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Abstract

Impaired placento-fetal communication is a coherent symptom of exaggerated pre-eclampsia. The
impact of the cellular expression of different glycosaminoglycans (GAGs) in this event on the
placenta in pre-eclampsia is still obscure. This is the first study aimed at discovering the relationship
between structural alterations of different sulfated GAGs at the molecular level and the development
of pre-eclampsia in inflicted placenta. Sulfated GAGs were isolated and purified from control and
pre-eclampsia placentas. The amount and the molecular weight of GAG in each tissue sample were
measured. The polydispersity of the recovered GAG samples were determined by polyacrylamide
gel electrophoresis. The disaccharide composition of chondroitin sulfate, dermatan sulfate and
heparan sulfate were deduced by chondroitinase and heparinase depolymerization followed by liquid
chromatography—mass spectrometry. The in vivo sulfo-modulation of GAGs in pre-eclampsia and
control placenta were examined using RT-PCR to determine the transcription levels of different
sulfotransferases involved in GAG biosynthesis. Marked differences in GAG sulfation patterns and
MRNA level of encoding selected GAG O-sulfotransferases were observed in pre-eclampsia. These
data suggest a linkage between pre-eclampsia and the observed alterations in placental GAGs and
could provide new insights about the modulating role of GAGs in the development and the severity
of placental pre-eclampsia.
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Introduction

GAGs such as chondroitin/dermatan sulfates (CS/DS) and heparan sulfate (HS) are complex,
anionic polysaccharides expressed on the surface of virtually all animal cells. GAGs are highly
negatively charged due to the presence of repeating disaccharides of glucuronic acid (GIcA)
oriduronic acid (IdoA) and N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GICNAC)
or N-sulfoglucosamine (GIcNSO3) residues modified with O-sulfo groups [1]. The biological
roles of GAGs are quite diverse, controlling cell attachment and cell migration, fibrinogenesis
and cell signaling [2]. Furthermore, GAGs also mediate viral infections, including herpesvirus,
dengue virus and foot and mouth disease virus [1,3,4,5,6]. Cell surface heparan sulfate acts as
a co-receptor by binding to virus envelope proteins during the initial steps of infection [7,8].
GAGs are typically covalently linked to core proteins through serine residues to form
proteoglycans (PGs) [1]. Despite an increased understanding of the roles of PGs in processes
at the cell surface and in the extracellular matrix (ECM) during the early part of the last decade
[9,10], little is known about the placental structure of GAGs as contributing variables in the
development of pre-eclampsia. PGs are distributed in placenta endothelium, cell basement
membranes, vessel walls, and villous stroma [11,12,13]. Detailed characterizations indicate
the placental basement membrane tissue predominantly contains HS PGs, whereas CS/DS PGs
are mainly located in the intervillous space of the ECM [14]. Human placental PGs have been
suggested to be involved in a number of conception anomalies.

Pre-eclampsia is a worldwide disease of the placenta affecting 3-5% of pregnant women
[15] and results in impaired vascular homeostasis. The impact of GAG structure and function
on the progression of pre-eclampsia remains an important question. The current study is aimed
at improving the understanding the role of GAG structure on molecular level in the placenta
during the development of pre-eclampsia, in particular to understand the role of the degree and
pattern of sulfation.

This paper examines both the composition sulfated GAGs as well as the transcription level of
MRNA encoding selected GAG biosynthetic enzymes in both normal and pre-eclampsia
placenta. Pre-eclampsia is a major illness occurring during late pregnancy that involves the
placenta, a new organ formed in the body of pregnant women. The introduction of trans-
membrane communication between fetus and mother requires cellular selectivity together with
swift delivery of chemokines and growth factors that rely on GAGs within the extracellular
matrix. Thus, homeostasis, with sustained proper integrity of cellular glycocalyx, is essential
for healthy placenta and its slippery and hydrophilic nature is impacted by GAG sulfation.
Furthermore, abnormal uteroplacental vascular adaptation with concomitant ischemia is a
common finding in altered early trophoblast invasion in pre-eclampsia [16]. HS exerts a
modulating role during normal placental angiogenesis. HS, the constituent of up to 50% of the
total expressed GAG in endothelial cells [17], is unique among GAGs in the ability to bind a
large number of different proteins with complex role in the extracellular matrix, regulating a
wide variety of biological process, including hemostasis, inflammation, angiogenesis, growth
factors, cell adhesion [18], as well as serine proteinase-mediated tissue remodeling [19]. In the
placenta, the endothelium functions as the interface between blood and the tissues and must
be able to respond dynamically to its microenvironment in order to regulate the passage of cells
into sub-endothelial tissues [20]. Therefore, the regulation (up or down) of the extent of HS
sulfation within the endothelial microenvironment might represent a mechanism for balanced
homeostasis in the developing placenta. Moreover, the GAGs involved extracellular matrix
alteration may contribute to hemodynamic modulation, increasing large artery stiffness and if
or increasing resistance in small peripheral arteries, thus playing a crucial role in development
of pre-eclampsia [21].
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Materials and methods

Sampling and materials

Two samples of placental tissues collected from each of six different patients (three healthy
patients as control, and three patients with pre-eclampsia) were obtained at Inje University
Hospital Busan, South Korea. Pre-eclampsia was defined as gestational hypertension (systolic
blood pressure >140 mm Hg or diastolic blood pressure >90 mm Hg, arising after 20 weeks of
gestation) that was accompanied with proteinuria. Normotensive, uncomplicated control
subjects were matched for gestational age (within 2 weeks). PE and normal controls were
transabdominally delivered. All Patients (PE or control) were free from any multiple gestations,
chronic hypertension, diabetes, renal disease or other major metabolic disorders, or a history
of illicit drug use. All women provided written informed consent before the collection of
placenta samples. The collection and use of the samples were approved by the Institutional
Review Board of the Inje University Busan Paik Hospital. These rigorous selection criteria
limited the number of samples that could be collected. Placentas were immediately collected
just after delivery from normal and PE patients. Since altered balance between proliferation
and apoptosis in the placental villous trophoblast is a well known factor that triggers pre-
eclampsia, we selected mainly the villous trophoblast enriched tissue. The maternal side of
placentas was sampled near maternal surface, which was beyond halfway from the stem of the
umbilical cord and just below the maternal decidua. The maternal deciduas, amnion and stem
villous structures were removed and the villous trophoblast enriched tissue was obtained. After
three successive saline washes with perfusion, samples were immediately frozen in liquid
nitrogen and stored until use. The frozen samples were white to pink in color further
demonstrating the removal of blood from these tissues in the washing steps. Histological
examination was performed to exclude blood contamination and to confirm the presence of
villous trophoblast in all samples (data not shown).

Actinase E was from Kaken Biochemicals (Tokyo, Japan). Chondroitin sulfate, chondroitin
lyases ABC and ACII and heparin lyases 1, 2 and 3 were from Seikagaku (Tokyo, Japan).
Polyacrylamide, urea, CHAPS, alcian blue dye, and tetra-n-butylammonium hydrogen sulfate,
were from Sigma Chemical Company (St. Louis, MO). All other chemicals were of reagent
grade. Vivapure Q MAXI H columns were from Viva science (Edgewood, NJ).

Unsaturated disaccharides standards of CS/DS (Di-0S AUA-GalNAc, Di-4S AUA-
GalNAc4S, Di-6S AUA-GalNACc6S, Di-UA2S AUA2S-GalNAc, Di-diSg AUA2S-
GalNAc4S, Di-diSp AUA 2S-GalNACc6S, Di-diSg AUA-GalNAc4S6S, Di-triS AUA2S-
GalNACc4S6S) and unsaturated disaccharides standards of heparin/HS (Di-0S AUA-GIcNACc,
Di-NS AUA-GIcNS, Di-6S AUA-GIcNACc6S, Di-UA2S AUA2S-GIcNACc, Di-UA2SNS
AUA2S-GIcNS, Di-NS6S AUA-GIcNS6S, Di-UA2S6S AUA2S-GICNACES, Di-triS AUA2S-
GIcNS6S) were obtained from Seikagaku Corporation (Japan).

Isolation and purification of GAGs

Placenta samples were crushed with dry ice into very fine homogenized powder using a mortar
and pestle. Fat was removed by washing the tissues with chloroform/methanol mixture of (2:1,
1:1, 1:2 (v/v)) each left overnight.

Defatted samples (in 5 ml water) were individually subjected to proteolysis at 55 °C with 1%
of Actinase E (20 mg/ml) for 18 h. After the proteolysis, dry urea and dry CHAPS were added
to each sample (2 wt.% in CHAPS and 8 M in urea). The resulting cloudy solutions were
clarified by passing through a syringe filter containing a 0.2 pm membrane. A Vivapure Q
MAXI H spin column was equilibrated with 3 ml of 8 M urea containing 2% CHAPS (pH 8.3).
The clarified filtered samples were loaded onto and run through the Vivapure Q MAXI H spin
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columns under centrifugal force (500xg). The columns were first washed with 3 ml of 8 M
urea containing 2% CHAPS at pH 8.3. The columns were then washed five times with 5 ml of
200 mM NaCl. GAGs were released from the spin column by washing three-times with 1 ml
of 16% NaCl. Methanol (12 ml) was added to afford an 80 vol.% solution and the mixture was
equilibrated at 4 °C for 18 h. The resulting precipitate was recovered by centrifugation
(2,500%g) for 15 min. The precipitate was recovered by dissolving in 0.5 ml of water and the
recovered GAGs were stored frozen for further analysis.

The recovery yield of GAG from placental tissue samples was next examined. Exogenous CS
or HS (0, 50, 100, and 500 pg) was added to 1 gm of wet bovine brain tissue sample. Each
sample was treated, as described above, and the concentration of total GAG was measured.
The recovery of HS and CS was determined to be 100+2% and 96+17%, respectively.

Quantification of GAGs

The isolated GAGs were subjected to either carbazole assay [22] or Blyscan™ assay (Biodye
Science, UK) (using 1, 9-dimethylmethylene blue (DMB) as the labeling dye) to quantify the
amount of GAG in each sample using chondroitin sulfate as standard.

Polyacrylamide gel electrophoresis (PAGE) analysis

Polyacrylamide gel electrophoresis (PAGE) was applied to analyze the molecular weight and
polydispersity of each GAGs sample. To each lane ~5 pg of isolated GAGs was subjected to
electrophoresis against a standard composed of heparin oligosaccharides prepared
enzymatically from bovine lung heparin. The alcian blue visualized gels were then digitized
with UN-Scan-it software (Silk Scientific, UT, USA) and the average MW of the GAGs was
calculated based on the heparin oligosaccharide standard [23].

Disaccharide composition analysis using LCMS

Enzymatic depolymerization of GAGs: The GAGs samples (20 ug/5ul) were incubated with
the chondrontinase ABC (10 munits) and ACII (5 munits) at 37 °C for 10 h. The enzymatic
products were recovered by centrifugal filtration (YM-3, 3000 MWCO, Millipore, Bedford,
MA). CS/DS disaccharides, passed through the filter, were freeze-dried and ready for LC-MS
analysis. Next, the heparinase I, Il and I11 (5 munits each) were added into the remainder and
incubated at 37 °C for 10 h. The products were also recovered by centrifugal filtration and the
heparin/HS disaccharides were similarly collected and freeze-dried and ready for LC-MS
analysis.

LC-MS analysis—The analysis was performed on a LC-MS system (Agilent, LC/MSD trap
MS). Solution A and B for HPLC were 15 and 70% acetonitrile, respectively, containing the
same concentration of 37.5 mM NH4HCO3 and 11.25 mM tributylamine. The pH values of
them were adjusted to 6.5 with acetic acid. The flow rate was 10 pl/min. The separation was
performed on a C-18 column (Agilent) using solution A for 20 min, followed by a linear
gradient from 20 to 45 min of 0 to 50% solution B. The column effluent entered the source of
the ESI-MS for continuous detection by MS. The electrospray interface was set in negative
ionization mode with the skimmer potential —40.0 V, capillary exit —120.5 V and a source of
temperature of 325 °C to obtain maximum abundance of the ions in a full scan spectra (150—
1,500 Da, 10 full scans/s). Nitrogen was used as a drying (5 I/min) and nebulizing gas (20
p.s.i.). Auto MS/MS was turned on for MS/MS analysis.

Quantitative real-time PCR (QRT-PCR)

Changes in the mRNA levels of different GAGs synthesis controlling enzymes were examined
using qRT-PCR. Total RNA was extracted from the normal as well as preeclampsia placenta
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using RNA Ambion RiboPure total RNA isolation kit. After treatment with deoxyribonuclease
| (Takara Holdings Inc., Japan), total RNA was reverse-transcribed to cDNA using SuperScript
Il reverse transcriptase (Invitrogen, Carlsbad, CA, USA). QRT-PCR was then performed using
the iCycler iQ system (Bio-Rad, Hercules, CA, USA). Primers were designed using the
software Primer 3 (developed by Steve Rozen and Helen J. Skaletsky). All primers were
designed using gene-specific sequences deposited in GenBank. Primer sequences are presented
in Table 1. All primers including the house keeping gene were checked by preliminary PCR
to confirm specificity and to exclude any non-specific amplification (data not shown). Total
RNA was then extracted from the control and preeclampsia placentas using RNA Ambion
RiboPure total RNA isolation kit. RNA (1 ng) of control and pre eclampsia was used. After
treatment with deoxyribonuclease | (Takara Holdings Inc., Japan), total RNA was reverse-
transcribed to cDNA using SuperScript 11 reverse transcriptase (Invitrogen, Carlsbad, CA,
USA). gRT-PCR was then carried out for each transcript in a reaction mix of 4 pl of the cDNA,
1 pl of each of the primers, 5 ul of water and 10 pl iQ™ SYBR green Supermix (BIO-RAD,
CA, USA). The PCR was then performed with an initial activation step at 95 °C for 10 min
followed by 40 cycles amplification (denaturation: 94 °C for 20 s; annealing: 60 °C for 20 s
and extension at 72 °C for 30 s) in a real time thermal cycler (iCycler™ iQ system, Bio-Rad,
Hercules, CA, USA). The gene expression data were normalized to the GAPDH gene; as
reference house keeping gene that used as an internal standard for the study. Normalization of
data and calculation of results were performed as previously described [24].

Isolation and purification of GAGs

Three control and pre-eclampsia tissue samples taken from two groups of individuals with
nearly identical case histories were collected to minimize variability. Blood was carefully
removed from each sample to avoid contamination of tissue with the small amount of GAG
present in human blood [25]. A protocol established to quantitatively isolate heparin from
human plasma [26] using a simple three-step procedure involving protease digestion, strong-
anion-exchange chromatography on a spin column followed by salt release and methanol
precipitation was applied to recover sulfated GAGS from those placenta tissues. GAGSs having
a low sulfation level (0.5-1 sulfo groups/disaccharide) could be recovered in high yield (96—
100%) from bovine tissue samples using this procedure.

Quantification of GAGs by Blyscan assay

The isolated GAGs were subjected to Blyscan assay to quantify the amount of GAGs. As shown
in Table 2, the average contents of GAGs (mg/g dry sample) were 2.78+0.48 mg/g and 2.26
+0.21 mg/g in control and pre-eclampsia samples, respectively.

Polyacrylamide gel electrophoresis (PAGE) analysis

GAGs recovered from the placenta samples were next analyzed by PAGE with Alcian blue
staining (Fig. 1). The PAGE showed that all the GAGs having a broad band and a
polydispersity. After digitizing the gels, the average MW of GAGs were calculated based on
the heparin oligosaccharide standard (Fig. 1). As shown in Table 2, the average MW of GAGs
from control and pre-eclampsia samples were 9.57+0.73 kDa and 9.48+0.19 kDa, respectively.

Disaccharide composition analysis of isolated GAGs

Heparin/heparan sulfate (HS) GAGs are comprised of eight repeating disaccharide sequences.
As aresult, exhaustive enzymatic digestion of HS can produce up to eight different unsaturated
disaccharides: AUA-GIcNAc, AUA-GICNS, AUA-GICNAC6S, AUA2S-GIcNAc, AUA-
GIcNS6S, AUA2S-GIcNS, AUA2S-GIcNAC6S, and AUA2S-GIcNS6S (where AUA is A-
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deoxy-a-.-threo-hex-4-enopyranosyl uronic acid, GIcN is glucosamine, Ac is acetyl, S is sulfo).
Similarly, CS/DS also is comprised of variable sequences from which up to eight disaccharides
can be obtained: AUA-GalNAc, AUA-GalNAc4S, AUA-GalNAc6S, AUA2S-GalNAc,
AUA2S-GalNAc4S, AUA2S-GalNAC6S, AUA-GalNAc4S6S, AUA2S-GalNAC4S6S.
Composition analysis of these disaccharides gives important structural information on the
GAGs being analyzed and is an efficient method to measure the variation of structures of GAGs
derived from different tissues.

A novel LC/MS method was developed to analyze the disaccharide composition of GAGs in
our lab. The ion-paring reverse phase capillary HPLC gave good resolution of eight standard
heparin/HS disaccharides (Fig. 2d), their MS spectra were obtained with ESI microspray MS
[27]. LC/MS/MS was also applied on CS/DS disaccharides to unambiguously identify all of
these disaccharides.

In this disaccharide composition analysis, CS/DS was digested with chondroitin lyases prior
to digestion with heparin lyases. The CS disaccharides, determined from control and pre-
eclampsia placenta, are presented in Fig. 2a—c and Table 3. It is noteworthy that the CS/DS,
present in either diseased or control samples, gave rise to little or no unsulfated disaccharide.
Monosulfated 6-O-sulfo sequences significantly increase while 2-O-sulfo sequences decrease
in pre-eclampsia. It is also noteworthy that trisulfated sequences containing 2,4,6-sulfo groups
decrease in pre-eclampsia. HS disaccharide analysis (Fig. 2d—f and Table 3) shows a significant
decrease in NS and increases in 6-O- and 2-N monosulfated disaccharides in pre-eclampsia
placenta. The position of the sulfo groups on these disaccharides was deduced from their
retention times (based on disaccharide standards) and confirmed using MS/MS analysis (Fig.
29). Interestingly, pre-eclampsia placenta shows a significant increase in disulfated UA2SNS
and an increase in trisulfated disaccharide.

Quantitative real-time PCR (QRT-PCR)

Combined detection of level of mMRNA encoding for different GAGs synthesizing enzymes
with the GAG disaccharide analysis was performed in control and pre-eclampsia affected
placenta. RT-PCR has proven to be a powerful method for the sensitive detection of mMRNA
levels [28,29,30]. Itis clear from the RT-PCR results (Table 4) that there was marked decrease
in the expression of the selected CS/DS and HS O-sulfotransferases examined in pre-eclampsia
samples compared with that in control placenta. However, in preeclampsia placenta, NDST-1
N-sulfotransfersase showed an increase in its level of mMRNAc.

Discussion

The molecular composition of sulfated GAGs in preeclampsia affected placenta has not been
previously studied. It is noteworthy that the absolute amount of sulfated GAGs and their
average molecular weight did not significantly change as the result of pre-eclampsia. Thus, we
turned our attention to the analysis of GAG fine structure and selected biosynthetic enzymes
responsible for this fine structure. The failure of Northern blotting to detect different GAG
synthesizing enzymes [31], suggests that the messages encoding these biosynthetic enzymes
are either expressed at low levels or are rapidly turned over. RT-PCR has proven to be a
powerful method for the sensitive detection of mMRNA levels [28,29,30]. The level of mMRNA
encoding for selected GAG O-sulfotransferases in placenta was depressed during pre-
eclampsia. This decreased message level is consistent with our hypothesis linking altered
placental glycomics to the development of pre-eclampsia. Next, we examined whether these
decreased message levels resulted in decreased enzyme activities affording structural changes
in sulfated GAGs directly contributing to the development of pre-eclampsia.
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HS chain synthesis is initiated in the Golgi through the formation of tetrasaccharide linkage
region, GIcA(B1-3) Gal(B1-3)Gal(B1-4) Xyl (B1-4) (where Gal is galactose and Xyl is xylose),
attached to serine residues of a protein core. Polymerization of GIcNAc-GIcA copolymer onto
this tetrasaccharide results from the action of glycosyltransferases. Next, a portion of the
polymer is N-deacetylated and then N-sulfated by one of the four isoforms of the bifunctional
enzyme, N-deacetylase/N-sulfotransferase (NDST) [32]. NDST1 and NDST2 are the most
widely expressed with overlapping expression patterns. These enzymes are encoded by two
genes and afford the first blocks of N-sulfation upon which other enzymes act. Thus, the content
of N-sulfo groups profoundly impact subsequent downstream modification of HS by O-
sulfotransferases [10,31]. NDST-1 mRNA expression increases during pre-eclampsia, a
possible sign of inflammation. In HS, however, the total level of N-sulfation decreases,
suggesting that either another NDST isoform plays a dominant role or that the functional levels
of NDST-1 enzyme in the Golgi do not correlate with mRNA levels. Further studies are
required to understand these results.

CS PGs are abundantly present in the connective tissues [33] as components of extracellular
matrices and the cell surface, but do not contain N-sulfo groups. The CS backbone is
cooperatively synthesized as a copolymer of GIcA and GalNAc by the chondroitin synthase
and chondroitin polymerizing factor, [34]. The modifications adding sulfate groups to CS
include 4-O-sulfation or 6-O-sulfation on GalNAc, and 2-O-sulfation on GIcUA or IdoUA
(following C5 epimerization of GICUA to IdoUA) [35,36]. The transcript levels of these
biosynthetic enzymes are also not entirely predictive of the final GAG structure. This
discrepancy can result from the imprecise correlation between mRNA levels and active
sulfotransferase levels, other regulatory or transport proteins within the Golgi or the activity
of additional sulfotransferase isoforms not examined in the current study. For example, the
observed decrease in MRNA expression of chondroitin 4-O-sulfotransferase 1 (C4ST) in pre-
eclampsia might be compensated for by an alternate GalNAc-4-O-sulfotransferase, such as
C4ST-2, and D4ST-1, which also transfer sulfate to the C-4 hydroxy! of internal p1-4-linked
GalNAc moieties within the repeating disaccharide sequences found in CS and DS [37,38].
Other contributory factors that impact the final level of GAG sulfation include the durability
and post-translation modifications of GAG synthesizing enzymes, as well as GAG catabolism,
which is largely dependent on phagocytosis and lysosomal uptake. GAGs generally have half-
life of 10 days [39], which is far longer than their synthesizing enzymes transcriptomes.
Moreover, it is possible that the increased level of 6-O-sulfo groups in CS and HS, despite the
decreased levels of mMRNA encoding for the corresponding 6-OSTs, might result from a
decrease in endo-6-sulfatase levels in pre-eclampsia placenta.

Human placenta contains a large quantity of extracellular GAGs associated with the aggrecan
family CS PGs. These CS PGs are predominantly localized in the intervillous space [14,40].
The CS chains of the placental CS PGs were shown to have almost 90% nonsulfated
disaccharide residues [14]. Our results, however, surprisingly demonstrate that the non-sulfated
population of CS/DS is less than 1% in normal placenta, with CS/DS 4-O-sulfate constituting
the majority of placental CS/DS. This difference between our results and that of others might
be attributable to our improved ability to distinguish unsulfated CS/DS disaccharides from
hyaluronan disaccharides. Alternatively, there may be substantial quantities of nonsulfated
chondroitin chains that are simply not recovered by our extraction and purification method.
The level of trisulfated CS/DS is markedly reduced in pre-eclampsia but the reason for the
relationship is unclear. An additional interesting and potentially important finding revealed in
this investigation is that CS disaccharide composition analysis showed absence of UA2S in
pre-eclampsia, which is supported by the parallel decrease in mMRNA encoding for dermatan/
chondroitin sulfate 2-sulfotransferase (CS-20ST). This result correlates well with the mMRNA
data, since this enzyme has only one isoform in most of the genome-sequenced organisms, in
contrast to multiple isoforms for almost all other HS and CS sulfotransferases [39]. CS-20ST
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transfers the sulfo group to the 2-OH position of the hexuronic acid that is adjacent to an N-
acetylated galactosamine residue (GalNAc) carrying either a 6-O or 4-O sulfo group [41,42]
and CS chains with 2-O-sulfo group exhibits a variety of biological functions [43,44,45]. In
pre-eclampsia, the absence of 2-O-sulfo groups may reflect the fine tuning of CS chain that
normally occurs in gravid placenta.

The current study demonstrates that pre-eclampsia is associated with altered mRNA levels of
placental selected GAG sulfotransferases and observed changes in GAG structure at the
disaccharide level. Additional studies will be required to correlate mMRNA levels with the
activity of these and other GAG biosynthetic enzymes. The current study suggests that an
altered placental glycome may either cause or result from the development from pre-eclampsia.
This opens an insight of possible relationship altered glycome intermittent anoxia, a common
profound reason of pre-eclampsia, may be important in future studies to ensure a healthy
pregnancy.
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PAGE analysis on GAGs isolated from different tissues. Two gels are shown in the upper
panels. Lanes (Std) are the heparin oligosaccharide standard. Lanes 1 to 12 are correspondence
to GAGs from duplicate (i.e., Al, A2) samples (see Table 2). Lanes (HS) are heparan sulfate
control. The lower panels show scanned data from each gel used to calculate the molecular

weight of each GAG sample [23]
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pre-eclampsia group; d 8 disaccharide standards of Hp/HS; e disaccharides of Hp/HS from one
sample (4) of the control group. f disaccharides of Hp/HS from a representative (11) of the pre-
eclampsia group. g structure and MS/MS of the 6S and UA2S Hp/HS disaccharides
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