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Abstract

Successful pregnancy is dependent upon discrete biological events, which include embryo 

implantation, decidualization, and placentation. Problems associated with each of these events can 

cause infertility or conditions such as preeclampsia. A greater understanding of the molecular 

changes associated with these complex processes is necessary to aid in identifying treatments for 

each condition. Previous nuclear magnetic resonance spectroscopy and mass spectrometry studies 

have been used to identify metabolites and lipids associated with pregnancy-related complications. 

However, due to limitations associated with conventional implementations of both techniques, 

novel technology developments are needed to more fully understand the initiation and 

development of pregnancy related problems at the molecular level. In this perspective, we describe 

current analytical techniques for metabolomic and lipidomic characterization of pregnancy 

complications and discuss the potential for new technologies such as ion mobility spectrometry-

mass spectrometry and mass spectrometry imaging to contribute to a better understanding of the 

molecular changes that affect the placenta and pregnancy outcomes.
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1. Introduction

A prerequisite for successful mammalian reproduction is effective, two-way interactions 

between an implantation-competent blastocyst and the receptive uterus, especially since the 

blastocyst will only implant when molecular dialogue between these entities is established. 

In women, the uterus becomes receptive for only a short period, typically 7–9 days after 

ovulation (cycle days 21–23) during the mid-luteal phase, and after this period it becomes 

refractory (nonreceptive) and remains this way for the rest of the luteal phase. Unfortunately, 
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even after implantation there are many possible problems that can occur in the uterus. Deep 

placentation is one of the primary pregnancy transformations that can lead to problems such 

as preeclampsia (PE), intrauterine growth restriction, preterm labor, and placental abruption 

[1]. Deep placentation normally occurs due to invasion of the placental bed by the 

extravillous trophoblast, involving the decidua and the inner (junctional zone) myometrium. 

Because the placenta is a complex organ composed of heterogeneous cell types and 

substructures that undergo a variety of processes for normal development (Fig. 1), multi-

omic studies are required to more fully understand the molecular changes that affect the 

placenta and associated pregnancy.

To better understand the molecular changes in the placenta, a previous study explored the 

distinct lipids found in the chorionic plate (composed primarily of fetal cells) and the basal 

plate (consisting of a mixture of fetal (trophoblast) and maternal cells), since different 

amounts of specific lipids in distinct placental regions have been indicated in pregnancy 

problems [2]. As expected, most lipids were common to both sides of the placenta and were 

present in comparable abundance. However, twelve lipids (with the majority being 

phosphatidylcholines (PC) and two sphingomyelins (SM)) differed significantly in their 

intensity between the chorionic plate and basal plate tissue with most having a higher 

abundance in the basal plate. This regional selectivity was thought to be from the 

implantation of the blastocyst in the uterine wall that is accompanied by a transformation of 

the endometrial lining into decidua. The decidua eventually becomes the maternal cells in 

the placenta, which are more common in the basal plate, resulting in higher concentrations 

of lipids in this area [2]. Biofluids have also been analyzed to characterize differences in the 

fetoplacental and maternal metabolites in pregnancies with poor outcomes compared to 

normal pregnancies. The goal of many of these studies was to gain insight into PE, a multi-

system disorder of pregnancy that is the leading cause of maternal death [3,4]. PE is 

hypothesized to arise from circulating molecules derived from an unhealthy placenta, 

therefore many of these studies leverage metabolomics and lipidomics of plasma [5–8] and 

serum [9,10]. By comparing longitudinally acquired biofluid samples for both women who 

subsequently developed PE and those with normal pregnancies, researchers have been able 

to elucidate potential clues to both the etiology and pathogenesis of PE. Common findings 

between these studies have linked PE to dysregulation of carnitine species, amino acids, 

phospholipids (i.e., increased phosphatidylserine (PS) species) and sterol lipids [5,6,8,11], 

and other perturbed small molecules, including vitamin D metabolites and sphingolipids. 

Many of these molecules are also dysregulated in serum samples associated with placental 

abruption [12] with the pregnancies ending in poor outcomes (small gestational age infants, 

preterm birth, or neonatal intensive care admission) [13].

Researchers have also leveraged nuclear magnetic resonance spectroscopy and mass 

spectrometry-based multi-omic characterizations to identify which molecules exhibit 

differential expression or abundances in PE versus healthy human placental tissues 

[8,13,14]. Lipidomic analyses of placenta from patients with PE have shown similarities to 

plasma studies in that they also revealed PS as the most prevalent phospholipid species 

showing increased levels when compared with control placenta samples [8]. Collectively, 

these studies also show that lipid dysfunction could start as early as embryo implantation in 

pregnancies destined for PE development. Further, Dunn and colleagues reported significant 

Burnum-Johnson et al. Page 2

Placenta. Author manuscript; available in PMC 2017 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



changes in diglycerides, triglycerides, phospholipids, sphingolipids, fatty acids and fatty acid 

carnitines as the placenta develops between early and late first trimester pregnancies [13]. 

This same study also compared placental tissue from term-uncomplicated pregnancies with 

those exhibiting PE at term and found significant changes in mitochondrial metabolism (i.e. 

fatty acid beta-oxidation), vitamin D metabolism and oxidative stress. Oxidative stress can 

greatly alter the placenta metabolome [15], and some changes in placental phenotype seen in 

PE can be reproduced by exposing placental explant cultures to altered oxygen tension [16–

18]. In this paper, we highlight analytical tools enabling researchers to create a blueprint of 

the lipidomic and metabolomic architecture for monitoring pregnancy and those molecular 

changes underlining pregnancy complications. Further, we discuss the potential of new 

techniques for improved future analyses.

2. Conventional metabolomics tools for understanding pregnancy 

complications

Analytical tools such as nuclear magnetic resonance spectroscopy (NMR) and mass 

spectrometry (MS) have previously captured changes in metabolites and lipids from 

maternal body fluids such as plasma and serum, placental tissues and explant cultures, and 

syncytiotrophoblast microvesicles (Fig. 1). NMR is inherently quantitative and offers the 

ability to elucidate molecular structures, but suffers from low measurement sensitivity and 

throughput [19,20]. On the other hand, MS analyses are highly sensitive and can be used 

alone or in conjunction with front end separations like liquid chromatography. One of the 

most powerful uses of MS alone to study pregnancy complications has been with mass 

spectrometry imaging (MSI). MSI technologies have previously been used to characterize 

the high and diverse lipid content of decidua [21–24]. MSI has also been applied to normal 

human placentas and used to determine the specific distribution of SM(d18:1/16:0) in the 

stem villi and PC(16:0/20:4) in the terminal villi [25]. Alterations in the spatial distribution 

of these molecules have been correlated with disease. Specifically, the absence of 

PC(16:0/20:4) in the terminal villi and absence of SM(d18:1/16:0) in the stem villi have 

been linked to morphological changes in the placenta due to maternal underperfusion [26]. 

These observations have proven very exciting, but while MSI offers unique opportunities to 

study the in situ spatial distribution, it does suffer from lower sensitivity due to ionization 

suppression of highly concentrated species concealing low concentration molecules.

To obtain deeper coverage of many samples types, MS is commonly combined with liquid 

chromatography. For LC-MS, electrospray ionization (ESI) is most commonly used to 

introduce analyte ions to the instrument, and data are typically collected by scanning over a 

wide mass range (e.g. 100–1000 m/z) to detect as many molecules as possible. In most LC-

MS experiments, intact molecular ions are fragmented to produce MS/MS spectra, which 

can be used to identify the structures of detected molecules in conjunction with libraries of 

reference spectra [27–29] or tentatively identify candidates using in silico fragmentation 

approaches [30–33]. Most LC-MS molecular characterization studies of pregnancy use 

either targeted or untargeted analyses. In targeted analyses only a single analyte, class of 

chemically similar analytes, or set of analytes whose chemistries are sufficiently similar are 

studied. The benefits of targeted analyses include the accurate quantification of the 
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analyte(s) of interest, ability to quantify molecules present at low concentrations, and higher 

confidence in each identification. However, there are challenges to targeted approaches 

which include the narrow snapshot of chemistry measured, the level of effort required to 

fully optimize and validate the analytical pipelines, and the relatively low analysis 

throughput. In contrast to targeted analysis, untargeted analyses do not focus on a specific 

analyte but instead seek to comprehensively measure all analytes in a sample. These 

measurements are not biased by a priori assumptions and offer the best opportunities to 

discover novel markers. Caveats however include possible artifacts in the data due to the 

lack of method optimization, difficulty detecting very low abundance analytes, and limited 

confidence in identifications when reference standards are not available. Thus, the 

determination of additional metabolite characteristics such as molecular structure with ion 

mobility spectrometry (IMS) provides an opportunity to develop improved untargeted 

measurements.

3. Advanced ion mobility spectrometry and nano-DESI mass spectrometry 

imaging capabilities

An appealing technique for enhancing current untargeted analytical methods is by 

incorporating IMS into the LC-MS-based metabolomics workflow for three dimensional 

LC-IMS-MS analyses [34–36]. In IMS, ions travel through a drift tube under the influence 

of a weak attractive electric field while colliding with a stationary buffer gas. In this way, 

ions with compact structures or small collisional cross sections (CCSs) spend less time in 

the drift tube compared to other equally charged ions with larger CCS values [37,38]. The 

CCS of each ion can be directly determined [39] and correlates with its 3-dimensional shape 

[40], thus providing a new metabolite characteristic to each measurement. The ability to 

resolve isomers that are difficult to distinguish using LC-MS alone is an inherent strength of 

IMS. This capability is particularly important in small molecule analyses since many 

metabolites and other chemicals have the same molecular formula but different chemistries, 

thus playing very different roles in biological systems. IMS has been used to separate some 

important classes of isomers [41–46], which have the same molecular formula and often co-

elute in generic untargeted LC-MS methods [47]. Because IMS instruments depend only on 

drift cell pressure, temperature, and length, CCS values on a single instrument are extremely 

repeatable (<0.4% error) [48–51], allowing reliable molecular feature alignment (i.e. identity 

confirmation) across multiple samples. Furthermore, measurements from instruments in 

different laboratories have also been compared and their values normally agree within <2% 

error [52] and recent IMS instruments are yielding values with reproducibility precision of 

<1% [48,49].

The high reproducibility and speed of IMS allows it to be easily nested between LC and MS 

for additional separation power and dynamic range for in depth characterization of lipid 

networks critical to pregnancy and information on protein and small molecule changes. Two 

advantages of coupling LC and IMS are that LC reduces the complexity of the samples by 

fractionating them prior to their introduction into the instrument, while IMS distributes the 

ions throughout a range of drift times so they do not all arrive simultaneously at the detector. 

LC-IMS-MS can also either provide greater coverage of a sample for the same LC gradient 
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length (i.e. by increasing the dynamic range of the measurement) [53], or allow for 

decreasing the LC gradient length while maintaining the same measurement coverage. For 

example, using a LC-IMS-MS-based proteomics method allowed shortening the LC gradient 

from 100 to 15.5 min with no loss in coverage of 20 standard peptides spiked in a mouse 

plasma protein digest [54]. In a recent study, we established that LC-IMS-MS outperformed 

a traditional high-resolution LC-MS platform for characterizing protein expression in mouse 

uterine decidua due to the greater sensitivity and dynamic range of measurements [55]. We 

also tested the ability of LC-IMS-MS to accurately quantify the complexity of lipid 

distributions in early mouse pregnancy. For example, a previous MALDI-FTICR imaging 

publication revealed that the spatial distribution of select phospholipid species associated 

with mouse embryo implantation changed markedly between the distinct mesometrial (M, 

top) and antimesometrial (AM, bottom) poles during day 8 of pregnancy (Fig. 2) [21]. By 

replicating this experimental design and micro-dissecting day 8 implantation sites for the 

LC-IMS-MS experiments, like the previous study, our analyses found PC(16:0/18:1), 

PE(16:0/18:1), PE(18:1/20:4) and PI (18:1/20:4) to predominately localize to the angiogenic 

M pole, the presumptive site of formation of the placenta. Conversely, PC(16:0/18:2), 

PI(16:0/18:2), PC(18:0/22:6), PI(18:0/22:6), PC(16:0/20:4), and PC (18:0/20:4) 

predominately localized to decidual cells at the AM side. This agreement between the 

MALDI-FTICR imaging and LC-IMS-MS data demonstrates the great promise of 

measurements with both spatial localization and deeper coverage.

Another imaging innovation which shows promise for higher sensitivity molecular 

characterization is in situ nanospray desorption electrospray ionization (nano-DESI) MSI. 

Nano-DESI relies on localized liquid extraction of molecular targets from tissue sections, 

after which the sampled molecules are delivered to the MS. The solvent dissolves a tiny 

portion of the sample, mixing it into the liquid. The sample is then efficiently transferred to 

the MS and electrosprayed as highly charged sub-micron droplets that facilitate sensitive MS 

analysis. Three recent nano-DESI studies have illustrated the success of this technique for 

imaging lipids and metabolites from uterine sections under ambient conditions and without 

special sample pre-treatment [22–24]. In the most recent study, implantation sites from a 

mouse model of preterm birth (p53d/d mice) exhibited distinct spatially resolved changes 

demonstrating depletion of oxidized phosphatidylcholine (Ox-PC) species (Fig. 3), 

accumulation of DG species, and increase in species with more unsaturated acyl chains 

including arachidonic (20:4) and docosahexaenoic acid (22:6) by day 8 of pregnancy [24]. In 

this mouse model, uterine deletion of Trp53 increases the incidence of preterm birth through 

an increase in the cyclooxygenase 2 (COX2)/PGF synthase/PGF (2alpha) pathway [56]. 

Comparable signatures of decidual senescence with increased COX signaling were observed 

in women undergoing preterm birth, making lipid metabolism and signaling clinically 

relevant [57]. Characterizing abnormal molecular changes in abundance and localization of 

bioactive molecules such as lipids and metabolites early in disease progression is an 

important step toward understanding disease etiology and discovering novel targets for 

treatment, and the high sensitivity nano-DESI MSI measurements are essential for this 

capability.
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4. Future outlook

While NMR and MS-based studies have begun paving our understanding of the metabolites 

and lipids responsible for pregnancy related complications, there is still much to learn and 

the need for new technologies to gain this knowledge. Both IMS and nano-DESI MSI 

measurements show great promise in addressing the spatial localization and in depth 

coverage needed to better understand pregnancy complications. The molecular findings from 

these studies will enable the development of clinical tests for rapid diagnosis of pregnancy 

related conditions, allowing prompt treatments and better outcomes. While both 

technologies are expected to play a critical role in the future, we also feel developing 

technologies such as structures for lossless ion manipulations [58] could make an impact on 

the number of metabolites and lipids detected in biofluid and tissue measurements. Thus, by 

combining knowledge enabled by these new techniques, in the next decade we expect a 

much better understanding of the molecular changes that affect the placenta and pregnancy 

outcomes.
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Fig. 1. The placental regions of importance in normal pregnancies and those associated with 
complications
The maternal blood vessels, basal plate, terminal villi, stem villi, chorionic plate, and 

syncytiotrophoblast regions are all bolded in this figure to illustrate their importance in 

pregnancy complications.
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Fig. 2. Quantification of lipids using LC-IMS-MS
Significant abundance changes of select phospholipids quantified by LC-IMS-MS data from 

microdissected top (M pole) and bottom (AM pole) regions of implantation sites collected 

on day 8 of pregnancy correlates with previously published MALDI-MSI images [21]. 

Figure adapted from Ref. [44].
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Fig. 3. Intensities of selected Ox-PC species in implantation sites from a preterm birth mouse 
model (p53d/d) vs control littermates (p53f/f) on day 8 of pregnancy
(A) Structures of the sn-2 acyl chain of four groups of Ox-PC species. From left to right; 

oxononanoyl (ON)-PC, azelayl (Az)-PC, hydroxy-oxooct-enoyl (HOOA)-PC, and hydrox-

eicosa-tetra-enoyl (HETE)-PC. (B) Ion images of Ox-PC species (the acyl group in the sn-1 

position of the PC/the oxidized moiety in the sn-2 position). Scale bars show 1 mm. 

Arrowheads denote embryos. Implantation sites are orientated with the M pole on top and 

the AM pole on bottom. Figure adapted from Ref. [24].
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