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Abstract

Mammalian hearts have regenerative potential restricted to early neonatal stage and lost within seven days
after birth. Carbohydrates exclusive to cardiac neonatal tissue may be key regulators of regenerative
potential. Although cell surface and extracellular matrix glycosylation are known modulators of tissue and
cellular function and development, variation in cardiac glycosylation from neonatal tissue to maturation has
not been fully examined.
In this study, glycosylation of the adult rat cardiac ventricle showed no variability between the two strains

analysed, nor were there any differences between the glycosylation of the right or left ventricle using lectin
histochemistry and microarray profiling. However, in the Sprague-Dawley strain, neonatal cardiac glycosylation
in the left ventricle differed from adult tissues usingmass spectrometric analysis, showing a higher expression of
highmannose structures and lower expression of complexN-linked glycans in the three-day-old neonatal tissue.
Man6GlcNAc2 was identified as the main high mannose N-linked structure that was decreased in adult while
higher expression of sialylated N-linked glycans and lower core fucosylation for complex structures were
associated with ageing. The occurrence of mucin core type 2 O-linked glycans was reduced in adult and one
sulfated core type 2 O-linked structure was identified in neonatal tissue. Interestingly, O-linked glycans from
mature tissue contained bothN-acetylneuraminic acid (Neu5Ac) andN-glycolylneuraminic acid (Neu5Gc), while
all sialylated N-linked glycans detected contained only Neu5Ac.
As glycans are associated with intracellular communication, the specific neonatal structures found may

indicate a role for glycosylation in the neonatal associated regenerative capacity of the mammalian heart. New
strategies targeting tissue glycosylation could be a key contributor to achieve an effective regeneration of the
mammalian heart in pathological scenarios such as myocardial infarction.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

Myocardial infarction (MI) consists of a massive
tissue necrosis affecting cardiomyocytes located
downstream in tissue no longer perfused by the
recently blocked coronaries. Mammalian embryonic
hearts have the capacity to regenerate [1,2] and this
regenerative property is retained through the initial
thor(s). Published by Elsevier B.V. This
rg/licenses/by/4.0/).
stages after birth but lost within the first week [3–5].
Several promising innovative therapeutic options,
including gene-therapy and various biomaterial-
based ones, were recently tested in clinical trials
but they have not translated into an actual benefit for
clinical patients yet [6,7]. Consequently, there
remains an urgent clinical need for a novel effective
strategy to enhance cardiomyocyte proliferation in a
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174 Distinct glycosylation in membrane proteins
post-ischemia scenario, with regeneration of tissue
being the ultimate successful outcome.
All cell surfaces and extracellular matrices (ECM)

are glycosylated and carbohydrates play major roles
in cell-cell and cell-ECM communication and func-
tion [8]. Cell and tissue glycosylation is altered with
cell differentiation and organism development [9–13]
Moreover, abnormal or altered cell and tissue
glycosylation is a hallmark of disease and tissue
damage [14–16]. In cardiac tissue, the main cellular
components of the left and right heart ventricles are
comprised of the same cell types; cardiomyocytes,
fibroblasts and endothelial cells, but still the precise
role of each of these cellular populations is not clear
during the early regenerative stage. However, the
loss of the regenerative potential affects both the
ventricles. Given the importance of glycosylation in
biological interactions and function, specific N- and
O-linked glycans could distinguish the early
regenerative responses seen in the neonatal mam-
malian hearts and provide targets for novel tissue
regeneration strategies after MI. However, a full
characterisation of glycosylation differences between
neonatal and mature cardiac tissue, and indeed even
between left and right ventricles, is lacking at present.
In this study, the glycosylation of myocardial tissue

was compared between different rat strains, left and
right ventricles of mature rats and between neonatal
and mature rats using lectin histochemistry and
lectin microarray profiling with relative quantification.
Furthermore, specific cell surface located N- and
O-linked glycan structures of neonatal and adult rat
were identified and quantified by mass spectrometric
analysis to provide key targets for novel regenerative
strategies.
Results

Glycosylation difference in sialic acid between
cardiomyocytes cell surfaces and capillaries

A panel of five lectins (Table 1) was selected for
their binding to general mammalian type glycosyla-
tion, i.e. sialic acid, mannose (Man) and GlcNAc
(Table 1), to examine the local variation of the
glycosylation within the myocardial left ventricles of
both Lewis and Dark Agouti strain adult rats.
For both strains, Maackia amurensis agglutinin

(MAA) binding was observed at the cardiomyocytes
membranes which indicated the presence of termi-
nal α-(2,3)-linked sialic acid residues on all cardio-
myocyte cell surfaces (Fig. 1 F,G). Sambucus nigra
agglutinin isolectin-I (SNA-I) binding was localised
with the capillaries between the cardiomyocytes but
not on cardiomyocyte cell surfaces (Fig. 1 H\I)
which indicates that α-(2,6)-sialic acids are located
discretely from α-(2,3)-linkages of sialic acids.
Datura stramonium agglutinin (DSA) was found to
be more generic, binding both cardiomyocyte mem-
branes and capillaries between cardiomyocytes
(Fig. 1 D,E) indicating an even distribution of terminal
GlcNAc in the heart tissue. Wheat germ agglutinin
(WGA) bound intensely to the same cellular surfaces
which were bound by DSA, (Fig. 1 A,B), consistent
with its affinity for both GlcNAc but also with MAA
and SNA-I binding due to WGA affinity for sialic acid
regardless of linkage.
Concanavalin A lectin (ConA) is usually

employed in tissue histology studies to determine
the presence and localisation of N-linked glycosyl-
ation as it binds preferentially to α-linked mannose
(Man) residues in the core structures of all N-linked
glycans. In both left ventricles, ConA binding was
localised to both the cytosolic and the membrane
portion of cardiomyocytes (Fig. 1 J,K). This binding
to organelles or structures is consistent with
immature high mannose glycans N-linked glycans
biosynthesised in the endoplasmic reticulum and
Golgi apparatus. ConA binding to the cellular
surface of cardiomyocytes was also evident but
this was not extended to capillary structures, which
may indicate that complex N-linked glycans are in
higher proportion in the capillaries, as indicated by
the positive staining of the other lectins. The
presence of O-linked glycans and/or glycolipids,
which do not have Man residues, is also likely to
contribute to the SNA-I MAA, DSA ad WGA binding.
No significant differences were seen in the binding
intensity of any lectin between the two strains
(Fig. 1 C), indicating a consistent glycosylation in
the left ventricle between different strains.

Tissue glycosylation of adult left and right
cardiac ventricles is similar across rat strains

Given the importance of glycans in the interaction
with the ECM, any potential differences in the glycan
composition of cardiomyocytes, which are present in
the two cardiac ventricles of the heart, could be
indicators of a different physiological function. Left
and right ventricular tissue samples were harvested
from three individuals from two different strains of
healthy adult rats (Lewis and Fischer) and their
membrane proteins extracted and processed spe-
cifically for the lectin microarray analysis. A heat map
showing all the relative binding intensities to the
lectins tested is shown in Fig. 2 A. The lectin
binding profiles of both the left and right membrane
proteins showed consistent high binding to WGA,
SNA-I, both the isolectin I and II of Trichosanthes
japonica (TJA), and Ricinus communis agglutinin
(RCA-I/120). These data were consistent with the
previous lectin histochemistry data that indicated the
presence of complex-type glycans. High mannose-
type glycan structures were detected by binding to
Lens culinaris (Lch-B),Calystegia sepium (Calsepa),



Table 1. Lectins used for tissue histochemistry, their binding specificity, used concentration and inhibitory carbohydrate
(150 mM).

Lectin Abbreviation Binding specificity Concentration (μg/ml) Inhibitory carbohydrate

Sambucus nigra agglutinin
isolectin-I

SNA-I Neu5Ac/Gc-α(2,6)-Gal-β(1,4)-GlcNAc-R 20 Lactose

Maackia amurensis agglutinin MAA Neu5Ac/Gc-α(2,3)-Gal-β(1,4)-GlcNAc-R 15 Lactose
Concanavalin A lectin Con A α-linked Man, Glc, or GlcNAc 20 Man
Wheat germ agglutinin WGA GlcNAc, Neu5Ac/Gc 10 GlcNAc
Datura stramonium agglutinin DSA GlcNAc 15 GlcNAc
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Narcissus pseudonarcissus (NPA) and Galanthus
nivalis (GNA) lectins. Moreover, Phaseolus vulgaris
isolectin E (PHA-E) indicated the presence of bi- and
tri-antennary complex type glycans with terminal
β-linked Gal residues. Finally, terminal α-linked
galactose (Gal) was present across the cardiac
ventricles in both the strains, as evidenced by the
binding to Maclura pomifera (MPA), Vigna radiata
(VRA) and Marasmius oreades (MOA) lectins.
Binding to Griffonia simplicifolia (GS) isolectin B4
indicated that at least a proportion of the terminal
α-linked Gal present was a component of the
terminal Gal-α-(1,3)-Gal disaccharide.
Hierarchical clustering analysis of the lectin

binding intensity data highlighted an 80% similarity
across all the samples tested with the exception of
one left ventricle from the Fischer strain, which had a
similarity of 70% with the rest of the samples, and
Fig. 1. Lectin binding in left ventricle and relative quantificati
Dark Agouti (DA) rats. WGA lectin binds to sialic acid and Glc
MAA recognizes α-(2,3)-linked sialic acid (F,G), SNA-I binds t
and Glc residues (J,K). All lectin binding intensities were backg
shown as mean with standard deviation (n = 4–6 animals per
may have represented an outlier (Fig. 2 A). None
of the groups showed a clustering of all its individuals
and so the individual variability did not allow the
distinction of major differences due either to the
ventricular or to the strain origin. Specifically,
samples from both the left and right ventricles were
clustered together with a total similarity percentage
ranging from 80% (including all the samples apart
from the outlier) to 92% related to two different
samples harvested from different ventricles and
strains (Fig. 2 A). Furthermore, one-way ANOVA
statistical analysis confirmed the outcome of the
clustering, since no significant difference was
detected across the lectins that bound to high
mannose- and complex-type glycans (Fig. 2 B).
Therefore, glycosylation of cardiac tissues was
found to be consistent between left and right
ventricles also between different rat strains.
on. The same patterns were detected in both Lewis (L) and
NAc residues (A,B), DSA binds to GlcNAc residues (D,E),
o α-(2,6)-linked sialic acid (H,I) and ConA recognizes Man
round-subtracted and quantified by Image J (C). Data are
group). Scale bar = 50 μm.

Image of Fig. 1


Fig. 2. Hierarchical clustering of glycan moieties detected across the left and right ventricle in two different strains of healthy rat. (A) Lectin microarrays showed the
binding intensity to the glycans present in the membrane proteins extracted from the left (L) and right (R) ventricle from Fischer (F) and Lewis (W) strains of healthy rats.
Hierarchical clustering showed an 80% similarity across all the samples tested with the exception of LF 1, which had a 70% similarity with the rest of the samples.
Samples LF 2 and RW 3 showed a 92% similarity. Asialofetuin (ASF) was used as control glycoprotein and all lectin binding intensities were normalized. 90% laser
scans were combined with 10% laser scans when intensity binding was saturated (above 60,000 RFU). (B) One-way ANOVA analysis with Tukey's post hoc correction
did not identify any significant difference (n = 3 animals per group). The experiment was carried out in technical triplicate.
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Complex N-linked and sialylated glycan structures
are more abundant in adult and specific structures
were detected in neonatal myocardium

In order to assess any variation between neonatal
and adult heart tissue glycosylation, structural
Fig. 3. Extracted ion chromatography (EIC) of themost abunda
day-old neonatal and adult healthy myocardial tissue. (A) The mo
1235 (Man5GlcNAc2), 1111 (Neu5Ac2Hex5GlcNAc4), 1184 (Ne
Fuc1) were chosen to show the different relative percentage of N
Neu5Ac- in neonatal and adult left ventricularmyocardial samples.
structures and a 6% decrease in the subgroup of highmannose st
highmannose structures,Man6GlcNAc2 showed a 4% increase in
pooled from three different animals (n = 3 animals per group).
characterisation of oligosaccharides from the tissue
was performed. The N- and O-linked glycan struc-
tures of Sprague Dawley healthy three-day-old and
adult myocardial left ventricles were analysed by
liquid chromatography-mass spectrometry (LC-MS/
MS) to identify any structural variations in detail
ntN-linked glycans present in themembrane protein in three-
st abundant N-glycans structures atm/z 941 (Man9GlcNAc2),
u5Ac2Hex5GlcNAc4Fuc1) and 1658 (Neu5Ac4Hex5GlcNAc4-
eu5Ac-α(2,3)-Gal-, Neu5Ac-α(2,6)-Gal- and Neu5Ac-α(2,8)-
(B) Adult-stage group showed a 5% increase in complex-type
ructures compared to three-day-old neonatal. (C) Among total
relative percentage. The experiment was done using samples

Image of Fig. 3


Fig. 4. Extracted ion chromatography (EIC) of N- and O-linked glycans present in the membrane protein in neonatal and
adult healthy myocardial tissue. (A) Three specific N-glycan structures were detected in left ventricular myocardial neonatal
sample at m/z 1022 ([M-2H]2− ions, high-mannose precursor), 881 ([M-2H]2− ions, hybrid-type), and 982 ([M-2H]2− ions,
complex-type). (B) EIC of dominant core 1 and 2 O-glycans, one sulfated core 2 O-glycan ([M-H]− ions at m/z 1120)
was detected in neonatal tissue (framed in red). The experiment was done using samples pooled from three different animals
(n = 3 animals per group).
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(Fig. 3). Seventy-three putative N-glycans were
detected between the samples analysed (Supple-
mental Table 2), showing an overall predominance
of complex-type structures over high mannose and
hybrid type, independently of the developmental
stage (Fig. 3 A). Specifically, the relative percentage
of complex-type N-linked glycans increased from
three-day-old to adult samples (56% and 61%,
respectively) (Fig. 3 B). Consequently, the amount
of high mannose-type N-glycans decreased from
37% at early neonatal stage to 31% at the adult
stage (Fig. 3 B). Remaining hybrid-type structures
was found to be 7% in neonatal and 8% in adult (Fig.
3 B). However, the adult tended to have a shorter
form of hybrid-type, whereas the neonatal tended to
have a more sialylated (larger) form of hybrid-type. In
the data analysed, the predominant high mannose
structure was Hex9HexNAc2 (Man9) in both neonatal

Image of Fig. 4
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and adult samples (Fig. 3 C). Among all the high
mannose structures quantified, the difference be-
tween the groups did not exceed 2%, apart from
Hex6HexNAc2 (Man6) that decreased from 7% in
neonatal to 2% in adult (Fig. 3 C).
The adult tissue had higher expression of sialylated

N-glycans (64%) but slightly lower core fucosylation
(44%) than that of neonatal (57% and 47%, respec-
tively), whereas the α-(2,6)-linked Neu5Ac level
was similar (30%) in both samples. In addition,
N-linked glycans with disialic acid terminus
(Neu5Ac-α-(2,8)-Neu5Ac) in adult rat (10%) were
higher than that in neonatal (1%). As shown in
Fig. 3, Neu5Ac4Hex6HexNAc5deHex1 (m/z 1658,
di-sialylated) and Neu5Ac2Hex5HexNAc4 (m/z 1111,
without core fucosylation) were higher in adult stage
(6% and 9%) than in the neonatal one (1% and 2%),
whereas Neu5Ac2Hex5HexNAc4deHex1 (m/z 1184,
core fucosylated) showed a higher expression in
neonatal (19%) than in the fully developed stage
(13%). N-glycans containing terminal Gal-α-(1,3)-Gal
disaccharides were similar between neonatal
condition (9%) and adult stage (8%). As illustrated in
Fig. 4 A, one complex-type, containing terminal
α-galactose (Gal-α-(1,3)-Gal-β-(1,4)-GlcNAc-β-(1,2)-
Man-α-(1,3)-[Gal-α-(1–3)-Gal-β-(1,4)-GlcNAc-β-
(1,2)-Man-α-(1,6)-]Man-β-(1,4)-GlcNAc-β-(1,4)-
GlcNAcol, with [M-H] ion ofm/z 1965 in Supplemental
Table 2), one high mannose-type (Glc-α-(1,3)-Man-α-
(1,2)-Man-α-(1,2)-Man-α-(1,3)[Man-α-(1,2)-Man-α-
(1,3)-Man-α-(1,2)-Man-α-(1,6)-Man-α-(1,6)]Man-β-
(1,4)-GlcNAc-β-(1,4)-GlcNAcol, with [M-H] ion of m/z
2045 in Supplemental Table 2) and one hybrid-type
(GlcNAc-β-(1,2)-Man-α-(1,3)-[Man-α-(1,2)-Man-α-
(1,3)Man-α-(1,2)-Man-α-(1,6)-Man-α-(1,6)-]Man-β-
(1,4)-GlcNAc-β-(1,4)-GlcNAcol, with [M-H] ion of m/z
1762–1 in Supplemental Table 2) putative structures
were detected in the three-day-old group, all having
relative percentages around 1%.

O-linked glycan analysis of neonatal and
adult myocardium

O-glycome analysis revealed core 1 and 2 type
O-glycans. A total of 15 O-glycans were identified
across the samples analysed and most of these
were sialylated (N90%) with either Neu5Ac or
Neu5Gc (Supplemental Table 3). Neither core 1
nor 2 O-glycans were found to be elongated with
oligoLacNAc extension, probably due to high sialyla-
tion (≥90%). In adult, the level of core 2 O-glycans
was about 42%, while in neonatal the level was
about 47%; on the other hand, core 1 O-glycans
were similar between the two samples. Interestingly,
a sulfated core 2 O-glycan ([M-H]-ion of m/z 1120,
Supplemental Table 3) was detected in neonatal
tissue (7%), as shown in Fig. 4 B. In addition,
core 3 (GlcNAc-β(1,3)-GalNAcol) and sialyl-Tn
(NeuAc-α-(2,6)-GalNAcol) structures had higher
abundances in adult tissue than in neonatal (with
[M-H]-ions of m/z 425 and 513, respectively, in
Supplemental Table 3). Neither ABO nor Lewis type
antigens were detected in either of the samples.

Distinct tissue glycosylation between neonatal
and adult myocardium

Early neonatal (three-day-old), later stage
(14-day-old) and fully adult (eight-month-old) left
ventricular tissues of Sprague-Dawley healthy rats
were analysed by lectin microarray to confirm the
variations in glycosylation elucidated by LC-MS/MS
(Fig. 5 A). Three profiles of the membrane glycans
indicated binding tomost of the same lectins that were
described in the comparison between adult ventricles,
although significantly different binding intensities
suggested a different expression of certain glycan
subgroups. A heat map showing all the relative
binding intensities to the lectins tested is shown in
Fig. 5 B. The presence of high mannose glycans was
suggested by binding to Lch-B, Calsepa, NPA, GNA
and ConA lectins (Supplemental Table 1). Glycans
containing sialic acids binding to TJA isolectin I, MAA,
SNA and WGA lectins were detected. Moreover in
adult ventricles, high binding to RCA-I/120 lectin and
PHA-E suggested that Gal-β-(1,4)-GlcNAc and
bisecting GlcNAc,β-Gal/Gal-β-(1,4-)GlcNAc were
present among the complex type glycans. Similarly,
terminal α-galactose was expressed also at the
neonatal stages, as evidenced by the binding to
MPA, MOA and GS-I-B4 (Supplemental Table 1).
Hierarchical clustering of the lectin microarray

binding intensity data showed an 80% similarity
across all the samples profiled with the exception of
one adult individual which had a similarity of 68% with
the rest of the samples, andmay have represented an
outlier (Fig. 5 B). Interestingly, three-day-old neonatal
individuals showed an 88% similarity and clustered
together, showing the highest similarity inside the
same group. Groups of samples belonging to the
14-day-old stage and fully adult were clustered in a
dispersed way; thus the individual variability inside
each of those groups was higher than any distinct
difference between the later stage neonatal and adult
groups (Fig. 5 B). One-wayANOVAanalysis validated
the trend in increased complex N-glycans seen by
LC-ESI-MS/MS (Fig. 5 C). Specifically, a higher
binding to TJA-I, Solanum tuberosum (STA), WGA,
Cicer arietinum (CPA) and Lotus tetragonolobus
(LTA) lectins (Supplemental Table 1) indicated
residues which can be present in complex N-
glycans, such as α-(2,6)-linked sialic acid, GlcNAc,
sialic acid, complex glycopeptides and α-(1,2/3)-
linked fucose, respectively (Fig. 5 C). Moreover, an
increased binding to Glycine max (SBA), Agaricus
bisporus (ABL) and Arachis hypogaea (PNA) lectins
(Supplemental Table 1) validated the increase of
O-glycan core 1 residues (GalNAc and Gal-β-(1,3)-



Fig. 5 (legend on next page)

180 Distinct glycosylation in membrane proteins

Image of Fig. 5


Fig. 6. Lectin histochemistry in neonatal and adult left ventricle and relative quantification. Representative images of
WGA and MAA lectin histochemistry to support lectin microarray results. WGA binds to sialic acid and GlcNAc residues
(A), MAA recognizes α-(2,3)-linked sialic acid (B). All lectin binding intensities were background-subtracted and quantified
by Image J (C). One-way ANOVA with Tukey's post hoc correction confirmed a higher binding of WGA to adult sample.
Data are shown as mean with standard deviation (n = 3–4 animals per group). * denotes significant differences between
the different groups at p b 0.05. Scale bar = 20 μm.

Fig. 5. Higher complex N-glycans and lower core 1 O-glycans at early neonatal stage. (A) LC-ESI-MS/MS analysis
showed trends of higher expression of complex N-glycans and lower core 2 O-glycans in adult left ventricular myocardial
tissue from Sprague Dawley healthy rats. (B) Lectin microarrays indicated the binding intensity to the glycans present in
the membrane proteins extracted from three-day-old neonatal (P), 14-day-old neonatal (PP) and adult (Ad). Hierarchical
clustering showed an 80% similarity across all the samples tested with the exception of Ad1, which had a 68% similarity
with the rest of the samples. Three-day-old neonatal samples P1, P2 and P4 showed an 88% similarity and clustered
together, having the highest similarity inside the same group. Asialofetuin (ASF) was used as a control glycoprotein and all
lectin binding intensities were normalized. All 90% laser scan measurements recorded were below the saturation limit
(60,000 RFU). (C) One-way ANOVA with Tukey's post hoc correction confirmed a higher binding of lectins to complex
N-glycans (TJA-I, DSA, NPA, upper graphs), and core 1 O-glycans (lower graphs). * denotes significant differences
between the different groups at p b 0.05, ** if p b 0.01, *** if p b 0.001 (n = 4 animals per group). The experiment was
carried out in technical triplicate.
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GalNAc) in adult, a rise which was barely seen from
the O-glycome. In addition, a whole different ANOVA
cluster showed a higher binding intensity in the
adult group than that in the 14-day-old and it was
composed by GalNAc-binding lectins RPbAI, SNA-II,
Dolichos biflorus (DBA),Glechomahederacea (GHA),
Bauhinia purpurea (BPA), Helix pomatia (HPA) and
GSL-I-A4 (Supplemental Table 1). Finally, the in-
crease in fucosylation seen inneonatalN-glycanswas
reflected in an increased - although non-significant -
binding toAleuria aurantia (AAL) lectin (Supplemental
Fig. 1). A non-significant trend of higher expression of
complex N-glycans was seen in the 14-day-old group
than the early neonatal one, and the groups of lectins
listed above confirmed the different glycosylation
between the three-day-old and the adult stage
indicated by clustering analysis (Fig. 5 C). Moreover,
lectin histochemistry was performed to further support
the lectin microarray results (Fig. 6). Higher binding to
WGA was seen in adult than in early neonatal stage
(Fig. 6 A,C). Consistently with the microarrays, non-
significant differences such as the binding to MAA
were confirmed (Fig. 6 B,C).
Discussion

Cardiac regenerative potential is present in mam-
mals only at the early neonatal stage [1,2], and the
rapid loss of this capability is a well-known limitation
of this type of tissue after the occurrence of tissue
damage. Due to the importance of glycosylation
in the regulation of the cellular microenvironment
through interactions of the cell glycocalyx and the
ECM, identifying glycosylation-related mechanisms
associated with pathological degeneration could
provide key targets for novel therapeutic strategies
[17,18]. Moreover, recently glycosylation differences
of ECM and cells related to ageing were character-
ized [9], and in the cardiac field a precise correlation
was found between the alterations in the structure
and function of heparan sulfate and the physiological
decline of growth factor recruitment in the ECM [13].
Studies to characterize the glycosylation of the

myocardial and skeletal muscle tissues have been
mainly histologically-based using lectins to indicate
the presence of different types of glycosylation
[19–22]. Most of these studies differentiated for
cytosolic or membrane localisation in the tissue of
interest. Our work not only localised the binding of a
panel of biologically-relevant lectins to rat cardio-
myocytes surfaces and capillaries, but assessed the
consistency of the glycosylation expression across
different strains of rat healthy left and right cardiac
ventricles. Further, we distinguished a differential
localisation of terminal sialic acids with different
linkages with α-(2,6)-sialylation located on capil-
laries and α-(2,3)-sialylation on the cardiomyocytes
membranes. SNA binding to capillaries but not
cardiomyocytes was likely to be as a result of the
lack of α-(2,6)-sialic acids on the cell surface,
consistent with what was previously reported [20].
From a ligand-receptor perspective, the consistent
expression of α-(2,6)-sialic acids on surfaces of
vessels could be a mechanism to regulate the
receptors implicated with angiogenesis, such as
vascular endothelial growth factor receptor
(VEGFR), hepatocyte growth factor receptor (HGFR)
and epidermal growth factor-related ERBB receptor
[16]. Recently, a high abundance of this linkage of
sialic acid was assessed also in vessels characteriz-
ing anti-VEGF sensitive tumours [23] and the knock-
down of α-(2,6)-sialyltransferase (ST6Gal-I)
significantly reduced the motility of colon cancer
cells [24].
The consistent expression of GlcNAc residues

on the cardiomyocytes surfaces reflects previous
findings [19,25] and indicates the relevance of this
glycan in the composition of the glycocalyx which
characterizes the cellular membrane. Binding to
DSA lectin was seen both by lectin histochemistry
and microarrays, and indeed their binding residues
GlcNAc-β-(1,4)-linked and Gal-β-(1-4)-GlcNAc
were detected also in the N-glycans structures by
LC-MS/MS. Nevertheless, there were not relevant
differences associated with the expression of these
residues in our maturation comparison.
The main limitation of the results hereby presented

stems from the variability of strains of rat and
genders which were used for the initial determination
of a healthy adult baseline, whereas the same
strain was used for the final ageing comparison.
Rat myocardial left ventricle tissues from two post‑
neonatal stages (three- and 14-day-old) had consis-
tent glycosylation and both differed from adult
glycosylation. After the recent advances in the
development of LC-ESI-MS/MS to quantify N- and
O-glycans [26–28], it was possible to see for the first
time in this study a higher expression of complex
glycans on the cellular membrane and ECM in the
adult stage than in the early neonatal, including
di-sialylated N-glycans (NeuAc-α(2-8)-NeuAc). The
higher expression of complex-type structures corre-
lates with the lectin microarray, in particular in the
binding to WGA, CPA and LTA lectins. A higher
binding to WGA reflected the increased sialylation in
adult detected in N-glycans by LC-MS/MS. Previous
studies have established the importance of both
N- and O-linked glycans in voltage gated ion
channel activity which is fundamental for heart cells
contractility [29,30]. Specifically, enzymatic desialyla-
tion experiments were performed to demonstrate the
modulation of the functioning of voltage-gated potas-
sium channels by N- and O-glycans [30,31], and the
relevance of polysialic acid was highlighted on the
conductive properties of cardiac cells. Deletion of
polysialyltransferase ST8sia2 enzyme significantly
affected the action potential of sodium channels in
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atrial cardiomyocytes whereas this did not occur with
ventricular cardiomyocytes [29]. In our study, the
higher expression ofNeuAc-α(2-8)-NeuAc detected in
the adult compared to the neonatal ventricular whole
membrane and ECM lysate could instead reflect the
role of polysialic acid in the regulation of cell-ECM.
This specific structure has been studied for the
potential activation of fibroblast growth factor signal-
ling by its expression on neural cell adhesion
molecules (NCAM) [16,32].
N-linked glycan analysis showed a 5% increase in

the portion of complex-type structures and a 6%
decrease in the subgroup of high mannose structures
in adult compared to three-day-old neonatal. Interest-
ingly, the results of the LC-MS/MS analysis performed
in this study identified a 4% increase in relative
percentage of the Man6GlcNAc2-structure in neonatal
cardiac tissue. The greater expression of this high
mannose type structure in neonatal tissue may be an
indication of stemness of the tissue, as high percent-
ages of high mannose structures were detected in
total protein lysates of pluripotent stem cells [33,34].
Thereby, the increase in surface expression of high
mannose structures may be due to the temporary
expansion of the endoplasmic reticulum which is
needed for the translational processes more than a
sign of cellular stress [35,36].
Moreover, in this study we identified three specific

N-glycan structures that were present in the neonatal
tissue. Among these structures, a complex-type
structure with terminal Gal-α-(1,3)-Gal disaccharide
([M-H] ion of m/z 1965) and a high mannose type
structure, Hex10HexNAc2 (Glc1Man9) ([M-H]-ion of
m/z 2045), were also previously not found in adult
tissue [37]. The detection of Hex10HexNAc2 in
neonatal tissue, together with increase in the abun-
dance of Man6GlcNAc2, might indicate a different
cellular-type composition at three days after birth,
i.e. in the middle of the self-regenerating capability of
the mammalian heart [2]. Finally, the observed
decrease in high mannose-typeN-glycans in myocar-
dial total membranes samples upon ageing reflects
the same trend seen in both differentiated cardiomyo-
cytes and fibroblasts when compared to induced
pluripotent stem cells (iPSCs) [34,38]. Nevertheless,
the distinctive increase in the relative abun-
dance of Man5GlcNAc2- in iPSCs [34] was not
seen in the neonatal total membranes, whereas
Man6GlcNAc2- and Man10GlcNAc2- accounted
for the higher abundance in total high mannose
retained at the early neonatal stage (three days after
birth). Consistently with these findings relative to high
mannose-type N-glycans, the stemness of three-day-
old neonatal tissue was highlighted also by two
additional observations in our study. First, the reported
decrease in sialylated N-glycans in neonatal was
reported also when comparing differentiated cardio-
myocytes to stem cells [38]. Second, the increase in
core fucosylation seen both in N-linked glycans
correlated with its already reported distinctive
presence in undifferentiated (iPSCs) rather than in
the somatic state (fibroblasts) [34].
Further, to the best of our knowledge, this work is

the first structural analysis of O-linked glycans in rat
cardiac tissue, either neonatal or adult. Interestingly,
in both neonatal and adult, unlike O-glycans contain-
ing both Neu5Ac and Neu5Gc, all detected sialylated
N-glycans contained only Neu5Ac. This finding could
be apparently in contrast with the previously reported
expression of Neu5Gc in the total lysate of cardio-
myocytes and ventricular/atrial tissue [29,34], but the
samples analysed in this study were membrane
proteins. Therefore, the accumulation of N-linked
glycans containing NeuGc in the intracellular portion
as a result of a metabolic pathway might account for
this difference [39]. On the other hand, the retention of
Neu5Gc on the epithelial cells whose glycocalyx
contain O-linked glycans could justify why they were
detected in both neonatal and adult. Interestingly, a
sulfated core 2 O-glycan structure (Neu5Ac-α-(2,3)-
Gal-β-(1,3)-[(3S)Gal-β-(1,4)-GlcNAc-β-(1,6)-]GalNA-
col) was detected in the 3-day-old neonatal sample.
This is a carbohydrate determinant present on the
glycoproteins coating endothelial mucins such as
CD34 [40] which is expressed during early vasculo-
genesis, angiogenesis and hematopoiesis [41].
In conclusion, these results show glycosylation

in different stages of healthy myocardial tissue.
Consistent glycosylation was shown across the left
ventricular tissue and demonstrated to be similar to
the right ventricle. Moreover, we showed that rat
maturation is associated with precise changes in
N- and O-linked glycan structures which were
screened by LC-ESI-MS/MS and validated by lectin
microarray analysis. These findings represent a well-
characterized basis of comparison for the investiga-
tion of glycosylation changes in the myocardial tissue
in a pathological scenario such as ischemia or cardiac
pressure overload. With the identification of potential
glycan targets in this work, the future glycan-targeted
therapies might be designed to enhance an ECM-
inspired restoration of the myocardial tissue following
myocardial infarction.
Experimental procedures

Tissue harvesting from adult and neonatal rats

All adult and neonatal rats were carcasses which
were kindly made available for harvesting from
National University of Ireland Galway according to
the EU Directive 2010/63. None of the animals were
subjected to any procedure which could potentially
affect their circulatory system before sacrifice. Spe-
cifically, three-month-old adult male Lewis and seven-
month-old female Dark Agouti rats (n = 6 animals per
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group) were used to assess the glycoprofile of left
ventricles between different strains. Secondly, three
seven-month-old adult male Lewis and three seven-
month-old adult male Fischer rats (n = 3 animals per
group)were used to check for differences between left
and right ventricle of the heart. Finally, three-day-old
neonatal female, 14-day-old neonatal female and six-
month-old adult female rats, all belonging to the
Sprague Dawley strain (n = 4 animals per group),
were used for the different ageing stage comparison.
Eachanimalwaswipedwith 70%ethanol at the thorax
where an incision was made to remove the skin layer
and then the sternum was cut to gain access to the
internal organs. The heart was excised by cutting the
great vessels and each heart was immediately placed
in Hank's balanced salt solution (HBSS) and washed
to remove the excess of blood. The remaining great
blood vessels and atria were then removed using a
fine blade and the heart was positioned in a cross-
section orientation to clearly distinguish the left
ventricle thick wall, the interventricular septum and
the collapsed thin right ventricle.

Tissue processing and cryosectioning

Tissue samples having a thickness of approxi-
mately 0.3 cm from left and right ventricles of adult
Lewis and Fischer hearts and from the left ventricle
of neonatal and adult Sprague Dawley hearts were
immediately excised after harvesting, washed briefly
in HBSS and snap-frozen for later protein extraction.
Left ventricle heart tissues from adult Lewis and

Dark Agouti rats were fixed on freshly prepared 4%
paraformaldehyde (PFA) in PBS overnight at 4 °C.
Tissues were then washed with HBSS, infiltrated in
freshly prepared sterile-filtered 30% sucrose solution
overnight at 4 °C, embedded in optimal cutting
temperature compound (OCT) medium (Sakura
Finetek, Torrance, CA, USA) and stored at −80 °C.
Embedded tissue was cut into 5 μm tissue sections
using a cryostat (Leica CM1850, Wetzlar, Germany)
at −20 °C and tissue was placed flat immediately on
Superfrost™ microscope slides (Thermo Fisher
Scientific, Waltham, MA, USA). Intact tissue slides
were stored at −80 °C until use.

Lectin histochemistry

Fixed cryosections from healthy Lewis and Dark
Agouti left ventricles were washed twice for 3 min
each with Tris-buffered saline (TBS; 20 mM Tris-HCl,
100 mM NaCl, 1 mM, CaCl2, 1 mM MgCl2, pH 7.2)
with 0.05% Tween-20 (TBS-T) and then once in TBS.
Tissue sections were then blocked with 2%periodate-
treated bovine serum albumin (BSA) [42] in TBS for
1 h at room temperature (RT), washed once in TBS
and then incubated with a single fluorescein
isothiocyanate- (FITC-)labelled lectin (listed in Table
1) diluted in TBS for 1 h atRT. Five lectinswith various
carbohydrate-binding specificities (DSA, SNA-I, MAA,
WGA and ConA) were incubated with tissues. All
incubations including and subsequent to labelled
lectin incubations were carried out in the dark and
slides were always protected from light. To verify
carbohydrate-mediated binding [43], lectins were also
co-incubated with their respective haptenic sugars for
1 h before incubating the mixture on the tissue
sections. After lectin incubation, sections were washed
three times with TBS and then coverslipped with
ProLong® Gold antifade with DAPI (Thermo Fisher
Scientific, Waltham, MA, USA). The slides were cured
at 4 °C in the dark for 1 day before imaging. Tissues
were imaged using an inverted epifluorescence micro-
scope (Olympus IX81, Olympus, Tokyo, Japan).
Seven to nine images per section of each tissue
sample were taken at 20× magnification. Images
from lectin histochemistry using WGA and ConA
lectins were taken at 40× and 60× magnification,
respectively. To support the lectin microarray
experiment comparing neonatal and adult cellular
membrane protein samples, lectin histochemistry
was performed as described above on sections from
four 3-day-old, four 14-day-old and three adult
Sprague Dawley rats. A grid was superimposed on
each image to quantify fluorescence intensity using
Image-J after background correction.

Protein extraction and quantification

Cytosolic and membrane protein fractions were
extracted from left and right ventricles of the adult
Lewis and Fischer hearts and from the left ventricle
of neonatal and adult Sprague Dawley hearts
using the Mem-PER™ Plus Membrane Protein
Extraction Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Tissue samples (approximately 50 mg
each) were washed in Cell Wash Solution and
mixed for 30 s. The tissue was then cut finely
into smaller pieces with scissors, placed in a 2 ml
tissue grinder and 1 ml permeabilization buffer
with 1× cOmplete™ EDTA-free protease inhibitor
cocktail (Roche, Basel, Switzerland) was added.
The tissue was homogenized manually at RT until a
uniform suspension was obtained and the suspen-
sion was incubated for 10 min at 4 °C. The
homogenate was then centrifuged (16,000 ×g,
15 min, 4 °C and the supernatant (cytosolic
fraction) was aliquoted and stored at −80 °C. The
pellet (membrane fraction) was resuspended with
Solubilisation buffer (with protease inhibitor cock-
tail) until a homogenous suspension was obtained
and incubated for 30 min at 4 °C with shaking. The
membrane fraction was centrifuged again as above
and the supernatant containing the membrane
proteins was aliquoted and stored at 4 °C. Protein
content was quantified using a Micro BCA™ Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA) by comparison to a BSA standard.
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Fluorescent labelling of membrane proteins

Membrane protein samples extracted as detailed in
the previous paragraph from left and right ventricles of
the adult Lewis and Fischer hearts and from the left
ventricle of neonatal and adult SpragueDawley hearts
were thawed on ice and diluted to approximately
2 mg/ml in 100 mM sodium bicarbonate, pH 8.2,
(approximately 250 μl final volume per sample).
Approximately 50 μg of Alexa Fluor® 555 Succinimi-
dyl Ester (Thermo Fisher Scientific, Waltham, MA,
USA) dissolved in dry dimethyl sulfoxidewas added to
each protein sample and incubated for 2 h at RT with
gentle shaking and always protected from light.
Labelled samples were filtered through 3 kDa molec-
ular weight cut-off (MWCO) centrifugal filters
(Amicon®, Millipore, Burlington, MA, USA) and
buffer-exchanged in PBS supplemented with 1×
cOmplete™ EDTA-free protease inhibitor cocktail
(Roche, Basel, Switzerland). Absorbance at 280 and
555 nm was measured for each sample and protein
concentration and labelling substitution was calculat-
ed for each sample according to manufacturer's
instructions using and arbitrary E of 10 and molecular
mass of 100 kDa for the protein mixtures to facilitate
relative quantification between samples [44]. Labelled
protein samples were stored at −80 °C until use.

Lectin microarray analysis

Lectin microarrays were printed using a library of 48
lectins with varying specificities for different carbohy-
drate structures (Supplemental Table 1) as previously
described [45]. Fluorescently labelled membrane
proteins were incubated on lectin microarrays essen-
tially as previously described [44] with limited light
exposure throughout the process. Initially, a titration of
labelled protein from 1 to 10 μg/ml was incubated to
determine the optimal concentration for all samples to
obtain an extractable, non-saturated signal response
(i.e. N1000 and b65,000 relative fluorescence units
(RFU)) with low background (b500 RFU) for all
samples. For incubations, all labelled membrane
protein samples were thawed on ice and diluted to
2.5 μg/ml in TBS-T. After incubation, washing and
drying, microarray slides were scanned immediately
using a G2505 microarray scanner (Agilent Technol-
ogies, Santa Clara, CA, USA) using a 532 nm laser
(5 μm resolution, 90% laser power). Each samplewas
individually incubated on three different microarray
slides for three technical replicate experiments.
Resulting image files (.tif) were extracted essen-

tially as previously described [44] using GenePix Pro
v6.1.0.4 software (Molecular Devices, Wokingham,
UK). Local background-corrected median feature
intensity data were analysed and the median of six
replicate spots per subarray was handled as a single
data point for graphical and statistical analysis. Data
was normalized to the per-subarray (i.e. per sample)
total intensity mean across three replicate experi-
ments. Binding data was presented as bar charts
of average intensity with one standard deviation of
three experimental replicates. Clustering of the
normalized data was done using Hierarchical
Clustering Explorer v3.5 (HCE 3.5, University of
Maryland, http://www.cs.umd.edu/hcil/hce/hce3.html)
using Euclidean distance with complete linkage.

Release of N- and O-linked glycans from
membrane proteins

Membrane protein samples from adult and neo-
natal Sprague-Dawley healthy rats (240 μg) were
pooled from three different animals per group.
Extraction buffer was exchanged to 7 M urea via
30 kDa MWCO centrifugal filter (Millipore, Burling-
ton, MA, USA) and incubated with 25 mM dithio-
threitol at 56 °C for 45 min. The reduced samples
were then alkylated with 62.5 mM iodoacetamide at
RT for 50 min in the dark. After alkylation, samples
were treated with sequencing grade trypsin (1% w/w,
Promega, Madison, WI, USA) at 37 °C overnight.
Tryptic peptides were precipitated with 80% (v/v)
acetone. The dried pellet was then washed twice
with 500 μl of cold 60% methanol and pellets were
air-dried. After adding 50 μl of 50 mM ammonium
bicarbonate, pH 8.4, and 1 μl of PNGase F (Asparia
Glycomics, Donostia-San Sebastián, Spain), sam-
ples were incubated at 37 °C overnight.
Released N-linked glycans were separated from (O-

glyco)peptides using aSEP-PakC18 cartridge (Waters
Corporation, Milford, MA, USA). Briefly, the cartridge
was first conditioned with different dilutions (90% and
10%) of acetonitrile (ACN) in 0.5% trifluoroacetic acid
(TFA). After applying the sample, both the eluent and
washout with 5% acetic acid were combined which
contained released N-linked glycans. O-glycopeptides
were eluted by the addition of 65% ACN in 0.5% TFA.
Both samples were then dried at 30 °C. Released N-
linked glycans were reduced by 0.5 M sodium borohy-
dride (NaBH4) and 20 mM NaOH at 50 °C overnight.
O-linked glycans were released by the reductive β-
elimination reaction. Briefly, samples were incubated in
a buffer containing 0.5 M NaBH4 and 50 mM NaOH at
50 °C overnight. Reactions were quenchedwith glacial
acetic acid, and samples were desalted and dried as
previously described [46].

LC-ESI-MS/MS analysis

Released glycans were dissolved in deionized
water and analysed by liquid chromatograph-
electrospray ionization tandem mass spectrometry
(LC-ESI/MS) as previously reported [47]. The
oligosaccharides were separated on a column
(10 cm × 250 μm) packed in-housewith 5 μmporous
graphite particles (Hypercarb™, Thermo Fisher Sci-
entific, Waltham, MA, USA). The oligosaccharides
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were injectedon to the columnandelutedwith anACN
gradient (Buffer A, 10 mM ammonium bicarbonate;
Buffer B, 10 mM ammonium bicarbonate in 80%
ACN). The gradient (0–45% Buffer B) was eluted for
46 min, followed by a wash step with 100% Buffer B,
and equilibrated with Buffer A in the following 24 min.
A 40 cm × 50 μm i.d. fused silica capillary was used
as transfer line to the ion source.
The samples were analysed in negative ionmode on

a LTQ linear ion trap mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA), with an IonMax
standard ESI source equipped with a stainless steel
needle kept at −3.5 kV. Compressed air was used as
nebulizer gas. The heated capillarywas kept at 270 °C,
and the capillary voltage was −50 kV. Full scan
(m/z 380–2000 two microscans, maximum 100 ms,
target value of 30,000) was performed, followed
by data-dependent MS2 scans (two microscans,
maximum 100 ms, target value of 10,000) with
normalized collision energy of 35%, isolation window
of 1.0 units, activation q = 0.25 and activation time
30 ms). The threshold for MS2 was set to 300 counts.
Data acquisition and processing were conducted with
Xcalibur™ software (Version 2.0.7, Thermo Fisher
Scientific, Waltham, MA, USA).
Glycan structures were identified from their MS/MS

spectra by manual annotation. For structural annota-
tion, some assumptions were made in this study. The
structures ofN- andO-linked glycans were assumed to
follow the classic biosynthetic pathways. Diagnostic
fragmentation ions for N- and O-glycans were investi-
gated as previously described [48]. Terminal hexose
units (Hex2) were presumed to be α-linked Gal. Chain
elongation was expected to be mediated by the
addition of N-acetyllactosamine (LacNAc) disaccha-
rides. The annotated structures were submitted to the
UniCarb-DR database (h t tp : / /un icarb -dr .
biomedicine.gu.se/references/351) according to
MIRAGE guidelines [49] and will be included in the
next release. For comparison of glycan abundances
between samples, individual structures were quantified
relative to the total content by integration of the
extracted ion chromatogram peak area. The area
under the curve (AUC) of each structure was normal-
ized to the total AUC and expressed as a percentage.
The peak area was processed by Progenesis QI
(Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK).

Statistical analysis

All statistical analysis was performed using Minitab
Express™ software (Minitab, Inc. State College, PA,
USA). Lectin histochemistry data were selected
by significance as assessed by standard Student's
t-test and by one-way ANOVA with Tukey's post-hoc
correction, depending on the number of groups.
Lectin microarray data analysis was compared using
one-way ANOVA with Tukey's post-hoc correction.
Values were considered significant with p b 0.05.
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