 Statistically significant potential biomarkers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

S No.    m/z     P value         Higher in       AUC 

   1   942.5      0.017          Controls      0.611 
   2.   571.3      0.005          Controls      0.585 

   3.   593.3      0.034          Controls      0.583 

   4.   619.8      0.03          Controls      0.566 

   5.   1238.5      0.03          Controls      0.562 

   6.   539.6      0.05            Cases      0.177 

   7.   676.7      0.02            Cases      0.477 

   8.   568.8      0.05            Cases      0.505 

   9.   1071.4      0.05            Cases      0.242 

  10.   601.3      0.012          Controls      0.647 

  11.   649.3    0.00003            Cases      0.636 

  12.   509.3      0.001          Controls      0.693 

  13.   569.3      0.004          Controls       0.67 

  14.   621.4      0.03          Controls      0.568 

  15.   723.47      0.02          Controls      0.519 

  16.   767.5      0.03          Controls      0.502 

  17.   503.3      0.02          Controls      0.573 

  18.   508.3     0.0002          Controls      0.748 

  19.   513.3      0.003          Controls      0.674 

  20.   553.3     0.0001          Controls      0.753 

  21.   594.3      0.02            Cases      0.589 

  22.   665.4      0.006          Controls      0.628 

  23.   697.4      0.007          Controls     0.637 

  24.   739.4      0.0003          Controls     0.809 

  25.   975.6      0.0009          Controls     0.698 

  26.   1015.6       0.01          Controls     0.021 

  27.   1026.6      0.0001`          Controls     0.769 

  28.   1069.7       0.05            Cases     0.514 

  29.   1074.6      0.0005          Controls       0.7 

  30.   1111.7        0.08          Controls       0.5 

  31.   639.38      0.0001          Controls      0.79 

  32.   634.39       0.003          Controls     0.675 

  33.   634.39       0.002          Controls     0.707 

  34.   756.5        0.01          Controls     0.613 

  35.      1540.1        0.03          Controls     0.574 

  36.   1516.1        0.01          Controls     0.629 

  37.   718.8       0.001            Cases     0.591 

  38.   719.2       0.05          Controls     0.612 

  39.   734.8     0.000003            Cases     0.705 
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2.4.1 MS Structural Characterization of PE Peptide Biomarker Candidates 

Fragmentation studies on the 39 peaks suggested that 9 candidates were peptides based on higher 

charge states, earlier elution times and fragmentation patterns consistent with a peptide, e.g. 

presence of an immonium ion.  Of these, 6 were identified using MS-MS fragmentation data, which 

provided complete or near complete b- and y-series fragment ions and were identified by 

MASCOT.  Some were not identified by MASCOT because of high charge state (z > 3+), but were 

identified by de novo sequencing.  Among the 6 peaks identified, two sets of peaks represented the 

same peptide found in different charge states.  Hence, 4 unique peptides were successfully 

sequenced.   

 

 The peptide with m/z 942.6 was identified as being a fragment of complement C3. The 

peptides m/z 1070.8 and m/z 676.7 were found to be fragments of inter-alpha-trypsin inhibitor 

heavy chain H4 isoform 2.  Furthermore, peptides m/z 676.7 and 1014.5, were identical fragments 

of the same protein with different charge states, where 676.7 was in the +3 form and 1014.5 was 

the +2 form.  Finally, the peptide with m/z 1238.5 was identified as being a fragment of β-

fibrinogen with a pyro-glutamic acid modification on its N terminus representing a glutamine or 

glutamate.  These are summarized in Table 2.3.   

 

 As indicated, 3 biomarkers that were likely to be peptides were not identified.  This was 

due to some combination of the following: high charge state, the inability to identify y1 or b1 ions, 

higher MW (e.g. 40+ amino acids) coupled with low abundance leading to incomplete b- and y-

ion series and in all instances inadequate specimen to carry out fragmentation studies at multiple 

collision energies.   
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Table 2.3 Amino acid sequence of peptide biomarkers and elemental composition and class for lipid 
biomarkers successfully fragmented 
m/z charge MW sequence/structure parent protein/ 

compound/class 
Elemental 

composition 
942.5    1 941.5 hwesasll Complement C3  

1070.8    4  4279.25 nvhsagaagsrmnfrpgvlss 
rqlglpgppdvpdhaayhpf 

Inter-alpha-trypsin inhibitor 
heavy chain H4  

 

676.7    3 2026.98 qlglpgppdvpdhaayhpf Inter-alpha-trypsin inhibitor 
heavy chain H4  

 

1014.5    2 2026.98 qlglpgppdvpdhaayhpf Inter-alpha-trypsin inhibitor 
heavy chain H4 isoform  

 

619.8    2 1237.5 pyro-egvndneegff Beta-fibrinogen  

1238.5    1 1237.5 pyro-egvndneegff Beta-fibrinogen  

756.6     1 755.6 PC(18:2/16:1) 1-(9Z,12Z-
octadecadienoyl)-2-(9Z-
hexadecenoyl)- glycero-3-
phosphocholine 

 

[C42H78NO8P+ 
H+] 

508.3     1 507.3 PC(O-18:1) 1-(11Z-octadecenyl)-sn-
glycero-3-phosphocholine 

[C26H54NO6P+ 
H+] 

594.3     1 593.3 PC(16:0/5:0(CHO)) 1-hexadecanoyl-2-(5-
oxovaleroyl)-sn-glycero-3- 
phosphocholine 

 

[C29H56NO9P+ 
H+] 

1069.7     1 1068.7 

(m/z 
524.35 + 
m/z 
546.35) 

Dimer of  LPC (18:0) + 
LPC (20:3) 

Glycerophosphocholines  

 

[C26H54NO7P+ 
C28H52NO7P] + 
H+ 

1516.1     1 1515.1 
(m/z 
758.6 + 
m/z 
758.6) 

Dimer of PC(34:2) + 
PC(34:2)   

Glycerophosphocholines  

[C42H80NO8P+ 
C42H80NO8P] + 
H+ 
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1540.1   1 1539.1 
(m/z 
758.57 + 
m/z 
782.57) 

Dimer of PC(34:2) + PC 
(36:4) 

Glycerophosphocholines  

[C42H80NO8P 
+C44H80NO8P] + 
H+ 

1111.7   1 1110.7 
(m/z 
544.3 + 
m/z 
568.34) 

Dimer of LPC (20:4) + 
LPC (22:6) 

Glycerophosphocholines  

[C28H50NO7P+ 
C30H50NO7P]+ 
H+ 

1015.7   1 1014.7 
(m/z 
496.35 + 
m/z 
520.35) 

Dimer of LPC (16:0) + 
LPC (18:2) 

Glycerophosphocholines  

[C24H50NO7P+ 
C26H50NO7P]+ 
H+ 

975.7   1 974.7 
(m/z 
480.35 + 
m/z 
496.35) 

Dimer of LPC (O-16:1) 
+ LPC (16:0) 

Glycerophosphocholines  

 

[C24H50NO6P+ 
C24H50NO7P]+ 
H+ 

634.4   1 633.4  Glycerophosphocholines [C33H64NO8P]+ 
H+ 

1026.7   1 1025.7          Glycerophosphocholines  [C51H98N2O16P] 
+ H+ 

513.3   1  512.3          Sphingolipids [C24H53N2O7P] + 
H+ 

553.3   1  552.3          Sphingolipids [C25H49N2O9P] + 
H+ 

509.3   1  508.3          Sphingolipids  

569.33   1  568.3          Sphingolipids [C29H49N2O7P] + 
H+ 

593.3   1  592.3          Sphingolipids  

 
Note: for candidate m/z 509.3 it was likely that this was a unique and unusual distinct sphingomyelin whose 
fatty acid constituent could not be identified based on its fragmentation spectrum.  Also, for candidate m/z 
593.3 the elemental composition could not be determined because exact mass studies could not be 
performed due to its very low abundance in the samples and limited samples. 
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This group included the following additional markers (represented by their m/z ratio): 718.8, 

719.2, and 734.8.  

 

2.4.2 MS Structural Characterization of PE Lipid Biomarker Candidates 

 Several of the candidates did not appear to be peptides based on elution time, m/z and 

fragmentation.  This pattern included no evidence of immonium ions, no fragments with intervals 

consistent with amino acids or modified amino acids but fragment features consistent with known 

lipid classes, e.g. a peak at m/z 184.07 consistent with a phosphocholine head group.   

 

2.4.2.1 Identified PE Lipid Biomarkers 

Several of the lipid biomarkers were successfully categorized as phospholipids. The markers with 

m/z 756.5, 594.3 and 508.3 were identified respectively to be glycerophosphocholine (PC) with 

fatty acyl groups represent a 16 carbon fatty acid with one double bond (16:1) and an eighteen 

carbon fatty acid with two double bonds (18:2), a lyso-PC (18:1) and an oxidized PC 

(16:0/5:0(CHO)). Several species, m/z 1069.7, m/z 1026.7, 1516.1, 1540.1, 1111.7, 1015.7 and 

975.7 were found to be dimers containing two copies of a single PC or coupling of two different 

PC species (Table 2.3).  

 

 The MS-MS fragmentation spectrum for a number of other candidate markers, i.e. those 

having m/z ratio of 634.4, m/z 513.3, m/z 553.3, m/z 509.3, m/z 569.3 and m/z 593.3 displayed a 

prominent peak at m/z 184.07 indicating the presence of a phosphocholine moiety. Their elemental 

composition was determined based on exact mass studies.  However, their complete structure could 
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not be determined.  According to the nitrogen rule, the M+H+ even m/z (having odd neutral mass) 

should correspond to the presence of odd number of nitrogen atoms. 

  

Likewise, the odd M+H+ m/z (having even neutral mass) should represent even numbered nitrogen 

atom containing species. Therefore the markers with m/z 634.4, 1026.7 are likely 

glycerophosphocholines, while the markers with m/z 513.3, m/z 553.3, m/z 509.3, m/z 569.3 and 

m/z 593.3 are likely to be sphingomyelins (Table 2.3). 

 

 A number of the other biomarker candidates were likely to be lipids, but did not belong to 

identifiable classes of lipids, i.e. they lacked identifiable head groups or other recognizable 

constituents and the fragmentation pattern, however detailed, remained uninterpretable using the 

latest data bases and software.  These included those species having m/z values of 639.4, 739.4, 

503.3, 601.3, 649.3, 621.4, 665.5, 697.4, 571.3, 568.8, 539.6, 723.5, 767.5 and 509.3.   

 

2.4.3 Biomarker Panel Development 

As shown in Figure 2.1, the best single marker having m/z=739.4 provided an area under the curve 

(AUC) of 0.809, and a sensitivity of 79% at a specificity of 67%.  Statistical analyses were further 

performed on potential markers to determine multi-marker models with better predictive values. 

Only those 39 species submitted to fragmentation and having some chemical characterization were 

used in multi-marker modeling.  Several combinations were formed having an AUC > 0.9 as 

summarized in Table 2.4. Furthermore, statistical analysis limited to just those biomarkers with 

clear chemical identities or classifications yielded three combinations of   
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Figure 2.1 ROC curve for the single best serum PE marker having an m/z 739.4. 
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Table 2.4 Multi-marker panels constructed from combinations of the 39 biomarkers for which we 
have fragmentation and classification data.  Only the 6 top sets with their respective ROC curve 
AUC values are shown 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

                                 m/z                                    AUC 

619.8, 739.4, 649.3, 1111, 756.5, 723.47                                          1 

734.8, 639.38, 975.6, 756.5, 571.3, 568.8                                          1 

785.5, 739.4, 649.3, 503.3, 639.38, 756.5, 676.7                                          1 

639.38, 734.8, 975.6, 756.5, 571.3, 568.8                                          1 

568.8, 734.8, 719, 718, 593.2, 1026.6, 503.3 

  

                                       0.99 

1111, 639.8, 649.3, 509.3, 1516.1, 665.4,                                         0.98     
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markers with AUC > 0.8 (Table 2.5). The ROC curve for the panel of identified markers (m/z 

508.3, 594.3 and 756.5) having an AUC of 0.832 is shown in Figure 2.2. 

 

2.4.4 Dimer Formation for Glycerophosphocholines 

When a lyso-PC standard was directly introduced by ESI onto the MS system a small amount of 

dimer was formed (See Figure 2.3). The peak at m/z 522.35 (ion count 270000) represented the 

monoisotopic peak (M+H+) for the standard and the peak at m/z 1043.7 (ion count 32000, 11.8%) 

corresponded to the homodimer of the same (2M+H+, m/z 1516.1).  Table 2.6 represents the 

intensities of the PC and its dimer in 5 samples. 

 

2.5 Discussion 
 

Preeclampsia is a serious, life-threatening complication of pregnancy whose cause is incompletely 

understood.  Currently, there is no effective way to predict who will likely develop PE during a 

given pregnancy.  Yet, the very possibility of developing this complication has contributed 

substantially to the almost universal surveillance of pregnant women over the second half of their 

pregnancies.  Several biochemical and hemodynamic abnormalities accompany established PE, 

but none have been shown to be useful in its prediction.  The inability to accurately predict the 

disease has made trials of pharmacologic agents to prevent or reduce the incidence of PE large and 

expensive.  This study sought to find predictive serum biomarkers of PE.   

 

This approach found over 60 novel molecular species that were statistically or near statistically 

different between cases and controls but only 39 of these could be characterized due to limited  
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Table 2.5 Multi-marker panels limited to just the 7 identified markers.  Lipid dimers and other 
lipids where the fatty acid constituents could not be unequivocally identified were excluded.  Only 
those combinations that resulted in ROC curves having an AUC > 0.8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

m/z of panel of markers            AUC         Sensitivity         Specificity 

508.3, 594.3, 756.5            0.832            88%            70% 

508.3, 594.3, 942.5            0.812            67%            79% 

508.3, 594.3, 942.5, 1014.5            0.810            80%            70% 
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Figure 2.2 ROC curve for the best multi-marker panel found using just the 7 serum PE biomarkers 
that have been effectively identified. 
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The biological activity or role of peptide fragments of fibrinogen in PE, if any, has not been 

investigated.  Likewise, activation of the complement system, resulting in depressed levels of 

complement C3 in PE patients, has also been documented, but, again the possible activity or 

biology implications of this fragment has not been explored 26-27.  Both the peptides with m/z 676.7 

and 1070.8 were found to be elevated in PE cases and belonged to the same parent protein, inter-

alpha trypsin inhibitor heavy chain 4 (ITIH4), a kallikrein-sensitive acute phase reactant found to 

be elevated in inflammatory states 28.  Peptide m/z 676.7 has earlier been shown to be depressed 

in sera of women at 24 weeks of pregnancy who suffered from early labor and subsequent 

spontaneous preterm birth29.  

 

 As part of this study, several candidate biomarkers were found to be lipids.  Marker m/z 

508.3 was identified to be a lyso-phosphatidylcholine (lyso-PC).  It was found to be lyso-PC (18:1) 

and was higher in controls.  Some studies suggest that phospholipases, especially phospholipase 

A2, may be increased in the setting of PE 30.  However, most of these phospholipases are cytosolic 

enzymes and less likely to affect extracellular lipid levels.  Consequently, there is not a particular 

pathway known to be altered in PE for circulating lipids or the production of lyso-phospholipids 

specifically.  The peak having m/z 756.5 was shown to be a glycerophosphatidylcholine (PC) 

(16:1/18:2) and was higher in women having uncomplicated pregnancies.  The lipid having m/z 

594.3 was found to be higher in PE cases and appears to be an oxidized 

glycerophosphatidylcholine, in which one of the fatty acyl chains is oxidized to an aldehyde group.  

The compound appears to be 1-hexadecanoyl-2-(5-oxovaleroyl)-sn-glycero-3- phosphocholine.  It 

has been previously demonstrated that PC species if exposed to reactive oxygen species (ROS) 

can undergo an aldehyde modification 31.  There have been several reports of increased ROS in PE 
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abundance of a specific peak in that sample.  To account for these missing values, the values for 

these peaks were estimated using multivariate imputation by chained equations.  The method of 

chained equations used to predict the missing values was through predictive mean matching.  This 

uses the values of the other samples to impute missing values, allowing for all peaks to still be 

used25. Using logistic regression analysis receiver operator characteristic curves were generated 

for these panels to allow for the determination of sensitivity (true positive) and specificity (1-true 

negative or false positive rate). 

 

3.4 Results 
 

3.4.1 Serum lipid preeclamptic biomarkers in a discovery study 

The hypothesis of this study was that there would be serum lipid biomarkers present at 12-14 wks 

pregnancy predictive of preeclampsia later in the same pregnancy.  Using a global, serum lipidomic 

approach, the initial study of 27 controls and 29 cases found 45 candidate markers that were 

statistically or near statistically different in women who developed the disease compared with 

women who had uncomplicated pregnancies. The candidate markers are listed in table 3.3. 

 

3.4.2 Replicating serum lipid biomarkers established in the second confirmatory study 

A second confirmation study of the 45 candidate biomarkers was performed to evaluate their 

performance in a second set of specimens processed and analyzed comparably. This set, also 

collected at 12-14 wks pregnancy, involved 43 controls having uncomplicated term pregnancies 

and 37 cases having preeclampsia later in the same pregnancy. 
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Table 3.3 Candidate Preeclamptic Lipid Biomarkers 
 

   No.                  m/z                  P value            Higher in  
     1.                 211.0                     0.1               Cases 
     2.                 228.2                    0.07               Cases 
     3.                 239.1                    0.06               Cases 
     4.                   256.2                            0.08               Cases 
     5.                 257.1                    0.07               Cases 
     6.                      263.2                    0.08               Cases 
     7.`                 280.9                    0.04             Controls 
     8.                 282.2                    0.08               Cases 
     9.                 301.2              7.1 X 10^-6             Controls 
    10.                 383.3              2.5 X 10^-8               Cases 
    11.                 425.1                    0.08             Controls 
    12.                 430.2                    0.05               Cases 
    13.                 462.3                    0.05               Cases 
    14.                 445.4              3.4 X 10^-4             Controls 
    15.                 520.3                    0.08               Cases 
    16.                 531.4                    0.02               Cases 
    17.                 548.4                    0.05               Cases 
    18.                 642.6                    0.03               Cases 
    19.                 645.5                    0.06             Controls 
    20.                 663.5              2.5 X 10^-5               Cases 
    21.                 714.6                   0.009             Controls 
    22.                 734.6                    0.07               Cases 
    23.                 760.6                    0.08               Cases 
    24.                 774.5                    0.04               Cases 
    25.                 784.6                    0.05               Cases 
    26.                 894.7                    0.02               Cases 
    27.                 788.6                    0.06               Cases 
    28.                 796.6                    0.09               Cases  
    29.                                     798.6                         0.03               Cases 
    30.                 810.6                    0.1               Cases 
    31.                 836.6                    0.1               Cases 
    32.                 838.6                    0.07               Cases 
    33.                 895.7                    0.02             Controls 
    34.                 896.7                    0.02             Controls 
    35.                 898.8                    0.02             Controls 
    36.                 904.8                    0.08             Controls 
    37.                 916.8                    0.01             Controls 
    38.                 920.7                   0.009             Controls 
    39.                 922.7                   0.001             Controls 
    40.                 924.7                   0.003             Controls 
    41.                 926.8                   0.005             Controls 
    42.                 928.8                   0.006             Controls 
    43.                 954.8                    0.01             Controls 
    44.                 956.8                   0.004             Controls 
    45.                 958.8                   0.005             Controls 
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Of the 45 potential biomarkers, 23 continued to show a statistically significant or near significant 

p-values when considered one at a time. These markers are listed table 3.4. 

 

3.4.3 Multi-marker panel development 

Statistical modeling, using logistic regression analysis, was performed on the 23 replicating 

markers to develop multi-marker panels with higher predictive values. Several panels having 

combinations of 3-6 markers were obtained demonstrating areas under the curve (AUC) >0.85 for 

receiver operator characteristic (ROC) curves as illustrated in table 3.5.  The ROC curves for two 

multi-marker combinations having AUC of 0.89 (sensitivity ~91% at a specificity of ~82% and 

the second ~86% and specificity ~81%) are shown in Figures 3.1 and 3.12. A plot showing the 

classification of cases and controls by means of a panel of 6 markers, m/z 263.3, 383.3, 462.3, 

645.5, 784.6 and 920.7 is shown in Figure 3.3.  The overall AUC of this set is 0.88. 

 

3.4.4 Chemical characterization of the validated serum lipid preeclamptic biomarkers 

While absolute chemical structures of most lipids are not possible using MS, substantial chemical 

characterization is often provided by tandem MS fragmentation studies.  Tandem MS studies were 

performed on all 23 confirmed serum lipid biomarkers. This provided lipid classes, exact mass 

studies suggested possible or probable elemental composition and fragments representing neutral 

losses suggested possible or probable structural components for most of the confirmed lipid 

biomarkers. The molecular features most consistent with the data are described in Table 3.6. 

 


