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Abstract
Objective: Content and distribution of the oligosaccharides in the umbilical cord from pregnancies with altered glycemia were investigated.

Study design: A prospective cohort study was conducted in the Florence Policlinic of Careggi, Italy. Samples of cord from physiological

pregnancies (n = 20), from pregnancies with minor degree of glucose intolerance (n = 20) and from pregnancies with gestational diabetes

mellitus (GDM) treated with insulin (n = 20) were collected. Eleven lectins were used (ConA, WGA, PNA, SBA, DBA, LTA, UEA I, OOA,

GSL II, MAL II and SNA) in combination with chemical and enzymatic treatments.

Results: Increase of N-acetyl-D-glucosamine and a loss of sialic acid in the umbilical cord of the cases with minor degree of glucose

intolerance with respect to the other study groups was observed. D-Galactose(b1! 3)-N-acetyl-D-galactosamine, N-acetyl-D-galactosamine

and L-fucose were in less amount in both the pathological groups with respect to the control one.

Conclusion: The increase of some glycoconjugates carbohydrates and the loss of others in the umbilical cord from pregnancies with minor

degree of glucose intolerance might be related to its morphofunctional alterations in a not diabetic altered glycemia. Moreover, the treatment

with insulin in the GDM might play a role in restoring partially the normal glycosilation in the cord components in the attempt to renew some

their functions.

# 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The umbilical cord is an important organ for the growth

and the well-being of the fetus.

Some investigations have shown that altered composition

and metabolism of this organ are observed in some diseases

occurring in pregnancy such as fetal growth restriction [1],

preeclampsia [2] and diabetes [3].

Scanty data are available in the literature concerning the

glycoconjugates oligosaccharides in the umbilical cord from

physiological pregnancies and from those complicated by

various types of pathologies [4–7].

On the other hand, it is well known that in normal and

pathological tissues the carbohydrates play an important role
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in biological processes such as enzymatic activities, cell-to-

cell adhesion and cellular recognition and proliferation [8,9].

Besides, some oligosaccharides of the proteoglycans and the

collagens might play an important role in the physical

maintenance of tissue structure and integrity [10]. It is also

seen that the ‘coating’ of the oligosaccharides on many

glycoproteins may have the function to protect the protein

chain from recognition by proteases or antibodies [10] and to

form antithrombogenic barrier in the vascular lumen [11,12].

The aim of this study was to investigate content and

distribution of the glycoconiugates oligosaccharides in

human umbilical cord from pregnancies of women with

minor degree of glucose intolerance than that defining

gestational diabetes, and from pregnancies of women with

gestational diabetes mellitus. For this purpose, a battery of

eight horseradish peroxidase (HRP) conjugated lectins and

three biotinilated lectins was used.
.
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2. Materials and methods

2.1. Group classification

Three study groups were considered: group 1—women

with uncomplicated pregnancies (cases n = 20) (control

group); group 2—women with pregnancies complicated by a

minor degree of glucose intolerance (cases n = 20); group

3—women with pregnancies with gestational diabetes

mellitus (GDM) treated with insulin (cases n = 20). The

gestational age was comprised between 35 and 38 weeks.

No women with chronic hypertension, renal disease or

pregestational diabetes were included. The women, in all the

study groups, were delivered by cesarean route. Controls

were women undergoing cesarean section on one of the

following indications: breech presentation, cephalopelvic

disproportion or psychological reasons.

Criteria for diagnosis of minor degree of glucose

intolerance were: abnormal 50 g glucose challenge test

(GCT) value (plasma glucose level �135 mg/dl after 1 h)

and negative 100 g glucose tolerance test (GTT) [13].

Criteria for diagnosis of GDM were: abnormal GCT value

and positive 100 g GTT [13].

Informed written consent was obtained from each patient.

2.2. Umbilical cord collection

One to two days before delivery, ultrasonographic

measurements of the umbilical cords diameter were

performed. At delivery, five blocks of cords cross-sections

for each case were taken at random and immersed in 4%

neutral buffered formalin for 48 h. The specimens were then

processed routinely, embedded in paraffin and 5 mm thick

sections were prepared. Following deparaffinization, some

sections were stained with Haematoxilyn–Eosin (HE) for

conventional histological examination while the other

sections were treated according to the lectin histochemistry.

2.3. Lectin histochemistry

The lectins and their carbohydrate specificity are listed in

Table 1. The lectins DBA, SBA, PNA, ConA, WGA, LTA,
Table 1

Carbohydrate binding specificity of lectin

Lectin Ab

Dolichos biflorus agglutinin DB

Soybean agglutinin SB

Peanut agglutinin PN

Canavalia ensiformis agglutinin Co

Wheat germ agglutinin WG

Lotus tetragonolobus agglutinin LTA

Ulex europaeus agglutinin I UE

Osage orange agglutinin OO

Griffonia (Bandeiraea) simplicifolia lectin II GS

Maackia amurensis lectin II MA

Sambucus nigra lectin SN
UEA I and OOA were HRP-conjugated. They were obtained

from Sigma Chemicals Co. (St. Louis, MO, USA). GSL II,

MAL II and SNA were biotinylated lectins and were

purchased from Vector Laboratories Inc. (Burlingame, CA,

USA).

2.3.1. HRP-conjugated lectins

After hydration, the sections were treated with 0.3%

hydrogen peroxide for 10 min to inhibit the endogenous

peroxidase, rinsed in distilled water and washed with 1%

bovine serum albumin (BSA) in 0.1 M phosphate buffered

saline (PBS) pH 7.2. The sections were then incubated for

30 min at room temperature in horseradish peroxidase-

conjugated lectins solutions (DBA 25 mg/ml, SBA 20 mg/

ml, PNA 25 mg/ml, ConA 50 mg/ml, WGA 20 mg/ml, LTA

25 mg/ml, UEA I 25 mg/ml, OOA 50 mg/ml) and then rinsed

three times in PBS. Staining of the sites containing bound

lectin-HRP was obtained by incubating the slides with

0.7 mg/ml 3,30-diaminobenzidine and 0.7 mg/ml hydrogen

peroxide in 0.06 M TBS (SIGMA FAST DAB tablet set,

Sigma Chemical Co., St. Louis, MO, USA) for 10 min at

room temperature.

2.3.2. Biotinylated lectins

After endogenous peroxidase inactivation and wash in

BSA solution, the sections were rinsed in 0.05 M Tris

buffered saline (TBS), pH 7.6. The endogenous avidin-

binding activity was blocked using the avidin–biotin

blocking kit (Vector Lab.). After three washes in TBS the

sections were incubated for 30 min at room temperature with

biotinylated lectins solutions (GSL II 20 mg/ml, MAL II

15 mg/ml, SNA 15 mg/ml). After other three washes in TBS

the sections were then incubated with avidin–biotin–

peroxidase complex (ABC, Vector Lab.) at 1:100 dilution

with TBS for 30 min. After three washes in TBS, the

peroxidase activity sites were visualized, as above described

for the HRP-lectins.

All the specimens were then rinsed in distilled water,

dehydrated using graded ethanol solutions, cleared in xylene

and mounted in Permount.

Controls for lectin staining included: (1) substitution of

conjugated lectins with unconjugated lectins; (2) substitution
brevation Carbohydrate binding specificity

A a-D-GalNAc

A a/b-D-GalNAc > D-Gal

A D-Gal(b1! 3)-D-GalNAc

nA a-D-Man > a-D-Glc

A (D-GlcNAc)n, Neu5Ac

a-L-Fuc

A I a-L-Fuc

A D-Gal > a-D-GalNAc

L II D-GlcNAc

L II Neu5Ac(a2! 3)Gal

A Neu5Ac(a2! 6)Gal/GalNAc
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of the substrate medium with buffer without lectin; (3)

incubation with each lectin in the presence of its hapten sugar

(0.1–0.5 M in PBS and TBS).

2.4. Enzyme and chemical treatments

2.4.1. Glucose oxidase

Glucose oxidase converts glucose residues into gluconic

acid. Since ConA labels both glucose and mannose, after

glucose oxidase pre-treatment, the staining is only due to

mannose. Sections were washed in acetone buffer at pH 5.0

and incubated overnight with 200 U/ml type VII glucose

oxidase from Aspergillus niger at 37 8C, in a moist chamber,

prior to staining with ConA [14].

2.4.2. Neuraminidase digestion

In some experiments sialic acid was removed by pre-

treating the sections for 18 h at 37 8C in a solution of sodium

acetate buffer 0.25 M, pH 5.5, containing 0.1 U/ml

neuraminidase (neuraminidase Type X from Clostridium

perfringens (Sigma Chemical Co., St. Louis, MO, USA)),

5.0 mM CaCl2 and 154 mM NaCl, prior to staining with

lectin-HRP conjugates [15]. Prior to the neuraminidase

treatment, a deacetylation technique was performed to

render the enzyme digestion effective, with 0.5% KOH in

70% ethanol for 15 min at room temperature [16]. Controls

containing the neuraminidase buffer without the enzyme

were also prepared.

2.4.3. Acid hydrolysis

In other experiments sialic acid was removed by pre-

treating the sections for 2–3 h at 82 8C with 0.1 M HCl [17].

2.4.4. Evaluation of staining location

Twenty fields, selected at random, were examined for

each section by an investigator blinded to the tissue

identity and scored for location of staining. The amniotic

epithelial cells, the stromal cells, the fibres and the ground

substance in the peripheral portion and in the adventitial

portion of the Wharton jelly and the endothelial cells, the

smooth muscle cells and the intercellular spaces of the

walls of the vessels were examined. All the slides were

stained with the same batch to eliminate inter-batch

variation.
Table 2

Clinical details of the study groups

Group 1 (n = 20)

(1) Maternal age (years) 31.0 � 7.5

(2) Gestation at delivery (week) 38.0 � 2.0

(3) Birth weight (g) 3360.2 � 348.2

(4) Placental weight (g) 618.8 � 80.1

(5) Umbilical cord diameter (mm)a 16.1 � 3.0

(6) Parity (n) 1 (0–2)

Values shown are mean � S.E.M. (3)–(5) group 2, group 3 vs. group 1.
a Ultrasonographic measurements.
* P < 0.05.
2.4.5. Statistical analysis

To compare clinical data between the group 1 and the

groups 2 and 3 the t-test for paired samples was used.

Probability of less than 0.05 (P < 0.05) was considered

statistically significant.

For each section stained with each lectin, with or without

treatments, a quantitative analysis was performed to evaluate

the intensity of reactivity in the following fields: the

amniotic epithelial cells, the peripheral portion and the

adventitial one of the Wharton’s jelly, the endothelial cells

and the wall of the vein and the arteries. For this purpose the

optical density was measured using a computerized image

analyzer program (Image-Pro Plus v. 4.5, Media Cyber-

netics). The staining intensity was measured and expressed

in arbitrary units standardized from 0 to 250, being 0 the

maximum of the staining and 250 no staining. Five

measurements for each field were made. Statistical analysis

was performed using the t-test for paired samples (P < 0.05

was considered significant) to evaluate: (1) the difference in

lectin reactivity, in specimens of the same group, without

and with chemical or enzymatic treatments (ConA, WGA,

PNA) and the difference between MAL II and SNA

reactivity; (2) the difference in lectin reactivity between

specimens of the group 1 and of the groups 2, 3 and between

those of the group 2 and of the group 3. All sections were

examined by a single observer blinded to the origin of the

cord under study. Reproducibility of the measuring analysis

was assessed comparing the measurements made by one

observer at different times and the measurements of two

observers. Intra-observer coefficient of variation was 1.5%

and inter-observer coefficient of variation was 5.2%.
3. Results

3.1. Clinical results

The clinical details of the women whose umbilical cords

were used for this study are reported in Table 2. Mean birth

weight, placenta weight and umbilical cord diameter were

significantly higher in the groups 2 and 3 with respect to the

group 1 (P < 0.05). The other clinical data did not show

significant differences between the pathological groups

(groups 2 and 3) and the control group (group 1).
Group 2 (n = 20) Group 3 (n = 20)

31.3 � 8.0 32.0 � 5.8

37.8 � 2.0 37.2 � 5.7

3540.2 � 348.1* 3570.1 � 350.0*

650.1 � 70.5* 660.7 � 85.1*

19.5 � 2.3* 20.1 � 3.1*

1 (0–2) 1 (0–2)
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Fig. 1. Haematoxilyn/Eosin, Wharton’s jelly and artery, 37 weeks. The

stromal cells and the fibres of the jelly appear more spaced and the artery
3.2. Morphological remarks

The umbilical cord from physiological pregnancies is

constituted by Wharton’s jelly, two arteries and one vein.

The Wharton’s jelly is a particular connective tissue,

surrounded by an amniotic epithelium, constituted by

stromal cells, fibres and extracellular matrix called also

ground substance. In the jelly a peripheral and an adventitial

portion (around the vessels), more compact, are distinguish-

able. The arteries and the vein present a wall formed by

smooth muscle cells and an endothelium, higher in the vein.

Our histological data showed that in the umbilical cord

from minor degree of glucose intolerance and diabetes the

stromal cells and the fibres of the jelly were more spaced, the

arteries appeared hypoplastic, often one closed and the vein

dilated when compared to the cord of the control group

(Fig. 1A–C).

3.3. Lectin histochemistry

3.3.1. Lectin binding location

3.3.1.1. Group 1 (Table 3).

ConA:

Wharton’s jelly: Reactivity was observed in the amniotic

epithelial cells, in the perinuclear cytoplasm of the

stromal cells and in the fibres.

Vessels: The endothelial cells and the perinuclear

cytoplasm of the smooth muscle cells of the vessels

reacted with this lectin.

partially closed in the cord of the minor degree of glucose intolerance (B)

and of the diabetes (C) cases when compared with the cord of the control

case (A) (original magnification �40).

Tab

Lec

Con

Glu

WG

KO

PN

KO

SBA

DB

LTA

UE

OO

GS

MA

KO

SN

KO

+: R
Glucose oxidase/ConA: After glucose oxidase treatment,

no reactivity was observed in the fibres of the jelly.

WGA and deacetylation-neuraminidase-WGA/acid

hydrolysis-WGA:
le 3

tin binding in the Group 1

Wharton’s jelly Vein Artery

Epithelial

cells

Stromal

cells

Fibres Ground

substance

Endothelial

cells

Wall Endothelial

cells

Wall

A + +perin + � + +perin + +perin

c ox/ConA + +perin � � + +perin + +perin

A + + + � + +sp + +sp

H/N/WGA Ac hyd/WGA + + + � + +sp + +sp

A + +peri +peri + + +sp + +sp

H/N/PNA Ac hyd/PNA + + + + + +sp + +sp

+ � � � + � + �
A � � � � � � � �

+ + + � + +sp + +sp

A I + + + � + +sp + +sp

A + + + + + +sp + +sp

L II + + + � + +sp + +sp

L II + + + + + +sp + +sp

H/N/MAL II Ac hyd/MAL II � � � � � � � �
A + + + + + +sp + +sp

H/N/SNA Ac hyd/SNA � � � � � � � �

eactivity; �: no reactivity; perin: perinuclear cytoplasm; peri: peripheral portion of the Wharton’s jelly; sp: intercellular spaces.
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Fig. 2. WGA, vein, 37 weeks. Reactivity is observed in the endothelial cells

and in the intercellular spaces of the vein in the groups 1 (A), 2 (B) and 3 (C).

The reactivity of the endothelial cells appears stronger in the group 2 (B) and

3 (C) with respect to the group 1 (A). (Original magnification�400). In the

insets, the WGA reactivity after deacetylation-neuraminidase treatment is

observable. In the groups 1 (inset A) and 3 (inset C), reactivity after

treatment appears weaker in the endothelial cells and in the intercellular

spaces, and in the group 2 (inset B) only in the endothelial cells when

compared with reactivity without treatment. Reactivity appears stronger in

the endothelial cells and in the intercellular spaces of the group 2 (inset B)

and in the endothelial cells of the group 3 (inset C) with respect to the group

1 (inset A). The intercellular spaces of the group 2 (inset B) show stronger

reactivity with respect to the group 3 (inset C) (original magnification�60).

Fig. 3. PNA, Wharton’s jelly, 37 weeks. Reactivity is detectable in the

amniotic epithelial cells of the groups 1 (A) and 2 (B), in the stromal cells,

the fibres and the ground substance of the peripheral portion of the groups 1

(A), 2 (B) and 3 (C) and in the ground substance of the adventitial portion of

the group 1 (A) (original magnification �200). In the insets, the PNA

reactivity after deacetylation-neuraminidase treatment is observable. Reac-

tivity after treatment is stronger in the amniotic cells of the group 1 (inset A),

in the stromal cells and the fibres of the peripheral portion of the groups 1

(inset A) and 3 (inset C) and appears in the adventitial one with respect to the

reactivity without treatment; in the group 3 (inset C), also reactivity of the

ground substance of the adventitial portion appears. In the group 2 (inset B)

the reactivity after treatment is stronger in the amniotic cells and appears in

the ground substance of the adventitial portion. Reactivity of the jelly

appears weaker in the groups 2 (inset B) and 3 (inset C) with respect to the

group 1 (inset A). The stromal cells and the fibres are more reactive in the

group 3 (inset C) when compared with the group 2 (inset B) (original

magnification �30).
Wharton’s jelly: The amniotic epithelial cells, the stromal

cells and the fibres showed reactivity.

Vessels: The endothelial cells and the intercellular spaces

of the wall in the vessels reacted with this lectin (Fig. 2A).
PNA:

Wharton’s jelly: PNA reacted with the amniotic epithelial

cells, the stromal cells and the fibres of the peripheral

portion of the jelly and the ground substance of the

peripheral and the adventitial portions (Fig. 3A).

Vessels: The endothelial cells and the intercellular spaces

of the wall of the vessels reacted with this lectin.
Deacetylation-neuraminidase-PNA/acid hydrolysis-PN-

A: After deacetylation-neuraminidase digestion or acid

hydrolysis, reactivity appeared also in the stromal cells
and in the fibres of the adventitial portion of the jelly

(inset, Fig. 3A).

SBA: The amniotic cells and the endothelial cells of the

vessels reacted with SBA.

DBA: No reactivity was observed in the cord compo-

nents.

LTA and UEA I:

Wharton’s jelly: The amniotic cells, the stromal cells and

the fibres reacted with this lectin.

Vessels: Reactivity was observed in the endothelial cells

and in the intercellular spaces of the wall (Fig. 4A).
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Fig. 4. LTA, artery, 38 weeks. In the group 1 (A) reactivity is observable

in the endothelial cells and in the intercellular spaces. In the group 2 (B)

the perinuclear cytoplasm of some smooth muscle cells and in the group 3

(C) of all the muscle cells is reactive (original magnification A and B

�400, C �200).

Fig. 5. GSL II, Wharton’s jelly and artery, 37 weeks. Reactivity is observable

in the stromal cells and the fibres of the jelly, in the endothelial cells and the

intercellular spaces of the artery of the groups 1 (A), 2 (B) and 3 (C). In the

group 2 (B) also the ground substance of the jelly appears reactive. Reactivity

of the stromal cells, of the fibres of the jelly, of the endothelial cells and of the

intercellular spaces of the artery appears stronger in the group 2 (B) with

respect to the group 1 (A); in the group 3 (C) only the endothelial cells appear

more reactive. Reactivity of the stromal cells and of the fibres of the jelly and

of the intercellular spaces appears more intense in the group 2 (B) with respect

to the group 3 (C) (original magnification �100).
OOA:

Wharton’s jelly: Reactivity was detected in the amniotic

epithelial cells, in the stromal cells, in the fibres and in the

ground substance.

Vessels: In the vein and in the arteries, reactivity was

observed in the endothelial cells and in the intercellular

spaces of the wall.
GSL II:

Wharton’s jelly: The amniotic epithelial cells, the stromal

cells and the fibres showed reactivity (Fig. 5A).

Vessels: The endothelial cells and the intercellular spaces

of the wall in the vessels reacted with this lectin (Fig. 5A).
MAL II and SNA:

Wharton’s jelly: In the amniotic epithelial cells, in the

stromal cells, in the fibres and in the ground substance

reactivity was detected (Fig. 7A).

Vessels: In the vein and in the arteries, reactivity was

observed in the endothelial cells and in the intercellular

spaces of the wall (Fig. 6A).
Deacetylation-neuraminidase-MAL II and SNA/acid

hydrolysis-MAL II and SNA: After deacetylation-neur-
aminidase digestion or acid hydrolysis, no reactivity was

observed in the cord components.

3.3.1.2. Groups 2 and 3 (Tables 4 and 5).

ConA and glucose oxidase/ConA, WGA and deacetyla-

tion-neuraminidase-WGA/acid hydrolysis-WGA: In

both the groups the reactivity location of these lectins,

without and after treatments, was the same of that

observed in the group 1 (Fig. 2B and C).

PNA:

Wharton’s jelly: In both the groups the amniotic epithelial

cells and the stromal cells, the fibres and the ground

substance of the peripheral portion of the jelly reacted

with PNA (Fig. 3B and C).

Vessels: In the two groups the endothelial cells and the

intercellular spaces of the wall of the vein reacted with

lectin. In the arteries only the intercellular spaces of the

wall reacted.
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Fig. 6. MAL II, artery, 37 weeks. Reactivity is observable in the endothelial

cells and in the intercellular spaces in the groups 1 (A) and 3 (C). In the

group 2 (B) only the endothelial cells appear reactive and show weaker

reactivity when compared with those in the groups 1 (A) and 3 (C) (original

magnification X 150).

Table 4

Lectin binding in the Group 2

Wharton’s jelly

Epithelial

cells

Stromal

cells

Fibres

ConA + +perin +

Gluc ox/ConA + +perin �
WGA + + +

KOH/N/WGA Ac hyd/WGA + + +

PNA + +peri +peri

KOH/N/PNA Ac hyd/PNA + +peri +peri

SBA + � �
DBA + � �
LTA + � �
UEA I + + +

OOA + + +

GSL II + + +

MAL II + � �
KOH/N/MAL II Ac hyd/MAL II � � �
SNA + � �
KOH/N/SNA Ac hyd/SNA � � �

+: Reactivity; �: no reactivity; perin: perinuclear cytoplasm; peri: peripheral por

sp: intercellular spaces.
a Some cells.
Deacetylation-neuraminidase-PNA/acid hydrolysis-PN-

A: After deacetylation-neuraminidase digestion or acid

hydrolysis, in the group 2 reactivity appeared also in the

ground substance of the adventitial portion of the jelly

and in the endothelial cells of the arteries (inset, Fig. 3B).

In the group 3 also the components of the adventitial

portion of the jelly and the endothelial cells of the art-

eries, not reactive with PNA without treatment, reacted

with the lectin (inset, Fig. 3C).

SBA: In both the groups only the amniotic epithelial cells

and the endothelial cells of the vein reacted with SBA.

DBA: In both the groups only the amniotic epithelial cells

reacted with this lectin.

LTA: In the group 2 reactivity was observed in the

amniotic epithelial cells and in the perinuclear cytoplasm

of some smooth muscle cells of the vein and the arteries

wall (Fig. 4B). In the group 3 the amniotic epithelial cells,

the perinuclear cytoplasm of the stromal cells and the

perinuclear cytoplasm of all the smooth muscle cells of

the vessels wall reacted (Fig. 4C).

UEA I:

Wharton’s jelly: In the two groups the amniotic epithelial

cells, the stromal cells and the fibres reacted with this

lectin.

Vessels: In the group 2 reactivity was observed in the

endothelial cells and in the intercellular spaces of

the vessels wall. In the group 3 the endothelial cells

and the perinuclear cytoplasm of the smooth muscle cells

of the vessels reacted.
Gr

su

�
�
�
�
+p

+

�
�
�
�
+

+

+a

�
+a

�

tion
OOA: In both the groups reactivity location of this lectin

was the same of that observed in the group 1.

GSL II: In the group 3 the reactivity location of this lectin

was the same of that observed in the group 1 (Fig. 5C).
Vein Artery

ound

bstance

Endothelial

cells

Wall Endothelial

cells

Wall

+ +perin + +perin

+ +perin + +perin

+ +sp + +sp

+ +sp + +sp

eri + +sp � +sp

+ +sp + +sp

+ � � �
� � � �
� +perina � +perina

+ +sp + +sp

+ +sp + +sp

+ +sp + +sp

dv + � + �
� � � �

dv + +sp + +sp

� � � �

of the Wharton’s jelly; adv: adventitial portion of the Wharton’s jelly;
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Table 5

Lectin binding in the Group 3

Wharton’s jelly Vein Artery

Epithelial

cells

Stromal

cells

Fibres Ground

substance

Endothelial

cells

Wall Endothelial

cells

Wall

ConA + +perin + � + +perin + +perin

Gluc ox/ConA + +perin � � + +perin + +perin

WGA + + + � + +sp + +sp

KOH/N/WGA Ac hyd/WGA + + + � + +sp + +sp

PNA + +peri +peri +peri + +sp � +sp

KOH/N/PNA Ac hyd/PNA + + + + + +sp + +sp

SBA + � � � + � � �
DBA + � � � � � � �
LTA + +perin � � � +perin � +perin

UEA I + + + � + +perin + +perin

OOA + + + + + +sp + +sp

GSL II + + + � + +sp + +sp

MAL II + + + +adv + +sp + +sp

KOH/N/MAL II Ac hyd/MAL II � � � � � � � �
SNA + + + +adv + +sp + +sp

KOH/N/SNA Ac hyd/SNA � � � � � � � �

+: Reactivity;�: no reactivity; perin: perinuclear cytoplasm; peri: peripheral portion of the Wharton’s jelly; adv: adventitial portion of the Wharton’s jelly; sp:

intercellular spaces.
In the group 2 also the ground substance of the jelly was

reactive (Fig. 5B).

MAL II:

Wharton’s jelly: In the group 2, reactivity was observed in

the amniotic epithelial cells and in the ground substance

of the jelly adventitial portion. In the group 3, reactivity

was detected in the amniotic epithelial cells, in the

stromal cells, in the fibres of both the jelly portions and in

the ground substance of the jelly adventitial portion.

Vessels: In both the groups, the endothelial cells of the

vessels were reactive. In the group 3 also the wall

intercellular spaces reacted with lectin (Fig. 6B and C).
SNA:

Wharton’s jelly: In the group 2, the amniotic epithelial

cells and the ground substance of the jelly adventitial

portion were reactive (Fig. 7B). In the group 3, reactivity

was detected in the amniotic epithelial cells, in the

stromal cells, in the fibres of both the jelly portions and in

the ground substance of the jelly adventitial portion

(Fig. 7C).

Vessels: In both the groups, reactivity was observed in the

endothelial cells and in the intercellular spaces of the

vessels wall.
Deacetylation-neuraminidase-MAL II and SNA/acid

hydrolysis-MAL II and SNA: After deacetylation-neur-

aminidase digestion or acid hydrolysis, no reactivity was

observed in the cord components.

3.4. Statistical analysis

Comparing the reactivity intensity measurements, in

each group, with ConA, WGA and PNA, without and after

treatments, the statistical analysis showed that the

reactivity, after treatments, with ConA, in all the groups,
and with WGA, in the groups 1 and 3 of all the cord

components was significantly lower with respect to that

with ConA and WGA without treatments (P < 0.05). In the

group 2, the reactivity intensity with WGA, after

treatments, of the amniotic epithelial cells and of the

endothelial cells of the vessels was significantly lower

(P < 0.05). In the groups 1 and 3 the PNA reactivity, after

treatments, was higher in the amniotic epithelial cells

(group 1: P < 0.001; group 3: P < 0.05), in the jelly (group

1: P < 0.001; group 3: P < 0.05), in the endothelial cells of

the vein (P < 0.01), in the endothelial cells of the arteries

(group 1: P < 0.01; group 3: P < 0.001) and in the vessels

wall (P < 0.05) with respect to reactivity with PNAwithout

treatments. PNA reactivity, after treatments, in the group 2,

was higher in the amniotic epithelial cells, in the jelly

adventitial portion and in the endothelial cells of the vessels

(P < 0.05) when compared with reactivity without treat-

ments. SNA reactivity, in all the groups, was higher in the

intercellular spaces of the vessels wall with respect to MAL

II reactivity (groups 1 and 3: P < 0.01; group 2: P < 0.05).

The measurements in the two portions of the jelly, in the

three groups, showed that the intensity of reactivity with

WGA and PNA, without and after treatments, UEA I, OOA

and GSL II was statistically higher in the peripheral portion

with respect to that in the adventitial one (P < 0.05); in the

group 1, also reactivity with LTA, MAL II and SNA and in

the group 3 only with MAL II and SNA was higher

(P < 0.05). In the group 2, MAL II and SNA reactivity was

higher in the adventitial portion when compared with the

peripheral one (P < 0.05).

Comparing the measurements of the lectin reactivity of

the group 1 with those of the groups 2 and 3, the statistical

analysis showed that the reactivity intensity with WGA in

the endothelial cells of the vessel was significantly higher in
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Fig. 7. SNA, Wharton’s jelly, 36 weeks. Reactivity is detectable in the

amniotic epithelial cells, in the stromal cells and in the fibres of the

peripheral and adventitial portions of the groups 1 (A) and 3 (C). The

ground substance of the two portions are reactive in the group 1 (A) and only

of the adventitial one in the group 3 (C). In the group 2 (B) the amniotic cells

and the ground substance of the adventitial portion appear reactive. Reac-

tivity of the jelly in the group 1 (A) is stronger with respect to the groups 2

(B) and 3 (C). In the group 2 (B) the amniotic cells show weaker reactivity

with respect to the group 3 (C) (original magnification �200).
the groups 2 and 3 with respect to the group 1 (P < 0.05);

WGA reactivity, after treatments, and GSL II reactivity were

higher in the jelly, in the endothelial cells and the wall of the

vessels of the group 2, and in the endothelial cells of the

group 3 (P < 0.05). In the groups 2 and 3, PNA reactivity

was significantly lower in the adventitial portion of the jelly

and in the endothelial cells of the arteries when compared

with the group 1 (P < 0.05); after treatments, PNA reactivity

was lower in the amniotic epithelial cells of the groups 2 and

3 (P < 0.01), in the jelly of the groups 2 (P < 0.001) and 3

(P < 0.01), in the vessels endothelial cells (vein: P < 0.05;

arteries: P < 0.01) and in the wall (P < 0.05) of the group 2.

In the groups 2 and 3, reactivity with SBA was lower in the

endothelial cells of the arteries and with DBA was higher in

the amniotic epithelial cells with respect to the group 1

(P < 0.05). LTA reactivity, in the groups 2 and 3, was lower

in the jelly (peripheral portion: P < 0.01; adventitial

portion: P < 0.05), and in the vessels endothelial cells
and in the wall (P < 0.05) when compared with the group 1;

UEA I reactivity was lower in the jelly of the two groups

(P < 0.05). MAL II and SNA reactivity was lower in the

amniotic cells of the group 2 (P < 0.01) and of the group 3

(P < 0.05), in the jelly of the groups 2 (P < 0.001) and 3

(P < 0.01), and in the vessels endothelial cells (P < 0.01)

and in the wall (MAL II: P < 0.05; SNA: P < 0.01) of the

group 2 with respect to the group 1.

The comparison of the measurements of the group 2 with

those of the group 3, showed that the reactivity intensity with

WGA, after treatments, and with GSL II was statistically

higher in the jelly and in the vessels wall of the group 2

(P < 0.05). PNA reactivity, after treatments, was lower in

the amniotic epithelial cells, in the jelly (P < 0.05), in the

vessels endothelial cells (vein: P < 0.05; arteries: P < 0.01)

and in the wall (P < 0.05) of the group 2 with respect to the

group 3. The LTA reactivity was lower in the jelly and in the

vessels wall of the group 2 (P < 0.05). MAL II and SNA

reactivity was statistically lower in the amniotic epithelial

cells and in the jelly (P < 0.05), in the vessels endothelial

cells (P < 0.01) and in the wall (MAL II: P < 0.05: SNA

P < 0.01) of the group 2 with respect to the group 3.
4. Discussion

Our data showed that many carbohydrates investigated in

this study were present in the various components of the

umbilical cord of all three the study groups, although some

in different amount; other carbohydrates were present or

lacking in some groups.

It is to be noted that N-acetyl-D-glucosamine was more

abundant in the Wharton’s jelly of the group 2 with respect to

that of the groups 1 and 3, while the D-galactose-(b1! 3)-

N-acetyl-D-galactosamine, in subterminal position, was in

less amount in the jelly of the groups 2 and 3 with respect to

the group 1.

In the amniotic epithelial cells of the group 1 N-acetyl-D-

galactosamine was revealed by SBA, indicating the presence

of b anomer of this carbohydrate. In the pathological groups

reactivity with SBA and DBA revealed the presence of the a

anomer or a and b anomer of this carbohydrate. Therefore,

the a anomer of N-acetyl-D-galactosamine seems to be a

marker of the umbilical amniotic epithelial cells in these

pathologies.

a-L-Fucose, revealed by LTA, characterized the amniotic

epithelial cells, the stromal cells and the fibres of the jelly in

the group 1; only the amniotic epithelial cells in the group 2

and the amniotic epithelial cells and the stromal cells in the

group 3.

Therefore, a-L-fucose was present with two types of

linkage: reactivity with LTA suggests the presence of

reactive sites containing a-L-fucose which bind via a(1–6)

linkage to penultimate glucosaminyl residues and/or

difucosilated oligosaccharides, while reactivity with UEA

I indicates the presence of a-L-fucose bound via b1,2
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linkage to penultimate D-galactose-(b1–4)-N-acetyl-D-glu-

cosamine residues [18–21]. However, it is to be observed

that in the pathological groups a-L-fucose bound via a(1–6)

linkage to penultimate glucosaminyl residues and/or

difucosilated oligosaccharides was lacking in some compo-

nents of the jelly.

The localization and the intensity of reactivity with WGA

and PNA after treatments, and with MAL II and SNA

demonstrated that sialic acid linked a(2–3) to galactose and

linked a(2–6) to galactose or N-acetylgalactosamine was

present in all the components of the jelly of the groups 1 and

3, although in the group 3 in less amount. In the group 2

sialic acid was absent in the stromal cells and in the fibres.

A correct distribution and amount of these carbohydrate

moieties might have an important role in maintaining the

integrity of the components of the jelly as well as in

metabolic processes, thus permitting the jelly to play its

physiological functions, as the protection of the vessels from

inelasticity and compression and the diffusion of substances

in particular from the vein to the arteries [22,23]. Moreover,

the stromal cells seem to play a role in regulating of the

umbilical cord blood flow, since these cells have character-

istics of fibroblasts and smooth muscle cells [24]. The loss of

some carbohydrates and/or the increase of others in the jelly

of the umbilical cord in cases of diabetic or not diabetic

altered glycemia might play a role in impairing the integrity

of its components and then their functions. On the other

hand, our morphological remarks showed that in the cord

both in the diabetes and in the minor degree of glucose

intolerance cases the stromal cells and the fibres were more

spaced with respect to the control group. Morphological data

on the Wharton’s jelly, in literature, showed alteration in the

pattern of distribution of its fibres, suggesting a deleterious

effect by diabetes on the tissue components of the jelly [25].

In other studies it has been also seen that in gestational

diabetes the umbilical cord was significantly larger with

respect to that in the physiological gestation and that the

main increase was due to an increase of jelly content [26,27].

It is to suppose that this increase might be due to an increase

of production of mucopolysaccharides rich in glucosamine,

which could account for water retention and increased

thickness of the umbilical cord [5]. According our data only

in the minor degree of glucose intolerance group N-acetyl-D-

glucosamine was more abundant in the jelly of the umbilical

cord. However, the most important finding was the loss of

sialic acid, known to play an important role in the

strengthening the membrane stability [28], and the

achievement of a certain degree of cell surface rigidity

[29]. This suggests that even in these cases of unclaimed

diabetes an impaired functionality of the umbilical cord jelly

might begin. On the other hand, it is seen that also a simple

alteration of maternal glycemia represents an impaired

milieu of growth and development for the fetus [30–33].

It is noteworthy that, according to our findings, in the

treated GDM group the distribution and content of the

oligosaccharides is almost like that in the control group,
suggesting a role of the insulin and probably of other

correlated factors in the restoring the normal glycosylation

in the jelly components.

In the group 1, N-acetyl-D-glucosamine, sialic acid, D-

galactose-(b1! 3)-N-acetyl-D-galactosamine and a-L-

fucose (LTA and UEA I) were more abundant in the

peripheral portion of the jelly with respect to the adventitial

one in according to the data observed in a previous study [7].

Even in the groups 2 and 3 N-acetyl-D-glucosamine,

D-galactose-(b1! 3)-N-acetyl-D-galactosamine and a-L-

fucose (UEA I) had the same distribution in the two

portions; in the group 3 also sialic acid showed this

distribution, while in the group 2 it was present only in the

adventitial portion. As suggested by a previous study [7], the

different amount of carbohydrates in the two portions might

contribute to exert their different functions: protection of the

vessels by the peripheral portion and diffusion of substances

between the vessels by the adventitial one. In the

pathological groups, in particular in the minor degree of

glucose intolerance, the lacking of some carbohydrates in

both the portions might contribute to impair their functions.

In the endothelial cells of the vessels N-acetyl-D-

glucosamine was more abundant in the groups 2 and 3

with respect to the group 1. Sialic acid linked a(2–3) to

galactose and linked a(2–6) to galactose or N-acetylga-

lactosamine was present in the endothelial cells in all the

groups, although in less amount in the group 2. D-Galactose-

(b1! 3)-N-acetyl-D-galactosamine, in terminal position,

and b anomer of the N-acetyl-D-galactosamine were

observed in the endothelial cells of the vein in all the study

groups and in the endothelial cells of the arteries only in the

group 1.

In the intercellular spaces of the vessels a-L-fucose,

revealed by LTA, was present only in the group1, while (-L-

fucose, revealed by UEA I, was present in the intercellular

spaces of the vessels in the groups 1 and 2. In the groups 2

and 3 a-L-fucose (LTA) characterized the perinuclear

cytoplasm of the muscle cells of the vessels, while a-L-

fucose (UEA I) was present in this site in the group 3. In the

intercellular spaces of the groups 1 and 3 sialic acid linked

a(2–6) to galactose or N-acetylgalactosamine was more

abundant with respect to sialic acid linked a(2–3) to

galactose. In the group 2 sialic acid linked a(2–3) to

galactose was absent in the intercellular spaces, while sialic

acid linked a(2–6) to galactose or N-acetylgalactosamine

was in less amount when compared with the groups 1 and 3.

As it occurred in the jelly, the oligosaccharides present in

the vessels might have a role in maintaining the structure and

the metabolic processes of their components and thus

permitting to play their physiological functions as the

diffusion of substances and the regulation of the blood flow,

due to the smooth muscle cells [23]. Moreover, the endothelial

cells seem to play a role in transmitting signals coming from

the blood flow to the muscle cells, for the regulation of the

contractions and the remodelling of the vessels [34]. The lack

of some carbohydrates and the increase of others in the
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umbilical vessels, in particular in the arteries, of cases with

diabetic or not diabetic altered glycemia, might indicate a

morphofunctional alteration of the vessels components. On

the other hand, our morphological data of the cord in the

pathological groups showed hypolplastic and oblitered

arteries and dilated vein. In literature, some studies have

showed that in the diabetes pregnancies the vessels show

damage (in particular the arteries), alteration of permeability

of the endothelium and alteration of the composition of their

wall [25,35,36]. It has been supposed that the high

concentration of glucose would induce various biological

processes that might led to morphofunctional alteration of the

endothelial cells [37–41]. In a study on the umbilical vein has

been seen that the glucose would stimulate the synthesis of

glucosamine in the endothelial cells that would carry out to a

dysfunction of the endothelium [42]. In the vessels of the

minor degree of glucose intolerance group a loss of some

carbohydrates, in particular sialic acid, and an increase of N-

acetyl-D-glucosamine might suggest that already in these

cases a dysfunction of the endothelium and of the vessel wall

might begin to establish. In the umbilical vessels of the treated

GDM group was observed a oligosaccharides distribution and

content almost like that in the control group, in particular in

the vein. Probably, the treatment with insulin might influence

the re-establishment the normal glycosilation in the umbilical

vein. In the arteries, the fact that with treatment the

glycosilation appeared less restored might be due to more

serious morphofunctional damage.

In conclusion, our data seem to demonstrate that the

loss of some carbohydrates and the increase of others in

the umbilical cord coming from minor degree of glucose

intolerance cases could be related to an alteration of

the structure and functionality of this organ also with a

simple alteration of maternal glycemia. On the other hand,

the treatment with insulin in GDM cases might play a role in

re-establishing partially the normal glycosilation in the

constituents of the cord in attempting to restore some their

normal functions.

References

[1] Raio L, Ghezzi F, Di Naro E, et al. Prenatal diagnosis of a ‘‘lean’’

umbilical cord: a simple marker for fetuses at risk of being small for

gestational age at birth. Ultrasound Obstet Gynecol 1999;13:176–80.

[2] Bankowski E, Sobolewski K, Romanowicz L, Chyczewski L,

Jawosrski S. Collagen and glycosaminoglycans of Wharton’s jelly

and their alterations in EPH-gestosis. Eur J Obstet Gynecol Reprod

Biol 1996;66:109–17.

[3] Weissman A, Jakobi P. Sonographic measurements of the umbilical

cord in pregnancies complicated by gestational diabetes. J Ultrasound

Med 1997;16:691–4.

[4] Wosicki A. The hexosamines of the umbilical cord vessel walls. J

Obstet Gynecol Biol Reprod (Paris) 1975;4:209–15.

[5] Patrick RS, Walker F. The glucosamine content of human umbilical

cord jelly in normal and diabetic pregnancy. Diabetologia 1969;5:

29–33.

[6] Yamada K, Shimizu S, Takahashi N. Histochemical demonstration of

asparagine-linked oligosaccharides in glycoproteins of human pla-
centa and umbilical cord tissues by means of almond glycopeptidase

digestion. Histochem J 1983;5:1239–50.

[7] Sgambati E, Brizzi E, Marini M, Gheri Bryk S, Gheri G. Lectin

binding in the human umbilical cord from normally grown pregnan-

cies and from pregnancies complicated by intra-uterine growth retar-

dation with absent or reversed diastolic flow. Biol Neonate 2003;

84:119–34.

[8] Damjanov I. Biology of disease: lectin cytochemistry and histochem-

istry. Lab Invest 1987;57:5–20.

[9] Zanetta JP, Badache A, Maschke S, Marschal P, Kuchler S. Carbohy-

drates and soluble lectins in the regulation of cell adhesion and

proliferation. Histol Histopathol 1994;9:385–412.

[10] Varki A. Biological roles of oligosaccharides: all of the theories are

correct. Glycobiology 1993;3:97–130.

[11] Hascall VC, Calabro A, Midura RJ, Yanagishita M. Isolation and

characterization of proteoglycans. Methods Enzymol 1997;230:390–

417.

[12] Iozzo RV, Murdoch AD. Proteoglycans of the extracellular environ-

ment: clues from the gene and protein side offer novel perspectives in

molecular diversity and function. FASEB J 1996;10:598–614.

[13] Carpenter WM, Counstan DR. Criteria for screening test for gesta-

tional diabetes. Am J Obstet Gynecol 1982;144:768–73.

[14] Madrid JF, Aparicio R, Saez FJ, Hernandez F. Lectin cytochemical

characterization of the N- and O-linked oligosaccharides in the human

rectum. Histochem J 2000;32:281–9.

[15] Gheri G, Gheri Bryk S, Sgambati E, Russo G. Chick embryo metane-

phros: the glycosylation pattern as revealed with lectin conjugates.

Acta Histochem 1993;94:113–24.

[16] Reid PF, Culing CF, Dunn WL. A histochemical method for the

identification of 9-O-acyl sialic acids. An investigation of bovine

submaximal gland and intestinal micins. J Histochem Cytochem

1978;26:187–92.

[17] Madrid JF, Castells MT, Martinez-Menarguez JA, Aviles M, Hernan-

dez F, Ballesta J. Subcellular characterization of glycoproteins in the

principal cells of human gallbladder: a lectin cytochemical study.

Histochemistry 1994;101:195–204.

[18] Goldstein IJ, Poretz RD. Isolation, physicochemical characterization

and carbohydrate-binding specificity of lectins. In: Liener IE, Sharon

N, Goldstein IJ, editors. The lectins: properties, functions and applica-

tion in biology and medicine.. New York: Academic Press; 1986. p.

33–247.

[19] Debray H, Decout D, Strecker G, Spik G, Montreuil J. Specificity of

twelve lectins towards oligosaccharidies and glycopeptides related to

N-glycosylproteins. Eur J Biochem 1981;117:41–55.

[20] Schulte BA, Spicer SS. Histochemical evaluation of mouse and rat

kidneys with lectin-horseradish peroxidase conjugates. Am J Anat

1983;168:345–62.

[21] Foster JD, Getchell ML, Getchell TV. Identification of sugar residues

in secretory glycoconjugates of olfactory mucosae using lectin his-

tochemistry. Anat Rec 1991;229:345–62.

[22] Sakamoto T, Ono H, Saito Y. Electron microscopic histochemical

studies on the localization of hyaluronic acid in Wharton’s jelly of

the umbilical cord. Nippon Sanka Fujinka Gakkai Zasshi 1996;48:

501–7.

[23] Boyd JD, Hamilton WJ. The human placenta, 2nd ed., London:

Macmillan; 1975. p. 207–22.

[24] Takeki K, Kuwabara Y, Mizuno M. Ultastructural and immunohisto-

chemical studies of Wharton’s jelly umbilical cord cells. Placenta

1993;14:235–45.

[25] Sigh SD. Gestational diabetes and its effect on the umbilical cord.

Early Hum Dev 1986;14:89–98.

[26] Di Naro E, Ghezzi F, Raio L, Franchi M, D’Addario V. Umbilical cord

morphology and pregnancy outcome. Eur J Obstet Gynecol Reprod

Biol 2001;96:150–7.

[27] Weissman A, Jakobi P. Sonographic measurements of the umbilical

cord in pregnancies complicated by gastational diabetes. J Ultrasound

Med 1997;16:691–4.



E. Sgambati et al. / European Journal of Obstetrics & Gynecology and Reproductive Biology 130 (2007) 30–41 41
[28] Werner R, Eckart K, Cristian B, Wolfgang G. Biological significance

of sialic acid. Cell Biol Monogr 1982;10:263–305.

[29] Suprasert A, Hinuragi K, Fujioka T, Yokoyama A. Histochemistry of

glycoconjugates in ovarian follicles of the adult House Musk Shrew,

Suncus murinus. Acta Anat 1989;136:269–78.

[30] Mello G, Parretti E, Mecacci F, et al. Anthropometric characteristic of

full-term infant: effects of varying degrees of ‘‘normal’’ glucose

metabolism. J Perinat Med 1997;25:197–204.

[31] Berkus MD, Langer O. Glucose tolerance test: degree of glucose

abnormality correlates with neonatal outcome. Obstet Gynecol 1993;

81:344–8.

[32] Kaufmann RC, McBride P, Amankwah KS, Huffman DG. The effect

of minor degrees of glucose intolerance on the incidence of neonatal

macrosomia. Obstet Gynecol 1992;80:97–101.

[33] Moses RG, Calvert D. Pregnancy outcomes in women without gesta-

tional diabetes mellitus to the maternal glucose level. Is there a

continuum of risk? Diabetes care 1995;18:1527–33.

[34] Langille BL. Remodeling of developing and mature arteries: endothe-

lium, smooth muscle and matrix. J Cardiovasc Pharmacol 1993;21:11–7.

[35] Aguayo C, Flores C, Parodi J, et al. Modulation of adenosine transport

by insulin in human umbilical artery smooth muscle cells from normal

or gestational diabetic pregnancies. J Physiol 2001;534:243–54.

[36] Pugnaloni A, Salvolini E, Lucarini G, et al. The human umbilical vein in

normal, hypertensive and diabetic pregnancies: immunomorphological

and ultrastructural evidence. Gynecol Obstet Invest 1995;39: 239–46.
[37] Puente Navazo MD, Chettab K, Duhault J, Koenig-Berard E, McGre-

gor JL. Glucose and insulin modulate the capacity of endothelial cells

(HUVEC) to express P-selectin and bind a monocytic cell line (U937).

Thromb Haemost 2001;86:680–5.

[38] Sasaki K, Hashida K, Michigami Y, Bannai S, Makino N. Restored

vulnerability of cultured endothelial cells to high glucose by

iron replenishment. Biochem Biophys Res Commun 2001;289:

664–9.

[39] Zanetti M, Zwacka R, Engelhardt J, Katusic Z, O’Brien T. Super-

oxide anions and endothelial cell proliferation in normoglycemia

and hyperglycemia. Arterioscler Thromb Vasc Biol 2001;21:195–

200.

[40] Takami S, Yamashita S, Kihara S, Kameda-Takemura K, Matsuzawa

Y. High concentration of glucose induces the expression of intercel-

lular adhesion molecule-1 in human umbilical vein endothelial cells.

Artherosclerosis 1998;138:35–41.

[41] Parodi J, Flores C, Aguayo C, Rudolph MI, Casanello P, Sobrevia

L. Inhibition of nitrobenzylthioinosine-sensitive adenosine trans-

port by elevated D-glucose involves activation of P2Y2 purinocep-

tors in human umbilical vein endothelial cells. Circ Res 2002;90:

570–7.

[42] Wu G, Haynes TE, Yan W, Meininger CJ. Presence of glutamine:

fructose-6-phosphate amidotransferase for glucosamine-6-phosphate

synthesis in endothelial cells: effects of hyperglycaemia and gluta-

mine. Diabetologia 2001;44:196–202.


