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Background: Preeclampsia (PE) is a multi-system disorder of pregnancy that poses a serious threat to maternal and perinatal health 
worldwide. This study aims to evaluate the global alterations of protein expression and N-glycosylations that are crucial for PE 
pathogenesis. Here, tandem mass tag labeling combined with LC-MS/MS was employed to determine the global expression of all 
proteins and intact glycopeptide in placentas from three healthy pregnant women, three patients with early-onset severe PE, and three 
patients with late-onset severe PE.
Results: A total of 2260 proteins were quantified across 9 placental tissues, of which 37 and 23 were differentially expressed in the 
early-onset and late-onset PE groups, compared to the controls. A total of 789 glycopeptides were accurately quantified, which were 
derived from 204 glycosylated sites in 159 glycoproteins and were modified by 59 N-Linked glycans. A total of 123 differently 
expressed glycopeptides, which were from 47 glycoproteins were identified among three groups. Through a combined analysis of 
proteomic and glycoproteomic data, it was found that the changes in 10 glycoproteins were caused by the difference in glycosylation 
level but not in the protein abundance level.
Conclusion: This is the first study to conduct an integrated proteomic and glycoproteomic characterization of placental tissues of PE 
patients. Our findings suggest that glycosylation modification may affect the molecular function of proteins through changes in the 
glycosylation structure or the occupancy of glycosylation, which will provide new insights to help elucidating the pathogenic 
mechanism of PE.
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Background
Preeclampsia (PE) is a multisystem disorder during pregnancy. This condition is traditionally diagnosed by new onset 
hypertension and proteinuria and develops after 20 weeks of gestation in previously normotensive women. PE affects 3– 
5% of pregnancies worldwide and is a leading cause of maternal, fetal, and neonatal mortality.1,2 No effective treatment 
has been developed, and only drugs are used to alleviate its symptoms until the placenta is delivered.2,3 According to the 
timing of disease onset, PE can be divided into early-onset preeclampsia (EPE) that occurs before 34 weeks of gestation 
and late-onset preeclampsia (LPE) that occurs after 34 weeks of gestation. EPE is linked to poor placentation and often 
leads to unfavorable results, while LPE results from maternal factors and is generally associated with improved 
outcomes.4–6 Although extensive research has been carried out on PE, considering the complexity and diversity of its 
clinical manifestations, its precise pathogenesis has not been fully understood.2,3,6
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Glycosylation modification is the most common post-translational modification.7,8 Approximately 50% of proteins in 
mammals undergo glycosylation modification.9 Generally, glycosylation plays a crucial role in diverse biological 
processes, such as cell adhesion, signal transduction, and receptor–ligand recognition.7,10 Changes in glycosylation 
level have been recognized as an essential feature of many diseases, and many glycoproteins have been used as validated 
biomarkers for the early detection of cancers.11–13 However, limited studies have investigated the glycoproteomic 
profiling of PE, and the role that glycosylation modification plays on the pathogenesis has not been determined. 
Moreover, in dozens of years, most N-linked glycoproteomic studies focused mainly on the analysis of either released 
glycans or de-glycosylated peptides. Although this strategy reduces the complexity of glycoprotein analysis, it also loses 
the important correspondence information between glycans and protein glycosylation sites.14–16 Strategies and methods 
for intact N-glycopeptide analysis can directly obtain glycosite-specific glycosylation information, which will provide 
a powerful tool for biomarker discovery and mechanism studies on various diseases.17

Although the exact pathogenic mechanism of PE is not clear, the involvement of the abnormal placenta in the 
pathogenesis of PE has been established.6,18 Anatomic examination shows that the specific area of the placenta most 
affected by PE is the maternal–fetal interface. The maternal–fetal interface, a chimeric structure, is formed when fetal 
cytotrophoblasts from the placenta invade the decidua and its resident vasculature. Defective remodeling of uterine spiral 
artery caused by inadequate trophoblast invasion at the maternal–fetal interface was considered as a key process in PE 
development.19,20 Therefore, we have collected samples of maternal-fetal interfaces from PE patients and healthy 
pregnant women to perform systematic proteomic and glycoproteomic analyses. An integrated workflow for the 
quantification of proteome and N-glycoproteome of human placental tissues involves the five following steps: (1) protein 
extraction and digestion from human placental tissue; (2) stable isotope labeling of tryptic peptides; (3) MAX-based 
enrichment of intact glycopeptides; (4) separation and analysis of the peptides and intact glycopeptides by using nano-LC 
-MS/MS; and (5) interpretation of the collected MS data and analysis of proteome and glycoproteome in protein 
functions and pathways by using extensive bioinformatics tools (Figure S1). This integrated approach enables 
a comprehensive presentation of the N-glycosylated proteins, their N-glycosylated sites, and the glycans occupying 
these sites in one study. Our findings reveal the similarities and differences of placental proteins and glycoproteins 
between PE and healthy normal controls and between EPE and LPE, as well as aid in addressing the potential functions 
of protein glycosylation in the pathogenesis of PE.

Materials and Methods
Samples
Six pregnant women complicated by severe PE (three EPE and three LPE) and three women with normal pregnancies at 
cesarean section were recruited from the Urumqi Maternal and Child Health Care Hospital between November 2019 and 
February 2020. All severe PE cases were defined at systolic blood pressure ≥160 mmHg or diastolic blood pressure ≥110 
mmHg and proteinuria ≥2.0 g protein/24 h or ≥3 protein on dip stick.21 Tissues were dissected from the maternal side of 
the placentas (in the central part, exclusive of calcified area) at the time of cesarean section from participants, rinsed in 
phosphate buffered saline (PBS), frozen in liquid nitrogen for at least half an hour, and stored at −80°C until use. The 
recruited subjects were all singletons, and no significant differences were observed in age and weight (p>0.05). The 
detailed information about the nine samples is summarized in Table S1. The study was performed in accordance with the 
Declaration of Helsinki and was approved by the Ethics Committee of the Urumqi Maternal and Child Health Care 
Hospital. Informed consent was obtained from all participants before the collection of placenta samples.

Protein Extraction and Digestion
Proteins from placental tissues were extracted as described in a previous study.22 Briefly, approximately 50 mg of each 
sectioned tissue was washed twice with PBS to remove the serum. Then, tissues were denatured in 8 M urea/1 M NH4 

HCO3 buffer and homogenized with a tissue homogenizer (60 Hz, Shanghai Jing Xin, China). Lysates were precleared by 
centrifugation at 13,000 ×g for 15 min at 4°C, and protein concentrations were determined by BCA assay (Pierce, 
Wisconsin, USA). Proteins were reduced using 5 mM DTT at 37°C for 1 h, alkylated using 15 mM iodoacetamide at 
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room temperature in the dark for 30 min, and then another 2.5 mM DTT was added to quench the excess iodoacetamide 
at room temperature for 10 min. Then, sequencing-grade trypsin (Promega, Madison, WI; protein: enzyme, 100:1, w/w) 
was added to the samples and incubated at 37°C overnight in less than 2 M urea/0.25M NH4HCO3 buffer. Samples were 
centrifuged at 13,000 rpm for 15 min to remove any particulate matter and purified with a HLB column (Waters, Milford, 
MA, USA). Peptides were eluted from the HLB column in 60% ACN/0.1% TFA, and the peptide concentrations were 
measured using NanodropTM one spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

TMT Labeling
Equal amounts of tryptic peptides from NC (set 1), EPE (set 2), and LPE (set 3) groups were labeled by 10-plex TMT 
reagents according to the manufacturer’s protocols for intact glycopeptide quantification (set 1: normal: TMT 126, 
128N, and 129C; set 2: early-onset: TMT 127N, 128C, and 130N; set 3: delayed-onset: TMT 127C, 129N, 130C, and 
131). After TMT labeling, the 10 channels of tagged peptides were combined and purified in the HLB column.22

Glycopeptides Enriched by Mixed Anion Exchange (MAX) Extraction Cartridges
The collected peptides were divided into two parts, one for LC-MS/MS analysis and the other for further enrichment by 
MAX columns (Waters, USA) after drying and reconstitution. For MAX enrichment, the cartridges were conditioned for 
three times with solutions of ACN, 100 mM triethylammonium acetate, water, and 95% ACN/1% TFA, successively. The 
sample in 95% ACN/1% TFA was loaded to the cartridges and washed for four times with 95% ACN/1% TFA. 
Glycopeptides were eluted in 400 μL of 50% ACN/0.1% TFA and dried using Speed-Vac. The residue was then 
reconstituted in 0.1% FA and centrifuged for 10 min at 13,000 rpm before LC-MS/MS analysis.22

LC-MS/MS Analysis
The samples of TMT-labeled peptide and intact glycopeptide were separated in an Easy-nLCTM 1200 system (Thermo 
Fisher Scientific) by using Acclaim PepMap100 precolumn (2 cm, 75 μm i.d., 3 μm) and Acclaim Pepmap100 separation 
column (50 cm, 75 μm i.d., 3 μm). The mobile-phase flow rate was 200 nL/min and consisted of 0.1% formic acid in 
water (A) and 0.1% formic acid in 80% acetonitrile (B). For the analysis with five fragmentation energies, the gradient 
profile was set as follows: 3–7% B for 3 min, 7–35% B for 91 min, 35–68% B for 19 min, 68–99% B for 4 min, and 
equilibrated in 100% B for 13 min. MS analysis was performed using an Orbitrap Fusion Lumos mass spectrometer 
(Thermo Fisher Scientific, Germany). The spray voltage was set at 2400 V. Orbitrap spectra (AGC 4×105) were collected 
from 350 m/z to 2000 m/z at a resolution of 120 K followed by oxonium ions triggered by data-dependent higher-energy 
collisional dissociation (HCD) MS/MS (at a resolution of 50 K, collision energy 20%, AGC 5×104, and collision energy 
37%, AGC 2×105) using an isolation width of 1.6 Da. Charge state screening (2–7) was enabled to reject unassigned and 
singly charged ions. Polypeptides with a scanning range of 110–3000 m/z were selected for MS/MS collection. 
A dynamic exclusion time of 5 s was used to discriminate against previously selected ions.22

Protein Database Search
LC-MS/MS data of global peptide from placental tissues were searched against UniProt human protein database 
(downloaded from http:www.uniprot.org in June 2019) using Sequest in Proteome Discoverer software V2.3 (Thermo 
Fisher Scientific). The search parameters for tryptic peptides identification were as follows: up to two missed cleavages 
were allowed for trypsin digestion. Identified peptides were filtered by 1% false discovery rate (FDR). Precursors and 
MS/MS ions were set as 10 ppm and 0.02 Da mass tolerances, static modification was set as carbon-based polyester (C, 
+57.021464Da) and 10-plex TMT (peptide N-termini, +229.162932Da), and dynamic modification was set as N-termini 
acetylation (+42.010565Da) and 10-plex TMT (K at the C-termini of peptides, +229.162932Da).22

Intact Glycopeptide Identification and Quantification
The intact N-glycopeptide raw data were converted to “mzML” format by using Trans-Proteomic Pipeline, and then to 
“MATLAB” format by using GPQuest 2.0. The search parameters were set as follows: at least two oxonium ions 
(glycopeptide characteristics, 138.055 m/z, 204.0866 m/z) out of the top 10 fragment ions in the MS/MS spectra were 
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used for extraction of candidate intact glycopeptide MS/MS spectra. These spectra were then matched to the potential 
intact glycopeptide database, and intact glycopeptides were identified based on their precursor masses, Y ions, and b/y 
ions (peptide fragment ions). A mass tolerance of 10 ppm was allowed for precursors and fragmentation ions. The FDR 
of identified intact glycopeptides was estimated using the decoy peptide method, and 1% FDR was used for identification 
cutoff. The identification of intact glycopeptides was further filtered by ≥3 matched b/y ions of the peptide portion in the 
MS/MS spectra. Glycopeptides were further filtered for the consensus sequence of N-linked glycosylation motif N-X-S/T 
(X≠P).22 The relative ratios of abundance of N-glycoprotein between PE cases and health controls were calculated.

Bioinformatics and Statistics
Differentially expressed proteins (DEPs) and glycopeptides (DEgPs) were considered at p<0.05 and fold-change ≥1.2 or fold- 
change≤0.83. Differences between the PE and control groups were analyzed with independent sample t-test by using GraphPad 
Prism 7 (GraphPad Software, San Diego, CA, USA), and significance was considered at p<0.05 for all statistical calculations. 
The function of DEPs and DEgPs was annotated using the Gene Ontology (GO) database (http://www.geneontology.org/).

Results
Global Proteomic Profiling of Human Placental Tissues
A total of 4220 proteins were identified in all placental samples, in which 2260 proteins were quantified. In comparison 
with the healthy controls, 13 proteins were upregulated, and 24 proteins were downregulated in the EPE (Figure 1, Table 
S2), while 11 proteins were upregulated and 12 proteins were downregulated in the LPE (Figure 1, Table S3). Twelve 
proteins were upregulated and 17 proteins were downregulated between LPE and EPE (Figure 1, Table S4). Six DEPs 
were shared by EPE and LPE groups, including MAOA, DLG5, SRRM1, H2BU1, FBN1, and FN1(Figure S2).

To elucidate the functional differences of DEPs, we conducted GO analysis and found that the altering proteins are 
mainly involved in biological processes, such as platelet degranulation, mechanism-dependent cell migration, cell 
adhesion, blood coagulation, redox process, and regulation of transforming growth factor secretion (Figure S3a).

N-Glycoproteomic Profiling of Human Placental Tissues
By using the TMT-labeled intact N-glycopeptides analysis method, 1310 intact glycopeptides were identified across the 
placental tissues by using 1% FDR as the threshold. These glycopeptides were derived from 390 glycosylated sites of 289 
glycoproteins and were modified by 75 N-glycans. To ensure the quantitation accuracy by using the TMT-labeling 
approach, we only considered intact glycopeptides with at least three MS/MS spectral assignments for the quantitative 
analysis. Consequently, we accurately identified 789 intact glycopeptides, which were derived from 204 glycosites of 159 
glycoproteins and were modified by 59 N-glycan compositions (Figure 2). The glycosylation sites of most of the identified 
intact peptides were only modified by one type of glycan subtypes. Most of the detected glycosites were occupied by 

Figure 1 Distribution of proteins quantified in placental tissues between early-onset PE and the healthy controls (A), between late-onset PE and healthy controls (B), and 
between late-onset and early-onset PE groups (C). 
Abbreviations: EPE, early-onset preeclampsia; LPE, late-onset preeclampsia; FC, fold change.
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complex type glycan (56.22%), followed by high-mannose (25.85%) and hybrid glycan (15.93%, Figure S4). Among the 
204 glycosylation sites identified in this study, 38.9% were fucosylated, and more than one-fifth were modified by glycans 
containing 1–2 sialic acids (82 glycosylated sites were modified by one sialic acid, and 16 glycosylated sites were modified 
by two sialic acids). After filtering by log 1.2 (fold change) cutoff, 123 DEgPs were identified among EPE, LPE, and 
control groups (Figure 3). Among these DEgPs, 22 glycopeptides were upregulated, and 27 glycopeptides were down-
regulated in the EPE compared with the control group (Table S5), 31 glycopeptides were upregulated in the LPE compared 
with the control group (Table S6), and 37 glycopeptides were upregulated and 5 glycopeptides were downregulated in the 
EPE compared with the LPE group (Table S7, Figure S2). These 123 DEgPs were identified from 47 glycoproteins, which 
were mainly enriched in biological processes, such as blood plate degranulation, cell adhesion, and receptor-mediated 
endocytosis (Figure S3b).

Integrated Proteomic and N-Glycoproteomic Data Analysis
Although a total of 123 DEgPs showed over 1.2-fold changes in the studied placental tissues, it was not clear whether 
these changes occurred at the protein expression or glycosylation occupancy level. To address this concern, we calculated 
the ratio of DEgPs to DEPs to indicate the difference in the glycosylation occupancy of glycoproteins. Glycopeptide/ 
protein ratios of 0.83–1.2 indicate that these proteins are regulated at the protein expression level. In comparison with the 
control group, the ratios of 10 glycoproteins (TFPI2, STS, FBN1, OGFOD3, CALU, LAMP1, TF, LAMC1, LAMA2, 
and MBD2) in both the EPE and LPE groups were outside the range of 0.83–1.2, indicating that these glycoproteins were 
changed at the glycosylation occupancy level (Tables S8–S10). The heatmap of fold changes of altered intact glycopep-
tides, corresponding proteins, and glycosylation occupancies among three sample groups showed a smaller difference at 
the overall protein level, which revealed that many site-specific glycosylation differences among different sample groups 
occurred at the glycosylation occupancy level instead of the protein expression level (Figure 4).

Figure 2 Profiling of N-linked glycans at individual glycosylation site identified from all placental tissue samples. The peptide-spectrum-matches (PSMs) of each out of 789 
intact glycopeptides, comprising of 59 N-glycan (bottom) and 204 glycosites (left), were exhibited in the heat map with different colors. The numbers of glycosites modified 
by each glycan and of glycans at each glycosite were summarized at the upper and right parts of the figure, respectively. N: HexNAc; H: Fucose; S: Sialic acid.
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Discussion
PE is a highly life-threatening syndrome, and its exact pathogenesis has not been fully elucidated. Although biochemical 
pathways including hypoxia, oxidative stress, angiogenesis changes, immune response, and inflammatory pathways have 
been determined to be independently involved in the development of PE,2,6 a more comprehensive understanding of the 
disease is urgently needed. Proteomic and glycoproteomic research based on mass spectrometry can help to quantitatively 
analyze the differential proteins and glycosylations closely related to the occurrence of PE at the global level and may 
provide a new insight into the etiology of PE.

In recent decades, proteomic techniques have been widely used in the study of clinical diseases including PE, which 
may provide candidate biomarkers for early diagnosis, or give insights on disease pathogenesis.23,24 For instance, Tang 
et al used label-free quantification proteomic technology to compare placental proteomes of normal-term pregnant 
women and PE patients, and found that DEPs were involved in multiple biological processes associated with immunity 
and angiogenesis.25 In the present study, 2260 highly reliable proteins were identified in nine placental tissues, and 60 
proteins were differentially expressed between PE and normal placentas. These altered proteins are mainly enriched in 
biological processes, such as platelet degranulation, cell migration and adhesion, blood coagulation, and redox process, 
which are essential for the development of placenta.26–28 Among the identified DEPs, some proteins related to PE have 
been reported, including fibronectin (FN1),29–32 fibrillin-1 (FBN-1),33 pregnancy-specific beta-1-glycoprotein 9(PSG9),34 

Figure 3 Distribution of glycopeptides quantified in placental tissues between early-onset PE and the healthy controls (A), between late-onset PE and healthy controls (B), 
and between late-onset and early-onset PE groups (C). 
Abbreviations: EPE, early-onset preeclampsia; LPE, late-onset preeclampsia; FC, fold change.

Figure 4 Heatmap of fold changes of altered intact glycopeptides, corresponding proteins and glycosylation occupancies among three sample groups. 
Abbreviations: EPE, early-onset preeclampsia; LPE, late-onset preeclampsia.
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neprilysin (MME),35 and laeverin,36,37 displaying similar expression profiling in our proteome data to those previously 
reported. However, most of the identified DEPs in this study do not overlap with most of the published studies. In 
a systematic review of quantitative proteomics-based analyses performed on PE samples in the 2004–2020 period, of 23 
publications focused on the proteomic analysis of placentas obtained from either pre-eclamptic or control individuals, 
only three differentially regulated proteins show consistent case/control ratios in 4 or more works.24 The complementar-
ity across studies may result from the diversity of proteomic approaches used, sample collection methods and the 
heterogeneous nature of human samples. In addition, some significantly altered proteins are poorly explored or 
completely unknown in the pathogenesis of preeclampsia, thus requiring further experimental validation.

Using an intact glycopeptide analysis stratagem, glycoproteins, glycosylation sites, and glycans in placental tissues 
were analyzed at the glycoproteomic level. A total of 789 glycopeptides were accurately quantified, and they were 
derived from 159 glycoproteins, including 204 glycosylation sites and 59 glycan compositions. Among the identified 
glycoproteins, 47 glycoproteins are differentially expressed among the three sample groups. An integrated analysis of 
expression data from proteomic and glycoproteomic was applied to uncover the role of glycosylation modification in the 
change of glycoproteins. The data showed that several glycoproteins are changed at the glycosylation occupancy level 
but not at the protein expression level. For example, two glycoproteins, namely, steroid sulfatase (STS) and tissue factor 
pathway inhibitor 2 (TFPI2), were significantly upregulated in both EPE and LPE (p<0.05). STS is highly expressed in 
the placenta and serum of PE patients.38 Zheng et al found that TFPI2 can affect the proliferation and invasion of 
trophoblast cells, thus playing a role in the occurrence of PE.39 Our data showed that STS and TFPI2 were changed at the 
glycosylation level rather than at the protein level, indicating that STS and TFPI2 may affect the occurrence of PE 
through the abnormal glycosylation of proteins. Conversely, the change of some glycoproteins can be attributed to 
differential protein expression. For example, laminin subunit alpha-2 (LAMA2), a major component of the basement 
membrane, mediates cell attachment and migration into tissues during embryonic development by interacting with other 
extracellular matrices.40,41 Our data showed LAMA2 was downregulated in the placenta of patients with EPE, but this 
change was simply caused by differential protein expression but not the glycosylation occupancy. Moreover, fucose 
modifications are closely related to many biological processes and functions, including signal transduction, immunity, 
inflammation, and tumor metastasis.42,43 Our data show that nearly 50% of glycoproteins in placenta are fucosylated. The 
adhesion and invasion of trophoblast cells to maternal uterus is the premise of placenta formation, and based on the 
similarities in the biological characteristics of the trophoblast and cancer cells,44 fucosylation plays an important role in 
the maintenance of placenta function.

Generally, EPE and LPE are two different forms of disease with heterogeneous manifestations.2 However, specific 
pathogenic mechanisms that underline these two subtypes remain elusive. Shu et al used Protein Pathway Array to 
investigate the proteomic profiles among EPE, LPE, and healthy controls. They found that 16 DEPs and their associated 
signaling pathways overlapped between EPE and LPE, but meanwhile many proteins are uniquely altered in either EPE 
or LPE.45 In the present study, compared with the healthy control group, the number of identified differentially expressed 
proteins or glycopeptides in the EPE group is higher than that in the LPE group. Among the altered proteins or 
glycoproteins, only a minority are shared by these two groups, and the majority are subtype-specific, suggesting that 
common factors are present despite the remarkable difference in the pathogenic mechanisms of these two subtypes. For 
instance, the expression level of FN1 in the EPE or LPE group is significantly higher than that in the healthy controls, 
and the expression level in the EPE group is significantly higher than in the LPE group, indicating a positive correlation 
with the severity of PE and supporting previously obtained data.29–32 FN1 participates in the pathogenesis of PE by 
promoting apoptosis and autophagy in vascular endothelial cells,46 which is an accompanying pathological characteristic 
of pregnancy-induced hypertension syndrome.47,48 Furthermore, our data showed that two glycopeptides in FN1 protein 
were significantly upregulated in EPE (fold change: 1.32–1.56), whereas FN1 was upregulated by 1.9 times at the protein 
level, indicating that the glycosylation of FN1 peptides is incomplete, and the difference in glycopeptides expression is 
mainly caused by the differential protein expression. Therefore, the abnormal expression of FN1 protein is one crucial 
factor to lay down the common pathogenic mechanism of PE, and FN1 can be used as a specific and sensitive biomarker 
of PE in early screening. The principal iron storage protein FTH1 (ferritin heavy chain) is the main subunit of ferritin, 
and it plays an important role in iron transport, angiogenesis, inflammation, immunity, signal transduction, and cancer 
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development.49,50 However, the role of FTH1 in PE pathogenesis is unreported. Our data showed low FTH1 expression 
in the placental tissues of EPE, but the level was not significantly changed in LPE, suggesting that FTH1 may be closely 
related to the occurrence of EPE.

Some limitations of this study need to be addressed. First, the sample size used in this study is relatively small, and 
further studies with large samples are needed to confirm our findings. Second, compared with similar proteomic studies 
of placentals based on LC-MS/MS (2D or label-free),25,51,52 the number of significantly altered proteins identified in this 
study is relatively small, which is generally in agreement with those studies using iTRAQ proteomic techniques.53,54 

Some reasons may be mainly explained for this discrepancy. One factor involves the characteristics of TMT labeling 
reagents. When analyzing a complex proteome, a large number of co-eluted peptides will appear in chromatographic 
analysis, and these co-eluted peptides will enter the MS2 experiment, the report ion of co-eluted peptide fragment with 
similar molecular weight overlaps with the report ion of target peptide fragment, and the interference causes an 
underestimation of the variation in expression. However, compared with other commonly used techniques, TMT-based 
mass spectrometry can accurately quantify protein to a single amino acid and has obvious advantages in terms of 
quantitative reliability, coverage, and precision.55,56 Another factor can also be attributed to the different sampling 
criteria used in different studies. In the present study, only patients with severe PE were recruited, while in other studies, 
samples are mostly with mild or unspecified symptoms, resulting in different comparative proteome profiles. Moreover, 
the placental sampling sites and sampling procedures also affect the results. Besides, because the placenta is a complex 
and heterogeneous organ consisting of a variety of cells from the mother and fetus, cellular heterogeneity exacerbates 
heterogeneity between individual samples even with similar clinical phenotype.25 A poor correlation was observed 
among the proteomic expression profile of the three samples in each group (Figure S5). The heterogeneity among 
different PE individuals may also make the difference between groups smaller.

Conclusion
In summary, to the best of our knowledge, this is the first study to conduct an integrated analysis of proteome and 
glycoproteome in placental tissues of PE patients to comprehensively investigate protein expression changes and 
glycosylation modification changes during PE development. The results highlighted that some DEgPs identified in PE 
placental tissues were caused by changes in glycan or glycosylation occupancy other than by the changed protein 
abundance level. Future studies should clarify the specific molecular mechanism by which the glycosylation site and the 
glycan affect the protein function and participate in the occurrence of PE.
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