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Preface

Carbohydrates are one of four major classes of biologically important molecules,
the others being nucleic acids, proteins, and lipids. Historically, carbohydrate
studies have dealt mainly with the structure and role of monosaccharides and
small oligosaccharides (such as glucose, fructose, sucrose, and lactose) in cellular
metabolism and fermentation processes, and the roles of polysaccharides such as
cellulose in cell wall organization, and starch and glycogen as storage forms of
glucose. The last fifty years have seen an explosion of knowledge about complex
carbohydrate structures and their biological functions. First came structural studies
that elucidated the role of cellulose in plant cell walls and chitin in invertebrates,
as fibrillar assemblies providing mechanical strength. The glycosaminoglycans,
their proteoglycans, and other network-forming polysaccharides such as alginates
were found to give support to the polysaccharide or protein fibrillar components
of the extracellular matrices of both plant and animal tissues. Thus mechanical
and physical properties (tensile strength, viscoelasticity, osmotic pressure) were
understood to depend on polysaccharides. More recently, other important roles
have been elucidated for oligosaccharides, polysaccharides, glycoproteins, glycoli-
pids and other complex glycoconjugates. These roles depend on specific receptor-
ligand interactions, and control not only the organization of the pericellular and
extracellular matrices, but also a myriad of cellular activities such as changes in
gene expression through signaling pathways. Pathogen-host interactions, response
to growth factors, inflammation, wound healing, a number of genetically linked
disorders, and many other physiological processes depend on specific carbohydrate
structures and interactions. This book is intended to assist physicians, glycobiolo-
gists, pharmaceutical scientists, and graduate students to gain an understanding
the complex nature and functions of carbohydrates. The 17 chapters in this vol-
ume, written by renowned scientists and physicians working in the carbohydrate
field, provide a broad overview of the chemistry, biology, and medical applications
of carbohydrates.

The first four chapters deal with different aspects of carbohydrate chemistry.
In Chapter 1, Derek Horton discusses the development of carbohydrate chemistry
and biology from antiquity to the present and beyond and summarizes the structures
and methods for structural analysis of complex carbohydrates. In Chapter 2,
Bo Xie and Catherine Costello review the state-of-art application of mass
spectrometry to the structural analysis of complex carbohydrates. In Chapter 3,
Zhongwu Guo briefly summarizes the types of glycosylation methods and synthetic
strategies that are commonly used in the chemical synthesis of glycoconjugates.
Enzymes have simplified the synthesis of some oligosaccharides, and in Chapter 4,

xi



Doris Su et al. review the enzymatic synthesis of oligosaccharides and their
conversion to glycolipids.

Chapters 5–10 focus on the GAGs and heavily glycosylated proteins, that is,
PGs. Malfunction either in the synthesis or in the breakdown of these macromole-
cules is associated with numerous human diseases. In Chapter 5, Mara Ludwig
describes the contribution of different PGs to lung biology. Chapter 6, which
includes the PGs of intervertebral disk, is by Peter Roughley. In Chapter 7, Paul
Scott focuses on skin and its small leucine-rich repeat PGs. In Chapter 8, Masahiro
Zako and Masahiko Yoneda discuss the role of GAGs in ocular pathogenic condi-
tions. In Chapter 9, Michael Roth et al. summarize the biological functions of
GAGs. In Chapter 10, Jin Xie et al. describe the physiological, pathophysiological,
and therapeutic roles of heparin and heparan sulfate.

Carbohydrates are critical for biological activity. Chapters 11–17 address the
therapeutic and diagnostic medical applications of carbohydrates. In Chapter 11,
Andrew Burd and Lin Huang describe the use of carbohydrate polymers in wound
dressings. In Chapter 12, Günther Boehm et al. review oligosaccharides in human
milk and infant formulas. In Chapter 13, Michiko Fukuda et al. describe the role of
cell surface carbohydrates in development and disease. In Chapters 14 and 15,
Endre Balazs and Philip Band, and Luis Avila et al., respectively, detail the medi-
cal use of hyaluronan-based therapeutic products and drug delivery and medical
applications of chemically modified hyaluronan. Chapters 16 and 17 by Xichun
Zhou et al., and Tim Horlacher et al., respectively, describe carbohydrate microar-
rays, which are being used to address specific challenges in carbohydrate research
to provide novel medical diagnostic approaches and to unravel the functions of
carbohydrates in health and disease.

Hari G. Garg
Mary K. Cowman
Charles A. Hales
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Michael Philbrook, Genzyme Corporation, Drug and Biomaterial R&D,
Framingham, Massachusetts, USA

Michael Roth, Department of Internal Medicine, Pulmonary Cell Research,
University Hospital, Basel, Swizerland, and Woolcock Institute for Medical
Research, Molecular Medicine, Camperdown, Australia

Peter J. Roughley, Genetics Unit, Shriners Hospital for Children and Department
of Surgery, McGill University, Montreal, Canada

Michael R. Santos, Genzyme Corporation, Drug and Biomaterial R&D,
Framingham, Massachusetts, USA

Paul G. Scott, Department of Biochemistry, University of Alberta, Edmonton,
Alberta, Canada

Peter H. Seeberger, Laboratory for Organic Chemistry, Swiss Federal Institute of
Technology (ETH), Zürich, Switzerland
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Chapter 1

The Development of Carbohydrate Chemistry and Biology

DEREK HORTON

Department of Chemistry, American University, Washington, DC 20016, USA

I. Early History

A major proportion of the organic matter on Earth is plant tissue (“biomass”) and
is composed of carbohydrates, principally cellulose. This is the structural support
polymer of land plants and the material used since ancient times in the form of
cotton and linen textiles, and later as paper. Chitin is a polymer related to cellulose
that has skeletal function in arthropods and fungi. Other polymeric carbohydrates
constitute the structural support framework for marine plants and the cell walls of
microorganisms. The sweet carbohydrate of sugar cane, now termed sucrose, has
been a dietary item for at least 10 millennia.

Ranking alongside cellulose in abundance is starch, a biopolymer that is the
food-reserve carbohydrate of photosynthetic plants, and the closely related glyco-
gen, the storage carbohydrate in the animal kingdom. Starch occurs as microscopic
granules in plant storage tissue (cereal grains, tubers), and the process for its isola-
tion was clearly described by Cato the Elder (1): steeping the grains in cold water
to swell them, straining off the husks, and allowing the milky suspension to settle
to afford, after drying, a white powder. This procedure is essentially the same as
the modern corn wet-milling process, and the resultant starch powder is essentially
pure carbohydrate whose molecular formula can be expressed as C6(H2O)5, hence
the term carbohydrate. It was used as early as 4000 BCE in Egypt as an adhesive
with the cellulosic fiber of the papyrus plant to make writing material, and early in
the first millennium CE for sizing paper and to stiffen cloth (2).

The photosynthetic apparatus in the green plant utilizes solar energy to effect
the reduction of atmospheric carbon dioxide in a complex sequence of reactions
(3,4) whose net result is the formation of glucose, a simple sugar (monosaccharide)
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having the molecular formula C6H12O6. Subsequent in vivo conversions afford car-
bohydrate polymers (polysaccharides), notably starch and cellulose, along with
many related polymers formed from other monosaccharide sugars. In 1811, it
was demonstrated (5) that acid hydrolysis of starch led to near-quantitative con-
version into glucose, and later (6,7) it was shown that hydrolysis of cellulose
likewise afforded glucose.

In the early nineteenth century, individual sugars were often named after
their source, for example grape sugar (Traubenzucker) for glucose and cane sugar
(Rohrzucker) for saccharose (the name sucrose was coined much later). The latter
sugar was subsequently obtained from the juice of the sugar beet. During that cen-
tury, a number of other simple sugars (monosaccharides) were isolated from acid
hydrolyzates of other polysaccharide sources and were given names with the end-
ing “-ose”; these include mannose, xylose, arabinose, and fucose. A nitrogen-
containing sugar obtained by hydrolysis of chitin was termed glucosamine, and
hydrolysis of milk sugar (lactose) led to galactose.

The name glucose was coined by Dumas in 1838 for the sugar obtained from
honey, grapes, starch, and cellulose; 20 years later its molecular formula of
C6H12O6 was established, and subsequently it was shown to be a linear six-carbon
aldehyde having hydroxyl groups on each of the chain carbon atoms. Polarimetric
studies led Kekulé in 1866 to propose the name “dextrose” because glucose is dex-
trorotatory, and the levorotatory “fruit sugar” (Fruchtzucker, fructose) obtained
by hydrolysis of cane sugar (sucrose) was for some time named “levulose.” The
French word “cellule” for cell and the “-ose” suffix led to the term cellulose, long
before its structure was known. The term “carbohydrate” (French “hydrate de car-
bone,” German “Kohlenhydrate”) was applied originally to monosaccharides in
recognition of the fact that their empirical composition can be expressed as
Cn(H2O)m. However, the term is now used generically in a wider sense.

II. The Contribution of Emil Fischer

During the last two decades of the nineteenth century, Emil Fischer (8) began his
fundamental studies on carbohydrates, showing that phenylhydrazine reacts with
glucose, mannose, and fructose to give the same crystalline phenylosazone, and
he utilized the reaction introduced by Kiliani, the addition of hydrogen cyanide
to a sugar, to give two isomeric acids. In his 1890 address to the German Chemical
Society (9), he showed that “Traubenzucker” is a 2,3,4,5,6-pentahydroxyhexanal
and that “Fruchtzucker” is a 1,3,4,5,6-pentahydroxy-2-hexanone.

The concept of stereochemistry, developed since 1874 by Van’t Hoff and Le
Bel, had a great impact on carbohydrate chemistry because it could easily explain
isomerism. From extensive chemical manipulations conducted with great skill, cou-
pled with brilliant reasoning, Fischer correlated the families of sugars, and within
10 years, he was able to assign the relative configurations of most known sugars
and to synthesize many additional examples (8). He introduced the “lock and
key” hypothesis to interpret the action of an enzyme on a glycosidic substrate,
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and his monumental achievements inspired a whole generation of researchers in
the field of natural products (10).

To name the various compounds, Fischer and others laid the foundations of a
terminology still in use, based on the terms triose, tetrose, pentose, and hexose. He
endorsed Armstrong’s proposal to classify sugars into aldoses and ketoses, and
proposed the name fructose for levulose because he found that the sign of optical
rotation was not a suitable criterion for grouping sugars into families.

The major transformations of the aldoses utilized by Fischer are illustrated in
Scheme 1, wherein aldoses are converted by mild oxidation (bromine water) into
aldonic acids, by reduction (originally sodium amalgam in ethanol, nowadays
sodium borohydride) into alditols, by reaction with phenylhydrazine to form phe-
nylosazones, and by vigorous oxidation (nitric acid) into aldaric acids. Reaction of
an aldose with hydrogen cyanide creates a new asymmetric center and affords a
pair of isomeric nitriles (termed epimers), convertible by a sequence of transfor-
mations (Fischer–Kiliani chain-ascent reaction) into a pair of higher aldoses.
A reaction sequence (Ruff degradation) that essentially effects the reverse process
converts an aldose into the corresponding lower aldose having one fewer carbon
atom in the chain.

Emil Fischer introduced the classical projection formulas for sugars, with
a standard orientation (carbon chain vertical, carbonyl group at the top, Scheme 2);
as he used models with flexible bonds between the atoms, he could easily “stretch”
his sugar models into a position suitable for projection.

CHO

(CHOH)n (CHOH)n (CHOH)n

Alditol Aldose Aldonic acid

Aldaric acid

HC=NHPh

CO2H

CO2H

CO2H

(CHOH)n

C=NHPh

(CHOH)n−1

Phenylosazone

CHO

(CHOH)n−1

Lower aldose

CN

CH2OH

CH2OH

CH2OH CH2OH CO2H

CH2OH CH2OH

CH2OH

CH2OH CH2OH
(CHOH)n+1 (CHOH)n+1 (CHOH)n+1

CHO

Aldononitriles Aldonic acids Higher
aldoses

Scheme 1 Major transformations of aldoses.
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He assigned to the dextrorotatory glucose (via the derived glucaric acid) the
projection having the OH group at C-5 pointing to the right (Scheme 3), well know-
ing that there was a 50% chance that this was wrong. Much later, Bijvoet (11)
proved Fischer’s arbitrary assumption to be correct in the absolute sense, by using
a special X-ray technique.

Rosanoff in 1906 (12) selected the enantiomeric glyceraldehydes as the point
of reference; any sugar derivable by chain lengthening from what is now known as
D-glyceraldehyde belongs to the D series, a convention still in use (Scheme 4).

For a sugar having n stereocenters, there are 2n isomers, so that there are
24¼16 aldohexoses, 8 in the D series and 8 in the L series. The names of the
D-aldoses and their stereochemical relationships are illustrated in Scheme 5. These
names form the basis of the group-configurational designators: allo, altro, gluco,

CHO

HCOH

HOCH

HCOH

HCOH

CH2OH

1

2

3

4

5

6

Scheme 3 D-Glucose, Fischer projection.

C

CHO

CH2OH

H OH

Scheme 4 D-Glyceraldehyde.

OH OHOH OH OH HCOHCH HCHCH≡OH  ≡H ≡ ≡≡ ≡

Scheme 2 The Fischer projection formula for a tetrahedrally substituted carbon atom.
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manno, gulo, ido, galacto, and talo for four stereocenters; ribo, arabino, xylo, and
lyxo for three stereocenters; and erythro and threo for two stereocenters.

The Cahn–Ingold–Prelog R,S system of stereodesignators (13), introduced
much later for naming other natural products, is not used for sugars as it would
lead to unwieldy names.

III. Cyclic Forms

Toward the end of the nineteenth century, it was realized that the free sugars exist
as cyclic hemiacetals or hemiketals. Individual sugars react with methanol under
acid catalysis to give stable products termed methyl glycosides, which are mixed
full acetals. These have a new asymmetric center at the original carbonyl atom
and were thus isolated as pairs of isomers that were designated as the a and
b forms, later termed anomers. In the D series, the a anomer was defined as the
one having the more-positive specific rotation, and in the L series, the a anomer

CHO

OHH

OHH

OHH

OHH

CH2OH

CHO

HHO

OHH

OHH

OHH

CH2OH

CHO

OHH

HHO

OHH

OHH

CH2OH
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HHO

HHO

OHH

OHH

CH2OH

CHO

OHH

OHH

HHO

OHH

CH2OH

CHO

HHO

OHH

HHO

OHH

CH2OH

CHO

OHH

HHO

HHO

OHH

CH2OH
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HHO

HHO

HHO

OHH

CH2OH

Allose Altrose Glucose Mannose Gulose Idose Galactose Talose

Ribose Arabinose

Erythrose
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OHH

OHH
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CH2OH
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CH2OH
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Scheme 5 The D family of aldoses.
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has the more-negative specific rotation. The phenomenon of mutarotation, discov-
ered in 1846 by Dubrunfaut, wherein the specific rotation of a free sugar in water
solution changes with time, was now interpreted as being due to equilibration of
the anomeric hemiacetals formed through reaction of one of the chain hydroxyl
groups with the carbonyl group. Emil Fischer assumed the cyclic form to be a
five-membered ring, which Tollens designated by the symbol <1,4>, while the
six-membered ring received the symbol <1,5>. The a anomers of D-glucose in
these two ring forms are here depicted in the Fischer projection (Scheme 6).

In the 1920s, Haworth and his school (14) proposed the terms “furanose” and
“pyranose” for the two forms, and introduced what became known as the
“Haworth depiction” for writing structural formulas, a convention that was soon
widely followed (Scheme 7).

The Haworth projection formula presents a nominally planar ring with
planes of substituents above and below the ring, whereas the Haworth

HCOH

HCOH

HOCH

HCO

HCO

CH2OHCH2OH

α-D-Glucopyranoseα-D-Glucofuranose

HCOH

HCOH

HOCH

HCOH

HCOH

Scheme 6 Fischer projection of a-D-glucofuranose and a-D-glucopyranose.

HCOH HCOH

HCOH HCOH

HOCH HOCH

OCH HC

OCH2OH

CH2OH
HOCH2 OH

OH

OH

H

4

3 2

1

5

5

1

5

1
H

H

H

O

Fischer projection Haworth projection

Scheme 7 Relationship of the Fischer and Haworth projection formulas illustrated for
b-L-arabinofuranose.
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conformational formula depicts the actual shape of the molecule with tetrahedral
bond angles (Scheme 8). The Mills formula also depicts the ring arbitrarily as a
plane, with substituents respectively above and below the plane. All three types
of representation remain widely in use.

The question of ring size in the common glycosides and the free sugars
remained controversial in the early part of the twentieth century, with polarimetric
studies leading Hudson (15) to support Fischer’s suggestion of a five-membered
ring, but Haworth provided decisive evidence based on methylation studies (16)
that Fischer’s “a-methylglucosid” has a six-membered ring, and today it would
be named methyl a-D-glucopyranoside. Strong evidence for the six-membered ring
form in the free aldoses was also provided by Isbell (17) from studies on their oxi-
dation to 1,5-lactones by bromine water. Subsequently, Jackson and Hudson
applied Malaprade’s glycol-cleavage reaction by periodate (18) to several related
glycosides, and Hudson accepted (19) that Haworth’s pyranoside formulation had
been correct. In extending the periodate method, Jackson and Hudson (20) also
were able to show that the glucose monomeric units in starch and cellulose
likewise had the pyranose ring structure.

These two classic methods for structure determination in the carbohydrate
field, methylation linkage-analysis and periodate oxidation, have remained key
tools up to the present day in applications with numerous polysaccharides and gly-
coconjugates. The methylation reaction to introduce acid-stable methyl ether
groups, originally performed with methyl iodide–silver oxide (21) or dimethyl
sulfate–sodium hydroxide (22), is now more effectively conducted on a microscale
by use of powerful deprotonating agents and dipolar aprotic solvents prior to acid
hydrolysis of the permethylated carbohydrate (23,24). Analysis of the partially
methylated products as their alditol acetates by gas–liquid chromatography–mass
spectrometry is a rapid and routine technique (25). Likewise, the fragmentation
of complex carbohydrates by periodate glycol cleavage (26) is a standard tool for
structural analysis, especially when combined with reduction of the “dialdehydes”

O

H

HO

H

HO

H

OH

OH

H
H

OH

O

CH2OH

OH

H OH

OH

HHH

HO
H

Haworth 
projection formula

Haworth
conformational formula 

α-D-Glucopyranose

O OH

OH

HO

HOCH2

OH

Mills formula

Scheme 8 Cyclic representations of a-D-glucopyranose.
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initially produced to the alditols followed by mild acid hydrolysis to cleave
open-chain acetal groups [Smith degradation (27)].

IV. Nomenclature of Carbohydrates

Up to the 1940s, nomenclature proposals were made by individuals; in some cases,
they were followed by the scientific community and in some cases not. Official
bodies like the International Union of Chemistry, though developing and expand-
ing the Geneva nomenclature for organic compounds, made little progress with
carbohydrate nomenclature. The International Union of Pure and Applied Chem-
istry (IUPAC) Commission on Nomenclature of Biological Chemistry put forward
a classification scheme for carbohydrates, but the new terms proposed have not
survived. However, in 1939, the American Chemical Society (ACS) formed a com-
mittee to look into this matter, since rapid progress in the field had led to various
misnomers arising from the lack of guidelines (28). Within this committee, the
foundations of modern systematic nomenclature for carbohydrates and derivatives
were laid: the numbering of the sugar chain, the use of D and L and a and b, and
the designation of stereochemistry by italicized prefixes (multiple prefixes for longer
chains). Some preliminary communications appeared, and the final report, prepared
by M.L. Wolfrom, was approved by the ACS Council and published in 1948.

Not all problems were solved, however, and different usages were encoun-
tered on the two sides of the Atlantic. A joint British–American committee was
therefore set up, and in 1952, it published “Rules for Carbohydrate Nomencla-
ture.” This work was continued, and a revised version was published in 1963 with
endorsement by the ACS and by the Chemical Society in Britain. The publication
of this report led the IUPAC Commission on Nomenclature of Organic Chemistry,
jointly with the IUPAC–IUB Commission on Biochemical Nomenclature, to issue
the “Tentative Rules for Carbohydrate Nomenclature, Part I, 1969,” published in
1971/72 in several journals. A major revision of this 1971 document, published in
1996 (29), details current usage, and the Web version (30) of that document
includes revisions and corrections.

For graphical representation of the structures of complex oligosaccharides
and polysaccharides and for encoding in electronic databases, the individual sugar
residues are assigned three-letter abbreviations, for example Glc (glucose), Man,
Gal, Rib, Xyl, with appropriate modifiers, for instance Manp (mannopyranose),
Fruf (fructofuranose), GlcA (glucuronic acid), GalNAc (N-acetylgalactosamine).
Inter-residue linkages are designated by position locants and connecting arrows,
for example b-D-Galp-(1!4)-a-D-Glcp (lactose). For polysaccharides, the generic
suffix “-an” is used rather than the “poly” prefix employed with synthetic polymers,
thus mannan, xylan, carrageenan, xanthan, dextran, and the general term glycan.
A few nonsystematic traditional names remain: for instance, cellulose, starch, inulin,
glycogen, heparin, pectin. The borderline with polysaccharides cannot be drawn
strictly; however, the term “oligosaccharide” is commonly used to refer to a defined
structure as opposed to a polymer of unspecified length or a homologous mixture.
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V. General Elucidation of Carbohydrate Structure

The generic term “carbohydrate” includes monosaccharides, oligosaccharides, and
polysaccharides as well as substances derived from monosaccharides by reduction
of the carbonyl group (alditols), by oxidation of one or more terminal groups to
carboxylic acids (aldonic and uronic acids), or by replacement of one or more
hydroxyl group(s) by a hydrogen atom (deoxy sugars), an amino group (amino
sugars), a thiol group, or other functional group. It also includes numerous deriva-
tives of these compounds formed by acylation, etherification, acetalation, and
other reactions. The term “sugar” is frequently applied to monosaccharides and
lower oligosaccharides. There are probably close to a million known compounds
that conform to these definitions.

The chemistry and biochemistry of carbohydrates in general is detailed in a
four-volume series (31), and a comprehensive treatment of polysaccharides can
be found in the three volumes edited by Aspinall (32). A multiauthored treatise
on polysaccharides published in 2005 (33) covers a wide range of aspects of the
structural diversity, biological relevance, and technological applications of polysac-
charides. A volume in the series Comprehensive Natural Product Chemistry edited
by Pinto (34) provides extensive detail on the biosynthesis and biological role of
carbohydrates.

Numerous natural products are glycosides, constituted of a sugar component
(the glycon, frequently D-glucose, but many other sugars may be encountered)
coupled through the anomeric position to an alcohol or phenol (the aglycon),
a component often of considerable complexity. Examples include amygdalin (a
cyanogenic glycoside), the anthocyanin plant pigments, the digitalis glycosides,
and numerous antibiotics. Many of these have wide applications in medicine.

The chemical synthesis of glycosides of simple alcohols may be accomplished
by acid-catalyzed reaction of a monosaccharide with the alcohol to yield anomeric
mixtures of alkyl glycosides. This generally proceeds by a kinetic phase giving
mainly the furanosides, followed by a thermodynamic phase where the pyranosides
predominate (35,36). However, the controlled coupling of a sugar to a variety of
aglycons has presented a major challenge to chemists. The “acetohalogen” synthe-
sis introduced by Koenigs and Knorr (37) employed a peracetylated glycosyl halide
reacting with an alcohol or phenol to give the peracetylated glycoside, readily
de-esterified to give the product glycoside (Scheme 9).

O

AcO

AcO

CH2OAc

AcO

Cl

O

HO

HO

CH2OH

HO
OPh

KOPh

HO−

Scheme 9 Koenigs–Knorr synthesis.
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This reaction affords the glycoside as the anomeric form having the aglycon
and the substituent at the C-2 position in trans disposition [the trans rule (38)].
However, effective control of the anomeric specificity and the realization of high
yields with a wide range of acceptor alcohols have presented major obstacles to
synthetic chemists, later resolved by the development of numerous methodologies
involving a variety of leaving groups at the anomeric position, different protecting
groups on the sugar, and various catalysts and promoters of the reaction. These
are treated in detail in Chapter 3. The synthesis of specific oligosaccharides
remained difficult up to the middle of the twentieth century; synthesis of even
the most abundant pure organic compound, namely sucrose, was not realized until
1953 (39), and it was not until the last decades of the twentieth century that the
synthesis of moderately complex oligosaccharides became routine.

VI. Monosaccharide Structure

Although the early studies established the relationships and properties of the clas-
sic families of aldoses and ketoses, and their simple derivatives, some unusual
monosaccharide structures were later encountered that were of importance in
the biomedical area. The antiscorbutic vitamin isolated from paprika in 1928 by
Szent-Gyorgi (40) and initially termed “hexuronic acid” was subsequently shown
to be a six-carbon furanose lactone containing an enediol structure (Scheme 10)
(41), and its synthesis was achieved independently by Reichstein and coworkers
(42) and by Haworth and coworkers (43).

Many ingenious syntheses of L-ascorbic acid have been devised (44) and an
adaptation of the Reichstein synthesis (45) from D-glucose constitutes the proce-
dure used on the industrial scale.

Among the higher-carbon monosaccharides, the most important examples
are the nine-carbon amino sugar N-acetylneuraminic acid (5-acetamido-3,5-
dideoxy-D-glycero-a-D-galacto-non-2-ulopyranosonic acid, Neu5Ac; Scheme 11),
the parent member of the family of sialic acids, and the eight-carbon sugar
3-deoxy-D-manno-oct-2-ulosonic acid, Kdo. The former is widely distributed as a
constituent of glycoconjugates in the animal kingdom as well as in microorganisms,
whereas the latter is encountered in Gram-negative bacteria.

H

O

OH

HO
H

OHOH

O

Scheme 10 L-Ascorbic acid, vitamin C, L-threo-hex-2-enono-1,4-lactone.
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N-Acetylneuraminic acid (46) was isolated by Gottschalk (47) from glycopro-
teins by the action of an enzyme (sialidase) from influenza virus, and was recognized
as part of a group of related nine-carbon sugars (48). Encountered as a component
of certain oligosaccharides of human milk (see Chapter 12) in the extensive
researches of Richard Kuhn (49), the broad significance of this unusual sugar in
biological processes (50) as a key feature of cell-surface carbohydrates continues
to unfold, especially in its role as a component of the tetrasaccharide determinants
(sialyl-Lewisx and sialyl-Lewisa) involved in cell adhesion and the inflammatory
response (51). The eight-carbon sugar Kdo is a component of the “core region” of
the complex cell-surface lipopolysaccharides of Gram-negative bacteria, serving to
link the endotoxin lipid A to the remainder of the carbohydrate component (52,53).

VII. Oligosaccharide Structure

Sucrose (b-D-fructofuranosyl a-D-glucopyranoside), a nonreducing dextrorotatory
disaccharide, is the most abundant pure (99.95%) organic compound (Scheme 12),

O

HO
OH

CO2H

AcHN
HO

HO

HOCH2

HOH2C

N-Acetylneuraminic acid

O

HO

HO

CO2H

OH

OH

Kdo

Scheme 11 N-Acetylneuraminic acid (Neu5Ac) and 3-deoxy-D-manno-oct-2-ulosonic acid
(Kdo).
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Scheme 12 Sucrose: b-D-fructofuranosyl a-D-glucopyranoside.
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with an annual world production of almost 109 tonnes, and is used primarily as a
nutritive sweetening agent. It is rapidly hydrolyzed into its component monosacchar-
ides by the enzyme invertase or by dilute acid [the Arrhenius equation (54) relating
temperature and reaction rate was developed from this reaction], but its decomposi-
tion by alkali is much slower and takes place by a different mechanism (55).

The low cost of sucrose makes it an attractive synthetic precursor for a wide
range of applications (56), and a chlorinated derivative (1,6-dichloro-6-deoxy-b-D-
fructofuranosyl 6-chloro-4,6-dideoxy-a-D-galactopyranoside, sucralose) is widely
used as a noncaloric sweetener (SplendaW). Various other oligosaccharides occur
naturally in the free form (57), but far more have been isolated as fragmentation
products from larger biomolecules; their chemical or enzymatic synthesis is a very
active current area of research, as detailed in Chapters 3 and 4.

Certain products of microbial fermentation having wide utility as antibiotics
may be formally regarded as oligosaccharides, albeit with extensively modified
monosaccharide components; the first example to be introduced (streptomycin)
is briefly noted later in this chapter and more detail is presented elsewhere in
the references cited.

VIII. Polysaccharide Structure

Application of the methylation linkage-analysis procedure to cellulose established
(58) that cellulose is a linear polymer having the glucose units (1!4)-linked, and
partial hydrolysis gave a series of oligosaccharides (cello-oligosaccharides) uni-
formly b-linked. The technique of partial hydrolysis of a polysaccharide to afford
small oligosaccharides whose structure can be determined (fragmentation analysis)
remains another general method for structure determination of polysaccharides,
alongside methylation and periodate oxidation procedures. Periodate studies
applied to chitin (59) disclosed that it has the same basic architecture (60) as cellu-
lose, except that the hydroxyl group at C-2 in cellulose is replaced by an acetamido
group in chitin. Chitin finds numerous applications in the biochemical and medical
fields (61); see Chapter 11.

Although cellulose and chitin have a primary structure that is a linear chain,
interchain hydrogen-bonding leads to a secondary level of structural organization
giving water-insoluble fibers that form the basis of textile technology (cotton)
and the paper industry (62).

Early structural studies (63) on starch indicated an a-(1!4)-linked glucan
with some a-(1!6) branches, but it was not realized until considerably later (64)
that starch is composed of two polymers, a fully linear component termed amylose
and a branched component in which a-(1!6) branches lead to a tree-like structure
(amylopectin). The chemistry and technology of starch is detailed in two major
treatises (65,66). The animal storage polysaccharide glycogen has a structure
similar to that of amylopectin, but is more highly branched (67).
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The techniques of methylation linkage-analysis, periodate oxidation and the
Smith degradation, and fragmentation analysis have been applied (32) to the struc-
tural elucidation of a wide range of polysaccharides isolated from plants, many
finding practical applications (68) as gelling agents (agar, carrageenan, and other
algal polysaccharides). Certain microorganisms convert simple sugars into poly-
saccharides, and many such microbial polysaccharides have useful properties
(dextran, xanthan).

The polysaccharides from animal tissues are usually more complex than those
from plant sources, and aside from glycogen they generally contain amino sugar com-
ponents, typically in alternating sequence with uronic acid residues (glycosaminoglyc-
uronoglycans). These are discussed in detail elsewhere in this book. Major examples
include hyaluronic acid and the sulfated polysaccharides chondroitin, dermatan,
keratan, and heparin (69). Hyaluronic acid plays an important role in connective tissue
in controlling interstitial permeability and serving as a lubricant in joints, and finds
use in ophthalmic surgery (seeChapter 14). Isolated in 1934 (70) from vitreous humor,
it is composed of glucuronic acid and N-acetylglucosamine residues (71) in a linear
polymer of very high molecular weight. A combination of methylation studies
(72,73), fragmentation analysis by acid and enzymatic methods, and synthesis of
fragments showed it to have the disaccharide repeating sequence:

! 4Þ�b�D�GlcpA�ð1 ! 3Þ�b�D�GlcpNAc�ð1 !

From cartilage, there were isolated two related glycosaminoglycuronans,
chondroitin 4-sulfate (74) and chondroitin 6-sulfate (75), O-sulfated at positions
4 or 6 of the amino sugar component, which in this case is N-acetylgalactosamine.
The repeating sequence of chondroitin 6-sulfate may thus be depicted as:

! 4Þ�b�D�GlcpA�ð1 ! 3Þ�b�D�GalpNAc6S�ð1 !

In the tissues, these two polymers exist covalently linked to protein as pro-
teoglycans (69), as does the related dermatan sulfate (older names b-heparin,
chondroitin sulfate B), whose sequence is the following:

! 4Þ�a�L�IdoA�ð1 ! 3Þ�b�D�GalpNAc6S�ð1 !

A product extracted from dog liver having a marked anticoagulant effect (76),
preventing the formation of thrombin from prothrombin, was termed heparin (77).
Elucidation of its detailed structure was a major challenge to chemists, and
its fine structure and full range of biological activities were not unfolded until
many years later. It was shown to be a highly sulfated polysaccharide (78) con-
taining glucosamine (78,79) and uronic acid (80) residues in equimolar pro-
portion, and in alternating sequence with (1!4) linkages throughout (81,82)
and the a configuration at the anomeric position of glucosamine. In addition to
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O-sulfate groups on both components, the uronic acid component was shown to
be not only D-glucuronic acid (80) but also L-iduronic acid (83,84), linked a-L
or b-D to the amino sugar (85).

Subsequent studies revealed much greater complexity in the heparin structure
and a multitude of physiological functions (86,87), as discussed in Chapters 5 and 10.
The native structure in the tissues is a high molecular weight proteoglycan consist-
ing of a protein chain having an alternating sequence of glycine and L-serine resi-
dues to which are attached the sulfated glycosaminoglycan chains through a
tetrasaccharide “linkage region” GlcA-Gal-Gal-Xyl to the hydroxyl groups of
the serine residues (88). This proteoglycan structure is disrupted in the process
for the isolation of heparin from tissue sources (commonly pig intestinal mucosa);
this involves proteolysis and/or aqueous alkali treatment, and yields clinical hepa-
rin as a highly anionic polyelectrolyte. Studies on its fine structure have revealed
microheterogeneity in the distribution of sulfate groups, the placement of the
two uronic acid components, and other features, and the anticoagulant activity
has been shown to be localized in a specific pentasaccharide region of the chain.
In very recent years, advances in synthetic methodology for complex oligosac-
charides have permitted practical synthesis of this subunit of heparin for use as
an anticoagulant [fondaparinux, ArixtraW (89)].

IX. Carbohydrate Antibiotics

A revolution in therapies to combat infectious pathogens took place in 1937 with
the discovery by Fleming of penicillin, a microbial metabolite, and the first of a
class of b-lactam antibiotics. The field of carbohydrate-structured antibiotics of
major clinical utility opened subsequently with Waxman’s discovery (90) of strep-
tomycin in the fermentation broth of an Actinomyces species. Streptomycin was
the first example of the class of aminocyclitol (also termed aminoglycoside) anti-
biotics, and it was found particularly useful in the treatment of tuberculosis,
although a high incidence of ototoxicity is a limitation in its modern clinical use.
Elucidation of its chemical structure provided a portent of the rich diversity of
unusual sugar structures in microbial metabolites, as later revealed in numerous
other antibiotics in this class and such other groups as the macrolides (for example
erythromycin), nucleoside antibiotics such as puromycin, glycosylated aromatic
structures such as doxorubicin (adriamycin), and many others. Structure elucida-
tion of the monosaccharide components of these antibiotics divulged a profusion
of novel structural types: deoxy sugars, amino sugars, branched-chain sugars,
higher-carbon sugars, sugars of unusual stereochemistry, to name just a few (91),
and provided the stimulus for a great deal of innovative work in developing proce-
dures for their chemical synthesis.

Streptomycin is a pseudotrisaccharide having an amino sugar, N-methylglu-
cosamine as the unusual L enantiomer, linked by way of a branched-chain sugar
component streptose, in turn connected to a guanidinocyclohexanepolyol termed
streptidine, as shown in Scheme 13:
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The structure was largely elucidated by Wolfrom and his group (92). This
pioneering work presaged the subsequent discovery of numerous other aminocycli-
tol antibiotics produced by microorganisms, notably the neomycins, kanamycins,
and gentamicins. The discovery, structure determination, and understanding of
the mode of action of these agents owe much to the work of Sumio Umezawa
and Hamao Umezawa (93,94), who also showed that synthetic modification of par-
ent antibiotic structures could overcome the problem caused by development of
drug-resistant strains of bacteria. Later work has disclosed the role of aminocycli-
tol–nucleic acid recognition, and in particular, ribosomal binding in the mechanism
of bactericidal action (95).

Access to carbohydrate antibiotics by chemical assembly from their component
sugars has presented exercises in synthetic virtuosity, but in general their production
through microbial fermentation remains the most economically viable approach.

X. Structural Methodology

A. General

The progress of research in the carbohydrate field has been greatly enhanced by
the introduction of new reagents for functional-group transformations, by greater
understanding of reaction mechanisms in the light of detailed conformational
properties of these polyfunctional molecules, and above all in the development
of powerful physical tools for structural elucidation, most notably nuclear magnetic
resonance (NMR) spectroscopy, X-ray crystallography, and mass spectrometry, to
complement the older tools of polarimetry (96) and infrared spectroscopy.

Among the chemical reagents of value in the carbohydrate field, the intro-
duction (97,98) of sodium borohydride as a water-stable reducing agent for con-
version of aldehydes, ketones, and hemiacetals into alcohols is particularly
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noteworthy, especially when used in conjunction with the periodate glycol-
cleavage reaction already mentioned. It also features in the alkaline-reductive
cleavage reaction applied with O-linked glycoproteins to detach the carbohydrate
chains from the protein component (99).

Haworth in his 1929 book (14) mentioned that consideration of the conforma-
tional properties of sugars would lead to a better understanding of their reactivity,
but at that time there were no experimental tools to develop this concept further.
In 1937, Isbell interpreted (100) the difference in rates of bromine oxidation of
a- and b-D-glucopyranose to D-glucono-1,5-lactone as a conformational effect result-
ing from the orientation (now termed axial and equatorial) of the hydroxyl group at
C-1 in the chair form (now termed the 4C1 chair), thereby pioneering the use of con-
formational analysis as a tool in the understanding of organic chemical reactions. He
also interpreted the role of neighboring groups in directing the stereochemical out-
come of substitution reactions. Both of these concepts were developed by Isbell long
before they became recognized by the broader organic chemical community (101),
and form part of an extensive body of mechanistic and synthetic studies on sugars con-
ducted by Isbell and a small group of coworkers during more than six decades (102).

B. X-Ray Crystallography

Some of the earliest X-ray crystallographic studies on carbohydrates were con-
ducted on oriented fibers of cellulose, and they demonstrated four hexopyranose
rings in a monoclinic unit cell (103). A key crystallographic study on a small sugar
molecule was that performed by Cox and Jeffrey (104) on a-D-glucosamine hydro-
bromide, undertaken to settle the controversy as to the orientation of the amino
group at C-2. Not only was this point resolved, but the three-dimensional architec-
ture of the nonhydrogen atoms in the unit cell clearly demonstrated the familiar
4C1 chair conformation of the pyranose ring and the axial orientation of the
hydroxyl group at C-1, long before the advent of NMR spectroscopy. The computa-
tional burden of manually resolving the diffraction data was enormous in early
work, but the introduction of digital computers has greatly facilitated the task to
the point that the three-dimensional structure of most sugar derivatives for which
a small single crystal is available can be obtained rapidly and routinely, greatly
reducing the need for traditional degradative methods for structure determination.

Since that pioneering 1939 crystallographic study on glucosamine, Jeffrey and
Sundaralingam have compiled critical reviews of all published crystal structures
dealing with sugars, nucleosides, and nucleotides (105) up through 1980, correcting
where necessary the authors’ original interpretations and rendering the structures in
familiar conformational depictions. It should be noted that most crystal-structure
determinations do not differentiate between enantiomers, and require reference
to a known center of chirality in the molecule. In addition to presenting the
generalized chair conformations of the pyranose ring system, precise angular devia-
tions from the ideal chair are represented as Cremer–Pople (106) puckering para-
meters. The large volume of subsequent crystal structure data on sugars
is accessible in the Cambridge Crystallographic Data Bank (107), and the
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Glycoscience database (108) provides a comprehensive resource on a wide range of
structural data on carbohydrates of biological interest.

Crystallographic studies on oriented fibers of polysaccharides provide unit-cell
dimensions, but precise interpretations of overall polymer conformation continue to
invite debate, and often require correlation with data on small-molecule compo-
nents of the polymer and on computerized modeling. From the early studies on cel-
lulose fibers (103,109), there has developed extensive and often controversial
literature on this most abundant organic molecule (61), as well as on starch, the sec-
ond-most abundant glucan. As early as 1943, the concept of a helical conformation
in a biomolecule was advanced by Rundle and French (110) from crystallographic
studies on the amylose component of starch, long before helical conformations were
accepted as important structures in proteins and nucleic acids. Short bibliographic
summaries on all crystallographic studies on polysaccharides up to 1979 have been
compiled by Sundararajan and Marchessault (111), and subsequent work is detailed
in a current monograph (112) and a Web site (113).

C. Mass Spectrometry

The use of mass spectrometry in the structural analysis of carbohydrates, first
reported in 1958 (114), was developed in detail by Kochetkov and Chizhov
(115). They showed that, under electron impact, the acetylated and methyl ether
derivatives of monosaccharides provided a wealth of structural information
through analysis of typical fragmentation pathways of the initial molecular ion.
This has proved of enormous utility in the structural elucidation of polysaccharides
and complex oligosaccharides: sequential permethylation, hydrolysis, reduction to
the alditol, and acetylation, affords mixtures of peracetylated, partially methylated
alditol acetates that can be separated and analyzed by use of a gas chromatograph
coupled directly to a mass spectrometer (25). The mass spectra of stereoisomers
are normally identical, while the gas chromatographic retention times readily
permit differentiation of stereoisomers.

The early studies on mass spectrometry of sugars by electron impact were
limited to derivatives of adequate volatility; these included trimethylsilyl ethers,
various acetal derivatives, along with acylated and methylated derivatives. How-
ever, with the advent of “soft” ionization techniques (116) such as chemical ioniza-
tion, field-desorption, fast-atom bombardment, electrospray ionization, and
especially matrix-assisted, laser-desorption time-of-flight mass spectrometry, it
became possible to examine unsubstituted sugars along with complex oligosacchar-
ides, carbohydrate antibiotics, nucleosides, and related large molecules. High-
resolution mass spectrometry giving exact mass data allows differentiation
between isomers of the same unit mass, and provides molecular weight data on
such large molecules as the glycan components of glycoproteins (25).

D. NMR Spectrometry

The advent of NMR spectroscopy revolutionized research in the carbohydrate field
by providing a rapidmethod for structural identification and for study of the dynamic
behavior of sugars in solution. The seminal 1958 paper by Lemieux et al. (117),

The Development of Carbohydrate Chemistry and Biology 17



introducing proton NMR in the study of acetylated aldoses, demonstrated that the
proton at the anomeric position gives its signal at a distinctive field position as a dou-
blet through coupling with its vicinal neighbor at C-2. Themagnitude of this coupling
reflects the dihedral angle between H-1 and H-2, permitting assignment of favored
conformation for pyranose sugars. Much of the early proton NMR studies have been
discussed by Hall (118,119) and their implications in understanding the conforma-
tional behavior of sugars have been reviewed (120). Major advances in instrumental
methodology, especially the introduction of superconducting solenoids and pulsed
Fourier-transform techniques, have overcome earlier problems of inadequate reso-
lution and the necessity for relatively large samples. A wide array of pulse-sequence
proceduresmakes the structural attribution of simple sugar derivatives a routine pro-
cedure and permits detailed investigations on the conformations of oligosaccharides
(121,122). Structural studies on the carbohydrate components of glycoproteins (123),
of profound significance as biological recognition markers, have particularly bene-
fited from the application of high-resolution proton NMR.

The 12C nucleus does not have amagneticmoment, and the low (1%) abundance
of the magnetic 13C nucleus presented an early handicap in applications of C-13 NMR
with carbohydrates, but modern instrumentation has made studies on the carbon
frameworkof sugars and polysaccharides a routine complement to protonNMR inves-
tigations.Bock andPedersen (124) have provided extensive tabulation of 13C chemical
shifts for the whole series of free sugars and their principal derivatives in solution.

The technique of 13C cross-polarization magic-angle spinning spectroscopy
extends NMR spectroscopy to applications with carbohydrates in the solid state,
notably with cellulose (125) as well as with monosaccharides (126).

XI. Carbohydrate Biochemistry

This vast topic can only be covered in the briefest outline within the scope of the
current chapter, but the short book by Lehmann (127) presents an excellent mod-
ern overview of the biological aspects of carbohydrates, dealing with their metab-
olism and biosynthesis, their role in biological recognition, their functions in cell
walls and cell membranes, and as energy sources.

Credit again goes to the great pioneer Emil Fischer for the earliest studies on
the reactions of carbohydrates with enzymes (8). He conducted extensive experi-
ments with enzymes isolated from plant, animal, and microbial sources on a range
of glycosides, oligosaccharides, and polysaccharides, and formulated the celebrated
“lock and key” concept for the mode whereby the enzyme recognizes its substrate,
stating: Um ein Bild zu gebrauchen, will ich sagen, daß Enzym und Glucosid
wie Schloß und Schlüssel zueinander passen müssen, um eine chemische Wirkung
aufeninander ausüben zu können (128). Subsequent work by Hudson (129) on
the hydrolysis of sucrose to glucose and fructose by the enzyme invertase, and
by Pigman (130) on the action of glycoside-cleaving enzymes (glycosidases) laid
the basis of much of our understanding of enzyme kinetics.

Classic work on the pathways of catabolism of monosaccharides, largely
through use of radiolabeled (14C and 3H) intermediates as tracers, led to the
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elucidation of the glycolysis pathway for the breakdown of monosaccharides (127),
as well as details of the anabolic pathway to sugars in photosynthesis (3,127). It
became recognized that, although the action of many enzymes is reversible, anabolic
processes generally proceed by separate pathways from those involved in catabolism.

The glycoside-cleaving enzymes effectively transfer a glycosyl group to a water
molecule (glycosidases) or a different acceptor molecule (glycosyltransferases). Early
work on these enzymes has been reviewed in detail (131,132) and the mechanism of
their action (133) constitutes a very active current area of research (134,135), with
“enzyme engineering” targeting the development of modified enzymes for practical
applications (136). Much further detail is presented in Chapter 4.

Although the catabolism of oligo- and poly-saccharides takes place by the action
of glycosidases, themechanism of their anabolismwas not decisively revealed until the
work of Leloir and his associates in the 1950s (137). They demonstrated that the pro-
cess involves glycosyltransferase enzymes that transfer glycosyl groups from nucleo-
side 50-(glycosyl diphosphates) (“sugar nucleotides”) to an acceptor (138). The
ability of uridine 50-(a-D-glucopyranosyl diphosphate) (“UDP-D-glucose”; Scheme 14)
to serve as a glucosyl donor presaged the discovery of a wide range of related sugar
nucleotides incorporating uridine, guanosine, cytidine, adenosine, and thymidine as
the nucleoside component, and various monosaccharides as the glycosyl component.
The discovery led to rapid progress in elucidating the biosynthetic mechanism of
numerous glycosides, oligosaccharides, and polysaccharides in animal, microbial,
and plant cells. Furthermore, it was established that such nucleotide sugars as UDP-
D-glucose can undergo transformation of the sugar component via oxidation–reduc-
tion and deoxygenation reactions to afford a wide range of nucleotide sugars bearing
structurally modified monosaccharides that can take part in transferase reactions.

The groundbreaking work of Leloir et al. (139) laid the basis for much of our
understanding of the biosynthetic pathways via nucleotide sugars in the formation
of, for example, sucrose from UDP-D-glucose and fructose 6-phosphate (140).
Extensive studies on the biosynthesis of glycogen, starch, cellulose, along with
numerous glycoproteins, proteoglycans, glycolipids, steroidal glycosides, the
ABO blood-group determinants, teichoic acids, and other glycoconjugates under-
score the broad involvement of nucleotide sugars in the elaboration of complex
carbohydrates.
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It was subsequently shown that lipid-linked intermediates also play a key role
in the biosynthesis of complex carbohydrates. In bacterial systems, undecaprenol
(a C55 polyprenol), as its phosphate ester, serves as a membrane-soluble carrier to
which is transferred a sugar derivative in the biosynthesis of cell-envelope compo-
nents (141). In animal glycoproteins, as exemplified by the work of Behrens and
Leloir (142), UDP-D-glucose transfers the sugar to dolichol phosphate, and the
D-glucosyl group is subsequently transferred to a protein acceptor. Dolichols are
polyprenols composed of 13–22 isoprene units (143) and are involved in eukaryotes
in the glycosylation of lipids and proteins in the endoplasmic reticulum membrane.

XII. Carbohydrate Antigens and Vaccines

The highly specific biological functions of carbohydrates were recognized by
Heidelberger (144) from his studies on the capsular antigens of different strains
of Streptococcus pneumoniae. These were not proteins, but turned out to be poly-
saccharides. The antigen of the type 3 strain proved to be a polysaccharide having
a disaccharide repeating unit !4)-b-D-Glcp-(1!3)-b-D-GlcpA-(1! (145). The fac-
tors responsible for the ABO human blood groups were shown by Morgan and
Watkins (146) to be oligosaccharide components of various glycoconjugates built
from a disaccharide a-L-Fucp-(1!2)-b-D-Galp-(1! (H factor) to which an a-D-
GalpNAc group is linked (1!3) to the Galp component (A factor) or an a-D-Galp
group is similarly linked (B factor). These studies opened up a large field of study
of the interactions of carbohydrates and proteins, of major importance in pharma-
cology and medicine as it relates to antigen–antibody interactions, cell–cell recog-
nition phenomena, and the fixation of bacteria, viruses, and toxins on cell surfaces.

As early as 1918, Landsteiner and Lampl (147) observed that nonimmuno-
genic small molecules (haptens) could be rendered immunogenic by covalent cou-
pling to proteins. The pneumococcal capsular polysaccharides by themselves are
relatively weak stimulators of the immune system in producing antibodies, but
when conjugated to a protein carrier they can serve as effective vaccines for target-
ing virulent strains of pathogenic bacteria. The validity of this concept was demon-
strated in 1931 by Goebel and Avery (148), who coupled the type 3 pneumococcal
polysaccharide to horse-serum globulin to produce a conjugate that induced spe-
cific antibody to the polysaccharide antigen in experimental animals.

The success of this approach is amply demonstrated in the development
of effective vaccines for clinical use, with the notable example of antibacterial
prophylaxis against childhood meningitis using a conjugate vaccine prepared by cou-
pling the capsular material of the Gram-negative bacterium Haemophilus influenzae
type b (Hib) with tetanus toxoid (149). Since these early discoveries, many other conju-
gate vaccines of clinical utility have been developed (150,151) that provide immunopro-
phylaxis against virulent strains of pathogens, both Gram positive and Gram negative.
They offer a complementary therapeutic approach to the broad-spectrum antibiotics,
which target a wide range of Gram-positive organisms, in providing narrowly focused
protection against individual strains of pathogens. Multivalent vaccines, incorporating
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the capsular polysaccharidehaptens of several serotypes of a givenpathogen in the same
conjugate, have been developed against S. pneumoniae (152), and others in clinical use
are targeted against Neisseria meningitides, group B Streptococcus, Salmonella typhi,
and Staphylococcus aureus (151). The field remains under active development with
efforts to optimize the specific carbohydrate hapten component, the nature of the
protein employed, and the mode of covalent linking of the two components (153).

XIII. Conclusion

The foregoing survey of the enormous field of carbohydrate chemistry and biology is
of necessity brief and selective, but an attempt has beenmade to cite the seminal work
of major pioneers, along with key review articles of later developments, together with
leads to themost current activity in the field. Large,multiauthor compendia published
in recent years havingmuch detailed information include the 1999 volume in the series
Comprehensive Natural Product Chemistry (34) and the 2005 edition of Polysacchar-
ides: Structural Diversity and Functional Versatility (33). The synthesis of complex oli-
gosaccharides of biological importance is a particularly active area of current research;
the 2008 volumeGlycoscience: Chemistry and Chemical Biology (154) brings together
wide-ranging results on chemical and enzymatic approaches to synthesis, and the
4-volume set Comprehensive Glycoscience (112) published in 2007 is particular
focused on biological aspects.

The Dictionary of Carbohydrates (155) has a listing of some 24,000 individual
carbohydrates, giving names, structures, sources, data, and literature references for
each, together with a complementary electronic database. Another valuable refer-
ence work that includes a wealth of information on carbohydrate derivatives
important in biochemistry and biology is the Oxford Dictionary of Biochemistry
and Molecular Biology (156).

Among the smaller single-author texts on carbohydrates may be noted the
Ferrier–Collins book Monosaccharide Chemistry (157) and Stick’s Carbohydrates:
The Sweet Molecules of Life (158), which includes a brief treatment of biological
aspects. Lehmann’s book Carbohydrates: Structure and Biology (127) has the
biological and biochemical aspects of carbohydrates as its central focus, and is
particularly useful for gaining a broad overview of the subject.
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Chapter 2

Carbohydrate Structure Determination by Mass Spectrometry

BO XIE*,{ AND CATHERINE E. COSTELLO*,{

*Center for Biomedical Mass Spectrometry, Boston University School of Medicine,
Boston, MA 02118, USA
{Department of Chemistry, Boston University, Boston, MA 02215, USA
{Departments of Biochemistry and Biophysics, Boston University School of Medicine,
Boston, MA 02118, USA

I. Glycoproteins and Other Glycoconjugates

Glycoconjugates are biomolecules that contain one or more sugar residues linked
to a noncarbohydrate moiety such as protein or lipid. They are ubiquitous compo-
nents of extracellular matrices and cellular surfaces where their sugar moieties are
implicated in a wide range of cell–cell and cell–matrix recognition events (1–3).
Glycosylation is directed and regulated by specific enzymes (1). The glycosylation
process is one of the four principal cotranslational and posttranslational modifica-
tion (PTM) steps in the synthesis of membrane and secreted proteins, and the
majority of proteins synthesized in the rough endoplasmic reticulum (RER)
undergo glycosylation. Elaboration of the final structures takes place in the ER
and Golgi. Glycolipids undergo similar processing steps in the Golgi. Glycosylation
of proteins or lipids can, in many cases, significantly alter the chemical and physi-
cal properties, including solubility, shape, viscosity, and resistance to digestion by
enzymes (e.g., proteases, ceramidases). Glycosylation also influences biological
properties, such as site localization and turnover, and the addition of sugars greatly
expands the ability of biomolecules to be recognized specifically by other
molecules (2,4,5).
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A. Glycans and Monosaccharides

The glycan chains of glycoconjugates are composed of monosaccharides. Because
the number of oligosaccharide structures associated with a specific glycoconjugate
may be highly variable, glycoproteins and glycolipids usually exist as complex mix-
tures of glycosylated variants (glycoforms). This heterogeneity significantly com-
plicates the structural analysis of glycoconjugates. For example, proteins having
the same sequence but different glycosylation patterns show different bands or
spots on SDS-PAGE gels and additional efforts are thus necessary to identify
the protein expression patterns.

Mannose, N-acetylglucosamine (GlcNAc), galactose, fucose, and sialic acid
are the most common monosaccharides in the glycans of vertebrate glycoproteins.
Figure 1 shows the structures and the symbols generally used in this field. These
monosaccharides connect with one another to form the glycan chains.

B. Major Glycan Classes in Glycoproteins and Glycoconjugates

The majority of glycans from glycoproteins fall into two groups, depending on the
linkage between the glycan and the protein: N-linked glycans and O-linked
glycans, as shown in Fig. 2. In glycolipids, the glycans are generally O-linked to
carbon.

1. Structural Features of N-linked Glycans

As shown in Fig. 2, N-linked glycans are attached to the amide nitrogens (N) of
asparagine side chains, and the glycosylated residues are almost invariably found
in the sequences Asn-Xxx-Ser (NXS) or Asn-Xxx-Thr (NXT), where Xxx (X)
can be any amino acid except proline. In animal cells, the monosaccharide linked
to an asparagine residue is inevitably GlcNAc, and the diverse N-linked glycans
have a common core structure Man3GlcNAc2 attached to Asn but differ in the
terminal elaborations that extend from this trimannosyl core, as shown in Fig. 3.

N-glycans in vertebrates exist as high-mannose, hybrid, or complex types
(Fig. 3). The high-mannose type is defined as glycans with only mannose residues
as terminal elaboration, based on the core structure. Hybrid glycans contain both
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Figure 1 The most common monosaccharides in the glycans of glycoproteins with
corresponding structures and symbols. Most species other than humans may have N-glycolyl
as well as N-acetyl substitution on sialic acid. For sialic acid, R¼CHOHCHOHCH2OH.
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unsubstituted and substituted mannose residues. In complex glycans, a GlcNAc
residue is added to the trimannosyl core structure as the first residue in each of
the antennae.

2. Biosynthetic Pathways of N-linked Glycans

The biosynthetic pathway of N-linked glycans has been defined by the extensive
research efforts of multiple groups, and summaries of the present understanding
of the process are now readily available. The pathway for biosynthesis of N-linked
glycans includes three major steps.
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Figure 2 N-linked (left) and O-linked (right) glycosylation of glycoproteins. Adapted
from figures available on www.ionsource.com/Card/carbo/nolink.htm.
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Figure 3 The diversity of common N-linked glycan structures and core structure subunits.
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a. The synthesis of the dolichol oligosaccharide precursor. The dolichol oligo-
saccharide precursor consists of dolichol lipid Dol (Fig. 4) carrying a pyrophos-
phate linkage to an oligosaccharide chain that consists of 14 monosaccharide
residues. The assembly process for this precursor starts at the cytosolic side of
the RER; the two GlcNAc residues are linked to the Dol-P lipid by GlcNAc-1-
phosphotransferase and then by a GlcNAc-transferase; five mannose residues are
added successively by GDP-Man as donor. This Man5GlcNAc2-P-P-Dol is trans-
ferred to the luminal side of the RER, where additional processing occurs. Then
another four mannoses are added by Dol-P-Man as donor; finally, three glucose
residues are added by Dol-P-Glc as donor. After assembly of the dolichol lipid-
linked oligosaccharide precursor is completed, this precursor is ready for transfer
to an asparagine residue as the protein translation occurs.

b. Transportation of the precursor and following trimming. Oligosaccharyltrans-
ferase (OST), a multisubunit protein complex in the ER membrane of eukaryotes,
carries out this transportation. In the process, the OST complex binds to the lipid-
linked oligosaccharide and transfers it to a nascently translated protein by releas-
ing cleaved Dol-P-P. Although the consensus sequence (NXS or NXT, where
X can be any amino acid except proline) is required for protein N-glycosylation,
not all potential glycosylation sites are necessarily occupied. Next, the terminal
Glc residues are sequentially removed by two membrane-bound glucosidases,
a-1,2-glucosidase I and a-1,3-glucosidase II. After all the Glc residues are
removed, one mannose on the Man (a-1,6) branch is cleaved by a-1,2-mannosidase
(ER). The glycoprotein with the linked Man9GlcNAc2 (high-mannose type) side
chain is then transported from the RER to the cis-cisternae of the Golgi.

c. Final trimming of glycan. Diversification of N-glycans occurs in this step and
depends on the action of glycosyltransferases, as the glycoprotein transits in the
sequential Golgi compartments. Extracellular N-glycans in vertebrates exist as
high-mannose, hybrid, or complex glycans according to the results of the different
trimming pathways.

For example, for the synthesis of a complex glycan, N-acetylglucosaminyl-
transferases I, II, and IV are responsible for adding GlcNAc residues to the termi-
nal Man residues of different branches. Then galactosyltransferase enables Gal
residues to link to the terminal GlcNAc residues, followed by the sialidase-
dependent addition of sialic acid residues as termini of the antennae. Core fucosy-
lation is very common in N-glycans, except for the high-mannose type. In many
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Figure 4 The structure of Dolichol.
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vertebrates, N-glycans may have a core fucose (a-1,6 linkage) attached to the
reducing end GlcNAc residue by the action of a fucosyltransferase. The structures
of complex glycans are determined by the order of action of the transferases. A
bisecting GlcNAc residue may be introduced by N-acetylglucosaminyltransferase
III, prior to the action of mannosidase II.

The complex mechanism of glycan synthesis is a factor that contributes to the
difficulty of studying glycan structures, but recent advances in mass spectrometry
(MS) technologies have made it possible to determine a growing number of glycan
structures experimentally.

3. O-Linked Glycans

The O-linked glycans of glycoproteins are usually attached to a serine or threonine
residue through the side chain oxygen atom by starting with a GalNAc residue, but
there is no simple consensus amino acid sequence for O-linked glycosylation and
there are eight or more oligosaccharide core structures (6). The biosynthesis of
O-linked glycans is also dependent on the presence of essential glycosyltrans-
ferases, transporters, and monosaccharide residues. In glycolipids, assembly occurs
according to well-defined pathways (see www.lipidmaps.org) and the glycan is
O-linked; for glycosphingolipids, the attachment site is the 1-hydroxyl of the
long-chain base. Structures such as lipid A may contain multiple and varied acyl
groups esterified to the carbohydrate hydroxyl position; the specific locations
and details of the acyl groups strongly affect the activity of the lipid A molecule
and so must be carefully defined. Other glycoconjugates, such as saponins, contain
diverse glycans that may be linked to several positions of the aglycon. For such
classes of glycoconjugates, multistage tandem MS enables full determinations of
each of the structures that usually occur as complex mixtures of closely related spe-
cies. Not all of these categories of important and interesting molecules can be dis-
cussed here; the reader is encouraged to seek out classic and recent publications.

C. Diverse Biological Roles of Glycans

Glycans play key roles in protein folding, biological lifetime, recognition of bind-
ing pattern, cancer metastasis, signaling, and the immune system (7). For example,
surface carbohydrates provide the interface between the cell and its environment,
and serve to define self versus nonself. Many pathogens recognize particular cell
surface carbohydrates, and structural studies have recently led to progress in this
field (4). Glycans can serve as intermediates in generating energy, as signaling
molecules, or as structural components. For example, the structural roles of
glycans become particularly important in constructing complex multicellular
organs and organisms, through steps which require interactions of cells with one
another and surrounding matrix (8).

D. Species-Dependent Glycosylation

Protein glycosylation depends on the overall protein conformation, the effect of
local conformation, and the glycosylation-processing enzymes for the particular
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cell type (2). It is known that the glycan profile is protein-specific, site-specific, and
tissue- or cell-specific. Besides, glycosylation is species-specific and also varies with
growth, development, and disease.

II. Instrumentation for MS Applied to Carbohydrate Structural
Determinations

MS is an analytical technique used to find the composition of a chemical or
biological sample by generating a spectrum representing the mass-to-charge
(m/z) ratios of sample components. The technique has many applications that
include (a) identifying unknown compounds by the masses of the compound mole-
cules or their fragments, (b) determining the isotopic compositions of elements in a
compound, (c) determining the structure of a compound by observing its fragmen-
tation, (d) quantifying the amount of a compound in a sample, (e) studying the
fundamentals of gas phase ion chemistry, (f) determining other physical, chemical,
or even biological properties of compounds.

Throughout its various applications, all MS is based on the measurement of
the m/z ratios of charged particles in a vacuum. In order to measure the m/z ratio
of samples, all mass spectrometers contain three main components: ionization
source, mass analyzer, and ion detector.

The ionization source is the mechanical device that allows ionization to
occur. Matrix-assisted laser desorption/ionization (MALDI) and electrospray ioni-
zation (ESI) are now the most common ionization sources for biomolecular MS,
because both of them are soft ionization techniques; that is, the sample ionization
process generates few or no fragments even for large biomolecules, such as pro-
teins and oligosaccharides, so that the intact molecular ions can be easily observed.

The mass analyzer is used to separate sample ions. Commonly used analyzers
include time-of-flight (TOF), quadrupole (Q), quadrupole ion trap (QIT), and
Fourier-transform ion cyclotron resonance (FT-ICR) (9–14). These analyzers pro-
vide a wide mass range, high accuracy, and resolution for biomolecular analysis.

In MS, resolution is the ability of a mass spectrometer to distinguish ions with
slightly different m/z ratios. The resolution can be measured from a single peak
based on the following equation:

R ¼ M

DM
ð1Þ

where M corresponds to m/z, DM is the peak width at half maximum of peak
height. The narrower the peak is, the higher the resolution. Resolution calculated
in this way is called full width at half maximum (FWHM). For example, a peak
with m/z 800 and full width at half maximum 0.5 Da has a resolution of 1600.

The detectors are used to generate a signal current from the incident ions to
record the m/z ratios and abundances of the ions. A variety of methods are used to
detect ions depending on the type of mass spectrometer, such as channel electron
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multipliers for quadrupoles and ion traps, and microchannel plate for TOF mass
spectrometers, inductive detector for Fourier-transform mass spectrometry
(FTMS).

A. “Soft” Ionization Processes: ESI and MALDI

1. Electrospray Ionization

John Fenn, who shared the Nobel Prize in Chemistry in 2002, developed the meth-
odology for ESI MS of large and fragile polar biomolecules (15,16). Note that a
simultaneous development occurred in Russia (17), although it was not well known
at the time. ESI is an atmospheric pressure ionization technique now widely used
for analysis of peptides, proteins, carbohydrates, and so on. It produces gaseous
ionized molecules directly from a liquid solution (Fig. 5). During ESI, the sample
solution continuously flows through a charged metal capillary, to which a potential
difference (usually 3–5 kV) is applied to the tip and the surrounding atmospheric
region. This potential difference can disperse the solution into a fine spray of
charged droplets. At the same time, a flow of dry inert gas is introduced to the dro-
plets at atmospheric pressure, resulting in the evaporation of solvent from each
droplet, leaving the charged macromolecules as gas phase ions. Samples are usu-
ally prepared in a solution that is much more volatile than the analyte. The derived
gaseous ions are subsequently introduced into the vacuum of the mass analyzer for
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Figure 5 Illustration of ion formation in an electrospray ion source (16). When the size of
the charged droplet decreases due to evaporation of the solvent, the charge density on its
surface increases. Then strong mutual coulombic repulsions cause ions to be ejected from
the droplet until the droplet is small enough that the surface charge density field can desorb
ions from the droplet into the ambient gas. The molecular ions desorb with noncovalently
associated solvent. After the ions form at atmospheric pressure, they are electrostatically
directed into the mass analyzer.
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separation and detection. As ESI is a continuous-flow operation, it can be easily
interfaced with high-performance liquid chromatography (HPLC) or capillary
electrophoresis.

ESI generates multiply charged ions from larger molecules, and this feature
makes it possible to observe very large molecules (extending to the megadalton
range), even with a mass analyzer having a limited mass range, because the mass
spectrometer measures m/z. However, ESI has little tolerance for salts or deter-
gents. These contaminants can form adducts with the analytes and/or compete with
them during ionization, thus reducing sensitivity. Therefore, sample purification is
very important before the sample is subjected to ESI. In addition, the presence of
multiply charged ions can make the spectrum complex to interpret, especially in
mixture analysis.

2. Matrix-Assisted Laser Desorption/Ionization

MALDI was introduced by Hillenkamp and Karas (18), and has become a wide-
spread technique for peptides, proteins, and most other biomolecules. Tanaka
introduced a procedure that used a dispersion of fine metal particles to desorb pro-
teins, but this method did not prove to be practical (19). For the MALDI ioniza-
tion method, analyte is mixed with matrix, and then deposited onto a metal
target; the droplet is allowed to dry. Then the plate is introduced into a vacuum
ion source, and an intense, high energy laser beam is used to irradiate the sample
spot to induce ionization of intact analyte via efficient energy transfer through
matrix-assisted laser-induced desorption, as illustrated in Fig. 6 (20,21). The high
ion yields of MALDI provide subpicomole sensitivity for the measurement of
biological compounds, so it is ideal for low abundance sample analysis. The
mechanisms underlying the MALDI mechanism(s) are still under investigation,

Sample
plate

Pulsed laser beam

Desorbed “plume” of
matrix and analyte ions

Analyte
Matrix
Cation (e.g., Na+ or H+)

Figure 6 Schematic diagram of ion formation from a MALDI source. Adapted from
figures available at www.udel.edu/chem/bahnson/chem645/websites/Lloyd/MALDI.jpg.
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but it is generally accepted that the laser energy is first absorbed by the matrix
molecules and then transferred to the analytes; this results in their desorption/
vaporization from the condensed phase to form gas phase ions.

In contrast to ESI, usually one or a few protons (or cations, anions) can be
attached to (or removed from) the analyte molecules in MALDI, to form singly
or low-charge state multiply charged ions, so the mass spectra are more straightfor-
ward to interpret. MALDI is thus suitable for the analysis of complex mixtures.
The usual mass range for MALDI-MS is up to 300,000 Da, but it can be used for
even larger analytes. Compared with ESI, it can tolerate relatively high concentra-
tions of contaminants (salts, lipids, detergents, or polymers), even when present in
millimolar concentration.

a. Matrices and their applications. The matrix plays a very critical role in the effi-
cient ionization of analytes by MALDI-MS because it absorbs the laser radiation
and facilitates the desorption/ionization process (22). Usually the matrix is a non-
volatile solid material which should have the following properties: sufficient light
absorption at the laser wavelength used (easy to ionize), good solubility in the
commonly used solvents (easy to prepare), adequate stability during laser irradia-
tion, and, most often, an acid functional group (H+ donor). Commonly used matri-
ces are 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid
(CHCA), and sinapinic acid (SA). CHCA is the matrix most often chosen for pep-
tide or small protein analysis (molecular mass less than 15,000 Da). It generates
very intense signals from proteins and peptides; compared with other matrices, it
is called a “hot” matrix because it deposits excess energy on the analyte. DHB is
a “mild” matrix compared to CHCA, therefore it is suitable for the studies of gly-
cans and proteins or peptides that bear labile PTMs, such as glycosylation or phos-
phorylation, because the modifying groups are not cleaved from the protein/
peptide backbone during ionization.

B. Mass Analyzers

1. Time-of-Flight

The TOF mass analyzer determines the mass of biomolecular samples according to
the time required for the ions to travel from the ion source to the detector. It is the
most simple and robust mass analyzer, and has practically unlimited mass range. It
has a pulsed mode of operation. Because MALDI generates ions in short, nanosec-
ond pulses, TOF analysis works very well with MALDI. TOF analyzers have also
been applied to ESI and gas chromatography electron ionization mass spectrome-
try (GC-MS).

In the TOF mass analyzer, the accelerating potential applies the same
amount of energy to the entire ion packet generated after laser irradiation, and
then the energy is transformed into kinetic energy. The mass, charge, and kinetic
energy of the ions each affect the time of arrival at the detector. An additional
constant value contributes to the total flight time; this constant depends on the
laser pulse width and desorption time. Ions with different m/z ratios have different
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velocities, and thus reach the detector at different times; the ions with low m/z
have the highest velocity and thus the shortest flight time.

TOF analyzers include both linear and reflectron ion optics as shown in
Fig. 7, with the TOF reflectron being widely used now. An electrostatic mirror
(reflectron) is placed at the linear detector end. This ion mirror consists of a series
of parallel plates, to which successively higher voltages are applied to reverse the
flight direction of the ions. Ions with slightly higher velocities penetrate deeper
into the ion mirror, while ions with slightly lower velocities penetrate less, and thus
their flight times are compensated and they ultimately reach the reflectron detec-
tor at the same time and generate a spectrum that has higher resolution. Most
advanced MALDI-MS instruments can be operated in both linear and reflectron
modes.

2. Quadrupoles and Quadrupole Ion Traps

The quadrupole is the most common type of mass analyzer today. As shown in
Fig. 8, the linear quadrupole is composed of four parallel metal rods. Each oppos-
ing rod pair is connected together electrically, and a radio frequency (rf) voltage is
applied between one pair of rods and the other. A direct current voltage is then
superimposed on the rf voltage. Analyte ions travel down the quadrupole mass fil-
ter in between the rods. Only ions of a certain m/z will reach the detector within a
given ratio of voltages: other ions have unstable trajectories and will collide with
the rods. This allows selection of a particular ion or scanning by varying the vol-
tages. The quadrupolar fields can also be generated in a cubic or rectangular
geometry, in which case the mass analyzer is called a QIT.

Quadrupole mass analyzers are usually coupled with an ESI source for the fol-
lowing reasons: tolerance for high pressure (5�10–5 Torr), which makes them work
well with atmospheric pressure ESI sources; mass range extending to m/z 4000,
suitable for observing the usual charge distribution in ESI (m/z 1000–3500); and a
relatively accessible price.

From
source

E

S dReflectron
detector

Linear
detector

Field-free drift zone
(vacuum)

Analyte ions

Reflectron

Figure 7 The scheme of TOF mass analyzer in linear and reflectron detection mode.
Adapted from figures available at www.chm.bris.ac.uk/ms/theory/tof-massspec.html.
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3. Fourier-Transform Mass Spectrometry (FT-ICR, FT-Orbitrap)

The FT-ICR mass analyzer determines the m/z values of ions based on monitoring
of the cyclotron frequency of the ions in a uniform magnetic field. After the
charged ions pass from the ionization source into the magnetic field, all ions in
the analyzer cell are excited into a higher cyclotron orbit by a pulsed radio fre-
quency (rf) (Fig. 9). The image currents (the flow of electrons in the external

Trapping plate

Trapping plate

+

−

Ion detection

B

Ion excitation

Figure 9 Illustration of ion excitation to a cyclotron orbit and subsequent image current
detection in an FT-ICR MS analyzer cell (23). In the upper drawing, B represents the mag-
netic field directed into the plane and a pulsed radio frequency (rf) is applied to the excita-
tion plates. Ions that are in resonance with the excitation frequency gain kinetic energy and
spiral outwards from the center of the cell into a larger cyclotron orbit. In the lower draw-
ing, ions continue to undergo cyclotron motion with a large radius orbit. An image signal is
produced on the detection plates that are connected to the amplifier.
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Figure 8 Scheme of a quadrupole mass analyzer. Adapted from figures available at www.
bris.ac.uk/nerclsmsf/techniques/gcms.html.
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circuit) generated by all of the charged ions are measured and Fourier transformed
to obtain the frequencies of all the ions, which correspond to their m/z values.

Compared with other mass analyzers, in FT-ICR MS, m/z values for ionized
biomolecules can be resolved and detected with high accuracy (<1–5 ppm)
because the masses are calculated from high accuracy frequency measurements,
but not in space or time as with other techniques. FT-ICR MS is often used to help
determine the composition of molecules based on the highly accurate mass mea-
surements. In addition, FT-ICR MS has high sensitivity and high resolution.
A very high vacuum is required to allow ion transient lifetimes sufficiently long
to achieve very high resolution. FT-ICR MS is particularly valuable for analysis
of complex mixtures because its high resolution (narrow peak width) allows signals
having very similar m/z to be detected as distinct ions.

A second type of Fourier-transform mass analyzer that uses the principle of
orbital trapping in electrostatic fields (24) is now commercially available (25).
The Orbitrap™ is configured together with a QIT MS and offers high performance
in terms of resolution (typically 50–60 K) and mass accuracy (low ppm), together
with more convenience of operation and lower cost than the FT-ICR MS systems.
Although this mass analyzer has some limitations in terms of available range of
fragmentation modes and ultimate performance when compared to the FT-ICR
MS, it has significant advantages for many types of laboratories and is rapidly
coming into wide use.

C. Key MS Systems

1. MALDI- and ESI-TOF MS

As mentioned above, the TOF mass analyzer works well with the MALDI ion
source because both of them operate in the pulsed mode. A great advantage of
MALDI-TOF MS is that the soft ionization process causes little or no fragmenta-
tion of analytes, allowing the intact biomolecules to be identified; this property is
especially important for analysis of mixtures. In addition, MALDI-TOF MS anal-
ysis is sensitive, being able to detect molecules at the low femtomole level and
even below. A spectrum that is the sum of many laser shots can be generated
within seconds from each of the hundreds of spots where a mixture of sample
and matrix have been dried on the MALDI target. Hence, the majority of high
throughput proteomics, genomics, and glycomics analyses are carried out by
MALDI-TOF MS. MALDI-TOF/TOF MS instruments also provide fragment
ion information that can provide sequence information for biopolymers.

Recently, simple yet high-performance ESI-TOF MS systems that have mass
accuracy below 10 ppm have become commercially available. Although they do
not have MS/MS capability, these are very useful for accurate mass determination
of single analytes and mixture profiling.

2. ESI- and MALDI-Q-o-TOF MS and MS/MS

ESI-Q-o-TOF (or ESI-Qq-TOF) MS, where Q refers to a mass-resolving quadru-
pole, q refers to an rf-only quadrupole or hexapole collision cell, o indicates the
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orthogonal orientation of the components, and TOF refers to a TOF mass analyzer
(26), is presently one of the most powerful and robust instruments. It combines the
high resolution and mass accuracy of the TOF reflectron with the widely used ESI
ionization source for operation in MS and MS/MS modes (Fig. 10). MALDI ion
sources are also available for some of these instruments.

In this type of mass spectrometer, as shown in Fig. 5, ions are generated with
multiple charges during ESI at atmospheric pressure. While in the single MS
mode, all three quadrupoles serves as ion guides, and the TOF is used to record
the mass spectra. In order to perform tandem mass analysis, the three quadrupoles
Q0, Q1, and Q2 have separate functions: Q0 provides collisional damping because
it is used for collisional cooling and focusing of the ions entering the mass analyzer.
Q1 is used to scan across a preset m/z range or, when acting as a mass filter, to
select an ion of interest, then the ion is accelerated to an energy between 20 and
200 eV before it enters Q2. Q2 is a collision cell and transmits the ions while
also introducing a collision gas (argon or nitrogen) into the flight path of the
selected ion to cause collision-induced dissociation (CID). The resulting fragment
(product) ions as well as any surviving parent (precursor) ions are collisionally
cooled and focused. After cooling and focusing, the ions are reaccelerated and
are focused by the ion optics into a parallel beam. Following their original direc-
tion, the ions in this beam continuously enter the ion modulator in the TOF. Then
the ions are pushed by a pulsed electric field in a direction orthogonal to their
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Figure 10 Schematic diagram of the ESI tandem Q-o-TOF MS (26).
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original trajectory into the accelerating column. Finally, the ions enter the field-
free drift region, where the TOF provides m/z analysis for intact precursors and
fragment ions generated in the collision cell Q2.

3. ESI- and MALDI-FT MS/MS

After the development of ESI, the coupling of ESI and FTMS became an impor-
tant analytical technique. As noted above, ESI produces multiply-charged ions.
This not only expands the mass range accessible for analysis of the biomolecules
but also takes the advantage of that fact that the multiply-charged ions are easily
fragmented in MS/MS experiments because the electrical repulsion from the mul-
tiple charge sites lowers the barrier for collisionally activated decomposition.
Figure 11 is the diagram of a custom made ESI-qQq-FT-ICR instrument (27)
used for the studies illustrated here, where qQq refers to three quadrupoles with
different functions.

This novel custom ESI-qQq-FT-ICR instrument allows the performance of
several types of MS/MS experiments including Q2 collisionally activated dissocia-
tion (Q2 CAD), electron capture dissociation (ECD), and infrared multiphoton
dissociation (IRMPD).

For MALDI-FT-ICR MS experiment, vibrational cooling has been intro-
duced in order to assure that the analyte ions will survive long enough to reach
the cell without cleavage of labile linkages, such as the easily broken glycosidic
bond of sialic acid residues. A pulse of gas is injected in the region immediately
surrounding the sample spot, just prior to the laser pulse. Interaction with the
gas allows excess vibrational energy to be dissipated from the desorbed ions, and
metastable decomposition is thus prevented (28,29). This approach can also be
used for glycan analysis on orthogonal TOF instruments (30). As demonstrated
in these papers, vibrational cooling is particularly useful for the direct analysis of
glycoconjugates separated by thin layer chromatography.

Magnet

Q0 ST Q1 

IQ2IQ1

Q2 LINAC 

IQ3

HEX1

HEX2

Gate
valve 

Skimmer Orifice 

Curtain
plate

Ring 
External

accumulation 

ICR 

Electron gun 

7 Tesla 

ESI

Front end 
isolation

SWIFT
isolation

Q2 CAD

SORI 
CAD

ECD

Figure 11 Schematic representation of the home-built ESI-qQq-FTMS with a 7-Tesla
actively shielded magnet, used to generate some of the data shown in Fig. 17 (27). Q0, rf
only quadrupole; Q1, resolving quadrupole; Q2, collision cell; HEX1 and HEX2, rf-only
transfer hexapoles; ICR, ion cyclotron resonance cell.
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D. Dissociation Methods

1. Collision-Induced Dissociation

In CID, also referred to as CAD, ions separated by the first stage of mass analysis
are subjected to decomposition by interaction with a gas (usually helium, argon, or
nitrogen) and the products are separated by a second stage of mass analysis.
In some instruments, this process may be repeated multiple times, in what are
called MSn experiments, n being the number of stages of precursor ion genera-
tion/selection and product ion separation. In the qQq-FT MS instrument, ions of
interest can be isolated during transmission through Q1, then the selected precur-
sor ions are fragmented in collision cell Q2 by controlling the collision energy
(typically 15–35 eV) as in a Qq-TOF MS. Then the product ions are accumulated
in Q3 before being injected into the FT-ICR analyzer cell. For a peptide, Q2 CAD
generates primarily b and y fragment ions that result from cleavages of the amide
bonds; for an oligosaccharide, b and y ions generated by cleavages at the glycosidic
linkages usually have the highest abundance.

Alternatively, the dissociation process may take place within the FT-ICR
cell. For highest efficiency, the ions of interest are subjected to sustained off-reso-
nance irradiation immediately prior to the gas collisions (SORI-CAD).

2. Electron Capture Dissociation

ECD is a method used to fragment ions in FT MS/MS by allowing them to capture
low-energy electrons emitted by a heated dispenser cathode (31). Ions generated in
the ESI ion source are injected into the FTMS analyzer cell, where they stay close
to the center axis of the cell and oscillate rapidly back and forth between the two
trapping plates. A low-energy (1–10 eV) electron beam with a narrow energy
bandwidth (<1 eV) is directed into the ICR cell and irradiates the trapped ions.

The detailed mechanisms of ECD are not thoroughly understood. It has been
proposed that a positive ion captures a low-energy electron and forms a reactive
hydrogen atom radical. The intermediate produced from the ion–electron recom-
bination reaction has high excess internal energy. Fragmentation occurs rapidly,
usually before the energy is able to redistribute through the molecule. For pep-
tides, ECD produces extensive c- and z-type fragmentation ions that result from
the cleavage at the N–Ca bond.

ECD has a big advantage in that PTMs such as phosphorylation and glycosyl-
ation are retained in the fragments, while these PTMs are usually lost in CAD.
Because these PTMs generally form weak covalent bonds with the amino acid side
chains, the bonds are labile. At higher ECD energies (“hot” ECD), fragmentation
of the carbohydrate can be induced.

A functionally similar dissociation method, electron transfer dissociation
(ETD) was more recently reported (32), specifically for use on QIT instruments,
although it is also beginning to be adapted to other mass analyzers. ETD is accom-
plished by electron transfer to the analyte from a negatively charged species that is
produced in a chemical ionization source and directed into the region where the
analyte ions are trapped. For peptides and proteins, it produces spectra that
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strongly resemble ECD spectra. Although no reports of ETD on glycans have yet
been published, it seems likely that this method will also be applicable for carbo-
hydrate analyses.

3. Photodissociation

An additional option for generation of fragments from glycan precursors is disso-
ciation with photons, usually generated from a CO2 laser at 10.6 mm (33). Irradia-
tion of the trapped ions results in multiphoton absorption and dissociation of
all species, both primary and secondary, yielding spectra that are rich in fragment
ions (34).

III. Glycan Structural Determination by MS

A. Introduction

Compared with the sequencing of proteins and nucleic acids, analyzing the cova-
lent structures of glycans attached to glycoproteins (glycan sequencing) is a more
challenging task because of the branched nature in the structures and the extensive
heterogeneity of the glycans. Methods available for determining the covalent struc-
tures of oligosaccharides include the use of enzymes, lectins, NMR, and MS
(7,35–37).

MS is an important tool for the structural analysis of carbohydrates and
offers precise results, analytical versatility, and very high sensitivity. Whereas MS
analysis options for proteins and peptides are well defined relative to those for car-
bohydrates, tandem MS product–ion patterns are more complex and the pathways
are still being elucidated.

B. Release of N-Linked Glycans from Glycoproteins

To analyze the pool of glycans, the glycans are usually released from the polypep-
tide either by enzyme digestion or by chemical degradation followed by MS.

1. Enzymatic Digestion Methods

The two enzymes usually used to digest and release the N-linked glycans from gly-
coproteins are peptide-N4-(acetyl-b-glucosaminyl)-asparagine amidase (PNGase F)
(Fig. 12) and endoglycosidase H (endo H) (Fig. 13). PNGase F cleaves between
the innermost GlcNAc and the asparagine residues to release high-mannose, hybrid,
and complex oligosaccharides from N-linked glycoproteins (38,39). It leaves the
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Man-GlcNAc-GlcNAc-Asn- 

Figure 12 PNGase F hydrolyzes nearly all types of N-glycan chains from glycopeptides/
proteins. x¼H or sugar(s).
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oligosaccharide intact but deamidates the asparagine (N) residue to aspartic acid
(D). However, PNGase F will not remove oligosaccharides containing a(1,3)-linked
core fucose commonly found on plant glycoproteins; PNGase A can be used for this
purpose.

Endo H is commercially available as a recombinant glycosidase that cleaves
within the chitobiose core of high-mannose and some hybrid oligosaccharides from
N-linked glycoproteins as shown in Fig. 13 (38).

PNGase F and Endo H have different specificities for N-linked glycans,
hence they can be used to provide information about the type of glycans present
on glycoproteins. For detailed characterization of glycans and the protein moieties
of glycoproteins by MS, PNGase F is the most widely used glycosidase; it releases
most glycans to yield the intact glycan and the unglycosylated protein (with Asn
converted to Asp at the former glycosylation site).

C. Profiling of Expressed Glycans

Profiling of expressed glycans released from glycoproteins includes the analysis of
glycan composition and sequence, the linkages between monosaccharides, and the
distribution of glycoforms.

1. Composition Analysis

Exoglycosidases cleave specific terminal monosaccharides and are used to sequen-
tially degrade the terminal residues from glycans. Use of exoglycosidases of known
specificity can achieve structural analysis of individual glycans (40,41). However,
the information about the correlation between monosaccharides and their spe-
cific attachment points will be lost. Exoglycosidases are only practical for deter-
minations of oligosaccharides with known structures because these approaches
rely on the known specificities of the enzymes. Thus, exoglycosidases are limited
to analysis of structures that resemble those already characterized by other
approaches.

MS provides measurement of the molecular weight for glycans. The saccha-
ride composition for glycans released from glycoproteins (or glycolipids) can be
determined based on the accurate mass, the structures of known N- or O-linked
glycans, and the core structure, as well as the masses of the monosaccharides. In
addition, tandem MS can confirm the proposed composition and provide further
details of the structure.

(Man)n-Man

X-Man

Man-GlcNAc-GlcNAc-Asn-

Y

Figure 13 Endo H cleaves only high-mannose structures (n¼2–150, x¼(Man)1–2, y¼H)
and hybrid structures (e.g., n¼2, x and/or y¼NeuAc-Gal-GlcNAc).
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The use of MALDI as the ionization method for determination of molecular
weights in oligosaccharide analysis has advantages over ESI, particularly for appli-
cations that involve the profiling of mixtures. Quantification of derivatized glycan
mixtures (especially for permethylated glycans) with MALDI has been demon-
strated to be reliable and reproducible, and the variations for those analyses are
very small compared with those obtained for the same oligosaccharide mixtures
after derivatization with a chromophore and chromatographic quantitation (42).
MALDI-TOF MS is thus very useful for profiling glycan distributions, for exam-
ple, on samples obtained from biological sources or from batches of recombinant
proteins.

In a recent investigation of the receptor for FimH E. coli that are responsible
for urinary tract infections in humans and other mammals, we determined the gly-
cosylation patterns of Uroplakin Ia (UPIa) and Ib, two glycoproteins that are
major components of the inner surface of the bladder (43). Each has a single
potential N-linked glycosylation site.

Figure 14 presents the MALDI-TOF MS profiles obtained for the oligosac-
charides of murine UPIa and Ib, after release by PNGase F and permethylation.
The results indicated that the glycans of UPIa have high-mannose structures,
whereas those of UPIb are primarily complex. Determination of the molecular
weight distributions does not, however, provide conclusive information on the iso-
mer content of the glycans. The specific structures were assigned on the basis of
tandem MS, as discussed briefly below and more fully in Ref. (43). The preference
of the bacteria for UPIa could be directly related to the presence of the high-
mannose oligosaccharides.

2. Sequence and Linkage Analysis

Tandem MS methods such as CID of glycans result in the observation of ions that
correspond to cleavage within the oligosaccharide portion of the molecule. The
nomenclature for oligosaccharide fragmentation described by Domon and Costello
and now used throughout the MS field is shown in Fig. 15 (44). Fragment ions that
contain a nonreducing terminus are labeled with upper case letters from the begin-
ning of the alphabet (A, B, C), and those that contain the reducing end of the oli-
gosaccharide or the aglycon are labeled with X, Y, Z; subscripts indicate the order
of the cleavage sites. The A and X ions are produced by cleavage across a glyco-
sidic ring (cross-ring cleavages), and are labeled by assigning each ring bond a
number, counting clockwise and beginning with 0 for the O–C1 bond. Cleaved
bonds are indicated by a superscript preceding the letter designation. Ions pro-
duced from cleavage of successive residues are labeled: Am, Bm, and Cm, with
m¼1 for the nonreducing end and Xn, Yn, and Zn, with n¼1 for the reducing
end residue. B, C, Y, and Z fragments are ions produced via glycosidic cleavages
and provide composition and sequence information of glycans. (Note that the Y0

and Z0 fragments result from cleavage of the glycosidic bonds adjacent to the agly-
con and do not contain a sugar residue.) A and X ions, which arise from cross-ring
cleavage, supply information not only about composition and sequence but also
about the linkage position.
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The confident assignment of glycan structures depends on the determination
of the sequence and branching structure. For example, for the released and per-
methylated UP Ia glycans whose MALDI-TOF MS profile is shown in Fig. 14A,
the assignments of the observed [M+Na]+ peaks to individual high-mannose
structures could be made from subsequent ESI MS/MS analyses. For the compo-
nent with [Mþ2Na]2þ m/z 1209.6 in the ESI mass spectrum (corresponding to
[MþNa]þ m/z 2419.16 in the MALDI-TOF mass spectrum shown in Fig. 14A),
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Figure 14 MALDI-TOF MS of glycans permethylated after PNGase F release from
murine (A) UPIa and (B) UPIb. Structures were assigned on the basis of tandem mass spec-
trometry (43).
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the CID spectrum and the assigned structure are shown in Fig. 16. As indicated on
the fragmentation scheme, A-type cross-ring cleavages provided the information
necessary to ascertain the linkage and branching (43).

In the course of studying less well-known structures, it is valuable to be able
to determine very accurately the masses of the components, so that unambiguous
assignments can be made. During a recent investigation of the multimerization
of P0 proteins, glycosylated single-pass transmembrane proteins associated with
peripheral neuropathies which are major components of the myelin of peripheral
nerves, it was noted that the glycoform distribution of the dimeric P0 from
Xenopus differed from that of other tetrameric P0s whose glycan structures had
already been reported in the literature.

We employed tandem MS on an FTMS to obtain data that would enable con-
fident assignment of all the glycans (45). Figure 17 shows the CAD spectrum
obtained for one of the hybrid oligosaccharides released from Xenopus P0 and per-
methylated. As indicated in the scheme, the MS/MS spectrum definitively indicates
the location of the arm containing the complex sugars, as well as their sequence.
The inset illustrates the high resolution at which the spectrum was recorded.

3. Derivatization Methods

Two procedures are most commonly used for the conversion of native glycans to
hydrophobic derivatives, to improve their signal strengths regardless of the ionization
technique used: peracetylation (46) and permethylation (47,48). Both methods can be
achieved with high yields (49). Hydrolysis of large glycans and conversion of the
released monosaccharides to volatile derivatives through acetylation and methylation
enables their analysis by GC-MS. The combination of retention index and electron
ionization fragmentation pattern is unique for each saccharide. GC-MS is thus used
to define monosaccharide composition and perform linkage analysis.

Figure 15 Nomenclature for glycan product ions generated by tandem MS. Reproduced
from Domon Costello (44) with their permission.
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For the profiling and structural determination of intact glycans, permethyla-
tion has become the preferred method because it produces a smaller mass increase
compared with peracetylation, and the products have greater volatility (50–52).
Permethylated glycans are most often ionized and detected as [MþNa]+ ions in
the positive mode. Tandem MS (CID) fragmentation produces reducing and nonre-
ducing terminal product ions with approximately equal abundances, with preferen-
tial fragmentation to the reducing side of HexNAc residues (53). In addition,
tandemMS analysis of permethylated N-linked oligosaccharides is facilitated by per-
methylation of labile groups such as sialic acid (NeuAc) and fucose (Fuc) residues.

An additional type of derivative that is often used for glycan profiling and
analysis is the modification of the reducing end with a chromophore, usually
achieved by the formation of a Schiff base with an aromatic amine, and subsequent
reduction with sodium borohydride to stabilize the initially formed product by its
conversion to a saturated amine. This procedure was initially developed for HPLC
analysis with ultraviolet detection, but it is also appropriate for MS analysis
because the substituted amino group represents a site for charge localization that
simplifies the fragmentation pattern and also provides the opportunity to introduce
a stable isotope label for quantitative purposes (54).
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Figure 17 Nanospray tandem mass spectrum, obtained with CAD in Q1 of a qQq FTMS,
for a hybrid glycan from Xenopus P0, after release by PNGase F and permethylation (45).
Inset shows expansion of isotopic cluster in the molecular ion region of the precursor,
[M+2Na]2+ m/z 1206.586. Reproduced with permission from (45).
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Formation of the aminobenzamide derivative facilitated the structural deter-
mination of a monosialylated biantennary glycan found to be present on the serum
transferrin of a patient with a new type of congenital disorder of glycosylation,
CDG IIh. In this case, the patient sample and appropriate standards were analyzed
by negative ion nanospray tandem MS on a quadrupole orthogonal TOF instru-
ment, and the single sialic acid residue could be clearly located at the terminus
of the 6-arm (55).

4. MS Analysis of Native and Released Glycopeptides

For glycoproteins with multiple N-glycosylation sites, proteases can be used to
digest the glycoprotein into glycopeptides for further chromatography and MS
analysis, in order to obtain site-specific information about the glycan profile and
peptides. The choice of enzyme will be sample-dependent. For glycoproteins
observed to produce tryptic peptides unfavorable for analysis (e.g., too small, too
large, or exhibiting incomplete cleavage), a complementary protease such as endo-
proteinase Asp-N or a nonspecific protease such as proteinase K can be used.

Glycopeptides have high mass, hydrophilicity, and limited surface activities
in liquid matrices (56). The development of ESI has resulted in a significantly bet-
ter glycopeptide signal response and has been widely applied, and is particularly
successful when used for LC/MSn analysis. For example, this approach has been
used to provide detailed insight into site-specific distribution of N-linked glyco-
forms on immunoglobulin A (57).

Tandem MS, such as CID of N-linked glycopeptides, is dominated by the for-
mation of ions that correspond to fragmentation within the glycan (58–60). Shown
in Fig. 18 is the CID profile obtained from an N-linked glycopeptide with a high-
mannose glycan (Man9GlcNAc2) (61). Although the glycan is the same as that for
which data is shown in Fig. 16, the fragmentation pattern obtained from the native
glycopeptide is not nearly so rich as that of the released and permethylated glycan.
Nevertheless, substantial information about the glycan structure is available, as
well as partial sequence information on the attached peptide. Because HexNAc
residues are not present in the antennae, fragmentation of the glycan portion
of the molecule required a collision energy high enough to cause some peptide-
backbone fragmentation, as shown in the panel A.

MALDI-TOF MS is also very useful for analysis of glycoproteins, particu-
larly when an infrared (2.94 mm) laser is employed (62). For instance, for a1-acid
glycoprotein with heterogeneous glycan profiles, the MALDI-TOF mass spectrum
shows a broader peak than would be observed for a typical unmodified protein in
the same mass range; this broadness reflects the glycoform heterogeneity.

5. Profiling and Quantitative Analysis of Glycans

As mass-spectrometry-based glycan analysis has become well-established, it has
begun to be used for the profiling of glycans and glycoconjugates. A recent inter-
laboratory comparison showed that the MALDI-TOF MS and/or ESI MS/MS
methods employed for profiling of N-linked glycans, from a common sample ana-
lyzed at 20 different sites, produced results that are quite comparable (63).
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Analysis of glycans, even glycosaminoglycans that are extensively modified
with labile groups such as sulfate, can yield highly accurate results, when careful
attention is paid to each procedural step (64). Interestingly, the high-resolution
MS profiling of glycoconjugates in urine can be used as a means to diagnose dis-
ease (65).

IV. Summary

Since the first glycoprotein primary structure was determined successfully by MS
about 30 years ago, structural glycobiology has undergone rapid expansion because
of the application of modern ultrahigh-sensitivity MS methods capable of low-
femtomole MS/MS analysis, which provide detailed sequence and site-of-attachment
data for glycoproteins. The methods and strategies being developed are compatible
with the ubiquitous natural microheterogeneity, allowing characterization of even
very complex minor components.
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An important current goal of MS in carbohydrate analysis is the development
and application of sensitive multiple MS approaches to the structural analysis of
glycoproteins, glycolipids, and free oligosaccharides related with diseases, using
only the limited sample amounts available from biological sources. The detailed
glycan profiles and identification of attachment sites for glycoproteins and other
glycoconjugates achieved with ultrahigh-sensitivity MS strategies can be used to
investigate glycan structural biology with respect to biological function and disease
states.
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Chapter 3

Chemical Synthesis of Complex Carbohydrates

ZHONGWU GUO

Department of Chemistry, Wayne State University, Detroit, MI 48202, USA

I. Introduction

Carbohydrates are arguably the most structurally complex and diverse molecules in
nature, not only because carbohydrate monomers can couple to each other to form
complex oligomers and/or polymers but more notably because each carbohydrate
monomer can accommodate multiple linkages, branches, and modifications and
each glycosidic linkage can have two different anomeric configurations. As a result,
the potential number of structures of even small oligosaccharides can be astronomi-
cal. A calculation reported by Laine (1) has revealed that a hexasaccharide can have
at least 1.5�1015 potential linear and branched isomers. On top of this, carbohy-
drates are frequently modified by various functionalities in nature that further
increases the number of potential isomers of an oligosaccharide by magnitudes.

The exceptional complexity and diversity of carbohydrate structures render
them the perfect carrier of biological signals because they can use the shortest
sequence to store the most information. Naturally, carbohydrates play an impor-
tant role in many biological and pathological processes (2). On the other hand,
the structural complexity and diversity of carbohydrates make their chemical
synthesis much more difficult than the chemical synthesis of other biopolymers
such as peptides and nucleic acids.

The chemical synthesis of carbohydrates is subject to a number of difficulties.
First, to realize the regioselective reactions at a particular position of a sugar unit,
the hydroxyl group at this position has to be distinguished from all other hydroxyl
groups in the structure, while all these hydroxyl groups have similar properties.
Additionally, when a sugar unit has one or more branches attached to it, several
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types of protecting groups must be utilized to discriminate different positions, and in
this situation, the design of a proper protection tactic can be a challenge. Another
problem is related to the glycosylation reactions used to couple sugars. Compared
to the reactions used in peptide and nucleic acid syntheses, glycosylation reactions
are definitely much more difficult and, consequently, afford rather poor yields. More
importantly, glycosylation reactions have a unique issue, namely that each glycosyl-
ation can produce two stereoisomers, the a- and b-anomers, an issue that is not pres-
ent in peptide or nucleic acid synthesis. How to achieve the desired glycosidic
linkage in a stereoselective manner remains one of the most important challenges
in carbohydrate chemistry. On the other hand, because many biologically significant
carbohydrates exist as glycopeptides, glycolipids, and other glycoconjugates in
nature, most synthetic oligosaccharides are finally linked to a peptide and/or lipid
chain. In this case, the protection tactics, the reactions used to assemble carbohy-
drates, and the sequence of molecular assembly must be carefully designed to ensure
compatibility with carbohydrate, peptide, and lipid chemistry. Moreover, there is no
synthetic method or protocol that is universally applicable to all carbohydrates, thus
each oligosaccharide synthesis must be taken as a unique challenge.

Nevertheless, carbohydrate synthesis has achieved great progress in the last
decades. For example, many regioselective reactions and protecting groups or tac-
tics have been developed for discrimination of different hydroxyl groups (3). It is
essentially possible to differentiate any hydroxyl group from all others in a sugar
unit, though the procedure may need many protection and deprotection transfor-
mations and thus can be tedious and time-consuming. There are also many glyco-
sylation reactions and methods established for stereoselective formation of the
desired glycosides. The development of new glycosylation methods that can be
achieved under different conditions makes it possible to establish many innovative
strategies for complex oligosaccharide synthesis, such as solid-phase synthetic
(4) and one-pot synthesis built on armed-disarmed glycosylation (5), orthogonal
glycosylation (6,7), selective activation of glycosyl donors, preactivation of donors
(8–10). As a result, it is currently possible to achieve extremely complex oligosac-
charides by carefully planned schemes and strategies (11,12).

It is impossible in a short review like this to cover all aspects of development
in carbohydrate synthesis. Instead, this review will briefly summarize the types
of glycosylation methods and synthetic strategies that are commonly used in carbo-
hydrate synthesis. It will also illustrate the applications of some of these strategies
in the chemical synthesis of a class of complex and biologically important
glycoconjugates, namely, glycosylphosphatidylinositols (GPIs).

II. Glycosylation Methods in Carbohydrate Synthesis

A. Some General Considerations Concerning the Stereochemistry
of Glycosylation Reactions

Since the first glycosylation method was reported by Koenigs and Knorr (13) a
hundred years ago, many different glycosylation methods have been developed
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(3,14,15). As each glycosylation reaction may produce two anomers, many studies
are directing at the development of strategies to control the stereochemistry of gly-
cosylation reactions. However, the latter topic is not the focus of this chapter, so
only general principles of the stereochemistry of glycosylation reactions are
discussed.

Under certain conditions a glycosylation reaction can be highly stereoselec-
tive to give one glycosyl anomer. For example, it is relatively easy to achieve
1,2-trans-glycosylation for both gluco and manno sugars. As depicted in Scheme 1,
the presence of an acyl group, such as an acetyl or a benzoyl group, at the 2-O-posi-
tion of a glycosyl donor can ensure stereoselective 1,2-trans-glycosylation. It is
believed that, through the participation of the neighboring acyl group, these glyco-
sylation reactions can form a dioxolanylium cation that can only be attacked by a
nucleophile from the opposite side of the dioxolanylium ring to afford 1,2-trans-gly-
cosides. Thus, the protecting group at 2-O-position of the glycosyl donor often has a
critical influence on the rate and stereochemistry of its reactions.

In contrast, stereoselective 1,2-cis-glycosylation is much more difficult
to achieve. To obtain the 1,2-cis-glycoside from a glycosylation reaction, the 2-O-
position of the glycosyl donor must not be protected by a participating functional
group. Under this condition, the stereoselectivity of a glycosylation reaction is usu-
ally dominated by anomeric effects to favor the formation of a-glycosides (1,2-cis)
with limited stereoselectivity. For manno sugars, however, both anomeric and
steric effects will favor the a-anomer (1,2-trans), thus the reactions usually give
the a-glycosides (1,2-trans) with high stereoselectivity. The chemical synthesis of
b-manno-glycosides (1,2-cis) is then a significant challenge. Progresses concerning
stereoselective synthesis of 1,2-cis glycosides have been reviewed recently (16–20).

B. Glycosylation Methods Using Glycosyl Halides as Donors

The Koenigs–Knorr glycosylation method using glycosyl bromides or chlorides as
donors dates back to 1901 (13), and it is still in wide use. The glycosylation reaction
was originally achieved with silver carbonate as a promoter, but other heavy metal
salts, especially silver triflate (21), have been introduced as more effective

O

O

RO

O

X

O
O

RO

O

X

gluco sugar

manno sugar

−X−

O

O

RO

O

O
O

RO

O

O

O

RO

O

O
O

RO
O

HOR�, −H+

O

OAc

RO OR�

O
OAc

RO

OR�
R = protecting group; R�OH = glycosyl acceptor; Ac = acetyl; X = leaving group

Scheme 1 Stereoselective 1,2-trans-glycosylation of sugars assisted by the participating
neighboring group.

Chemical Synthesis of Complex Carbohydrates 61



promoters. The stereoselectivity of this reaction is largely determined by the prop-
erties of the protecting group at the 2-O-position of the glycosyl donor. However,
Lemieux et al. (22) observed that glycosyl bromides could anomerize in the pres-
ence of a bromide and that the b-glycosyl bromide was more reactive than the
a-glycosyl bromide. Therefore, in the absence of promoters, the b-glycosyl
bromide, but not the a-bromide, could slowly react with an alcohol by SN2
displacement to give the a-glycosides in high stereoselectivity. This provides
a convenient a-glycosylation method.

Later on, Mukaiyama et al. (23) introduced glycosyl fluorides as more versa-
tile donors. Glycosyl fluorides can be easily activated by transition metal com-
plexes, such as silver perchlorate-hafnocene dichloride (24), under mild
conditions to offer smooth and effective glycosylations. Thus, this method has been
widely adopted to synthesize complex oligosaccharides. Meanwhile, as its reaction
condition is orthogonal to many other glycosylation methods, it has also been
widely used in the development of new one-pot carbohydrate synthetic strategies.
Recently, Gervay-Hague et al. (25) have demonstrated that glycosyl iodides can
undergo SN2 displacement under almost neutral conditions to afford glycosides
in good yields and stereoselectivity in the synthesis of a number of complex
oligosaccharides (26,27).

C. Glycosylation Methods Using Glycosyl Imidates or Esters
as Glycosyl Donors

Schmidt glycosylation (28), which uses glycosyl trichloroacetimidates as donors,
is one of the most broadly adopted glycosylation methods. It is still among the best
glycosylation methods for complex carbohydrate synthesis. The activators for this
reaction are various Lewis acids such as trifluoroboron (BF3) and trimethylsilyl
triflate (TMSOTf), and usually, the reactions are fast even at low temperatures. This
method had a significant impact on the progress of carbohydrate research (29–31).

Glycosyl acetates are easily available, but as glycosyl donors they are mainly
used in the glycosylation of simple acceptors due to their relative low reactivity.
However, glycosyl phosphates and phosphites have proven to be more versatile
donors. Through systematic studies, Seeberger and coworkers (32,33) have
revealed that both a- and b-glycosyl phosphates could be activated by TMSOTf
to afford b-glycosides in high yields and stereoselectivity. This method has been
applied to the synthesis of b-manno-glycosides (34) and oligosaccharides (35)
and solid-phase carbohydrate synthesis (36). Glycosyl phosphites are highly reac-
tive, so they can be activated under mild conditions (37) to afford good stereose-
lectivity (38).

D. Glycosylation Methods Using Thioglycosides and Related
Derivatives as Glycosyl Donors

Various forms of thioglycosides are probably the most extensively studied glycosyl
donors. As shown in Scheme 2, the functional group R0 can vary to have a signifi-
cant influence on the reactivity of the resultant thioglycosides as donors.
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Therefore, through the modification of R0, one can easily tune the reactivity of
thioglycosides (39,40) to meet specific demands from a glycosylation or a synthetic
design. Moreover, like glycosyl donors, thioglycosides are exceptionally stable, but
they can be easily activated under special conditions. These properties make thio-
glycosides very attractive in the synthesis of complex oligosaccharides and in the
design of convergent synthetic strategies.

For the activation of thioglycosides, many thiophilic promoters have been
developed (41), among which the most commonly used are methyl triflate
(MeOTf), dimethyl-methylthiosulfonium triflate (DMTST) (42), N-iodosuccini-
mide/triflic acid (NIS/TfOH) (43), iodonium dicollidine perchlorate (IDCP), and
sulfenyl triflate or halides (44). Recently, Crich et al (45) have developed another
useful promoter, 1-benzenesulfinyl piperidine and applied it to stereoselective
formation of b-mannosides, which is difficult to achieve. Methyl, ethyl, phenyl,
and p-methylphenyl thioglycosides are most commonly used glycosyl donors.
Recently, p-methylphenyl thioglycosides have received significant attention in
the development of innovative synthetic strategies (8,46). Heterocyclic aryl thio-
glycosides have also been extensively explored. The 2-pyridyl thioglycosides intro-
duced by Hanessian and coworkers (47) can be activated by “remote activation”
with methyl iodide as the promoter. Demchenko and coworkers (48,49) have
recently introduced benzoxazolyl and thiazolinyl thioglycosides that can be selec-
tively activated by MeOTf or silver triflate (AgOTf) in the presence of alkyl thio-
glycosides for stereoselective 1,2-cis-glycosylation and one-pot oligosaccharide
synthesis (49).

After oxidation, thioglycosides were converted into glycosyl sulfoxides that
can be activated by triflic anhydride (Tf2O) at low temperature, hence, offering
another powerful glycosylation method by Kahne et al. (50). This method has been
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employed to synthesize complex oligosaccharides both in solution (51) and by
solid-phase strategy (52). Its application has been further expanded by Crich
et al. (53) in the synthesis of b-mannosides. The seleno analogues of thioglycosides
are more reactive than thioglycosides, so they can be selectively activated under
specific conditions (54).

E. Glycosylation Methods Using n-Pentenyl Glycosides as Glycosyl
Donors

This is a glycosylation method (Scheme 2) developed by Fraser-Reid and cowor-
kers (55) and has been utilized to synthesize a number of complex oligosaccharides
(56,57). For these reactions, the commonly used promoters are NIS and N-
bromosuccinimide in combination with a Lewis acid, such as TfOH. It has been
demonstrated that these glycosylation reactions are sensitive to the protecting groups
in the glycosyl donors, based on which the armed–disarmed (5) glycosylation concept
was proposed and explored in the design of new carbohydrate synthetic strategies.

F. Glycosylation Methods Using Glycals as Glycosyl Donors

Systematic studies from several groups, especially Danishefsky and coworkers
(58,59), have shown that glycals are versatile glycosyl donors. As shown in Scheme
2, there are several activation methods for glycals. When only halogenium cations
are used as the activators, both a- and b-halogenium intermediates are formed.
When glycosyl acceptors attack these intermediates, trans-diaxial addition will pre-
vail to give the a-glycosylation product stereoselectively. Once the desired oligo-
saccharides are obtained, the halogen atoms can be removed by a reduction
reaction to offer 2-deoxyglycosides (60). Alternatively, glycals can be activated
in the presence of a sulfonamide, leading to an iodosulfonamide glycoside interme-
diate (61). When this intermediate is treated with an alcoholic acceptor in the pres-
ence of lithium tetramethylpiperidide and AgOTf, a 2-deoxy-2-amino-b-glycoside
product is formed. It was proven useful for synthesis of 2-amino-2-deoxy glycosides
(62). The third extensively explored protocol involves the epoxidation of glycals by
3,3-dimethyldioxirane to give 1,2-anhydrosugars as key intermediates. The reac-
tion between the 1,2-dehydrosugars and acceptors can be promoted by anhydrous
zinc chloride to give the glycosylation products. This method has been applied to
complex oligosaccharides (59) and solid-phase synthesis (63). Recently, Gin and
coworkers (64,65) reported another approach to activate glycals using a sulfonium
cation as the activator. These reactions involve reactive species such as 1,2-
dehydrosugar and oxazoline as the reaction intermediates.

G. Dehydrative Glycosylation Using Glycosyl Hemiacetals as
Glycosyl Donors

A dehydrative glycosylation method developed by Gin (66) is mechanistically very
interesting. As outlined in Scheme 2, Gin’s glycosylation method uses a sulfonium
cation for hemiacetal activation, and the sulfonium cation has been created by two
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similar but different approaches, namely, by reaction of sulfoxide with Tf2O or by
reaction of sulfide with Tf2O (67–69). The reaction between the donor and the sul-
fonium cation gives rise to an oxosulfonium cation, which itself is a potential gly-
cosylating species. The oxosulfonium cation can also convert into a glycosyl
cation that reacts with the alcoholic acceptor to afford the desired glycosides.

In summary, many glycosylation methods have developed for chemical synthe-
sis of oligosaccharides, and each may be particularly suitable for certain synthetic
designs. However, there is not a general rule that can be used to predict which glyco-
sylation method is the best for which specific substrate. In fact, the stereochemical
outcome of a glycosylation method can significantly depend on conditions such as
the reaction temperature, the protecting groups used, the reactivity of involved
glycosyl donors and acceptors, the reagents used to promote the reaction, and the
reaction solvent. Therefore, it is always worthy to examine different glycosylation
methods to find out the best one for a specific synthesis, especially in the preparation
of large oligosaccharides and oligosaccharides with difficult glycosidic linkages.

III. Strategies for Oligosaccharide Assembly

For carbohydrate synthesis, though traditional linear assembly method is still used
to construct short and simple oligosaccharides, it can be problematic for complex
or branched oligosaccharides. Moreover, the yield and stereoselectivity of current
glycosylation reactions are far from satisfactory that leads to the drastic decrease
of synthetic efficiency with the chain elongation and drastic increase of side pro-
ducts. To overcome these problems, much research effort is currently focused on
the development of synthetic strategies that may improve the efficiency of the final
stage of oligosaccharide assembly (9,10).

A. Linear Assembly of Carbohydrates

Linear assembly is the oldest strategy, but it is still in wide use, especially in the
synthesis of linear and short oligosaccharides. As outlined in Scheme 3, there are
two possible ways for chain elongation. One (A) starts from the reducing end with
the carbohydrate chain elongated along the nonreducing end direction. The glyco-
syl acceptor needs to contain a free hydroxyl group at the position of glycosylation,
while the glycosyl donor needs to have an easily removable temporary protection
at the position of subsequent glycosylation. Each cycle of chain elongation involves
a step of glycosylation followed by a step of selective deprotection of the glycosyl-
ation product. The other (B) starts from the nonreducing end, and the carbohy-
drate chain is elongated along its reducing end direction. In this case, the
glycosyl donor is fully protected except its reducing end which should be in
the reactive form. The glycosyl acceptor needs to have a free hydroxyl group at
the position of glycosylation, while its anomeric center needs to be protected by
an easily removable functional group to facilitate subsequent deprotection. There-
fore, each cycle of chain elongation in the latter strategy will involve a step of
glycosylation, a step of selective deprotection of the reducing end of the
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glycosylation product, and a step of anomeric activation. In both cases, the chain
elongation protocol can be reiterated to obtain the desired oligosaccharides. It is
also possible to combine these two ways of assembly in one synthesis if necessary.

Traditionally, the strategy of chain elongation along the nonreducing end
(strategy A) is more popular because it has some potential advantages over the
strategy B. First, the glycosyl donors used in the past were not particularly stable;
their decomposition would significantly affect the synthetic efficiency and/or prod-
uct purification for strategy B. Moreover, the harsh reaction conditions employed
to activate sugar anomeric centers may sometimes affect the glycosidic linkages of
the oligosaccharide intermediates involved in strategy B. Second, for strategy A,
the glycosyl donors are simple and relatively easily available, and they can be used
in large excess to push the glycosylation reaction to the desired direction. Third, in
case that the glycosylation is unsatisfactory, the precious oligosaccharide acceptor
of strategy A is readily recoverable, which is not easy with the precious oligosac-
charyl donor of strategy B. However, with the development of new and effective
glycosylation methods, oligosaccharide assembly based on carbohydrate chain
reducing end elongation has become more practical than before. Moreover, linear
assembly also seems to be the natural choice for some new synthetic techniques
based on iterative glycosylations, such as solid-phase synthesis, one-pot synthesis.

B. Convergent Carbohydrate Assembly with Short Oligosaccharides
as Building Blocks

A serious problem concerning the linear assembly strategy is the extended syn-
thetic route, which is extremely damaging for oligosaccharide synthesis. As a
result, convergent carbohydrate assembly has become more and more popular,
especially for complex oligosaccharides (11,12). The basic design is to use short oli-
gosaccharides as building blocks to assemble the final synthetic target as outlined

O
PO X

glycosylation

O
HO OR

OR
OR

O
O OR

OR
O

PO

OR

a
b

ab
O

O OR

OR
O

HO

OR

abdeprotection

glycosylation

O
PO X

OR�

c
O

O OR

OR
O

O

OR

ab
O

PO

OR

cTarget

O
HO OP

glycosylation

O
RO X

O
O OP

O
ROa

b
ba

O
O OH

O
RO

badeprotection

glycosylation

O
HO OP

c
O

O OP

O
O

cb
O

RO a

activation

O
O X

O
RO

ba

Nonreducing end elongation:(A)

Reducing end elongation:(B)

reiteration of the
elongation protocol

reiteration of
the protocol

Target

R = permanent protecting group; P = temporary protecting group; X = leaving group

Scheme 3 Linear assembly of oligosaccharides.

66 Z. Guo



in Scheme 4. For example, in the synthesis of a tetrasaccharide a-b-c-d, first, two
disaccharide blocks a-b and c-d are constructed. In these building blocks, the
anomeric center of sugar b and the future glycosylation site of sugar c are blocked
by temporary protecting groups Y and P, respectively. Once a-b is obtained, its
reducing end is deprotected, and then the resultant disaccharide is converted into
a glycosyl donor. On the other hand, after the temporary protecting group in c-d is
removed, which will expose a free hydroxyl group, the resultant disaccharide will
be employed as the glycosyl acceptor. Finally, the two disaccharide blocks are cou-
pled together by the designated glycosylation reaction to give the desired tetrasac-
charide. Although this strategy is applicable to an oligosaccharide as simple as a
tetrasaccharide, it is more useful for more complicated structures, especially those
that contain branches and those that are composed of repeating oligosaccharide
units.

C. Oligosaccharide Assembly Based on Discriminative Activation
of Glycosyl Donors

There are several basic concepts based on which different strategies have been
designed. One is to take advantage of different reaction conditions required to
activate glycosyl donors that bear different leaving groups at their anomeric cen-
ters. As a result, the involved anomeric centers can be activated sequentially.
A direct application of this concept is to have the anomeric centers of substrates
linked to different functionalities, while each can be directly activated under a spe-
cific condition. A good example for this case is Ogawa and Ito’s orthogonal
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glycosylation strategy (6). As outlined in Scheme 5, it was based on the fact that
the reaction conditions used to activate thioglycosides (NIS/AgOTf) and glycosyl
fluorides (silver perchlorate/hafnocene dichloride) do not interfere with each
other. Based on this concept, numerous strategies have been explored, as reviewed
by Demchenko (9).

Another concept is “armed–disarmed” glycosylation proposed by Fraser-Reid
et al. (5). Glycosyl donors with an electron donating group, such as a benzyl group, at
the 2-O-position are “armed” (more reactive), and donors with an electron with-
drawing group, such as an acetyl or benzoyl group, at the 2-O-position are “dis-
armed” (less reactive). Armed donors can be selectively activated in the presence
of disarmed donors to achieve specific glycosylations (Scheme 6). The rationale for
this difference is that an electron withdrawing group destabilizes the cationic glyco-
sylation intermediate andmakes those glycosyl donors disarmed. However, once the
selective glycosylation by the armed donor is finished, the resultant oligosaccharide,
which is disarmed, can be activated by a stronger promoter to realize the next step of
glycosylation and further elongation of the carbohydrate chain. Substituents at other
than 2-O-positions (70) or torsional strains (71) in a sugar can also have a decisive
influence on its reactivity. Moreover, the armed–disarmed effect has also been
observed with other glycosyl donors such as thioglycosides. Thus, this concept has
exhibited a broad impact on the progress of carbohydrate chemistry (72).

The third concept is “programmed glycosylation” based on tuning the reac-
tivity of various glycosyl donors (73). This concept is rather similar to the
“armed–disarmed” concept in that both make use of the distinct reactivity of dif-
ferently protected glycosyl donors. However, the programmed glycosylation
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strategy needs more well-defined reactivity information concerning the substrates.
After comparing the relative reactivity values (RRVs) of a large number of differ-
ent sugars, Wong and coworkers (46) concluded that a sugar bearing different
functional groups, as well as different sugars bearing same or different functional
groups, may have sufficiently different reaction rates to assure their selective acti-
vation and glycosylation. For example, as glycosyl donors, peracetylated toluyl
thiogalactoside (RRV¼14.3) is about 6 times more reactive than peracetylated
toluyl thioglucoside (RRV¼2.7), whereas perbenzylated toluyl thioglucoside
(RRV¼2656) is about 1000 times more reactive than peracetylated thioglucoside.
With the help of this information, optimized building blocks can be designed for
the synthesis of a complex oligosaccharide by a series of selective glycosylations.
Thus, these glycosylations can be achieved in one pot by adding the glycosyl
donors sequentially. The progress in this and related areas has been reviewed
in ref. (73).

Recently, a new and potentially powerful strategy for one-pot carbohydrate
synthesis, which is closely related to but conceptually different from the above
strategies, has been developed based on preactivation of glycosyl donors, which
has been explored by Ye, Huang and coworkers (8,74). Its protocol is to first con-
vert a relatively stable glycosyl donor, for example a thioglycoside, to an extremely
reactive species, for example a glycosyl triflate, at low temperature and then intro-
duce the glycosyl acceptor for glycosylation. The anomeric center of the acceptor
can bear the same functionality as that of the donor. So, the activation and glyco-
sylation protocol can be reiterated for one-pot synthesis. This strategy has been
used to prepare several rather complex and difficult oligosaccharides with excel-
lent overall yields (8,74).

D. Solid-Phase and Polymer-Supported Solution-Phase
Oligosaccharide Synthesis

Solution- and solid-phase polymer supported carbohydrate synthesis (63,75–78),
including automated solid-phase synthesis (79), has also achieved great progress.
This progress largely relies on the significant advancement in glycosylation meth-
ods in the last three decades. For polymer-supported syntheses, the strategy of lin-
ear assembly seems to be the natural choice for chain elongation. Both reducing
end elongation and nonreducing end elongation strategies have been explored,
with the latter being more popular due to the potential advantages such as the pos-
sibility of using a large excess of donors to improve the speed and efficiency of
glycosylation reactions.

In solid-phase carbohydrate synthesis, it is impossible to purify the synthetic
intermediates, whereas glycosylation reactions, especially the two-phase reactions,
usually give relatively poor efficiency and stereoselectivity. As a result, a signifi-
cant number and quantity of side products will be formed together with the desired
product on the polymer. After carbohydrate chains are cut off from the polymer, a
complex mixture is obtained, and the final product purification becomes difficult.
To deal with this problem, several innovative strategies have been explored
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recently, which include Fukase’s capture–release strategy (80,81), Seeberger’s cap-
scavenger strategy (82), and our group’s cap-capture-release strategy (83). These
strategies not only help the purification of final products, but some strategies
(82,83) may also reduce the number and amount of side products formed during
the solid-phase synthesis. For polymer-supported solution-phase synthesis, an
interesting development was its combination with orthogonal glycosylation
reported by Ito et al. (7). Ito et al. have also developed some innovative methods
to facilitate the monitoring of the reaction progress (84) and product isolation (85)
in these syntheses.

E. Chemoenzymatic Synthesis of Carbohydrates

Chemoenzymatic carbohydrate synthesis has been emerging as an extremely pow-
erful tool to obtain complex oligosaccharides. Chemoenzymatic synthesis has
many potential advantages, of which the most significant ones are probably that
it offers perfect stereoselectivity and renders the tedious work of synthesizing var-
ious selectively protected monosaccharide units unnecessary. It also makes the
most difficult glycosylation reactions seem easy (86). Chemoenzymatic synthesis
of oligosaccharides is out of the scope of this chapter, but it was the topic of many
excellent reviews (73,87–89).

In summary, many strategies have been developed for carbohydrate synthe-
sis. These strategies have significantly improved the overall synthetic efficiency
and resulted in more effective use of synthetic building blocks in oligosaccharide
synthesis. Among all the strategies available, it is difficult to tell which one is the
best. The synthetic target determines the strategy. Usually, linear assembly is
particularly suitable for simple structures and for strategies including one-pot syn-
thesis, polymer-supported synthesis, and so on. Convergent assembly may be nec-
essary for long and highly branched oligosaccharides and for oligosaccharides that
are composed of repeating units. Sometimes, the combination of different strate-
gies will give the best results. The application of various strategies is illustrated
with the synthesis of GPIs.

IV. Chemical Synthesis of GPIs

GPIs are a class of glycolipids ubiquitously expressed by all types of eukaryotic
cells (90,91). One of the most important functions of GPIs is to anchor proteins,
glycoproteins, and polysaccharides onto cell membranes. Thus, GPIs and GPI-
anchored structures play a pivotal role in many biological events, such as cell rec-
ognition, binding, and transmembrane signal transduction (91–93).

All protein/glycoprotein-anchoring GPIs share a common core: Mana(1!4)
GlcNH2a(1!6)-myo-Inositol-1-PO4-lipid (94). The structural diversity of GPIs is
created mainly by the variation in their lipid structures as well as the additional
sugar chains and other functionalities linked to the core GPI glycan (95). Proteins
and glycoproteins are invariably attached to GPIs through a phosphoethanolamine
functionality that bridges the peptide C-terminus and the nonreducing end
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6-O-position of the GPI glycan core. The complex structure of GPIs is a fantastic
challenge for synthetic chemists (96), as GPI synthesis requires the integration of
methods developed in different areas in organic chemistry, including carbohydrate,
inositol, lipid, and phosphate chemistry.

After the first complete GPI structure was revealed in 1988 (97,98), it imme-
diately attracted the attention of carbohydrate chemists. The first total synthesis of
a GPI, that is the GPI anchor of Trypanosoma brucei, was achieved by Ogawa and
coworkers (99–101). Since then, a number of GPIs have been synthesized by
groups such as Fraser-Reid and coworkers (102–105), Guo and coworkers
(106,107), Ley and coworkers (71,108), Martin-Lomas and coworkers (109,110),
Nikolaev and coworkers (111), Schmidt and coworkers (112–115), and Seeberger
and coworkers (116–118). Already there are reviews concerning the chemical syn-
thesis of GPIs (96). This chapter is not intended to cover all synthetic studies in
the field; instead, it is mainly focused on the strategies that have been adopted
to assemble GPIs. These strategies include linear, convergent, and solid-phase
assembly of the carbohydrate chains.

A. GPI Synthesis by Linear Assembly of the Carbohydrate Chain

The synthesis of a nonlipidated structure of Plasmodium falciparumGPI (Scheme 7)
reported by Seeberger and coworkers (117) is a representative example. After an
optically pure derivative 1 of inositol was prepared, it was coupled to a glucosamine
derivative 2 to afford the a-linked pseudodisaccharide 3. Like most cases, an azido
sugar 2 was utilized as a latent glucosamine. As the azido group is a nonparticipating
protecting group, a-glycosylation is assured and this glycosylation was achieved by
the thioglycoside method. Thereafter, four a-mannose residues were introduced
sequentially using 5, 8, 11, and 14 as glycosyl donors. These glycosylations were rea-
lized by the Schmidt method, and the protocol for carbohydrate chain elongation
includes a deprotection step after each glycosylation. Eventually, the GPI glycan
core, namely, 15 was obtained, in which the inositol 1,2-O-positions were protected
by a ketal and the 6-O-position of the third mannose residue was protected by a silyl
group. Following selective deprotections of these positions, a cyclic phosphate func-
tionality and a phosphoethanolamine group were installed. Finally, global deprotec-
tion afforded the desired GPI analogue 16, which was then linked to a carrier
protein to formulate a useful antimalarial vaccine. As shown, the carbohydrate chain
was elongated by strictly linear assembly along the oligosaccharide nonreducing end.

B. GPI Synthesis by Convergent Assembly of the Carbohydrate Chain

The synthesis of T. brucei GPI anchor reported by Ley and coworkers (71) is a rep-
resentative example (Scheme 8). After the properly protected inositol residue and
various monosaccharide units were obtained, they were first assembled to give sev-
eral simple oligosaccharide blocks including a pseudodisaccharide 26, a disaccharide
24, and a trisaccharide 21. The coupling of the disaccharide and the trisaccharide
afforded a pentasaccharide 25, which was then coupled to the pseudodisaccharide.
In this way, a complex glycosyl inositol 27 was rapidly assembled in a highly
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convergent manner. At the final stage, TBS and All as protecting groups of the non-
reducing end mannose and the inositol residue were selectively removed for regios-
pecific introduction of the phosphoethanolamine and phospholipid moieties,
respectively, which was followed by global deprotection to afford the final synthetic
target 28.

This highly efficient synthesis was made possible owing to the successful use
of glycosylation strategies based on selective glycosyl donor activation involving
“armed–disarmed” and semiorthogonal concepts. For example, the presence of a
cyclic 1,2-diketal protection in 18 and 23 structures causes torsional strains, which
made them disarmed; therefore, the armed glycosyl donors 17 and 22 could be
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selectively activated in the presence of 18 and 23, even though 17, 18, 22, and 23 all
had the same phenylseleno group at their anomeric centers. On the other hand,
because selenoglycosides are more reactive than thioglycosides, it was possible to
activate glycosyl donors 19 and 24 in the presence of 20 and 21 for selective glyco-
sylation. Finally, thioglycoside 25 was activated as a donor by a stronger promoter
to achieve the last glycosylation.

C. GPI Synthesis by Solid-Phase Assembly of the Carbohydrate Chain

There are several reports in this area, but here we only present the solid-phase syn-
thesis of a GPI glycan (Scheme 9) reported by Lopez-Prados and Martin-Lomas
(110). In this synthesis, the carbohydrate chain was elongated along the nonreduc-
ing end, and glycosylation reactions were realized by Schmidt method. Notably,
the difficult glycosidic linkage between glucosamine and inositol was accomplished
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in solution first, and then, the resultant pseudodisaccharide was attached to a poly-
ethylene glycol-grafted polystyrene resin to get 29. The carbohydrate chain was
assembled starting from 29 with glycosyl trichloroimmidates 30, 31, and 32 as
donors. Finally, the desired glycan 33 was released from the resin and isolated in
a 20% overall yield.

D. Convergent Synthesis of a GPI with 2-O-Acylated Inositol

In the synthesis of sperm CD52 GPI anchor that contains a 2-O-acylated inositol,
we met a special problem. The presence of a large acyl group at the inositol
2-O-position adds more steric hindrance to the already rather crowded structure
of GPIs around the inositol residue. Therefore, the traditional synthetic design,
namely, to introduce the phospholipid moiety to the inositol 1-O-position at the
final stage failed, and a new synthetic design was developed to solve the problem
(106). This is a good manifestation that presently there is not a universally applica-
ble synthetic design for all carbohydrates and that the synthesis of each oligosac-
charide must be treated as an individual challenge with the synthesis planned
accordingly, even when there are precedent syntheses of similar structures.

Our solution to the above problem was to introduce the phospholipid moiety
at an early stage, that is, before the elongation of the carbohydrate chain (106)
(Scheme 10). Therefore, after the pseudodisaccharide 36 was obtained, its inositol
1-O-position was deprotected and phospholipidated immediately, which offered
39 in a good yield. Thereafter, the strategy of convergent assembly was employed
to elongate the carbohydrate chain. As shown, the trimannose fragment 46 was
constructed by a process based on semiorthogonal glycosylations, and 46
was directly used to glycosylate 39 to obtain the GPI core 47. It was proven that
the phospholipid moiety was stable to subsequent transformations. Finally, a phos-
phoethanolamine group was introduced to the carbohydrate nonreducing end that
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was followed by global deprotection to eventually produce the GPI anchor of
sperm CD52.

V. Conclusion

During the last three decades, carbohydrate synthesis has witnessed tremendous
progress, manifested by the enormous number of protecting groups and tactics,
glycosylation methodologies, and synthetic strategies developed in the area, as well
as the complex structures that have been achieved. However, presently there is not
a magical strategy that is generally applicable to various oligosaccharides, unlike in
oligopeptide and oligonucleotide synthesis. The problems are severalfold. First,
the availability of monosaccharide building blocks is still difficult. Although it is
currently possible to prepare all kinds of building blocks in the laboratory, it is
extremely time-consuming. In fact, for most oligosaccharide syntheses, the largest
part of time is spent in the preparation of monosaccharide building blocks. This sit-
uation will not change very soon, as it is determined by the structural property of
carbohydrates. For example, each amino acid or nucleoside may need only several
protecting forms to meet all kinds of synthetic demands, but for a monosaccharide,
this number must be one to two orders of magnitudes higher. On top of this, the
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cost of synthesizing a regioselectively protected monosaccharide is extremely high,
which at least presently prohibits the commercialization of complex monosaccha-
ride derivatives. Second, the results of many glycosylation reactions are still diffi-
cult to predict. Compared to the chemistry involved in peptide and nucleotide
synthesis, glycosylation reactions are much more sensitive to reaction conditions,
such as moisture, temperature, the structure of substrates including both donors
and acceptors, and solvent. Presently, there is no method that can give consistently
high coupling efficiency and stereoselectivity for a wide range of substrates. Addi-
tionally, carbohydrate synthesis is a specialized discipline that requires a lot of spe-
cial training and experience for one to deal with related problems. It is difficult for
laboratories that are not specialized in organic synthesis to perform carbohydrate
synthesis efficiently. On the other hand, it has become more and more evident that
carbohydrates play a critical role in many biological processes and that the demand
for carbohydrates from various research areas has been ever growing. Conse-
quently, studies to search for new glycosylation methods and synthetic strategies
to improve the overall efficiency of carbohydrate synthesis and studies to establish
robust and general synthetic protocols to simplify carbohydrate synthesis will
remain hot research topics in years to come.
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I. Introduction

Glycobiology has drawn a tremendous amount of attention and interest because
oligosaccharides play essential roles in physiological and pathological processes
such as molecular recognition, signal transduction, cell communication, tumor
metastasis, and immune responses (1–5). There has also been a growing interest
in the application of carbohydrates as pharmaceutical drugs in the field of invasive
bacterial diseases, inflammatory diseases, and viral infections (6–10). However,
research on the application of carbohydrates in modern medicine is limited due

Abbreviations: a1,3GalT, a-1,3-galactosyltransferase; Agm1,
phosphoacetylglucosamine mutase; ATP, adenosine triphosphate; CK, creatine
kinase; CMK, CMP kinase; CTP, cytidine triphosphate; Gal-1-P, galactose-1-
phosphate; GalK, galactokinase; GalPUT, galactose-1-phosphate
uridylyltransferase; GalU, glucose-1-phosphate uridylyltransferase; GFS,
GDP-fucose synthetase; GMP, GDP-mannose pyrophosphorylase; LgtA,
b-1,3-N-acetylglucosaminyltransferase; LgtC, a-1,4-galactosyltransferase; LgtD,
b-1,3-N-acetylgalactosaminyltransferase; NDP, nucleoside diphosphate; NTP,
nucleoside triphosphate; PEP, phosphoenolpyruvate; PMI, phosphomannose
isomerase; PMM, phosphomannose mutase; PPi, pyrophosphate; PPA, inorganic
pyrophosphatase; PTA, phosphate acetyltransferase (EC 2.3.1.8); PykF, pyruvate
kinase; UDP, uridine diphosphate; UGD, UDP-glucose 6-dehydrogenase; UTP,
uridine triphosphate; WbgU, UDP-GlcNAc 4-epimerase.
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to the lack of availability of bioactive carbohydrates (11–13). Most of these
glycoconjugates are rather difficult to obtain in large quantities, partially due to con-
siderable limitations in oligosaccharide synthesis. UnlikeDNAor peptide syntheses,
which are commonly performed on solid phase with commercial instruments,
comparable methods for oligosaccharides are still in their infancy (14,15).

Chemical oligosaccharide synthetic procedures often require tedious protec-
tion and deprotection steps. Enzymatic synthesis, on the other hand, offers tremen-
dous benefits because of their high regio- and stereoselectivities, stability, organic
solvent compatibility, and low cost (16–24). Glycosyltransferase-catalyzed synthesis
of carbohydrates has been recognized as one of the most practical approaches for its
high efficiency and specificity under very mild conditions. The two main obstacles in
the enzymatic synthesis of carbohydrates are the inadequate availability of glycosyl-
transferases and the high cost of sugar nucleotides, which serve as intermediates.

II. Oligosaccharide Biosynthesis-Associated Enzymes

Enzymes have been used extensively to simplify the synthesis of complex oligosac-
charides and glycoconjugates. Glycosyltransferases and glycosidases, for example,
are valuable catalysts for the formation of specific glycosidic linkages (18,25).
Other enzymes such as aldolases and sulfotransferases can also be exploited for
the synthesis of distinct structures that are critical to oligosaccharide functions.
Among the numerous enzymes associated with carbohydrate processing in cells,
the enzymes used in enzymatic synthesis belong to three categories: glycosidases,
glycosynthases, and glycosyltransferases (Table 1).

A. Glycosidases

Glycosidases are responsible for glycan-processing reactions that take place during
glycoprotein synthesis. The physiological function of these enzymes is the cleavage
of glycosidic linkages.However, under controlled conditions, glycosidases can be used
to synthesize glycosidic bonds, inwhich a carbohydrate hydroxylmoiety acts as amore
efficient nucleophile than water itself. Nevertheless, traditional glycosidase-catalyzed
transglycosylations still suffer from low yields and unpredictable regioselectivities.

B. Glycosynthases

Glycosynthases, a class of glycosidase mutants, have been developed to enhance
enzymatic activity toward the synthesis of oligosaccharides through the mutation
of a single catalytic carboxylate nucleophile to a neutral amino acid residue (Ala
or Ser). The resulting enzymes have no hydrolytic activity, but instead increased
activity toward the synthesis of oligosaccharides when using glycosyl fluorides as
activated donors (26–29).

C. Glycosyltransferases

Glycosyltransferases are enzymes that can transfer a sugar moiety to a defined
acceptor to construct a specific glycosidic linkage. This “one enzyme–one linkage”
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concept makes glycosyltransferases extremely useful and important in the construc-
tion of glycosidic linkages in carbohydrates (30–32). These enzymes can be further
divided into two groups, the transferases of the Leloir pathway and those of non-
Leloir pathways. The Leloir pathway enzymes require sugar nucleotides as glycosyl-
ation donors, while non-Leloir glycosyltransferases typically utilize glycosylpho-
sphates or glycosides. The Leloir transferases are responsible for the synthesis of
most glycoconjugates in cells, especially in mammalian systems (33–35). Leloir trans-
ferases transfer a given carbohydrate from the corresponding sugar nucleotide donor
substrate to a specific hydroxyl group of the acceptor sugar (Scheme 1).

Glycosyltransferases exhibit very strict stereospecificity and regiospecificity.
Moreover, they can transfer with either retention or inversion of configuration at

Table 1 Enzymatic Formations of Glycosidic Bonds

Donor þAcceptor Enzymes
�����������! Product

Enzyme Glycosyl donor Advantages Disadvantages

Glycosidase Sugar-NPa � Easy to perform � Low yield
� Low cost � Low

regioselectivity
Glycosynthase Sugar-Fb � High yield � Low availability

� Unpredictable
regioselectivity

Leloir
glycosyltransferasec

Sugar nucleotide � High yield
� High regio- and
stereoselectivity

� High cost

� Essential for
important sugar
sequences

Non-Leloir
glycosyltransferased

Sugar phosphate
or glycoside

� High yield
� High regio- and
stereoselectivity

� Not essential for
important sugar
sequences

aSugar-NP: nitrophenyl glycoside.
bSugar-F: glycosyl fluoride.
cLeloir glycosyltransferase: glycosyltransferases of the Leloir biosynthetic pathway.
dNon-Leloir glycosyltransferase: glycosyltransferases of non-Leloir biosynthetic pathways.
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Nucleotide
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HO
S1

S1
HO
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O O
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S2S1

HO

OH

OH
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Sugar
nucleotide
synthesis
pathway Glycosyltransferase

Scheme 1 Enzymatic glycosylation with regeneration of sugar nucleotide.
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the anomeric carbon of the sugar residue. Although they are generally specific to
substrates, minor modifications on donor and acceptor structures can be tolerated
(36,37). Despite these merits, the preparative application of glycosyltransferases is
limited by their inadequate availability. The amount of glycosyltransferases that
can be isolated from natural resources is often limited by the low concentrations
of these enzymes in most tissues. Furthermore, the purification procedures are
quite complicated due to their relative instability because glycosyltransferases
are often membrane bound or membrane associated. For these reasons, many
efforts have been geared toward the genetic engineering of glycosyltransferases
and consideration of their recombinant sources (38–42).

Recent advances in the area of enzymatic oligosaccharide synthesis are
emerging from the identification and cloning of a large number of bacterial glyco-
syltransferases with many different donor, acceptor, and linkage specificities
(43–47). Bacterial glycosyltransferases, compared to mammalian glycosyltrans-
ferases, are more easily cloned and expressed in large quantities in Escherichia coli
(44). Furthermore, some bacterial transferases have been found to produce mam-
malian-like oligosaccharide structures that make these enzymes quite promising in
the synthesis of biologically important oligosaccharides (43,48,49). In addition,
bacterial glycosyltransferases seem to have relatively broader acceptor substrate
specificities, thereby offering tremendous advantages over mammalian enzymes
in the chemoenzymatic synthesis of oligosaccharides and their analogues for the
development of antiadhesion therapies for infectious diseases (50,51).

III. Sugar Nucleotide Regeneration Systems

Although all the common sugar nucleotides are commercially available, these
materials are prohibitively expensive. Because sugar nucleotides only serve as
intermediates in enzymatic glycosylation, the most efficient synthetic approach is
to regenerate them in situ. In addition to the benefit of cost reduction, the low con-
centration of sugar nucleotides regenerated in situ can reduce its inhibitory effect
on the glycosyltransferase and increase the synthetic efficiency. The idea of in situ
regeneration of sugar nucleotides was first demonstrated in 1982 by Whitesides
and Wong with their work on uridine 50-diphosphogalactose (UDP-Gal) regenera-
tion (52). Since then, this revolutionary concept has been adopted in other regen-
eration systems and further developed in glycoconjugate syntheses (53–63).

A. Basic Principle

The eight common monosaccharide building blocks for important oligosaccharide
sequences are glucose (Glc), galactose (Gal), glucuronic acid (GlcA),N-acetylgluco-
samine (GlcNAc),N-acetylgalactosamine (GalNAc), mannose (Man), fucose (Fuc),
and sialic acid N-acetylneuraminic acid, Neu5Ac. In order to construct the sugar
chains, the monosaccharides must be activated by attachment to nucleotides. The
role of sugar nucleotides in glycoconjugate synthesis was first discovered in 1950 by
Nobel laureate L. F. Leloir. Leloir demonstrated that a nucleoside triphosphate
(NTP) such as uridine triphosphate (UTP) reacts with a glycosyl-1-phosphate to
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form a high-energy donor that participates in glycoconjugate synthesis. Half a cen-
tury later, the biosynthetic pathways of the eight common sugar nucleotides
(UDP-Glc, UDP-GlcNAc, UDP-GlcA, UDP-Gal, UDP-GalNAc, GDP-Man,
GDP-Fuc, and CMP-NeuNAc synthetase (CMP-NeuAc)) have become well estab-
lished. The general biosynthetic pathways of sugar nucleotides provide the basic
guidelines on how to construct sugar nucleotides in vitro (64,65) (Scheme 2).

As shown in Scheme 2, sugar nucleotides are formed by one or more of the
three reaction pathways:

1. SugarþATP !Sugar-PþNTP !NDP-SugarþPPi
2. NDP-SugarA$NDP-SugarB
3. NDP-SugarAþSugarB-1-P$NDP-SugarBþSugarA-1-P

As in reaction pathway 1, the steps to generating the corresponding sugar
nucleotides for Glc, GlcNAc, and Man are (1) phosphorylation of sugar to
sugar-6-P by a kinase; (2) epimerization of sugar-6-P to sugar-1-P by a mutase;
and (3) conversion of sugar-1-P to nucleoside diphospho-sugar (NDP-Sugar) by a
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pyrophosphorylase. It should be noted that UDP-GlcA is universally generated by
the oxidation of UDP-Glc. There are no C6 sugar kinases reported for Gal,
GalNAc, and Fuc. However, the 6-OH group of Gal and GalNAc is quite sterically
hindered for enzymatic phosphorylation because of the existence of the axial 4-OH
group. Thus, Gal, GalNAc, and Fuc are phosphorylated at the anomeric position,
converting them directly to sugar-1-phosphates.

In reaction pathways 2 and 3, there are several enzymes that interconvert
different sugar nucleotides, such as UDP-glucose 4-epimerase (GalE, EC 5.1.3.2),
UDP-GlcNAc 4-epimerase (WbgU, EC 5.1.3.7), and galactose-1-phosphate uridylyl-
transferase (GalPUT, EC 2.7.7.12). These enzymes are highly useful in sugar nucle-
otide regeneration systems because they can be employed to convert one sugar
nucleotide into another or provide both sugar nucleotides at the same time.

The biosynthesis of CMP-Neu5Ac is distinct from the rest of the common
sugar nucleotides because CMP-Neu5Ac is synthesized directly from Neu5Ac
and cytidine triphosphate (CTP) without a sugar-1-phosphate intermediate.

B. Regeneration Systems of UDP-Gal, UDP-Glc, and UDP-GlcA

UDP-Glc, the central sugar nucleotide in cells, can be prepared from UTP and Glc-
1-P in the presence of glucose-1-phosphate uridylyltransferase (GalU, EC 2.7.7.9)
(66,67) or from sucrose and UDP with sucrose synthase (SusA, EC 2.4.1.13)
(Scheme 3) (59,68–70). UDP-Gal can be prepared from UDP-Glc by C4 epimeriza-
tion using GalE (71), from galactose-1-phosphate (Gal-1-P) and UTP, or from
UDP-Glc and Gal-1-P using GalPUT (54,72,73). Besides the pioneering work of
Whitesides, Wong, and their collaborators, Wang et al. have also applied five recom-
binant enzymes to regenerate UDP-Gal (Scheme 4) (74,75). Finally, UDP-GlcA can
be readily prepared by the nicotinamide adenine dinucleotide-dependent oxidation
of the C6 hydroxyl group of UDP-Glc catalyzed by UDP-glucose 6-dehydrogenase
(UGD, EC 1.1.1.22) (76) (Scheme 5).

C. Regeneration Systems of UDP-GlcNAc and UDP-GalNAc

Following the biosynthetic pathway of synthesizing UDP-GlcNAc in eukaryotes
(Scheme 6), GlcNAc is first phosphorylated by N-acetylglucosamine kinase
(GlcNAcK, EC 2.7.1.59) (77). Phosphoacetylglucosamine mutase (Agm1, EC
5.4.2.3) (78) then converts GlcNAc-6-P to GlcNAc-1-P, which is subsequently

Fructose

Sucrose

SusA

UDP-Glc

UDP

HOR

GlcT

GlcOR

Sucrose + HOR Fructose + GlcOR

Scheme 3 Regeneration cycle of UDP-Glc by SusA.
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Scheme 5 Regeneration cycle of UDP-GlcA.
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uridylated to form UDP-GlcNAc by a truncated UDP-GlcNAc pyrophosphorylase
(GlmU, EC 2.7.7.23) (79). The resulting ADP can be reconverted to adenosine
triphosphate (ATP) by pyruvate kinase (PykF, EC 2.7.1.40) (80) with the con-
sumption of one equivalent of phosphoenolpyruvate (PEP). The by-product pyro-
phosphate (PPi) is finally hydrolyzed by inorganic pyrophosphatase (PPA, EC
3.6.1.1) (81) which provides driving force. Wang et al. have developed “superb-
eads” for the synthesis of UDP-GlcNAc by immobilizing these enzymes along
the biosynthetic pathway (82).

UDP-GalNAc can be generated by the addition of WbgU to the regeneration
cycle of UDP-GlcNAc. Wang et al. have in fact cloned and overexpressed a novel
WbgU from Plesiomonas shigelloide (83). An efficient UDP-GalNAc regeneration
system (Scheme 7) was also established and used in synthesis of globotetraose and
a series of derivatives with incorporation of the recombinant b-1,3-N-acetylgalacto-
saminyltransferase (LgtD) from the Haemophilus influenzae strain Rd (46).

D. Regeneration Systems of GDP-Man and GDP-Fuc

Wong et al. previously reported a GDP-Man regeneration system starting from
Man-1-P (53). However, as Fru-6-P is inexpensive, a new regeneration pathway
has been developed by Wang et al. starting from Fru-6-P (Scheme 8). As shown
in Scheme 8, the cycle comprises of three key enzymes: phosphomannose isomer-
ase (PMI, EC 5.3.1.8) for the conversion of Fru-6-P to Man-6-P (84–87), phospho-
mannose mutase (PMM, EC 5.4.2.8) for the conversion of Man-6-P to Man-1-P
(88), and GDP-mannose pyrophosphorylase (GMP, EC 2.7.7.13) for condensa-
tion of Man-1-P with guanosine triphosphate to form GDP-Man (89–94). The
recombinant bifunctional PMI/GMP from Helicobacter pylori has also been cloned
and overexpressed in E. coli (95).

Pi
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GlcN-6-P + Globotriose + Ac-P + PEP Globotetraose + Pyruvate + 3Pi
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Scheme 7 Synthesis of globotetraose with regeneration of UDP-GalNAc.
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A GDP-Fuc regeneration cycle was constructed by incorporating two more
enzymes, GDP-mannose 4,6-dehydratase (EC 4.2.1.47) and GDP-fucose synthe-
tase (GFS, EC 1.1.1.271), into the same biosynthetic pathway of GDP-Man from
Fru-6-P (Scheme 9) (96).

E. CMP–Neu5Ac Regeneration

CTP andNeu5Ac are used to synthesize CMP-Neu5Ac, which is a common substrate
for the synthesis of sialylated oligosaccharides (97–99). Based on the existing CMP-
Neu5Ac regeneration system reported by Wong et al. (100,101), the regeneration
was extended to a cheaper starting material, ManNAc (Scheme 10). The CMP-
Neu5Ac regeneration was constructed with the following five enzymes: NeuAc

PykF

Fru-6-P Man-6-P
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Man-1-P
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ManOR

ManT
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Scheme 8 Regeneration cycle of GDP-Man.
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aldolase (NanA, EC 4.1.3.3) (102,103), CMP-Neu5Ac Synthetase (NeuA, EC
2.7.7.43), CMPkinase (CMK,EC 2.7.4.14), and creatine kinase (CK, EC 2.7.3.2) cou-
pled with an a-2,3-sialyltransferase cloned from Pasteurella multocida PM70. As
shown in Scheme 10, creatine phosphate was used as an energy source instead of
PEP, because creatine phosphate is a cheaper, more efficient, and convenient energy
source compared to PEP, especially in large-scale synthesis of glycoconjugates (104).
ManNAc can be epimerized chemically from GlcNAc under basic conditions (pH
10), thus GlcNAc can also be used as a starting material in sialyloligosaccharide
synthesis.

IV. Enzymatic Oligosaccharide Synthesis Processes

In contrast to the template-driven biosynthesis of nucleic acids and proteins,
the biosynthesis of carbohydrates is defined as the cooperation of glycosyltransfer-
ase machinery and their cofactors, sugar nucleotides. Chemical methods often
require multiple protection–deprotection steps and long synthetic routes. As could
be anticipated, the chemical synthesis of oligosaccharides is not an attractive
option to industrial and scientific communities (105). Biocatalytic approaches
employing enzymes or genetically engineered whole cells are, however, powerful
and complementary alternatives to chemical methods (25).

A. Cell-Free Oligosaccharide Synthesis

In the early 1990s, Wong et al. established a one-pot multiple-enzyme in situ
sugar nucleotide regeneration system for carbohydrate synthesis, which was

GlcNAc + HOR + Pyruvate + 2PCr Neu5AcOR + 2Cr + 2Pi
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Cr
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PCr

Cr

CK

Scheme 10 Regeneration cycle of CMP-Neu5Ac.
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shown to operate very efficiently without problems of product inhibition
(55,56,100,101). However, in this one-pot system, purified enzymes were used
and the recombinant enzymes remained too expensive. Moreover, the enzymes
could not be reused and it was not convenient to separate the product from the
system. Alternatively, many research efforts have focused on the immobilization
of glycosyltransferases and other enzymes coupled with water-soluble polymers
to circumvent these limitations (25,106–111). Immobilized enzyme systems have
shown advantages such as ease of product separation, increased stability, and
reusability of the catalysts.

1. Glycosyltransferase Immobilization and Water-Soluble Glycopolymers

Recently, two applications of immobilized multienzymes coupled with aqueous
polymer supports for synthesis of oligosaccharides have been reported (107,108).
Nishimura et al. made use of glycosyltransferases expressed as fusion proteins with
the maltose-binding protein (MBP). The MBP domain functioned as a specific
affinity tag for both purification and immobilization of this engineered biocatalyst
onto resin. The acceptor was immobilized on a water-soluble polymer involving an
a-chymotrypsin-sensitive linker moiety. Eighty percent of the GlcNAc residue was
transferred from UDP-GlcNAc toward the LacCer polymer with immobilized
MBP-b1,3GlcNAcT (108). On the other hand, Wong et al. developed a homogenous
enzymatic synthesis system using thermoresponsive water-soluble polymer support.
Several enzymes immobilized on thermoresponsive polyacrylamide polymers were
nearly as active as their soluble forms and couldbe recovered for reuse after gentle heat-
ing and precipitation. The trisaccharide LewisX (Galb,4(Fuca1,3)GlcNAc) was synthe-
sized (60% yield) with no chromatographic purification of intermediates (107).

In these experiments, the versatility of oligosaccharide synthesis based on
immobilized glycosyltransferases was demonstrated by the construction of a simple
trisaccharide derivative that can be applied to further conjugation studies to pro-
duce glycodrugs or glycomaterials with interesting bioactivities (112). It should
also be noted that glycosylation of polymer primers by glycosyltransferases conju-
gated with a macromolecular support afforded products even in the presence of high
concentrations of inhibitors (nucleotides) (112). The availability of immobilized
glycosyltransferases should greatly accelerate the development of enzyme-based
automated glycosynthesizers (14,113,114).

2. Superbeads

Wang et al. have developed the cell-free superbead technology that demonstrated
in vitro transfer of multiple-enzyme sugar nucleotide regeneration systems onto
solid beads, which could be reused as common synthetic reagents for production
of glycoconjugates (74). The superbeads were prepared by the following
steps (Scheme 11A): (1) cloning and overexpression of individual N-terminal
His6-tagged enzymes along the sugar nucleotide biosynthetic pathway and
(2) coimmobilization of the enzymes onto nickel-nitrilotriacetate beads. The first
generation of superbeads for UDP-Gal regeneration along the biosynthetic path-
way (Scheme 11B) required the following enzymes: galactokinase (GalK, EC
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2.7.1.6), GalPUT, GalU, and PykF. The feasibility of the superbead approach
was demonstrated by gram scale synthesis of Gala1,3Galb1,4GlcOBn with a
truncated bovine a-1,3-galactosyltransferase (a1,3GalT) expressed in E. coli.
A yield of 72% was achieved based on acceptor LacOBn with 90% enzyme activ-
ity retained after reusing three times (yields were 71%, 69%, and 66%, respec-
tively) within three weeks. The versatility was demonstrated in the synthesis of
a variety of oligosaccharides such as Galb1,4GlcNAc (92% yield) and globotriose
(86% yield). Recently, an improved three-enzyme system (GalE, GalU, and
a1,3GalT) to synthesize isoglobotriose using commercially inexpensive UTP
has been reported (115).

Larger oligosaccharide synthesis will involve more corresponding glycosyl-
transferases coupled with necessary sugar nucleotide regenerating beads. Thus,
these superbeads will likely become a new generation of bioreagents for the
production of glycoconjugates and their derivatives.

B. Oligosaccharide Synthesis by Metabolically Engineered Bacteria

A rapidly emerging method for the large-scale synthesis of complex carbohydrates
is the use of metabolically engineered microorganisms. When using whole cells to
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Scheme 11 Production of superbeads and biosynthetic pathway of globotriose with regen-
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produce oligosaccharides, there is no need to isolate enzymes and biotransforma-
tions can be carried out with inexpensive precursors (25). Kyowa Hakko Kogyo
Co. Ltd. developed a system for large-scale synthesis of oligosaccharides by coupling
multiple metabolically engineered bacteria (63,116–118). In addition, Wang et al.
have developed the “superbug” technology utilizing single recombinant bacteria
carrying one engineered recombinant plasmid. Samain et al. have also investigated
in vivo synthesis of oligosaccharides in recombinant microorganisms (119,120).

1. Bacterial Coupling

The bacterial coupling technology, developed by Kyowa Hakko Kogyo Co. Ltd. in
Japan (57,63,116–118), initiated a new era in large-scale enzymatic synthesis of oli-
gosaccharides. The key to Kyowa Hakko’s technology was a Corynebacterium
ammoniagenes bacterial strain engineered to efficiently convert inexpensive orotic
acid to UTP (Scheme 12). When combined with an E. coli strain engineered to
overexpress UDP-Gal biosynthetic genes including galK, galT, galU, and ppa
(pyrophosphatase), UDP-Gal was accumulated in the reaction solution (72 mM/
21 h). When these two strains were combined with another recombinant E. coli
strain, overexpression of the a-1,4-galactosyltransferase LgtC gene of Neisseria
gonorrhoeae produced a high concentration of globotriose (188 g/liter) (118).

Kyowa Hakko also achieved large-scale production of other sugar nucleo-
tides and related oligosaccharides with the utilization of this bacterial coupling
concept. For fucosylated carbohydrate synthesis, the combination of genetically
engineered E. coli overexpressing GDP-fucose biosynthetic genes and C. ammo-
niagenes produced 18.4 g/liter GDP-fucose after 22 h reaction. Total 21 g/liter of
LewisX were synthesized using this system including a-1,3-fucosyltransferase

UMP UDP UTP PPiUTPOrotic acid 2Pi
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UDP-Glc
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Gal-1-PUDP-Gal
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C. ammoniagenes DN510 E. coli NM522/pNT25/pNT32
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PPA

Scheme 12 Large-scale production of globotriose through coupling of engineered
bacteria.
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(121). Large-scale synthesis of sialylated carbohydrates was also reported (117).
However, despite the striking feature of producing sugar nucleotides cost-effec-
tively, the bacterial coupling method still suffers from the need of multiple fermen-
tations of several bacterial strains and transport of substrates between different
bacterial strains.

2. Superbugs

The superbug technology, developed by Wang et al., made use of engineered
bacteria through fermentation to provide all the necessary enzymes along the bio-
synthetic pathway. A single microbial strain was transformed with a single artificial
gene cluster of all the biosynthetic genes. The metabolism of the engineered bac-
teria can then be exploited to provide the necessary bioenergetics (ATP or PEP)
to drive a glycosylation cycle. In this approach, it is unnecessary to purify and
immobilize individual enzymes; furthermore, the proteins may be expressed with-
out tags (122).

Around 7.2 g/liter of isoglobotriose (Gala1,3Lac, also known as a-Gal epitope)
were synthesized after 36 h using the “superbug” system (75) (Scheme 13). Five
enzymes required for the synthesis of isoglobotriose including the sugar nucleotide
regeneration pathway were cloned in tandem into single plasmid and transformed
into E. coli. Similarly, globotriose and its derivatives (Gala1,4LacOBn) were also
produced in high yields by using a1,4GalT instead of a1,3GalT (123).

An important aspect in the use of this superbug was that only catalytic
amounts of ATP or PEP were needed for the whole cell synthesis compared to
the need of stoichiometric amounts of ATP or PEP for cell-free in vivo synthesis.
Obviously, this makes the superbug production of oligosaccharide the most cost-
effective method (75,124,125). Another striking feature of the superbug reaction
was that both the starting mono- and disaccharides and the trisaccharide products
were membrane-permeable. Such superbug technology can be easily adapted and
used in a variety of synthetic and biochemical procedures by simply replacing/
inserting new glycosyltransferase genes into the plasmid.

3. The Living Factory Technology

The living factory technology, developed by Samain et al. in France, made use of the
bacteria host cell’s own ability to produce nucleotide sugars, while the bacteria were
simply engineered to incorporate the required glycosyltransferases. In high-cell-density

Regeneration
glycosylation
cycle

Recombinant E. coli 
Glucose UDP-Glc (cat.)

Glc-1-P (cat.)

ATP (cat.)
PEP (cat.)

O

O
O O

O
O

OHHO

HO
HO

HO

OH

HO
HO

OHOH

Isoglobotriose

OH
Galactose

Lactose

Scheme 13 a-Gal superbug.

98 D.M. Su et al.



cultures, the oligosaccharide products accumulated intracellularly and have been
shown to reach levels on the grams per liter scale (119,120,126–129). For example,
high-cell-density cultivation of lacZ� strains that overexpressed the b-1,3-N-acetylglu-
cosaminyltransferase lgtA gene of Neisseria meningitides resulted in the synthesis of
6 g/liter of the trisaccharide GlcNAcb1,3Galb1,4Glc (Scheme 14). Furthermore, gan-
glioside GM2 (GalNAcb1,4(NeuAca2,3)Galb1,4Glc) was produced in recombinant
E. coli expressing the genes for CMP-NeuAc synthase, a-2,3-sialyltransferase,
UDP-GlcNAc C4 epimerase, and LgtD. This system was extended to the synthesis
of GM1 (Galb1,3GalNAcb1,4(NeuAca2,3)Galb1,4Glc) by overexpressing the addi-
tional gene, b-1,3-galactosaminyltransferase (126). In this system, 1.25 and 0.89 g/liter
of GM2 and GM1 were produced, respectively. Recently, globotetraose (Gal-
NAcb1,3Gala1,4Galb1,4Glc) was synthesized in gram-scale quantities by using globo-
triose generation genes and the lgtD gene (130).

This method shows the advantages of having no need for isolation and puri-
fication of recombinant glycosyltransferases and the bacteria cells already possess
the machinery required for sugar nucleotide synthesis. On the other hand, the effi-
ciency of this system is critically dependent on the intracellular pool of sugar
nucleotides.

V. Conversion of Oligosaccharides to Glycolipids

In contrast to the conventional CD4þ and CD8þ T cells of the immune system that
recognize specific peptide antigens bound to major histocompatibility complex class
II or class I antigen presenting proteins, respectively (131–133), invariant natural
killer T cells recognize glycolipid antigens presented by histocompatibility complex

Galactose + Glucose
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Lactose

LacY

Lactose

LgtA

UDP

GlcNAcβ1,3Lac

GlcNAcβ1,3LacGlycerol

Energy source

Scheme 14 Production of trisaccharide GlcNAcb1,3Lac by E. coli JM109 expressing the
lgtA gene that encodes a b-1,3-N-acetylglucosaminyltransferase.
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class I-like CD1d molecules (134). iNKT cells play a major role as the bridging sys-
tem between innate and adaptive immunity (135). Upon activation, iNKT cells
secrete signaling peptides to regulate a number of disease states in vivo, including
malignancy, infection as well as autoimmune diseases (136,137). The lysosomal iso-
globotrihexosylceramide (iGb3, Gala1,3Galb1,4Glcb1,10Cer) was discovered as an
endogenous ligand of iNKT cells (133).

A. Chemoenzymatic Syntheses of Isoglobotrihexosylceramide
and Globotrihexosylceramide

The traditional synthetic protocols of glycolipids involved numerous steps of protecting
anddeprotecting to construct thedesiredoligosaccharides.However,with enzymatically
synthesized oligosaccharides, the conversion of them to glycolipids is quite convenient
(115). For example, the enzymatically synthesized isoglobotriose (Gala1,3Galb1,4Glc)
1 can be used to synthesize the endogenous antigen of invariant natural killer T cells,
iGb3 (Scheme 15) (133). The trisaccharide was protected with benzoyl groups by
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subjection to benzoyl chloride in the presence of catalytic 4-(dimethylamino)pyridine
and the reaction was stirred at 70 �C overnight to afford the perbenzoylated trisaccha-
ride 2 in 64% yield. The ester protecting group of the C2 hydroxyl group is necessary
for the formation of a b-configuration linkage between the saccharide and lipid moiety.
The 1-OHwas then selectively freed by treatmentwithMeNH2 in tetrahydrofuran solu-
tion (138). The product was further converted to trichloroacetimide donor 3 with tri-
chloracetonitrile and 1,8-diazabicyclo[5.4.0]-undec-7-ene using the standard procedure
(139). Regarding the lipid acceptor, we used 2-azido-sphingenine 4 (140) instead of
the 2-N-hexacosanylsphingenine (133) because the amide dramatically decreases the
acceptor reactivity and leads to a low yield in glycosylation (141).

The glycosylation of lipid acceptor 4 with donor 3 promoted by trimethylsilyl
triflate (TMSOTf) produced the desired b-glycolipid 5 with trace amounts of orthoe-
ster by-product. The azido group was reduced with triphenylphosphine and stoichio-
metric amounts of water in benzene at 70�C (142). The resulting amine was
subsequently coupled directly with cerotic acid in the presence of 1-ethyl-3-(30-
dimethylaminopropyl) carbodiimide (EDCI) to provide the protected glycolipid 6
with 75% yield over two steps (143). Finally, the p-methoxybenzyl group was
removed by trifluoroacetic in dichloromethane and the benzoyl esters were saponi-
fied with NaOMe, ultimately providing iGb3 in 60% yield.

Another glycolipid, globotrihexosylceramide (Gb3), was also prepared from
globotriose using similar methodology (Scheme 16) (115). In order to avoid the
formation of orthoesters in glycosylation, pivalate, a bulkier protecting group,
was employed as the ester protecting group instead of benzoate.
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VI. Conclusion

Significant progress in the study of the enzymatic biosynthesis of complex carbohy-
drates has been made with developments in protein purification, molecular genet-
ics, and new methods of enzymological analysis. Bioinformatics provide a large
amount of putative candidates for carbohydrate active enzymes. The combined
enzymatic and genetic approach has overcome formidable obstacles ubiquitous
to the study of glycans, and has begun to yield new information that definitively
addresses basic enzymological issues relevant to these complex carbohydrates.
In fact, complex carbohydrates representing the glycan chain of gangliosides such
as GT2, GM1, and GD1a were synthesized using glycosyltransferases (144).
Although traditional cell-free enzymatic synthesis of oligosaccharides will continue
to be used in laboratory scale synthesis, the future direction for large-scale prepa-
ration of complex oligosaccharides, and polysaccharides will be whole-cell systems.
Further development of these enzymatic methods will allow synthetic biochemists
to create important molecular tools for biochemical, biophysical, and medical
applications.
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Chapter 5

Proteoglycans in the Lung

MARA S. LUDWIG

Meakins-Christie Laboratories, McGill University, Montreal, Quebec H2X2P2, Canada

I. Introduction

Proteoglycans (PGs) are integral components of the extracellular matrix (ECM) and
are present throughout the lung. PGs are macromolecules consisting of a protein core
and glycosaminoglycan (GAG) side chains. The GAG side chains include chondroitin
sulfate (CS), keratin sulfate (KS), heparan sulfate (HS), dermatin sulfate (DS), and
hyaluronic acid (HA), a GAG which is not bound to a protein core. Different sub-
classes of PGshave been described, and include large, aggregating PGs such as versican
and aggrecan; small leucine-rich repeat PGs such as decorin, biglycan, lumican, and
fibromodulin; basement membrane PGs such as perlecan; and cell surface PGs such
as syndecan (1).Members of all these PG families have been identified in the lung. This
chapterwill describe the contribution of these various PGs tonormal lung structure and
the role individualPGsplay in influencing lung cell biology andnormal lungmechanics.
The importance of PG in lung development will be briefly considered. Finally, changes
in PG in clinically relevant lung diseases, such as asthma and pulmonary fibrosis, will be
discussed. How changes in these molecules contribute to the pathophysiology of
various lung diseases underscore the critical role that PGs play in the lung.

II. PGs and Normal Lung Structure

PGs are critical components of the lung ECM, and all subclasses of PGs are pres-
ent in the normal lung. The load-bearing components of the lung scaffold include
collagen and elastic fibers, and PGs, which represent the “ground substance”
within the fiber network. PGs are divided into subclasses, essentially based on
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the location of the PG within the tissue and on the gene family to which a given
PG belongs. Versican is a large, aggregating PG that, in association with HA, helps
form the pericellular matrix of the lung interstitium (2). Aggrecan, another large,
aggregating PG, is present in the tracheobronchial cartilage, again in association
with HA (3). Several small leucine-rich proteoglycans (SLRP) have been identi-
fied in the lung parenchyma, airways, and vasculature, including decorin, biglycan,
lumican, and fibromodulin (4–9). Decorin binds to collagen and by influencing col-
lagen fibrillogenesis plays an important role in the assembly of the lung fiber
network (10,11). Experiments in decorin-deficient mice show disruption and het-
erogeneity of collagen fibers (12) (Fig. 1). It is likely that biglycan has a similar
function, in as much as biglycan-deficient mice also show abnormalities in collagen
fibril morphology (13). (These studies in decorin- and biglycan-deficient animals
have not directly examined changes in collagen within the lung itself.) We have
published data showing that lumican is the most prevalent SLRP within the lung
peripheral tissues (5), and lumican is evident, as well, within the normal airway
wall (6). Fibromodulin has been described in normal lung tissue extracts (14).

Figure 1 Transmission electron micrographs of dermal collagen from Dcn�/� (A, B) and
Dcn+/+ (C) mice. Note the heterogeneity in size and irregularity of fibrils from Dcn�/�
animals. Reproduced by permission from Ref. 12.
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Fibromodulin and lumican bind to type I and II collagens, and influence both the
rate of fibrillogenesis and the structure of the resulting fibrils (15). Their site of
interaction with collagen, however, is different from that of decorin (16,17). Immu-
nohistochemical study of the pulmonary vasculature shows prominent staining for
biglycan, decorin, and lumican (4,5,18). Another subgroup of PGs, basement mem-
brane PGs, are key components of alveolar and pulmonary capillary basal laminae;
perlecan is likely the predominant molecule in the lung (19,20). These molecules
help define functional compartments and act as filtration barriers. Cell surface
PGs, such as syndecan, have been described in lung epithelial cells and function
primarily as cell surface receptors for matrix ligands (21). Finally, intracellular
and mucus PGs have been identified in the lung.

III. Contribution to Basic Lung Biology

PGs subserve a number of different biological functions. Versican, because of the
high ionic charge of its multiple GAG side chains, plays a critical role in determining
the water content or turgor of extracellular matrices. Via this mechanism, versican
influences tissue viscoelastic behavior, as well as cell migration and proliferation.
Decorin and biglycan are molecules that bind to collagen and affect collagen fibril-
logenesis and matrix assembly. They can also act to protect the fibrils from cleavage
by collagenases through their coating of collagen fibrils (22). These molecules also
bind different growth factors, such as transforming growth factor (TGF)-b and fibro-
blast growth factor (FGF), and by influencing their bioavailability, modulate their
ability to influence cell proliferation and matrix deposition (23,24). PGs have also
been shown to influence growth factor receptor expression. For example, HS PG
increased platelet-derived growth factor receptor expression on human lung fibro-
blasts (25). PGs may play a role in inflammation not only through cytokine binding
but also by acting as ligands for proinflammatory Toll-like receptors (26). PGs may
have direct effects on lung cell proliferation and/or apoptosis. HS PGs have been
shown to inhibit rat lung pericyte proliferation in vitro (27). In our laboratory, we
have obtained preliminary data in human airway smooth muscle (ASM) cells,
showing that cells grown on decorin matrices show significant growth inhibition
(28). Biglycan and decorin can induce cytoskeletal changes in lung fibroblasts,
enhancing their ability to migrate (29). Johnson et al. (30) have recently reported
that ECM proteins produced by asthmatic ASM cells enhanced ASM proliferation,
that is upregulation of ECM proteins may be part of an autocrine loop. While the
specific ECM molecules involved were not identified in this study, the observation
by these same authors that asthmatic ASM produces more PGs identifies this class
of molecules as a potential factor influencing airway structural cell function.

IV. Contribution of PGs to Normal Lung Mechanics

Lung parenchymal tissues display prominent viscoelastic behavior. The lung tissue
matrix represents a composite of collagen and elastic fibers, PGs, and GAGs.
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Collagen and elastin fibers are essentially elastic in nature (31); there has been dis-
cussion in the literature as to whether these fibers may also be responsible for the
viscous or resistive properties of the lung tissues (32,33). While networks of fibers
may display hysteretic properties (34), it seems more likely that PGs primarily
account for the viscous properties of the lung parenchyma. The GAG side chains
of PGs are highly hydrophilic, and have the ability to attract ions and fluid into
the matrix, thereby affecting tissue turgor and viscoelasticity (1,35). Versican is
a large, hydrodynamic molecule with numerous GAG side chains (1). As versican
is the predominant PG present in the ECM of the lung parenchyma, it seems likely
that this PG plays a key role in determining the turgor of the parenchymal tissues.
Lung tissue viscoelasticity has also been attributed to the movement of fibers
within the connective tissue matrix. Mijailovich et al. (36,37) have proposed that
energy dissipation occurs not at the molecular level within collagen or elastin,
but rather at the level of fiber–fiber contact, and by the shearing of GAGs which
provide the lubricating film between adjacent fibers. Cavalcante et al. (35) postu-
lated that PGs act to stabilize the collagen–elastin network of connective tissues
via their effects on tissue osmolarity. Further, PGs, such as decorin and biglycan,
modulate collagen fibrillogenesis, and may affect tissue mechanics through direct
effects on collagen fibril formation (1).

We have published experimental data that implicate PGs as key determi-
nants of the viscoelastic behavior of the lung tissues (38). Parenchymal strips were
excised from rat lungs, and tissue viscoelastic properties were measured in the
organ bath. Exposure of the tissues to the specific degradative enzymes, chondroi-
tinase and heparitinase, which digest GAG side chains, resulted in alterations in
tissue viscoelastic behavior (38). We have also obtained data in decorin-deficient
mice, characterizing the viscoelastic behavior of the lung both in intact animals
and in isolated lung parenchymal strips (39). Decorin-deficient mice showed
changes in elastic properties in both in vivo and in vitro preparations, as compared
to wild-type, decorin-replete mice (Fig. 2). In addition, airway resistance was
decreased in decorin-deficient mice. These data underscore the contribution of
PG to normal lung physiology. As will be described later in this chapter, altera-
tions in PG in different disease processes similarly contribute to abnormal lung
mechanics.

V. PGs and Mechanical Strain

Mechanotransduction describes the biological phenomenon wherein cells can alter
protein metabolism in response to mechanical stimuli (40). The effect of mechani-
cal strain on cellular systems has been a recent focus of research interest; a number
of studies have examined the effects of mechanical forces on ECM remodeling
(41). The effects of excessive mechanical strain on ECM production have been
studied using experimental systems that either stretch cell monolayers or strain
three-dimensional gels of mixed cell cultures. Xu et al. (42,43) have documented
that cyclic mechanical strain of mixed fetal lung cell cultures resulted in a modest

116 M.S. Ludwig



increase in versican mRNA. Biglycan protein was increased as was the expression
of a large chondroitin/dermatan sulfate PG thought to be versican. We examined
the effects of excessive mechanical strain on monolayers of adult human bronchial
fibroblasts cultured on collagen-coated plates (44,45). After 24 h, both versican
message and protein were increased in response to 30% stretch of the membrane
on which cells were cultured. No change in either protein or message was observed
for the small PGs, biglycan or lumican. We believe the change in versican in
response to mechanical strain represents an adaptive mechanism to protect the cell
from the traumatic effects of excessive mechanical stimuli. When the plasma mem-
brane is subjected to mechanical strain it undergoes unfolding, elastic deformation,
and/or stress failure (46). Versican is a large, hydrodynamic molecule with many
GAG side chains that influence tissue viscoelastic properties (38) and is an impor-
tant component of the pericellular matrix. Changes in versican in response to
mechanical strain result in an altered pericellular layer with altered viscoelastic
properties. This altered pericellular matrix may function as a type of “shock
absorber,” dispersing the effect of the physical force, and thereby protecting the
cell from excessive mechanical strain and subsequent plasma membrane disrup-
tion. This modulation of the strain applied at the cell membrane would also poten-
tially affect the strain transmitted via the cytoskeleton to the cell nucleus and the
ensuing molecular response (Fig. 3).
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Figure 2 Stress–length curves during stepwise relaxation of parenchymal strips in vitro,
showing increased compliance of the lung tissue in parenchymal strips from decorin-
deficient mice. Compliance of the tissues (Ctis) was measured from the slope of the tangent
to the curve between 300 and 500 mg/mm2. L500 is the length of the strip above lo at 500 mg/
mm2. Dcnþ /þ , wild type; Dcn�/�, decorin deficient. *, p<0.05 vs Dcnþ/þ **, p<0.01 vs
Dcnþ/þ . Reproduced by permission from Ref. (39).
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VI. PGs and the Developing Lung

PGs influence lung development and branching morphogenesis through their
effects on cell migration and the pericellular matrix. GAG synthesis and content
have been shown to increase with lung development to a maximum and then fall
abruptly at partuition (47). PG synthesis in the lung has been reported to be maxi-
mal at 80% gestation (48). HA seems to be particularly evident in early growing
areas, whereas PGs are prevalent around parabronchi and CSPG is associated with
collagen fibrils (49). Wang et al. (50) have shown, in the prenatal rat lung, that
CSPG is present in relatively large amounts in the alveolar and airway ECM,
whereas decorin is localized to developing airways and vessels, presumably related
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to collagen deposition. Syndecan, a cell surface PG, is developmentally regulated
during lung morphogenesis; changes occur in its site of expression and its GAG
structure during fetal maturation (51). In early postnatal lungs, CS, CSPG, and
HSPG have been identified; immunoreactivity progressively diminishes with mat-
uration (52). We have reported that HA content in the lung tissue rapidly
diminishes after partuition, coincident with changes in lung mechanical properties
(53). Hence, GAGs and PGs are altered during lung development and in the early
postnatal stage, as alveolarization continues. These changes reflect the important
role these molecules play in influencing the ability of cells to migrate through
the pericellular matrix and the contribution of individual PG to the development
of the various structural components of the lung.

VII. Role of PGs in Lung Disease

Lung diseases characterized by remodeling of the lung parenchyma or airway wall
involve alterations in PGs. Changes in PGs have been best characterized in pulmo-
nary fibrosis and, to a lesser extent, in asthma. Their roles in such diseases as
emphysema, lung cancer, and ventilation-induced lung injury have not been as well
defined.

A. Pulmonary Fibrosis

Pulmonary fibrosis is a chronic interstitial lung disease characterized by excess syn-
thesis, deposition, and rearrangement of ECM molecules including collagen, elas-
tic fibers, and PGs. PGs have been shown to be altered in pulmonary fibrosis of
different etiologies. Bensadoun et al. (4,54) have shown, in histological studies in
patients with both granulomatous and nongranulomatous lung fibrosis, that depo-
sition of the large aggregating PG, versican, is increased. Versican forms part of
the provisional matrix required for subsequent deposition of mature fibrous tissue.
Westergren-Thorsson et al. (55) have recently reported that lung fibroblast clones
from subjects with lung fibrosis produce different profiles of hyaluronin and dec-
orin than fibroblast clones from normal controls. Animal models have been used
extensively to study fibrotic lung disease; the most frequently employed model is
that of bleomycin-induced lung fibrosis (56). In the bleomycin model, Westerg-
ren-Thorsson et al. (57) showed altered expression of the SLRPs, biglycan and dec-
orin. Decorin message and protein decreased in rat lungs subsequent to bleomycin
injury, biglycan message and protein increased. We have performed studies in the
bleomycin model to further identify alterations in PG, the temporal sequence of
these changes, and the effects on viscoelastic behavior of the tissues. We showed
increases in all subclasses of PG studied, including the large, aggregating PG, ver-
sican; the basement membrane HSPG; and the SLRPs, biglycan and fibromodulin
(14). The temporal pattern of increased PG profile was examined; increases in ver-
sican protein preceded increases in other of the PG proteins and occurred prior to
the time point at which collagen deposition was enhanced (58). We also showed
that changes in viscoelastic behavior of the tissues correlated with alterations in
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PG (58). In subsequent studies (59), we isolated lung myofibroblasts from bleomy-
cin-exposed rats and determined that these cells secreted increased amounts of
TGF-b1 and PG, as compared to fibroblasts from control animals. PG secretion
was further enhanced by exogenous TGF-b and inhibited by anti-TGF-b antibo-
dies and IFN-g. The role of PG is compounded by the ability of decorin to bind
TGF-b, reducing its bioavailability (60). A number of studies conducted in trans-
genic mice have now shown that gene transfer, or transgene overexpression of dec-
orin, can modulate bleomycin-induced lung fibrosis (61–63).

B. Asthma

It is well established that airway wall remodeling is a key feature of asthma (64).
There is thickening of the reticular basement membrane and increased matrix depo-
sition in the subepithelial layer of the airways (65–68). Collagen and glycoproteins,
such as fibronectin, account for some of these changes; PGs also contribute to the
remodeling (6). Roberts (18) made the initial observation that, in patients dying of
asthma, the airway wall showed prominent staining for biglycan, decorin, and versi-
can. We have shown (6), in endobronchial biopsy specimens obtained from mild-
asthmatic patients, that deposition of the PGs, versican, biglycan, and lumican,
was increased in the subepithelial layer of the airway wall, as compared to that in
airways obtained from normal volunteers. Reddington et al. (8) showed colocaliza-
tion of decorin and TGF-b1 in the subepithelial layer of the airway wall; however,
the overall pattern of deposition was no different in biopsy specimens from asth-
matic and control subjects. A recent report in mild-asthmatic subjects (69) showed
a decrease in decorin in the lamina propria as compared to normal controls; con-
versely, biglycan was increased. Hence, the nature of PG deposition in the asthmatic
airway wall is not entirely clear. More recent studies have addressed the question of
PG deposition and asthma severity. In a study on fatal asthma, De Medeiros et al.
(70) showed that in patients dying of fatal asthma, versican content in the internal
area of both large and small airways was increased as compared to controls. In a
study of patients with difficult or severe asthma (7), we used endobronchial biopsy
to examine PG deposition within the airway wall. We showed that versican, bigly-
can, and lumican were all increased in the airway wall. Surprisingly, the pattern of
deposition was different in asthmatics of severe versus moderate degree. While
PG deposition in the subepithelial layer was relatively enhanced in both groups of
asthmatics, as compared to normal controls, deposition within the smooth muscle
layer was relatively greater in asthmatics with moderate clinical disease (Fig. 4).

These findings may have important implications for the functional effects of
enhanced PG deposition on airway physiology and narrowing. Increased PG depo-
sition in the subepithelial layer and subsequent thickening of the airway wall may
lead to increased airway resistance because of decreases in luminal diameter, and
to increased airway responsiveness because of the effects of a thickened airway
wall on ASM shortening and subsequent airway narrowing (71). In a study of mild
atopic asthmatics, PG deposition in the subepithelial layer was positively corre-
lated with airway responsiveness (6). On the other hand, increased matrix
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deposition within the smooth muscle layer could potentially have a modulating
effect on airway hyperresponsiveness (72–74). Excessive matrix could increase
the impedence or resistance to ASM shortening, and thereby decreases the actual
length change in the smooth muscle for a given degree of contractile stimulation.
This could result in less-severe airway narrowing.
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Figure 4 Changes in proteoglycans (PGs) deposition in the airway wall of patients with
severe and moderate asthma and normal volunteers. Of the three groups, moderate asth-
matics have the greatest amount of PG staining within the airway smooth muscle layer.
(A) Area of positive staining in the subepithelial layer standardized for basement mem-
brane length squared (A/bm2) for biglycan, lumican, versican, and decorin in biopsy speci-
mens from severe and moderate asthmatic patients and control subjects. Values are
mean�standard error. *, p<0.05 vs control subjects. (B) Percentage area of smooth muscle
layer staining positive for biglycan, lumican, versican, and decorin in biopsy specimens from
severe and moderate asthmatic patients and control subjects. Values are mean�standard
error. *, p<0.05; **, p<0.01 vs severe asthmatic patients. ***, p<0.001 vs control subjects.
Reproduced by permission from Ref. 7.
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Some information is also available from in vitro studies. Fibroblasts obtained
from endoscopic biopsies of airways of mild-asthmatic patients demonstrate
increased production of versican, perlecan, and biglycan protein, as compared to
cells isolated from normal patients (75). Additionally, we have shown that message
for decorin is upregulated in these same cells (44). A recent study by Johnson et al.
(30) reports that ASM cells obtained from asthmatic patients produce increased
amounts of perlecan. Westergren-Thorrson et al. (75) showed in fibroblasts
isolated from endoscopic biopsies that cells from asthmatic patients with the great-
est degree of hyperresponsiveness produced larger amounts of PGs. Finally, we
have shown that bronchial fibroblasts isolated from asthmatics patients show
enhanced responses to mechanical strain, in terms of PG mRNA and protein
secretion, as compared to fibroblasts from normal volunteers (44,45). As the asth-
matic airway wall is subject to increased mechanical stimuli (76), altered PG
metabolism in response to excessive mechanical strain in asthmatic airway fibro-
blasts is of particular significance.

A further issue is the effect of PGs on the structural cells present in the air-
way wall. Asthma is characterized by increased smooth muscle mass (64). PGs
could potentially affect the rate of proliferation and/or apoptosis of these cells.
Some information is available from in vitro studies. Hirst et al. (77) have shown
that various ECM proteins, such as collagen and fibronectin, have the capacity
to affect ASM proliferation. Johnson et al. (30) have reported that ECM proteins
secreted by asthmatic ASM, which likely include PG, enhanced ASM proliferation
in an autocrine fashion. We have obtained some preliminary data showing that
human ASM cells grown on decorin matrices show decreased proliferation (28).
Finally, the interaction between TGF-b and decorin may be important in the asth-
matic airway wall (60). TGF-b is increased in the asthmatic airway wall (78) and
plays an important role in asthmatic airway inflammation. Hence, the effect of
changes in PG deposition in the airway wall in asthma could have a number of
important consequences on asthmatic airway pathophysiology.

Data in animal models largely corroborate these findings. We have recently
reported in the Brown Norway rat model of allergic asthma that repeated ovalbu-
min challenge leads to increased deposition of biglycan and decorin within the air-
way wall (79). Biglycan was deposited throughout the entire airway wall, whereas
decorin largely spared the smooth muscle layer (Fig. 5). Similarly, Reinhardt et al.
(80) showed increased decorin deposition in the airways of a mouse model of oval-
bumin-induced asthma.

C. Emphysema

There is some information available on changes in PGs in clinical emphysema.
Immunohistochemical study of lung tissue from patients with mild and severe
emphysema showed decreased staining for decorin and biglycan, in the peri-
bronchiolar area, and in the alveolar wall (81,82). HS PG was decreased in the
alveolar region. Subsequent studies in fibroblasts isolated from patients with
emphysema showed dysregulated decorin metabolism, suggesting an impaired
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Figure 5 Representative photomicrographs of immunostaining in the airway wall of
ovalbumin (OA)-challenged (A, C, E) and saline control Brown Norway rats (B, D, F)
showing increased deposition of biglycan, decorin, and collagen type I in the airway wall
of OA-sensitized and -challenged rats. Staining of large airways with primary antibody
for biglycan (A, B), decorin (C, D), and collagen type I (E, F). Positive staining for bigly-
can was present within the smooth muscle layer (A, see inset) whereas decorin staining
occurred around the smooth muscle bundles (C). Reproduced by permission from Ref. 79.
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tissue repair process (83). Some data are also available in experimental models of
emphysema. In elastase-induced emphysema in rodents, HSPG content was
reduced in the alveolar wall; conversely, dermatin sulfate lung content was
increased, again demonstrating dysregulation of PG metabolism (84,85). A further
model of experimental emphysema has been described that is provoked by the
agent b-D-xyloside, a compound which inhibits PG synthesis (86).

D. Pulmonary Edema

PGs could potentially play a role in the development of pulmonary edema because of
their effects on tissue hydration and lung mechanical properties, and their function as
an integral component of basement membranes. Some information is available in ani-
mal models of induced pulmonary edema (87). Alterations in the sieving properties of
the basement membrane may enable enhanced transfer of solutes and fluids into the
interstitial space (88). Studies inmodels of lesional pulmonary edema induced by neu-
trophil elastase showed fragmentation of basement membrane PG (perlecan), which
was associated with loss of basement membrane integrity, increased microvascular
permeability, and subsequent pulmonary edema (89,90). Hydraulic pulmonary edema
led to weakening of PG interactions with other ECM components, and enhanced ver-
sican degradation (91). Degradation of hyaluronan occurs in the interstitial edema
associated with alveolitis (92). Hence, alterations inmatrix PG are a feature of cardio-
genic and noncardiogenic models of experimental pulmonary edema.

E. Ventilation-Induced Lung Injury

Ventilation-induced lung injury is a well-recognized complication of mechanical
ventilation, in part, due to alveolar overdistention (93,94). Recent studies have
described alterations in matrix components in response to abnormal ventilatory regi-
mens (95). Based on our data showing altered PG metabolism in response to exces-
sive mechanical strain in in vitro systems (44), we postulated that excessive
mechanical ventilation in vivo would similarly result in altered PG deposition. To
test this hypothesis, we performed studies in which the effects of different ventilation
regimes on tissue PGs and lung tissue mechanics were examined in an in vivo rat
model (96). After 2 h of mechanical ventilation, versican, HSPG, and biglycan were
all increased in rat lungs ventilated with large amplitude tidal volumes and zero pos-
itive end expiratory pressure. Versican and HSPG immunostaining became promi-
nent in the alveolar wall and airspace; biglycan was identified in the airway wall.
Pulmonary elastance and tissue resistance were significantly increased in rats receiv-
ing excessive ventilation, as compared to controls. These studies again provide evi-
dence linking altered PG in the matrix with altered lung mechanics.

F. PGs and Lung Cancer

There is limited information available on the role of PGs in lung carcinoma.
A number of studies have documented the antiproliferative action of decorin in
other organ cancers (97–99); there is evidence that this effect occurs through
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downregulation of the epidermal growth factor (EGF) receptor (100). Whether
decorin has a similar effect in lung cancer has not been established. Studies in
A549 cells, a human lung carcinoma cell line, have shown that decorin upregula-
tion leads to enhanced apoptosis in cancer, but not normal, cells (101). Gene
expression studies in lung squamous cell and adenocarcinomas have shown decorin
underexpression (102). Finally, in lymphangioleiomyomatosis, a fatal interstitial
lung disease characterized by excessive smooth muscle proliferation, abnormal
staining for versican, biglycan, and decorin is evident (103).

G. PGs and Other Lung Diseases

Involvement of PGs in other lung disease process has been even less well investi-
gated. Hyperoxia-induced injury has been studied in newborn rats to give insight
into hyperoxia-induced disease in the newborn. Increases in CSPG, hyaluronan,
and biglycan have been identified in response to this insult (49,104). GAGs show
an evolving profile during postresectional lung growth in the rat (105), mirroring
processes described in the developing lung.

VIII. Conclusion

PGs form a key component of the lung ECM. They contribute to the structural
integrity of the fiber network and are critical determinants of the mechanical prop-
erties of the lung tissues. They have important influences on various biological pro-
cesses, including cell proliferation and responses to cytokines and chemokines, and
participate in various autocrine pathways. Their involvement in different disease
processes is currently being investigated; PGs potentially contribute to any disease
in which the lung matrix is affected. Defining the role of PGs in disease biology is
especially important as these molecules offer new, putative therapeutic targets.
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Chapter 6

Proteoglycans of the Intervertebral Disk

PETER J. ROUGHLEY

Genetics Unit, Shriners Hospital for Children and Department of Surgery, McGill
University, Montreal, Quebec, H2X2P2 Canada

I. Introduction

The intervertebral disks are fibrocartilages that separate the vertebrae of the spine
and permit the twisting and bending associated with spine mobility. They also pro-
vide the resistance to compression required for the spines of bipeds to counteract
the force of gravity. At first sight, the intervertebral disks seem ill-equipped to deal
with the constant mechanical insults to which they are exposed during daily life.
They have no vascular system to provide the nutrients needed for cell metabolism,
and are only sparsely populated with cells that are required to maintain the integ-
rity of regions of the tissue that may be very remote. The solution to these pro-
blems resides in the unique structure of the extracellular matrix, which facilitates
normal disk function and protects the cells from injury by mechanical trauma.

The disks are composed of two regions that are structurally and functionally
distinct (1)—the outer annulus fibrosus (AF) and the central nucleus pulposus
(NP). The AF consists of concentric lamellae rich in collagen, whereas the NP
has a more gelatinous texture due to its lower collagen content and a high abun-
dance of proteoglycan (Fig. 1). In large part, the collagen fibrils of the AF provide
the resistance to bending and twisting, whereas the proteoglycan of the NP pro-
vides the osmotic properties needed to resist compressive loads (2). Disk structure
is not constant with age, and following puberty the structure of the human NP
begins to change from a gelatinous consistency to a more fibrous one. This change
is associated with an increase in collagen content and a subsequent decline in pro-
teoglycan content beginning early in adult life (3). The resulting decline in NP
function is to some extent compensated by an increase in proteoglycan content

133

Carbohydrate Chemistry, Biology and Medical Applications
Hari G. Garg, Mary K. Cowman and Charles A. Hales
# 2008 Elsevier Ltd. All rights reserved
DOI: 10.1016/B978-0-08-054816-6.00006-9



in the inner AF (4). The changes in NP structure in the juvenile are associated with
the loss of notochordal cells that can influence disk cell metabolism (5). It is pro-
posed that the age changes that have occurred by the young adult are a prelude
to disk degeneration, which increases progressively throughout life (6).

II. Disk Proteoglycans

Disk proteoglycans may be divided into two distinct groups—those that are asso-
ciated with the cell and those that reside in the extracellular matrix. The former
group includes members of the syndecan (7) and glypican (8) families that are
present at the cell surface, which are essential for cell signaling and cell–matrix
interactions. While such proteoglycans are undoubtedly present on disk cells, there
is little information concerning their identity. The extracellular proteoglycans
include two major families—the hyalectans (9) that are characterized by their
interaction with hyaluronan (HA) and the small leucine-rich repeat proteoglycans
(SLRPs) (10) that commonly interact with collagen fibrils. Other proteoglycans are
also present but in lower abundance, including perlecan (11), which may be
involved in cell and matrix interactions. In contrast to the cell-associated proteo-
glycans, the proteoglycans of the disk extracellular matrix have been studied in
considerable detail.

III. Aggrecan

In common with all cartilages, intervertebral disks are characterized by their high
content of the proteoglycan aggrecan, a member of the hyalectan family. In vivo,
aggrecan exists in the form of proteoglycan aggregates in association with HA
and link protein (LP). The proteoglycan aggregates provide the osmotic properties
needed to resist compressive loads (12). They may also be responsible for the avas-
cular nature of the intervertebral disk, as high aggrecan contents are associated

Anterior

Annulus
fibrosus

Nucleus
pulposus

Posterior

Figure 1 The intervertebral disk. A normal young adult human disk is shown with an
outer lamellar annulus fibrosus and an inner gelatinous nucleus pulposus.
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with the inhibition of endothelial cell migration (13). Each aggregate is composed
of a central filament of HA with up to 100 aggrecan molecules radiating from it,
with each interaction able to be stabilized by the presence of a LP. Proteoglycan
aggregate structure is influenced by the length of the HA, the proportion of LP,
and the degree of aggrecan processing. Proteoglycan aggregates may exist in two
predominant molecular forms that differ in their LP content (14) and probably
their functional characteristics. However, the structure of the proteoglycan aggre-
gates is not constant throughout life, with decreases in HA length, aggrecan size,
and possibly LP stabilization being evident (15).

Aggrecan is a modular proteoglycan with multiple functional domains. Its
core protein consists of three globular regions (16), termed G1, G2, and G3
(Fig. 2), which are stabilized by disulfide bonds. The G1 and G2 regions are
separated by a short interglobular domain (IGD), and the G2 and G3 regions
are separated by a long glycosaminoglycan (GAG)-attachment region to which
many keratan sulfate (KS) and chondroitin sulfate (CS) are attached. The G1
region is at the N-terminus of the core protein, and can be further subdivided into
three functional domains, termed A, B1, and B2. The A domain is responsible for
the interaction with LP, whereas the B-type domains are responsible for the inter-
action with HA (17). The G2 region also possesses two B-type domains, but does
not appear to interact with HA (18), and at present its function is unknown. The
G3 region resides at the C-terminus of the core protein and contains a variety of
distinct structural domains. It is essential for normal posttranslational processing
of the aggrecan core protein and subsequent aggrecan secretion (19).

The human aggrecan gene resides at chromosome 15q26 (20) and consists of
19 exons (21), with each exon encoding a distinct structural domain of the core
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G3 splicing
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CS1 polymorphism

IGD G2 KS CS1 CS2 G3

Figure 2 The structural domains of aggrecan. The aggrecan core protein is depicted with
three disulfide-bonded globular regions (G1–3), an interglobular domain (IGD), and attach-
ment regions for keratan sulfate (KS) and chondroitin sulfate (CS1 and CS2). The G1 region
is composed of one domain (A) responsible for the interaction with LP and two domains
(B) responsible for the interaction with hyaluronan. The G2 region also possesses two B-like
domains. The CS1 domain exhibits length polymorphism due to a variable number of 19-
amino acid tandem repeats, and individuals may possess between 13 and 33 repeats. The
G3 region possesses up to four domains that show epidermal growth factor (E), lectin (L),
and complement regulatory protein (C) homology. Its structure may vary because of alter-
native splicing of the E-like domains.
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protein. Exons 3–6 encode the G1 region and exons 8–10 encode the G2 region.
Most of the GAG-attachment region is encoded by exon 12. The G3 region of
aggrecan is encoded by exons 13–18, with exons 13 and 14 each encoding an epi-
dermal growth factor (EGF)-like domain, exons 15–17 encoding a lectin-like
domain, and exon 18 encoding a CRP-like domain. However, the G3 region does
not have a unique structure, as alternative slicing can result in the absence or pres-
ence of the EGF-like and the CRP-like domains (22). The presence of the lectin-
like domain is essential for effective aggrecan secretion (19), but the functional
significance of the other G3 domains is unclear though they could aid in matrix
assembly following secretion. However, the continued presence of the G3 region
on the aggrecan molecule does not appear to be essential in the mature disk
matrix, as extracted aggrecan molecules are commonly devoid of the G3 region
due to its proteolytic removal (23).

The GAG-attachment region is composed of three domains. The KS-
attachment domain, which resides adjacent to the G2 region, consists of repeat
motifs whose number varies between species (24). The following CS-attachment
domain is divided into two subdomains, termed the CS1 and CS2 domains. The
CS1 domain lies adjacent to the KS-attachment domain and also consists of repeat
motifs whose number varies between species. The substitution of the KS and CS
attachment sites within these domains may vary throughout life, and there is no
unique aggrecan structure. The structure of the CS and KS chains on aggrecan
can also vary throughout life due to changes in length and sulfation pattern
(25,26). There does not, however, appear to be any major difference in GAG
structure between the AF and NP in the same disk. The GAG-attachment region
also possesses sites for the attachment of O-linked oligosaccharides, which may
represent potential attachment sites for KS substitution (27). However, at least
in the human, such substitution appears to be confined to the KS-attachment
domain. The KS-attachment domain is devoid of CS, and the CS domains are
devoid of KS (28). KS may also be present within the G1 region, the IGD and
the G2 region, attached to either O-linked or N-linked oligosaccharides (29).

Aggrecan rarely exists in an intact form in disk extracellular matrix, but
instead is subject to extracellular proteolytic processing. Each proteolytic cleavage
of an intact aggrecan molecule results in one fragment that retains a G1 region and
so remains bound to HA and a second fragment that remains free. These latter
fragments contribute to the large quantity of nonaggregating proteoglycans pres-
ent in the disk extracellular matrix (28). Such proteolysis continues throughout life,
ultimately yielding proteoglycan aggregates that are enriched in aggrecan G1
regions, which remain resistant to proteolytic cleavage, and an increased abun-
dance of nonaggregating proteoglycans. With time, continued proteolysis of the
nonaggregating proteoglycans will generate fragments of a size small enough to
be lost from the disk by diffusion but this is a slow process. Measurements of pro-
teoglycan retention times have indicated that relatively intact aggrecan has a half-
life of about 5 years, whereas the G1 regions have a half-life of about 21 years (30).
The average half-life for the aggregating and nonaggregating proteoglycans is
about 12 years in the normal disk, but is diminished to about 8 years in the
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degenerate disk. This is compatible with increased proteolysis being associated
with disk degeneration. These half-lives are, however, considerably less than that
of the collagen fibrils, which may have a half-life in excess of 100 years (31).

Aggrecanases and matrix metalloproteinases (MMPs) are associated with
aggrecan proteolysis (32,33). The aggrecanases are of particular interest because
of their selectivity for aggrecan. Five aggrecanase cleavage sites have been
described in aggrecan (34), with one residing in the IGD domain and four in the
CS2 domain. Increased activity of these metalloproteinases has been linked to
the tissue destruction associated with intervertebral disk degeneration. A variety
of MMPs have been associated with disk degeneration, including MMP1, 2, 3, 7,
9, 13, and 19 (35,36). This group of enzymes provides the ability to degrade both
aggrecan and collagen. MMP19 is also of interest for its ability to degrade insu-
lin-like growth factor, one of the growth factors associated with the stimulation
of aggrecan synthesis (37). Among the MMPs, MMP3 (stromelysin) has received
particular attention. Not only was it the first MMP shown to be secreted by human
disk cells whose level of secretion was increased by cells of the degenerate disk
(38), but a polymorphism in the promoter region of its gene has been described
as a risk factor for an acceleration of disk degeneration (39). Of the aggrecanases,
ADAMTS4 (aggrecanase-1) has been associated with the damage occurring in the
herniated disk (40), but the lack of information to date does not exclude the par-
ticipation of other aggrecanases such as ADAMTS5 (aggrecanase-2).

The increased production of metalloproteinases has been associated with
adverse mechanical loading. The consequence of mechanical load depends on
parameters such as magnitude, duration, and frequency of application (41,42).
One general observation is that conditions that promote increased metalloprotei-
nase expression also tend to downregulate aggrecan expression, so enhancing the
detrimental effects of adverse loading. Appropriate mechanical loading is, how-
ever, essential for normal disk homeostasis as it is needed to promote aggrecan
synthesis. The consequence of adverse mechanical loads is related not only to
increased metalloproteinase secretion but also to the ability to activate secreted
proenzyme (43). It is possible that the adverse effects of mechanical loads operate
via stimulation of cytokine production by the disk cells, and interleukin-1 (IL-1)
has been shown to increase metalloproteinase expression and decrease aggrecan
expression by disk cells (44).

High concentrations of aggrecan are necessary to provide the osmotic prop-
erties necessary for the disk to resist compressive loads (2), with the GAGs pro-
ducing the osmotic swelling pressure (Fig. 3). This functional ability is dependent
on the aggrecan molecules possessing a high GAG content and having a size large
enough for retention in the extracellular matrix. In articular cartilage, this latter
property is dependent on the formation of large proteoglycan aggregates, as degra-
dation products are rapidly lost from the tissue by diffusion. However, the unique
organization of the intervertebral disk with its outer fibrous annulus permits the
accumulation of large proteolytic degradation products of aggrecan irrespective
of HA interaction. Any factor that results in a decrease in aggrecan GAG content
in the extracellular matrix may result in overcompression of the tissue under load.
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This in turn may result in an adverse response by the disk cells, with increased pro-
teinase secretion and subsequent tissue degeneration.

In the human, the aggrecan CS1 domain exhibits size polymorphism between
individuals due to a variable number of repeats (Fig. 2) (45), resulting in the aggre-
can molecules of different individuals having different numbers of CS chains. As
the GAG-attachment region provides the high anionic charge density needed for
the unique osmotic properties of aggrecan, it has been suggested that aggrecan
function could be affected by size polymorphism within the CS1 domain. Indivi-
duals with the shortest core protein length would possess aggrecan with the lowest
CS substitution, and such individuals might be at risk for premature loss of disk
function and early tissue degeneration. Size polymorphism in the aggrecan CS1
domain has been associated with disk degeneration (46), though it is possible that
the presence of one short aggrecan allele may be of little functional consequence
and that two short alleles may be needed to be at risk (47).

Mutations in the aggrecan gene leading to chondrodyplasias have been
described in the human, mouse, and chicken. In the human, a single base pair
insertion in exon 12 causes a frameshift and results in a form of spondyloepiphy-
seal dysplasia (48). In the mouse, a 7-bp deletion in exon 5 causes a frameshift

Figure 3 Aggrecan function. Aggrecan or its fragments if retained in the tissue exert an
osmotic swelling pressure. In a relaxed state, the swelling of the aggrecan is resisted by
the tensile forces generated in the surrounding collagen fibrils. Under load, water may be
extruded from the tissue at the site of compression, bringing the aggrecan molecules into
proximity and increasing their swelling potential. Upon removal of the load, water is drawn
back as the aggrecan swells to return to the relaxed state. Aggrecan is depicted in the form
of proteoglycan aggregates bound to hyaluronan, with each aggrecan molecule possessing
numerous KS and CS side chains responsible for the swelling properties. Retaining collagen
fibrils are depicted as banded lines.
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and results in a premature termination codon arising in exon 6 (49). In the chicken,
a premature stop codon is present within exon 10 encoding the CS-attachment
region (50), resulting in decreased message accumulation and underproduction of
a truncated aggrecan. It is likely that the absence of a G3 region impairs secretion
of the mutant aggrecan molecules. In the human, chondrodystrophic phenotypes
have also been associated with the undersulfation of aggrecan due to gene defects
in a sulfate transporter (51). These disorders illustrate the importance of aggrecan
content and charge in embryonic skeletal development and growth.

IV. Versican

Versican is a ubiquitous member of the hyalectan family that is present in the inte-
vertebral disk but at a much lower concentration than aggrecan. Its precise func-
tion in the mature disk is unclear. It is present throughout the disk, being
localized between adjacent lamellae in the AF and spread diffusely in the NP
(52). Versican is able to interact with HA and LP to form proteoglycan aggregates
(53), but it is unclear at present whether it forms unique aggregates or mixed
versican/aggrecan aggregates.

As with aggrecan, versican is a modular proteoglycan with multiple functional
domains. Its core protein contains two terminal globular regions equivalent to the
G1 and G3 regions of aggrecan separated by a large GAG-attachment domain
(54). There is no region equivalent to the G2 region of the aggrecan. The G1 region
possesses adjacent A and B domains analogous to those in aggrecan that are thought
to function in a similar manner with respect to HA and LP interaction. The G3
region of versican possesses adjacent EGF-like, lectin-like, and CRP-like domains
equivalent to aggrecan, but there is no evidence for alternative splicing unlike aggre-
can (55). The GAG-attachment region of versican appears to contain only CS,
though it is not clear whether under some circumstances this may be epimerized
to DS. This CS-attachment region bears no structural similarity to that of aggrecan,
and possesses many less potential sites for CS attachment. There is no report of the
presence of KS in the GAG-attachment region, but it may be present within the G1
region (56). The versican present in the disk undergoes extensive proteolytic proces-
sing (56), and may contribute to the aggregated and nonaggregated populations of
the disk proteoglycan. It is likely that metalloproteinases participate in versican deg-
radation, and versican has been shown to be a substrate for the aggrecanases (57).

The human versican gene resides at chromosome 5q12–14 (58), and is
encoded by 15 exons (59). Exons 2–6 encode the G1 region and exons 9–15 encode
the G3 region. Exons 7 and 8 encode the CS-attachment region, and may undergo
alternative splicing (60) to yield different versican isoforms. Four isoforms have
been described—V0 possessing the regions encoded by both exons 7 and 8, V1 pos-
sessing only the region encoded by exon 8, V2 possessing only the region encoded
by exon 7, and V3 possessing neither the region encoded by exon 7 or encoded by
exon 8. The V1 isoform is ubiquitously expressed and is the major form in the disk
(56). There is currently no evidence for the expression of the other versican
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isoforms in the disk. Disruption of the versican gene in the hdf mouse results in
early embryonic lethality (61). In the human, mutations in the versican gene have
been associated with Wagner syndrome (62). These mutations are point substitu-
tions within introns 7 or 8 that result in aberrant splicing and disruption of the
GAG-attachment region. It is not clear how much of an effect the abnormal versi-
can may have on intervertebral disk function.

V. Link Protein

LPs have a structure analogous to that of the G1 region of aggrecan and versican,
possessing A, B1, and B2 domains and thus can be considered as members of the
hyalectan family (63). The A domain has been shown to be responsible for inter-
action with the G1 region of aggrecan and presumably versican, whereas the
B domains interact with HA (64). In human cartilage and intervertebral disk, LP
can exist in three molecular forms, termed LP1, LP2, and LP3. LP1 and LP2 are
intact LPs that differ by the presence of two or one N-linked oligosaccharide,
respectively, in their N-terminal regions (65). LP3 is formed by proteolytic modifi-
cation in the region between the two oligosaccharide chains. When the LPs are
present in a proteoglycan aggregate, this site tends to be the only one that is acces-
sible to most proteinases. MMPs have been implicated in such degradation (66),
but the LPs are resistant to aggrecanases. Additional proteolysis does take place
in vivo within the A domain to produce LP fragments. This type of processing
has been mimicked in vitro by the action of free radicals.

LP serves several functions in the proteoglycan aggregates (Fig. 4). First, its
interaction with the G1 region of aggrecan and HA stabilizes the proteoglycan aggre-
gate and prevents its dissociation under physiological conditions. Second, it partici-
pates in a phenomenon termed “delayed aggregation”, in which its interaction with
newly synthesized aggrecan facilitates a conformational change in the G1 region to
promote aggregate formation (67). Third, together with the G1 domain of aggrecan,
it forms a protein coat covering the surface of HA, which helps protect the HA from
hyaluronidases and free radical-mediated degradation (68). Finally, the N-terminal
peptide of LP that is released by proteolysis can act as a growth factor to stimulate
matrix production by the disk cells tomaintain homeostasis (69). Proteolyticmodifica-
tion of LP takes place throughout life and commences at an early age in the disk. The
modified LPs accumulate in the proteoglycan aggregates, but there is currently no evi-
dence that such modified LPs are functionally impaired. However, LP content of the
disk does declines with age (70), possibly as a result of proteolysis or diminished syn-
thesis. This would be expected to impair aggregate function and stability and could
contribute to the process of disk degeneration that progresses with age.

Mammals possess four LP genes (71), of which one is predominantly
expressed in the intervertebral disk—the cartilage LP. Each LP gene is adjacent
to a hyalectan proteoglycan gene, though it does not appear that adjacent gene
products are necessarily coexpressed. The cartilage LP gene is adjacent to versican,
and there is currently no evidence for the expression of the LP gene that resides
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adjacent to aggrecan. The human cartilage LP gene resides at chromosome 5q13–
14 (72) and possesses five exons, with exon 3 encoding the A domain and exons 4
and 5 encoding the B domains (73). The importance of LP in maintaining the
structure of the proteoglycan aggregates has been demonstrated in knockout mice,
which exhibit dwarfism and craniofacial abnormalities (74). To date, no human dis-
order has been directly linked to a mutation in LP, but its importance in maintaining
intervertebral disk function is not in question.

VI. Hyaluronan

HA is a ubiquitous nonsulfated GAG characterized by its long length and unique
mode of synthesis that occurs at the plasma membrane of the cell via a hyaluronan
synthase (HAS) (75). Because of its mode of synthesis, HA is extruded directly
into the extracellular space and can be retained as a cell coat (76). It is likely that

Figure 4 Link protein (LP) function. LPs are depicted in two functional roles. (A) LP
interacts with nascent aggrecan to induce a conformational change in the aggrecan G1
region to facilitate interaction with hyaluronan (HA). (B) LP present in proteoglycan aggre-
gates protects the HA core from degradation by preventing access of hyaluronidases or free
radicals.
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proteoglycan aggregate formation initially occurs in the pericellular location. The
mechanism whereby the proteoglycan aggregates are released from this environ-
ment and move to the more remote parts of the extracellular matrix is not clear.
HA content in the disk increases with age and its size decreases (77). The increase
in HA content may reflect an accumulation of partially degraded proteoglycan
aggregates, and the decrease in size is probably a consequence of degradation as
LP protection declines. HA degradation may have an adverse metabolic effect
on the cells, as HA oligosaccharides can promote cell-mediated catabolism (78).

Mammals possess three HAS genes, termed HAS1, HAS2, and HAS3. While
each of the three HASs presumably produces HA of an identical composition,
there are differences in the chain length of the product and the ease with which
it can be released from the cell surface (79). HAS2 is thought to be responsible
for most HA synthesis in the skeleton, as mice lacking HAS2 gene expression show
impaired skeletogenesis and die during mid-gestation (80). Mice lacking HAS1 or
HAS3 expression show no skeletal phenotype. Recent studies on cartilage-specific
HAS2 knockout mice verify that HAS2 gene expression is essential for interverte-
bral disk formation. This underlies the essential role of HA in normal disk func-
tion. It is quite possible that HA may have functions in the disk other than its
role in proteoglycan aggregate formation, as it is present throughout the body
including tissues in which members of the hyalectan family of proteoglycans are
not prominent.

VII. Small Leucine-Rich Repeat Proteoglycans

As with all connective tissue, intervertebral disks contain a variety of small SLRPs,
which on a weight basis are a minor component of the tissue but on a molar basis
may rival the abundance of aggrecan. Decorin, biglycan, fibromodulin, and lumi-
can are the major SLRPs present in disk where they help maintain the integrity
of the tissue and modulate its metabolism. The SLRPs are not structurally related
to the hyalectans, but belong to the large family of leucine-rich repeat proteins that
are characterized by multiple adjacent domains bearing a common leucine-rich
motif (81). They can be divided into several subfamilies based on the number of
leucine-rich repeats, the type of GAG chain substituent, and their gene organiza-
tion. In the case of decorin, biglycan, fibromodulin, and lumican, there are 10
leucine-rich repeats flanked by disulfide-bonded domains (Fig. 5). Decorin and
biglycan are parts of one subfamily based on their substitution with dermatan sul-
fate (DS) chains and eight exon gene structure, whereas fibromodulin and lumican
are part of a second subfamily based on their KS substitution and three exon gene
structure. The genes for decorin and lumican reside close to one another at human
chromosome 12q22 (82), while the gene for fibromodulin is at 1q32 (83) and that
for biglycan is at Xq28 (84). The mature forms of fibromodulin and lumican pres-
ent in the extracellular matrix correspond to removal of only the signal peptide,
whereas for decorin and biglycan an additional amino acid sequence of 14 and
21 amino acids, respectively, are removed (85). These additional sequences have
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been considered as propeptides, though it is not clear whether their removal has
any functional consequence.

The four SLRPs each possesses N-linked oligosaccharide chains within their
central leucine-rich repeat region (86,87). In the case of fibromodulin and lumican,
these N-linked oligosaccharides can be modified to KS (Fig. 5). Decorin and bigly-
can possess attachment sites for DS within the extreme N-terminus of the mature
core proteins. Decorin has one such site at amino acid residue 4, whereas in bigly-
can has two sites at amino acids 5 and 10 in the human. Decorin and biglycan may
also exist in nonglycanated forms devoid of DS chains, with the abundance of such
forms accumulating with age (88). These nonglycanated forms appear to be the
result of proteolysis within the N-terminal region of the core proteins. Nonglyca-
nated forms of fibromodulin and lumican can also accumulate with age (89), due
to the absence of KS synthesis. In vitro, decorin (90), biglycan (91), and fibromodu-
lin (92) have been shown to be degraded by matrix metalloproteinases, and it is
likely that such cleavage can occur in vivo. The structure and abundance of the
SLRPs are not constant throughout life, but vary with both age and anatomical site.

The function of the SLRPs depends on both their core protein and GAG
chains. The core proteins allow the SLRPs to interact with the fibrillar collagen
that forms the framework of the tissue (93), and in so doing they help regulate
fibril diameter during its formation and fibril–fibril interaction in the extracellular
matrix. The continued interaction of decorin, fibromodulin, and lumican in the
mature disk may limit access of the collagenases to their unique cleavage site on
each collagen molecule, and in so doing may help protect the fibrils from proteo-
lytic damage (94) and contribute to their long half-life (Fig. 6). Fibromodulin
and lumican interact with the same region of the collagen molecule (95), whereas
decorin interacts at a distinct site (96). Molecular modeling predicts that the
SLRPs possess a “horse-shoe” conformation that is able to accommodate a

Figure 5 The structural domains of SLRPs. The core protein of decorin, biglycan, fibro-
modulin or lumican is depicted with two disulfide bonded domains (black boxes) flanking
ten leucine-rich repeat domains (grey boxes). In the case of decorin or biglycan, one or
two chondroitin/dermatan sulfate (DS) chains, respectively, reside in the amino terminal
region. In the case of fibromodulin and lumican, keratan sulfate chains (KS) may reside
on N-linked oligosaccharides located between the leucine-rich repeat domains. Decorin
and biglycan also possess N-liked oligosaccharides but they are not further modified by
KS substitution.
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single-collagen molecule at the surface of the collagen fibrils within its concave
face (97). However, X-ray diffraction analyses of decorin and biglycan crystals
indicate that they exist as dimers with interlocking concave faces (98,99). It is
not clear whether decorin dimers represent the functional form of the molecule
in the tissue and how this impacts their interaction with other molecules.

Interaction of the SLRPs is not confined to the fibrillar collagens. Decorin,
biglycan, fibromodulin, and lumican have been reported to interact with many
other macromolecules, including types VI, XII, and XIV collagen, fibronectin,
and elastin, all of which are present in the disk. Of particular note is the ability
of biglycan to interact with type VI collagen and so participate in the formation
of beaded filaments (100). This may be the principal role of biglycan in contrast
to the fibrillar collagen binding of the other disk SLRPs. The SLRPs can also inter-
act with growth factors, such as EGF, transforming growth factor-b, and tumor
necrosis factor-a, and in doing so may influence disk cell metabolism. The GAG
chains have been associated with the interaction with several growth factors, and
enable the SLRPs to provide a sink for growth factor accumulation within the
extracellular matrix so regulating growth factor access to the cells.

The level of SLRP synthesis varies with age and disk degeneration, though
the precise consequence of such changes is unclear. The early stages of interverte-
bral disk degeneration are associated with increased SLRP production by the cells
and accumulation in the extracellular matrix particularly in the AF (101). While
this may help strengthen matrix architecture, it could also sequester growth factors
responsible for matrix production, and hence participate in subsequent degenera-
tion. In contrast, at later stages of disk degeneration, there is a progressive decline
in SLRP production and levels particularly in the NP (101). Variations in SLRP
expression have also been observed in disks from scoliotic spines, and may be asso-
ciated with the development of the spinal curvature (102). It is clear that changes

Figure 6 Small leucine-rich repeat proteoglycan (SLRP) function. SLRPs are depicted as
globular core proteins (open circles) with an attached glycosaminoglycan chain, with the
core proteins interacting with a collagen fibril (banded line). (A) The SLRP coat can
impede the access of collagenases (MMP1 and MMP13) to the fibril surface and retard its
degradation. (B) The dermatan sulfate chains of decorin may interact with transforming
growth factor-b (TGF-b) sequestering the growth factor in the extracellular matrix.
(C) The dermatan sulfate chains of decorin may self-associate to facilitate fibril–fibril
interaction.
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in SLRP expression can be influenced by adverse compressive loads, with the ini-
tial response being the upregulation of all SLRPs (103). It is also apparent that the
cells of the AF and NP are different in the manner they respond to compressive
loads.

Studies in knockout mice demonstrate that depletion in SLRP production
can influence tissue properties. Absence of decorin results in lax, fragile skin, in
which collagen fibril morphology is irregular (104). Absence of biglycan results
in an osteoporosis-like phenotype, with a reduced growth rate and a decreased
bone mass (105). Absence of lumican produces both skin laxity and corneal opac-
ity, with an increased proportion of abnormally thick collagen fibrils (106).
Absence of fibromodulin results in an abnormal collagen fibril organization in ten-
dons (107). Thus, collagen fibril architecture is impaired in tissues in which SLRPs
are deficient, but currently there is no information on how the intervertebral disks
may be affected in these mice. Of these SLRP, only decorin has currently been
linked to a human disorder, with a frameshift mutation being reported in congeni-
tal stromal dystrophy of the cornea (108). Impaired GAG synthesis can also have
detrimental consequences, as deficiency in CS/DS substitution of decorin and
biglycan has been associated with the progeriod form of Ehlers-Danlos syndrome
(109). Again, there is no specific mention of how the intervertebral disks may be
affected in these disorders.

VIII. Perlecan

Perlecan was originally described as a heparan sulfate (HS) proteoglycan of base-
ment membranes. It is present in the basement membranes of all human tissues
tested, and has also been shown to be present in the extracellular matrix of carti-
laginous tissues that are devoid of basement membranes (11). With respect to car-
tilages, it has been shown to be present in the vertebral growth plate and
cartilaginous end plates of the intervertebral disk, the cartilaginous primordia of
the spine and limbs, and mature articular cartilage (110,111).

The human perlecan gene resides at 1p36–35 (112) and was originally consid-
ered to consist of 94 exons (113). However, analysis of human chromosome 1 indi-
cates the presence of 97 exons. The perlecan core protein consists of five distinct
domains (114). Domain I is unique; domain II contains repeats having homology
to those present in the low-density lipoprotein receptor; domain III contains
regions similar to those in the short arm of the laminin A chain; domain IV
contains repeats similar to those in the neural cell adhesion molecule; and domain
V contains EGF-like repeats. Structural variation can exist within the core protein
due to alternative spicing in domain IV (115). GAG-attachment sites have been
described in both the N-terminal domain I (116) and the C-terminal domain
V (117), with three such sites being present in domain I and two in domain V. Both
domains may be substituted with either HS or CS. In the case of cartilage, perlecan
may be present in forms that are devoid of GAG, possess HS or CS, or both HS
and CS (111). In cartilage, perlecan does not exist as the intact molecule but has
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undergone extensive proteolysis. The absence of GAG, the type of GAG substitu-
tion, the core protein variation, and its degree of proteolysis could influence the
functional properties of perlecan.

Perlecan can interact with a variety of basement membrane and extracellular
matrix components, including laminin, type IV collagen, nidogen, fibulin, fibronec-
tin, and PRELP (proline/arginine-rich end leucine-rich repeat protein) (118,119).
In doing so, perlecan may help maintain the structural organization of the tissues
in which it is present. The HS chains and core protein also interact with fibroblast
growth factors and their receptors (120). This interaction is important for the cor-
rect presentation of the FGFs to their receptors, and also protects them from pro-
teolytic degradation so increasing their biological half-life. Thus, perlecan may also
influence cell metabolism.

The essential role of perlecan in cartilage and skeletal development has been
demonstrated in knockout mice (121), which survive to birth, but display severe
skeletal defects with short axial and limb bones, and striking abnormalities in the
growth plates of their long-bones. Mutations in the human perlecan gene have
been identified in dyssegmental dysplasia (122) and the milder Schwartz-Jampel
syndrome (chondrodystrophic myotonia) (123), which are characterized by their
skeletal defects. Presumably, these defects include the intervertebral disks, but this
has yet to be studied in detail.

IX. Conclusion

The intervertebral disk proteoglycans are essential for normal tissue organization
and metabolism, and perturbation in their abundance or structure can have dire
consequences on tissue formation in the embryo, growth in the juvenile, and func-
tion in the adult. In the adult, detrimental changes in proteoglycan content and
structure are associated with disk degeneration.
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22. Fülöp C, Walcz E, Valyon M, Glant TT. Expression of alternatively spliced
epidermal growth factor-like domains in aggrecans of different species. Evi-
dence for a novel module. J Biol Chem 1993; 268:17377–17383.

Proteoglycans of the Intervertebral Disk 147



23. Dudhia J, Davidson CM, Wells TM, Hardingham TE, Bayliss MT. Studies on
the G3 domain of aggrecan from human cartilage. Ann NY Acad Sci 1996;
785:245–247.

24. Barry FP, Neame PJ, Sasse J, Pearson D. Length variation in the keratan sul-
fate domain of mammalian aggrecan. Matrix 1994; 14:323–328.

25. Roughley PJ, White RJ. Age-related changes in the structure of the proteo-
glycan subunits from human articular cartilage. J Biol Chem 1980;
255:217–224.

26. Brown GM, Huckerby TN, Bayliss MT, Nieduszynski IA. Human aggrecan
keratan sulfate undergoes structural changes during adolescent development.
J Biol Chem 1998; 273:26408–26414.

27. Santer V, White RJ, Roughley PJ. O-linked oligosaccharides of human artic-
ular cartilage proteoglycans. Biochim Biophys Acta 1982; 716:277–282.

28. Roughley PJ, Melching LI, Heathfield TF, Pearce RH, Mort JS. The struc-
ture and degradation of aggrecan in human intervertebral disc. Eur Spine J
2006; 15(Suppl 3):326–332.

29. Barry FP, Rosenberg LC, Gaw JU, Koob TJ, Neame PJ. N- and O-linked
keratan sulfate on the hyaluronan binding region of aggrecan from mature
and immature bovine cartilage. J Biol Chem 1995; 270:20516–20524.

30. Sivan SS, Tsitron E, Wachtel E, Roughley PJ, Sakkee N, Van der Ham F,
DeGroot J, Roberts S, Maroudas A. Aggrecan turnover in human interverte-
bral disc as determined by the racemization of aspartic acid. J Biol Chem
2006; 281:13009–13014.

31. Sivan SS, Tsitron E, Wachtel E, Roughley P, Sakkee N, van der HF, Degroot
J, Maroudas A. Age-related accumulation of pentosidine in aggrecan and col-
lagen from normal and degenerate human intervertebral discs. Biochem J
2006; 399:29–35.

32. Sztrolovics R, Alini M, Roughley PJ, Mort JS. Aggrecan degradation in
human intervertebral disc and articular cartilage. Biochem J 1997; 326:235–241.

33. Roberts S, Caterson B, Menage J, Evans EH, Jaffray DC, Eisenstein SM.
Matrix metalloproteinases and aggrecanase—their role in disorders of the
human intervertebral disc. Spine 2000; 25:3005–3013.

34. Tortorella MD, Pratta M, Liu RQ, Austin J, Ross OH, Abbaszade I, Burn T,
Arner E. Sites of aggrecan cleavage by recombinant human aggrecanase-1
(ADAMTS-4). J Biol Chem 2000; 275:18566–18573.

35. Le Maitre CL, Freemont AJ, Hoyland JA. Localization of degradative
enzymes and their inhibitors in the degenerate human intervertebral disc. J
Pathol 2004; 204:47–54.

36. Le Maitre C, Freemont A, Hoyland J. Human disc degeneration is associated
with increased MMP 7 expression. Biotech Histochem 2006; 81:125–131.

37. Gruber HE, Ingram JA, Hanley EN, Jr. Immunolocalization of MMP-19 in
the human intervertebral disc: implications for disc aging and degeneration.
Biotech Histochem 2005; 80:157–162.

38. Nemoto O, Yamagishi M, Yamada H, Kikuchi T, Takaishi H. Matrix
metalloproteinase-3 production by human degenerated intervertebral disc. J
Spinal Disord 1997; 10:493–498.

39. Takahashi M, Haro H, Wakabayashi Y, Kawa-uchi T, Komori H, Shinomiya
K. The association of degeneration of the intervertebral disc with 5a/6a

148 P.J. Roughley



polymorphism in the promoter of the human matrix metalloproteinase-3
gene. J Bone Joint Surg 2001; 83B:491–495.

40. Hatano E, Fujita T, Ueda Y, Okuda T, Katsuda S, Okada Y, Matsumoto T.
Expression of ADAMTS-4 (aggrecanase-1) and possible involvement in
regression of lumbar disc herniation. Spine 2006; 31:1426–1432.

41. MacLean JL, Lee CR, Alini M, Iatridis JC. Anabolic and catabolic mRNA
levels of the intervertebral disc vary with the magnitude and frequency of
in vivo dynamic compression. J Orthop Res 2004; 22:1193–1200.

42. MacLean JJ, Lee CR, Alini M, Iatridis JC. The effects of short-term load
duration on anabolic and catabolic gene expression in the rat tail interverte-
bral disc. J Orthop Res 2005; 23:1120–1127.

43. Hsieh AH, Lotz JC. Prolonged spinal loading induces matrix metalloprotei-
nase-2 activation in intervertebral discs. Spine 2003; 28:1781–1788.

44. Le Maitre CL, Freemont AJ, Hoyland JA. The role of interleukin-1 in the
pathogenesis of human intervertebral disc degeneration. Arthritis Res Ther
2005; 7:R732–R745.

45. Doege KJ, Coulter SN, Meek LM, Maslen K, Wood JG. A human-specific
polymorphism in the coding region of the aggrecan gene. Variable number
of tandem repeats produce a range of core protein sizes in the general popu-
lation. J Biol Chem 1997; 272:13974–13979.

46. Kawaguchi Y, Osada R, Kanamori M, Ishihara H, Ohmori K, Matsui H,
Kimura T. Association between an aggrecan gene polymorphism and lumbar
disc degeneration. Spine 1999; 24:2456–2460.

47. Roughley P, Martens D, Rantakokko J, Alini M, Mwale F, Antoniou J. The
involvement of aggrecan polymorphism in degeneration of human interverte-
bral disc and articular cartilage. Eur Cell Mater 2006; 11:1–7.

48. Gleghorn L, Ramesar R, Beighton P, Wallis G. A mutation in the variable
repeat region of the aggrecan gene (AGC1) causes a form of spondyloepiphy-
seal dysplasia associated with severe, premature osteoarthritis. Am J Hum
Genet 2005; 77:484–490.

49. Watanabe H, Kimata K, Line S, Strong D, Gao L, Kozak CA, Yamada Y.
Mouse cartilage matrix deficiency (cmd) caused by a 7 bp deletion in the
aggrecan gene. Nat Genet 1994; 7:154–157.

50. Li H, Schwartz NB, Vertel BM. cDNA cloning of chick cartilage chondroitin
sulfate (aggrecan) core protein and identification of a stop codon in the
aggrecan gene associated with the chondrodystrophy, nanomelia. J Biol
Chem 1993; 268:23504–23511.

51. Superti-Furga A, Rossi A, Steinmann B, Gitzelmann R. A chondrodysplasia
family produced by mutations in the diastrophic dysplasia sulfate trans-
porter gene: genotype/phenotype correlations. Am J Med Genet 1996;
63:144–147.

52. Melrose J, Ghosh P, Taylor TKF. A comparative analysis of the differential
spatial and temporal distributions of the large (aggrecan, versican) and small
(decorin, biglycan, fibromodulin) proteoglycans of the intervertebral disc.
J Anat 2001; 198:3–15.

53. Matsumoto K, Shionyu M, Go M, Shimizu K, Shinomura T, Kimata K, Wata-
nabe H. Distinct interaction of versican/PG-M with hyaluronan and link pro-
tein. J Biol Chem 2003; 278:41205–41212.

Proteoglycans of the Intervertebral Disk 149



54. Zimmermann DR, Ruoslahti E. Multiple domains of the large fibroblast pro-
teoglycan, versican. EMBO J 1989; 8:2975–2981.

55. Grover J, Roughley PJ. Versican gene expression in human articular cartilage
and comparison of mRNA splicing variation with aggrecan. Biochem J 1993;
291:361–367.

56. Sztrolovics R, Grover J, CS-Szabo G, Shi SL, Zhang YP, Mort JS, Roughley
PJ. The characterization of versican and its message in human articular carti-
lage and intervertebral disc. J Orthop Res 2002; 20:257–266.

57. Sandy JD, Westling J, Kenagy RD, Iruela-Arispe ML, Verscharen C,
Rodriguez-Mazaneque JC, Zimmermann DR, Lemire JM, Fischer JW, Wight
TN, Clowes AW. Versican V1 proteolysis in human aorta in vivo occurs at
the Glu441-Ala442 bond, a site that is cleaved by recombinant ADAMTS-1
and ADAMTS-4. J Biol Chem 2001; 276:13372–13378.

58. Iozzo RV, Naso MF, Cannizzaro LA, Wasmuth JJ, McPherson JD. Mapping
of the versican proteoglycan gene (CSPG2) to the long arm of human chro-
mosome 5 (5q12–5q14). Genomics 1992; 14:845–851.

59. Naso MF, Zimmermann DR, Iozzo RV. Characterization of the complete
genomic structure of the human versican gene and functional analysis of its
promoter. J Biol Chem 1994; 269:32999–33008.

60. Dours-Zimmermann MT, Zimmermann DR. A novel glycosaminoglycan
attachment domain identified in two alternative splice variants of human ver-
sican. J Biol Chem 1994; 269:32992–32998.

61. Mjaatvedt CH, Yamamura H, Capehart AA, Turner D, Markwald RR. The
Cspg2 gene, disrupted in the hdf mutant, is required for right cardiac chamber
and endocardial cushion formation. Dev Biol 1998; 202:56–66.

62. Mukhopadhyay A, Nikopoulos K, Maugeri A, de Brouwer AP, van Nouhuys
CE, Boon CJ, Perveen R, Zegers HA, Wittebol-Post D, van den Biesen PR,
van der Velde-Visser SD, Brunner HG, Black GC, Hoyng CB, Cremers
FP. Erosive vitreoretinopathy and wagner disease are caused by intronic
mutations in CSPG2/Versican that result in an imbalance of splice variants.
Invest Ophthalmol Vis Sci 2006; 47:3565–3572.

63. Neame PJ, Barry FP. The link proteins. Experientia 1993; 49:393–402.
64. Grover J, Roughley PJ. The expression of functional link protein in a baculo-

virus system: analysis of mutants lacking the A, B and B0 domains. Biochem J
1994; 300:317–324.

65. Roughley PJ, Poole AR, Mort JS. The heterogeneity of link proteins isolated
from human articular cartilage proteoglycan aggregates. J Biol Chem 1982;
257:11908–11914.

66. Nguyen Q, Murphy G, Hughes CE, Mort JS, Roughley PJ. Matrix metallo-
proteinases cleave at two distinct sites on human cartilage link protein.
Biochem J 1993; 295:595–598.

67. Melching LI, Roughley PJ. Studies on the interaction of newly secreted pro-
teoglycan subunits with hyaluronate in human articular cartilage. Biochim
Biophys Acta Gen Subj 1990; 1035:20–28.

68. Rodriguez E, Roughley P. Link protein can retard the degradation of hyalur-
onan in proteoglycan aggregates. Osteoarthr Cartil 2006; 14:823–829.

69. Mwale F, Demers CN, Petit A, Roughley P, Poole AR, Steffen T, Aebi M,
Antoniou J. A synthetic peptide of link protein stimulates the biosynthesis

150 P.J. Roughley



of collagens II, IX and proteoglycan by cells of the intervertebral disc. J Cell
Biochem 2003; 88:1202–1213.

70. Pearce RH, Mathieson JM, Mort JS, Roughley PJ. Effect of age on the abun-
dance and fragmentation of link protein of the human intervertebral disc. J
Orthop Res 1989; 7:861–867.

71. Spicer AP, Joo A, Bowling RA, Jr. A hyaluronan binding link protein gene
family whose members are physically linked adjacent to chrondroitin sulfate
proteoglycan core protein genes. The missing links. J Biol Chem 2003;
278:21083–21091.

72. Osborne-Lawrence SL, Sinclair AK, Hicks RC, Lacey SW, Eddy RL, Jr.,
Byers MG, Shows TB, Duby AD. Complete amino acid sequence of human
cartilage link protein (CRTL1) deduced from cDNA clones and chromo-
somal assignment of the gene. Genomics 1990; 8:562–567.

73. Dudhia J, Bayliss MT, Hardingham TE. Human link protein gene: structure
and transcription pattern in chondrocytes. Biochem J 1994; 303:329–333.

74. Watanabe H, Yamada Y. Mice lacking link protein develop dwarfism and
craniofacial abnormalities. Nat Genet 1999; 21:225–229.

75. Weigel PH, Hascall VC, Tammi M. Hyaluronan synthases. J Biol Chem 1997;
272:13997–14000.

76. Inkinen RI, Lammi MJ, Agren U, Tammi R, Puustjärvi K, Tammi MI.
Hyaluronan distribution in the human and canine intervertebral disc and car-
tilage endplate. Histochem J 1999; 31:579–587.

77. Hardingham TE, Adams P. A method for the determination of hyaluronate
in the presence of other glycosaminoglycans and its application to human
intervertebral disc. Biochem J 1976; 159:143–147.

78. Knudson W, Casey B, Nishida Y, Eger W, Kuettner KE, Knudson CB. Hya-
luronan oligosaccharides perturb cartilage matrix homeostasis and induce
chondrocytic chondrolysis. Arthritis Rheum 2000; 43:1165–1174.

79. Itano N, Sawai T, Yoshida M, Lenas P, Yamada Y, Imagawa M, Shinomura T,
Hamaguchi M, Yoshida Y, Ohnuki Y, Miyauchi S, Spicer AP, McDonald JA,
Kimata K. Three isoforms of mammalian hyaluronan synthases have distinct
enzymatic properties. J Biol Chem 1999; 274:25085–25092.

80. Camenisch TD, Spicer AP, Brehm-Gibson T, Biesterfeldt J, Augustine ML,
Calabro A, Jr., Kubalak S, Klewer SE, McDonald JA. Disruption of hyalur-
onan synthase-2 abrogates normal cardiac morphogenesis and hyaluronan-
mediated transformation of epithelium to mesenchyme. J Clin Invest 2000;
106:349–360.

81. Hocking AM, Shinomura T, McQuillan DJ. Leucine-rich repeat glycopro-
teins of the extracellular matrix. Matrix Biol 1998; 17:1–19.

82. Grover J, Chen XN, Korenberg JR, Roughley PJ. The human lumican gene—
organization, chromosomal, location, and expression in articular cartilage. J
Biol Chem 1995; 270:21942–21949.

83. Sztrolovics R, Chen X-N, Grover J, Roughley PJ, Korenberg JR. Localiza-
tion of the human fibromodulin gene (FMOD) to chromosome 1q32 and
completion of the cDNA sequence. Genomics 1994; 23:715–717.

84. McBride OW, Fisher LW, Young MF. Localization of PGI (biglycan, BGN)
and PGII (decorin, DCN, PG-40) genes on human chromosomes Xq13-qter
and 12q, respectively. Genomics 1990; 6:219–225.

Proteoglycans of the Intervertebral Disk 151



85. Roughley PJ, White RJ, Mort JS. Presence of pro-forms of decorin and
biglycan in human articular cartilage. Biochem J 1996; 318:779–784.

86. Neame PJ, Choi HU, Rosenberg LC. The primary structure of the core pro-
tein of the small, leucine-rich proteoglycan (PG I) from bovine articular car-
tilage. J Biol Chem 1989; 264:8653–8661.

87. Plaas AHK, Neame PJ, Nivens CM, Reiss L. Identification of the keratan
sulfate attachment sites on bovine fibromodulin. J Biol Chem 1990;
265:20634–20640.

88. Roughley PJ, White RJ, Magny M-C, Liu J, Pearce RH, Mort JS. Non-pro-
teoglycan forms of biglycan increase with age in human articular cartilage.
Biochem J 1993; 295:421–426.

89. Sztrolovics R, Alini M, Mort JS, Roughley PJ. Age-related changes in fibro-
modulin and lumican in human intervertebral discs. Spine 1999;
24:1765–1771.

90. Imai K, Hiramatsu A, Fukushima D, Pierschbacher MD, Okada Y. Degra-
dation of decorin by matrix metalloproteinases: identification of the cleav-
age sites, kinetic analyses and transforming growth factor-b1 release.
Biochem J 1997; 322:809–814.

91. Monfort J, Tardif G, Reboul P, Mineau F, Roughley P, Pelletier JP, Martel-
Pelletier J. Degradation of small leucine-rich repeat proteoglycans by matrix
metalloprotease-13: identification of a new biglycan cleavage site. Arthritis
Res Ther 2006; 8:R26–R34.

92. Heathfield TF, Onnerfjord P, Dahlberg L, Heinegard D. Cleavage of fibro-
modulin in cartilage explants involves removal of the N-terminal tyrosine
sulfate-rich region by proteolysis at a site that is sensitive to matrix metallo-
proteinase-13. J Biol Chem 2004; 279:6286–6295.
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I. Introduction

On a weight basis, collagen is the major component of the extracellular matrix of
dermis, accounting for about 90% of the protein and about 80% of the dry weight
of the tissue (1). The remainder is made up of smaller amounts of other proteins
(e.g., elastin and dermatopontin), glycoproteins (such as fibronectin and tenascin),
glycosaminoglycans (GAGs; such as hyaluronan), and proteoglycans. As in other
fibrous connective tissues, it is the collagen that gives dermis its tensile strength.
The GAGs and proteoglycans (glycoconjugate macromolecules that consist of a
core protein to which is attached at least one sulfated GAG chain), on the other
hand, confer turgor and the related physical properties of resilience and resistance
to compression. Proteoglycans and GAGs also regulate the behavior of the resi-
dent cells in many different ways that are still being elucidated. Therefore,
although they are quantitatively minor components, the proteoglycans and GAGs
have a major impact on the physiology and pathology of the skin.

II. GAGs and Proteoglycans of Skin

The content of GAG in human skin is about 2–3 mg/g fresh tissue (2). The major
GAGs, present in similar amounts, are hyaluronan (HA) (previously called

155

Carbohydrate Chemistry, Biology and Medical Applications
Hari G. Garg, Mary K. Cowman and Charles A. Hales
# 2008 Elsevier Ltd. All rights reserved
DOI: 10.1016/B978-0-08-054816-6.00007-0



hyaluronic acid) and the eponymous dermatan sulfate (DS) (3). There are much
smaller amounts of chondroitin 4 sulfate (C4S), chondroitin 6 sulfate (C6S), kera-
tan sulfate (KS), and heparan sulfate (HS). Only HA normally exists in the tissue
as a free GAG; the others are all covalently attached to protein as components of
various proteoglycans.

Proteoglycans are found in the epidermis, within the basal lamina below the
epidermis, and in the dermis. Some are associated with cell membranes, while
others are associated with collagen fibrils or with elastin fibers in the dermis, or
are in the interfibrillar space. Membrane and basal lamina proteoglycans are
generally substituted with HS (e.g., the glypicans) or with both HS and CS (e.g.,
the syndecans) (4). Most of the CS in the extracellular matrix of skin is present
on versican: a large proteoglycan belonging to the lectican gene family that also
includes aggrecan, the major proteoglycan of cartilage (5). The most abundant pro-
teoglycan in normal, uninjured skin is decorin, carrying most of the DS that is
found in this organ.

III. Small Leucine-Rich Repeat Proteins/Proteoglycans

The small leucine-rich repeat proteins/proteoglycans (SLRPs) are components of
the extracellular matrix. They are a subfamily of the much larger family of leu-
cine-rich repeat proteins (LRPs), of which nearly 5000 are known (6). The leucine-
rich repeat (LRR) is a sequence motif of the general form LxxLxLxxNxL/I or
LxxLxLxxCxxL/I (7), where L is normally leucine, “x” is any residue, N is aspara-
gine, C is cysteine, and I is isoleucine. The complete LRR averages 24 residues in
length and includes one of the above conserved segments nested within more vari-
able sequences. All LRPs are characterized by the presence of 2–52 copies
(tandem repeats) of the LRR. In extracellular LRPs, this LRR domain is flanked
by disulphides.

At least 12 different extracellular matrix macromolecules are recognized as
SLRPs (Fig. 1). They are organized into three main classes, according to overall
sequence similarity, number of LRRs, and pattern of near-N-terminal cysteine
residues (8). Two of the SLRPs discussed here: decorin and biglycan, belong to
Class I, and two: fibromodulin and lumican, belong to Class II. ECM2, chondroad-
herin, and nyctalopin may also be SLRPs, although they each show distinct
sequence and compositional characteristics. Additional proteins might eventually
be classified as SLRPs, as more sophisticated bioinformatic analyses are applied
to the genome or as more structural information becomes available.

The SLRPs are mostly glycosylated with N- and/or O-linked oligosacchar-
ides. Some, like decorin and biglycan, are also “full-time” proteoglycans (i.e.,
normally have one or more sulfated GAG chains attached to their protein cores),
while others, like fibromodulin and lumican, are “part-time” proteoglycans, carrying
N-linked oligosaccharides that can be extended with sulfated disaccharides to
become GAG (KS) chains. The predominant SLRP in human skin is decorin,
present at about 3.5 mg/g dry weight of dermis (9). There is also about 0.5 mg/g of
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biglycan (9) and smaller amounts of lumican (10), fibromodulin (11), and possibly
also other SLRPs.

IV. Decorin: The Major SLRPs of Skin

The covalent structure of decorin is illustrated in Fig. 2. This proteoglycan consists
of a protein core of a single polypeptide chain of 329 or 330 amino acids (depend-
ing on species), close to the N-terminus of which is usually attached one sulfated
GAG chain (12). In chicken, there is a second form of decorin that carries two
GAG chains (13).

A. Glycosaminoglycan

In decorin from mammalian skin, the single sulfated GAG is a high (60–70%)
L-iduronate-containing DS. L-iduronate is the C5 epimer of D-glucuronic acid
from which it is converted during elongation of the GAG chain (14). The
repeating disaccharide unit of skin DS is therefore either L-iduronosyl-a-1,3-N-
acetyl-L-galactosamine-4-sulfate (60–70%) or D-glucuronosyl-b-1,3-N-acetyl-D-
galactosamine-4-sulfate (30–40%); both occurring within the same chain so that
all DS chains are actually copolymers. The linkage between galactosamine and
uronic acid in either type of disaccharide is b-1,4. The presence of L-iduronate
is believed to confer on the DS chain-increased flexibility compared to CS (15).
The L-iduronate is occasionally sulfated at C2 or C3 (18), and the hexosamine

Figure 1 Dendrogram to illustrate the relationships between the different small leucine-
rich repeat proteins/proteoglycans (SLRPs). SLRPs belonging to Classes I and II have 12
leucine-rich repeats while those in Class III have 7. The spacing of N-terminal cysteines dif-
fers in each class. ECM2 is considered to be “Class I related,” while nyctalopin and chon-
droadherin each have distinct sequence and structural characteristics.
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may also be sulfated at C6 in decorin from some tissues such as sclera (16). In
articular cartilage and bone, the GAG chain on decorin has very little or no
L-iduronate, in which case it is classified as CS (17). Both DS and CS chains
are heterogeneous in size, even if derived from a purified (“homogeneous”) pop-
ulation of proteoglycan molecules. Moreover, the sizes of the GAG chains vary
between different connective tissues and with the rate of turnover of the tissue
(e.g., during wound healing—see the text below). The usual range for skin is
between 35 and 70 disaccharides, corresponding to a molar mass of about
15–30 kDa.

DS and CS chains connect to the proteoglycan protein cores by a tetrasac-
charide (D-glucuronosyl-b-1,3-D-galactosyl-b-1,3-D-galactosyl-b-1,4-D-xylose). The
single GAG chain of decorin is attached, via an O-glycoside link from this xylose,
to residue 4 (serine) of the mature protein core (12).

B. N-Linked Oligosaccharides

There are three potential sites for N-glycosylation of the protein core of decorin
(i.e., asparagine residues within an asparagine-X-serine or asparagine-X-threonine
sequence), all of which can be substituted with N-linked oligosaccharides of the
complex (N-acetyllactosamine) type (18,19). One of these sites, however, is often
not fully substituted, so that some decorin protein cores carry only two N-linked
oligosaccharides (20). The N-linked oligosaccharides of decorin appear to be nec-
essary for the solubility of the protein core because their removal results in
protein-driven self-aggregation (19).

Figure 2 Covalent structures of skin small leucine-rich repeat proteoglycans. The protein
cores of decorin, biglycan, lumican, and fibromodulin all consist largely of 12 leucine-rich
repeats, shown as boxes. The first 21 amino acids of the decorin protein core constitute a
flexible tether to which the single GAG chain (shown decorated with negative charges) is
attached (at serine 4). The two GAG chains of biglycan are also attached near to the
N-terminus of its protein core (at serines 5 and 10). There are three N-linked oligosacchar-
ides on the decorin core (shown as forks), and two on that of biglycan (on LRRs IX and XI).
The two near-N-terminal disulphides in decorin and biglycan form a cystine knot. A third
disulphide connects LRRs XI and XII. Lumican and fibromodulin also have 12 LRRs of
similar sizes to those of decorin, and most probably have the same arrangement of disul-
phides. See text for other details.
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C. Protein Core

1. Leucine-Rich Repeats

The central portion of the decorin polypeptide chain consists of 12 tandem LRRs that
range in length from 21 to 30 residues, arranged in four groups of 3, each with 1 short
(S) repeat and 2 long (T) repeats. The consensus sequences of the S and T repeats are,
respectively, xxaPzxLPxxLxxLxLxxNxI and zzxxaxxxxFxxaxxLxxLxLxxNxI, where
“x” indicates a variable residue; “z” is frequently a gap; “a” is Val, Leu, or Ile; and
I is Ile or Leu. These STT “supermotifs” probably represent ancestral genes that were
replicated during the evolution of the SLRPs (8).

2. Ear Repeat

A distinguishing feature of the protein cores of the SLRPs is the presence toward
the C-terminal end of the sequence of one very long LRR, stabilized by a disul-
phide bridge. This LRR has been termed the “ear repeat” because, in the crystal
structures of decorin (21) and biglycan (22), several of its amino acid residues
are seen to project out from the body of the protein core as a flexible loop (the
“ear”). Sequence alignments suggest that this feature is shared by all SLRPs (21).

3. Disulphides

The amino acid sequence of decorin includes six cysteine residues paired to form
three disulphides (23). The crystal structure of decorin (21) revealed that the four
cysteines on the N-terminal side of the LRR domain contained within a Cx3CxCx6C
motif form a cystine knot, with the first cysteine connected to the third and the sec-
ond to the fourth. The third disulphide located toward the C-terminal end of the
LRR domain connects LRRs 11 and 12, providing a stable scaffold anchoring the
ends of the flexible “ear” loop. Collectively, these three disulphides, and the tertiary
structure they maintain, are critical for function because chemical reduction (23)
leads to irreversible loss of the ability of decorin to bind to collagen (see below).

4. Flexible N-Terminal Tether for the GAG Chain

No electron density corresponding to residues 1–21 was observed in the crystal
structure of the protein core of bovine skin decorin (21). These residues are there-
fore disordered and presumably serve as a flexible tether for the attachment of the
single DS chain.

5. Structure and Stabilization of the Decorin Protein Core

Figure 3 shows a cartoon representation of the topology and secondary structure of
the decorin protein core. The overall shape, like that of other LRPs (24), is an
arch, or bent “solenoid”, in which the polypeptide chain follows a right-handed
helical path. The inner concave face of the arch is made up of 14 b-strands: the first
2 being antiparallel and forming a b-hairpin that is stabilized by the 2 disulphides.
All the other b-strands are parallel and connected on the convex aspect of the pro-
tein by b-turns and loops to short segments of either b-sheet, polyproline II helix,
3–10 helix, a-helix, or irregular secondary structure. The highly conserved leucines
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and other strongly hydrophobic amino acid side chains are all buried within the
hydrophobic core of the protein. The conserved asparagines of the LRRs are also
found within the hydrophobic core, where their side chain amides form two
“ladders” of four hydrogen bonds each, linking LRRs II through VI and VIII
through XII. Pairs of salt bridges that connect adjacent LRRs across the concave
b-sheet face provide a third source of stabilization energy for the native structure.

V. Biglycan

The second Class I SLRP found in skin is biglycan, whose amino acid sequence is
55% identical (and an additional 29% similar) to that of decorin from the same spe-
cies. Biglycan was named for the fact that its protein core has two sites (serines at
positions 5 and 10) for substitution with GAG chains (25), although both sites
may not always be fully used (26,27). Biglycan also has two sites, rather than the
three on decorin from most species, for substitution with N-linked oligosaccharides.

Figure 3 Three-dimensional structure of decorin. On the left is shown a picture of the
decorin protein core based on the highest resolution crystal structure (PDB accession code
1XKU). The N-terminus is at the top. b-strands are shown in yellow, helices (a, 3–10, and
polyproline II) in red, loops and turns in green. All other Class I and Class II SLRPs are
believed to have very similar secondary and tertiary structures to that shown here for dec-
orin. On the right are two orthogonal views of the decorin dimer. The protein core of the
dimer is shown as a smooth surface in slate blue. The N-terminal 21 amino acids are shown
as a smooth surface in marine blue. Spheres are used to represent the N-linked oligosacchar-
ides (yellow) and the hexasaccharide (marine blue) connecting the GAG chain to serine res-
idue 4 of the protein core. The protein core dimer structure is derived from the crystal
structure (PDB accession code 1XEC). The other features shown are based on a combina-
tion of small-angle X-ray scattering data and molecular modeling (P.G.S., unpublished
work).
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A. Tissue Distribution and Localization

Biglycan was originally detected in bone (25) and subsequently purified from artic-
ular cartilage (28). It is also a minor component in many other fibrous connective
tissues including skin where it is associated with elastin fibers (29,30). It may also
facilitate the assembly of type VI collagen, a minor beaded filament-forming colla-
gen in dermis, into hexagonal networks (31).

B. Structure of the Protein Core and the Importance of Dimerization

Given the similarities in their amino acid sequences, it is not surprising that the
three-dimensional structures of the protein cores of biglycan and decorin are
closely superimposable (22). Moreover, both biglycan and decorin exist in solution
as stable homodimers (22,32). Their crystal structures reveal the same antiparallel
symmetrical arrangement of monomers within these dimers, with the two concave
b-sheet faces in contact over about two-thirds of their surfaces. Dimerization is
likely to be important for the structures and functions of these SLRPs and possibly
also for asporin: the third Class I SLRP. We have recently provided evidence that
dimerization is essential for the stability of native decorin and biglycan, so that
folded monomers of these proteins may not exist under physiological conditions
(22). Occlusion of much of the parallel b-sheet face of each decorin or biglycan
protomer by dimerization must normally prevent this part of the protein from
interacting with other proteins (33).

VI. Lumican and Fibromodulin

Lumican was originally discovered in the cornea (34), and later named for its puta-
tive role in controlling corneal transparency (10,35). Fibromodulin was first
extracted from articular cartilage and named for its effects on collagen fibril for-
mation in vitro (11). Both lumican and fibromodulin are only minor components
of skin but are important to its structure, as attested to by the changes seen in
the skins of null mice (36).

Like the Class I SLRPs (decorin, biglycan, and asporin), the Class II SLRPs
also have 12 LRRs. The spacing of the N-terminal cysteines is slightly different:
Cx3CxCx9C in Class II compared to Cx3CxCx6C in Class I, but the pairing of
cysteines is expected to be the same, with the first connected to the third and
the second to the fourth, forming a cystine knot. The fifth and sixth cysteines are
also expected to form a disulphide and to connect, as in decorin and biglycan,
LRRs 11 and 12. As seen earlier for decorin (12), reduction of the disulphides in
fibromodulin destroys its ability to bind to collagen (37).

On the N-terminal side of the first cysteine in lumican and fibromodulin are
sequences of 18 residues and about 56 residues, respectively, that are, for the most
part, very poorly conserved compared to those within the main LRR domain. By
analogy with the N-terminal regions of decorin and biglycan, these sequences are
predicted to lack regular secondary structure. They do, however, include several
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tyrosine residues—two in lumican and up to nine in fibromodulin, that can be sul-
fated (38), possibly facilitating electrostatic interactions with, as yet unidentified,
positively charged protein ligands.

Although the LRR domains of lumican and fibromodulin share only about
30% sequence identity with those of decorin or biglycan, they are of almost iden-
tical lengths. Moreover, the key structure-determining hydrophobic residues and
asparagines are highly conserved in all four SLRPs. Consequently, the overall
topology of the Class II SLRP protein cores is expected to be very similar to that
of decorin and biglycan. Unlike the latter, however, lumican and fibromodulin are
normally monomeric in solution (P.G. Scott and C.M. Dodd, unpublished data).

Lumican has four potential sites for substitution with N-linked oligosacchar-
ides while fibromodulin has five. The extension of one branch of each of these
oligosaccharides with N-acetyllactosamine disaccharides and the sulfation of both
glucosamine and galactose converts them into KS chains (39.40).

VII. Functions of Skin SLRPs

The biological activities that have been ascribed to the SLRPs fall into two general
categories: (1) organization and physical properties of the extracellular matrix and
(2) effects on cell behavior such as attachment, migration, and proliferation.
Although there are exceptions, activities belonging to the first category are mostly
due to the sulfated GAG chain(s) (and possibly the sulfated tyrosines in the case of
fibromodulin and lumican), and those activities belonging to the second category
are mostly due to the protein cores.

A. Collagen Fibril and Fiber Organization

All four SLRPs discussed here are believed to affect the formation of collagen
fibrils and/or their organization into fibers and fiber bundles. These insights came
originally from studies on the localization of SLRPs within tissues and on their
physical interaction with soluble collagen or with collagen fibrils in vitro. More
recently, confirmation of the importance of the SLRPs for normal tissue architec-
ture has come from studying mice in which the genes have been knocked out,
either singly or in combination (41).

Decorin binds to the fibril-forming collagens (e.g., types I and III in skin) and
to the beaded filament-forming collagen (e.g., type VI). Biglycan also promotes
the assembly of type VI collagen into hexagonal networks. All these interactions
can be readily demonstrated in vitro (14,31,42). It is, however, from much earlier
work on the localization of GAG chains that many important ideas about the func-
tion of the proteoglycans in fibrous connective tissues developed.

1. Periodic Arrangement of SLRPs on Collagen Fibrils

Cationic metal-containing stains bind to the negatively charged sulfate groups of
GAGs, rendering them visible in the electron microscope. The copper-containing
stain Alcian Blue and its derivatives Cuprolinic Blue and Cupromeronic Blue,
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developed by Scott (43,44), have been used to produce many striking images showing
that sulfated GAGs are specifically and periodically associated with particular loca-
tions (“bands”) on the collagen fibrils (44). In tendon and skin, these are the D and
E bands, both within the gap zone of the collagen fibrils; in cornea, these are the
A and C bands, both within the overlap zone. We now know that these different
tissue-specific localizations reflect the presence of distinct small proteoglycans, pre-
dominantly DS-containing decorin in tendon and skin and KS-containing fibromodu-
lin and lumican in cornea. An example of such an image for skin is shown in Fig. 4.

2. GAG Chains of SLRPs as Tissue Organizers

In electron microscopic images of some tissues, the densely stained GAG filaments
appear to span the gaps between parallel collagen fibrils and possibly to link them
together. These observations, and other data on the interaction of SLRPs with col-
lagen in vitro, have led to the notion that the small proteoglycans are important in
controlling the formation of collagen fibrils and/or their organization into collagen
fibers and fiber bundles.

3. Possible Interaction Between GAG Chains

Early reports that DS prepared by proteolytic digestion is able to bind to itself
(45,46), and later modeling and NMR studies on isolated GAGs, led to the

Figure 4 Longitudinal section of a skin collagen fiber, stained with Cuprolinic blue and
uranyl acetate, showing densely packed, banded collagen fibrils with decorin DS chains
attached periodically at D or E bands (arrowed). The scale bar represents 100 nm.
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suggestion that the connections between collagen fibrils seen in some electron
micrographs were mediated by noncovalent (van der Waal’s) interactions between
the hydrophobic faces of the monosaccharides of helically structured GAG chains
(47). Highly purified DS peptides, retaining only two or three amino acids attached
to the xylose residue of the linkage region, however, were shown in our own work
not to self-associate by light scattering (48), nor, by others (49), to bind to the DS
chains of intact decorin by gel-chromatography. On the other hand, tryptic peptides
retaining positively charged amino acids did interact in this latter test system. The
self-association of DS previously reported may, therefore, have been a consequence
of incomplete proteolysis of the decorin protein core (or incomplete purification of
the GAG peptides), and appears not to be a property of DS per se. More recently, it
has become apparent that the interfibrillar GAG filaments seen in the electron
microscope may be an artifact of preparation, because freeze-drying solutions of
decorin generates complexes that are aggregated through the DS chains (21,32).

4. Electrostatic Repulsion Between Gags May Facilitate Collagen
Fiber Formation

In a hydrated connective tissue such as skin, DS chains probably do not bind
directly to one another, rather they are far more likely to exert a strong mutual
repulsion as a consequence of their high density of negative charges. This does
not, of course, preclude a role for decorin in connective tissue organization based
on its physical and chemical properties. In the decorin null mouse, collagen fibrils
are irregular in outline and form anastomoses and random fusions (50). Thus, the
decorin that is normally present appears to define and delimit the surfaces of the
collagen fibrils. The parallel orientation and association of collagen fibrils into
fibers and fiber-bundles is impaired in the periodontal ligament of decorin
deficient mice (51) and in postburn hypertrophic scars (52) (Fig. 5). The latter are
deficient in decorin compared to normal skin or mature scars (9). Skin collagen
defects are also seen in variant forms of Ehlers-Danlos syndrome, where mutations
in a galactosyltransferase gene lead to the secretion of GAG-deficient decorin (53).

All these observations suggest that it is the DS chain on decorin that is
important in the organization of connective tissues, with the protein core, which
has itself been detected at the D-band by immunohistochemistry (54), serving to
attach the proteoglycan to specific sites on the collagen fibril. In the fibrous con-
nective tissues that are richest in decorin, most collagen fibrils are organized into
parallel bundles (fibers) visible in the light microscope. This alignment is probably
facilitated by the antiadhesive properties of the highly hydrated anionic
GAG chains, allowing collagen fibrils to slide past one another and to orient along
lines of tension. Conversely, a lack of decorin may impede the organization or
reorganization of collagen fibrils.

5. Biglycan and Tissue Organization

Biglycan was originally described as pericellular in developing tissues (55). It is not
able to compete effectively with decorin for binding to collagen fibrils (56), but
may nevertheless attach to collagen in the absence of decorin (57,58). The deletion
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of the biglycan gene leads most obviously to defects in skeletal development and
bone formation (59) but the skin and other soft connective tissues are involved
because collagen fibril abnormalities are seen there also (60). Deletion of both
decorin and biglycan causes much more severe osteopenia and soft tissue abnorm-
alities than deletion of either gene alone (60). The skin in these double mutant
mice is especially fragile and is reminiscent of the rare human progeroid variant
of Ehlers-Danlos syndrome (61,62). Type VI collagen is found in skin as thin
beaded filaments and as hexagonal networks whose formation can be promoted
in vitro by biglycan (31). This activity of biglycan is ascribed to the two GAG
chains that are present on each protein monomer.

6. Lumican and Fibromodulin in Tissue Organization

Mice deficient in lumican display skin laxity and fragility resembling certain types
of Ehlers-Danlos syndrome (63), while the consequences of a deficiency of fibro-
modulin are mainly apparent in the tendon where it is found at relatively high con-
centration (64). The effects of a combined deficiency of lumican and fibromodulin
suggest that, while both these Class II SLRPs attach to the same (A and C band)
sites on collagen fibrils, albeit with different affinities (65), they function at differ-
ent stages in fibril and fiber development (66).

B. Effects of SLRPs on Cell Behavior

The SLRPs are antiproliferative for several types of cell [reviewed in Ref. (67)].
This particular biological property, which has probably been most extensively

Figure 5 Section of human postburn hypertrophic scar tissue, stained with Cuprolinic blue
and uranyl acetate, showing thin collagen fibrils embedded in an abundant interfibrillar
matrix. Clumps of densely stained amorphous materials are probably biglycan and/or versi-
can. Note the paucity of periodically attached decorin DS chains on the collagen fibrils
(contrast with Fig. 4). The scale bar represents 100 nm.
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investigated in relation to decorin, has attracted considerable interest, largely
because of its implications for tumor growth, invasion, and metastasis, and pro-
spects for control of these pathological processes. Decorin expression is often very
low in carcinoma cells but is upregulated in the connective tissue stroma surround-
ing tumors (68). Induction of decorin expression in carcinoma cells reduces their
proliferative and metastatic potential (69) and lumican expression in melanoma
cells has similar effects (70).

1. Transforming Growth Factor-b and SLRPs

Yamaguchi and Ruoslahti (71) first noted that overexpression of decorin in
Chinese hamster ovary cells reduced their rate of proliferation and density at sat-
uration. This effect was subsequently attributed to the direct binding and inactiva-
tion by decorin of the transforming growth factor-b (TGF-b) that was considered
to be an autocrine stimulator of cell proliferation in these cultures (72). Biglycan
was also reported to bind to TGF-b in the solid-phase competition assay system
used in this study.

The list of SLRPs that bind TGF-b was later extended to include fibromodu-
lin (73). These latter authors found, however, that a high-affinity TGF-b binding
site was present on only 1 SLRP molecule in 10. Furthermore, the DS or CS
chain(s) normally present on decorin and biglycan inhibited interaction with
TGF-b. The use in these investigations of fusion proteins expressed in Escherichia
coli (which does not carry out posttranslational modifications such as disulphide
bond formation or glycosylation) is of concern, as no evidence was presented that
the SLRPs tested were in their native, folded conformations. Nor had Yamaguchi
and coworkers (71,72) presented such evidence in relation to the recombinant pro-
teins that they had studied earlier. Moreover, it was subsequently reported that
decorin enhanced the binding of TGF-b to receptors on osteoblastic MC3T3-E1
cells and increased its bioactivity (74), and did not affect the TGF-b-mediated inhi-
bition of the proliferation of U937 monocytic cells, even in 100,000-fold molar
excess (75). The latter authors did, however, report that TGF-b attached to colla-
gen-bound decorin, and it had been earlier shown that TGF-b accumulates in the
pericellular matrix secreted by fibroblasts (76). These and other observations, such
as the release of active TGF-b by proteolysis with plasmin or thrombin (76), or
with matrix metalloproteinases (MMPs) (77), have given rise to the concept that
the extracellular matrix acts as a reservoir (or sink) for growth factors such as
TGF-b.

In some experimental systems, administration of decorin may downregulate
the production of TGF-b (78,79), providing a possible explanation for an effect
on its biological activity that is independent of either direct binding to decorin or
of competition for cell surface receptors. Notwithstanding the uncertainty sur-
rounding the mechanism(s), there have been some spectacular successes in the
use of decorin in experimental animals to treat TGF-b-mediated fibrotic processes
such as glomerular nephritis (80), gliotic scarring (81), bleomycin-induced lung
fibrosis (82,83), and intra-articular fibrous adhesions (84). TGF-b released from
certain tumors is believed to contribute to their evasion of T-cell-mediated
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immunity, and local overexpression of decorin has been shown to abrogate the
growth of neurogliomas in rats (79). Curiously, although biglycan has been
reported also to bind TGF-b in vitro, it seems not to have the same beneficial ther-
apeutic effect as decorin on TGF-b-mediated fibrosis in vivo, and may even have
the opposite effect (83).

2. TGF-b-Independent effects of SLRPs on Cell Behavior

Decorin can upregulate p21, a potent inhibitor of cyclin-dependent kinases, lead-
ing to inhibition of cell division (85,86). It can also stimulate phosphorylation of
the epidermal growth factor (EGF) receptor and thus activate the mitogen-
activated protein kinase signal pathway in sqamous carcinoma cells (87). Stable
expression of decorin leads to the sustained downregulation of EGF receptor
kinase activity and can block the growth of tumor xenografts in vivo (88).

3. Effects on Angiogenesis

The development of new blood vessels, that is angiogenesis, is necessary to support
wound healing. On the other hand, inappropriate vascularization is a component
of many pathological processes (e.g., diabetic retinopathy and rheumatoid arthri-
tis), and supports the growth of solid tumors (89). Antiangiogenic factors have
therefore long been proposed as therapeutics, and the SLRPs, decorin in particu-
lar, which has been shown to downregulate the expression of vascular endothelial
growth factor, might possibly be useful in this application (90). In some experimen-
tal systems, however, decorin has been reported to have proangiogenic effects
(91,92) so that its role in angiogenesis is complex and at the present time incom-
pletely understood.

VIII. Involvement of SLRPs in Skin Pathology

There have been many descriptions of changes in the structures or in the absolute
or relative amounts of SLRPs, associated with different pathologies. It is not
always obvious, however, whether these are the cause of the pathology or merely
secondary to it, but in either case they are likely to have deleterious effects on
the affected connective tissue. Perhaps, surprisingly, there are relatively few muta-
tions or polymorphisms in the protein sequences of the SLRPs that have been
directly linked to disease, all of those so far described occurring in the eye
(6,93). Although most interactions between SLRPs and other macromolecules
can be rationalized as playing some physiological or otherwise beneficial role,
some interactions, such as those between decorin or biglycan and lipoproteins
within atherosclerotic plaques (94,95) or between spirochetes and decorin (96),
are obviously damaging to the host.

A. Aberrant Wound Healing

Deep second- and third-degree burns often heal with hypertrophic scarring, a con-
dition that presents some months after the original injury as red, raised, inelastic
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and frequently itchy masses of scar tissue. These scars are uncomfortable, cosmeti-
cally troublesome, and often interfere with motion. Molecular and cellular aspects
of postburn hypertrophic scarring are reviewed in Ref. (97).

1. GAGs and Proteoglycans in Hypertrophic Scars

There are abnormalities in the amounts and nature of the GAGs in hypertrophic
scars, which has been recognized for more than 30 years. Chondroitin 4 sulfate,
which is barely detectable in normal skin, can be readily demonstrated in hypertro-
phic scars (98), where it is especially elevated in the characteristic nodular struc-
tures (99). DS, in contrast, is absent from all but the more normal appearing
parallel-fibered areas of the scars (100).

Swann et al. (101) later extracted proteoglycans from human skin and normal
and hypertrophic scars with the powerful denaturing agent guanidinium chloride
(to disrupt the collagen), and separated and studied them using techniques that
had earlier been successfully applied to the proteoglycans of cartilage. The major
conclusions were that the hypertrophic scars contained more proteoglycan than
did normal scars and that this included a higher proportion of low-density DS pro-
teoglycan. Subsequent work identified in these extracts a small DS proteoglycan
with the N-terminal sequence that we now know to belong to decorin (102). Two
small protein cores of 21.5 and 17 kDa were found for this DS-PG, both much
shorter than that expected for intact decorin (~42 kDa). On the other hand, the
GAG chains were longer (~23.5 kDa) than those from normal skin (~20 kDa). It
was suggested that the smaller protein cores might represent alternately spliced
decorin variants, but other evidence (9) suggests that they are more likely to be
proteolytic fragments.

2. Decorin Is Deficient in Hypertrophic Scars

Garg et al. (103) isolated L-iduronate-containing small proteoglycans from skin
and postburn scar tissues. Although the two small proteoglycans were not sepa-
rated, evidence was presented for an increased ratio of biglycan to decorin in the
scar tissues compared to normal skin. In our own work, the absolute amounts of
decorin, biglycan, and versican in human skin and in postburn hypertrophic and
mature scars were measured using quantitative inhibition ELISA methods (9).
The amounts of decorin in the hypertrophic scars were found to be about 25%
of those in normal skin or in mature scars, while biglycan and versican were each
about sixfold higher. The longer DS chains previously noted were found to belong
to both decorin and biglycan.

In normally healing incisional wounds in humans and experimental animals,
decorin appears within about a week, at the same time as new collagen fibrils
(104,105). In contrast, in healing second- and third-degree burn wounds, many of
which become hypertrophic, decorin expression appears to be largely suppressed
for 12 months or longer (106). Given its importance for collagen fibril and fiber
structure and organization, it is reasonable to propose that the paucity of decorin
is at least partly to blame for the derangement of the connective tissue in hypertro-
phic scars. The longer DS chains on the decorin that is present in the scars might
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also contribute to the increased separation between collagen fibrils, as noted in the
chemically inflamed skin of mice (107). The increased amounts of biglycan (which
is presumably associated with the collagen fibrils in the absence of decorin) and of
versican (which itself does not attach to collagen but most probably occupies the
enlarged interfibrillar spaces) are probably also important contributors to the
pathology. The 2.4-fold increase in total GAG content, which is disproportionately
high compared to the 12% increase in water content (9), probably accounts in
large part for the greater turgor of active hypertrophic scars.

3. Role of TGF-b in Hypertrophic Scarring

Excessive amounts and/or uncontrolled activity of TGF-b have been implicated as
a causative factor in many forms of fibroproliferative disease (108), including post-
burn hypertrophic scarring (109). Circulating levels of TGF-b are about twofold
higher in recovering burn patients than in normal subjects and remain elevated
for several months after injury (110). The profibrotic effects of TGF-b on cultured
fibroblasts include the stimulation of the synthesis of collagen, fibronectin, and
GAG (111,112); the downregulation of MMPs; and the upregulation of tissue inhi-
bitors of matrix metalloproteinases (TIMPs) (113). TGF-b also downregulates the
synthesis of decorin and upregulates the synthesis of biglycan and versican by
human skin fibroblasts (114,115).

4. Distinct Phenotype of Fibroblasts in Healing Burn Wounds

The abnormal chemical composition of the hypertrophic scar extracellular matrix
might be explained as resulting from the known effects of TGF-b on the metabo-
lism of fibroblasts. However, when fibroblasts are cultured from postburn hyper-
trophic scars, they are found to have a permanently altered phenotype compared
to those from uninjured skin of the same patients, often making more collagen,
and always less collagenase (116), less nitric oxide (117), and less decorin with a
longer DS chain (114). Some form of cell selection must therefore be operating,
and the simplest explanation is probably that the fibroblasts in healing burn
wounds are derived largely from the deep dermis or superficial fascia where they
survived the original injury. Support for this suggestion comes also from the obser-
vation that fibroblasts from reticular dermis synthesize less decorin than do those
from papillary dermis (118).

B. Ehlers-Danlos and Progeroid Syndromes

In 1987, Kresse et al. (119) described a young male patient of pronounced proger-
oid appearance and signs of Ehlers-Danlos syndrome, whose fibroblasts secreted
reduced amounts of the intact (proteoglycan form) of decorin, together with dec-
orin protein core lacking a GAG chain. This patient suffered from developmental
and connective tissue abnormalities, including osteopenia, hypermobile joints,
loose skin, and impaired wound healing. The primary defect was subsequently
shown to be a deficiency of galactosyltransferase I, the enzyme that catalyzes the
second glycosylation step in the biosynthesis of GAG chains (120). Specific point
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mutations within this gene (B4GALT7) have since been defined in this patient and
in other patients diagnosed with Ehlers-Danlos syndrome (121).

A deficiency of decorin core protein has been described in the skins of two
Japanese patients (122,123). The cause of the decorin deficiency in the first
patient appears not to have been further investigated but in the second patient,
(123) the coding region of the cDNA was shown to be normal while the levels
of decorin mRNA were markedly reduced. These observations, together with
the lack of responsiveness of the patient’s fibroblasts to stimulation of decorin
expression by interleukin-1b, suggested a mutation in a decorin gene regulatory
element. In this particular female patient, the presenting symptom was a large
nonhealing skin ulcer resulting from a mastectomy 2 years earlier. Synthesis of
decorin by skin fibroblasts would thus appear to be essential for normal wound
healing, a conclusion that is also supported by the observation that healing
of incisional or excisional wounds in the decorin null mouse is significantly
delayed (124).

C. Lyme Disease

Lyme disease is caused by the spirochete Borrelia burgdorferi. Ticks deposit this
microorganism in the dermis where it attaches to the decorin that coats the sur-
faces of collagen fibrils (96). Two decorin-binding adhesins (DbpA and DbpB—
both cell surface lipoproteins) have been identified (125,126). DbpA binds with
higher affinity than DbpB, probably through an electrostatic mechanism involving
specific (positively charged) lysine residues interacting with the negatively charged
DS chains (127). This interaction facilitates the colonization by B. burgdorferi of
the skin (where it proliferates), and may also be important at later stages in the
biology of the spirochete, after it disseminates from the skin and infects other con-
nective tissues. This organism may use decorin to evade the humoral immune
system (128).

IX. Summary and Conclusions

Skin contains at least four small proteoglycans: decorin, biglycan, lumican, and
fibromodulin (in decreasing order of abundance). All have protein cores made
up largely of 12 leucine-rich repeats and that probably share the same arch-shaped
topology, although decorin and biglycan are dimers while lumican and fibromodu-
lin are most probably monomers. Decorin and biglycan are substituted with DS
chains, attached by a flexible “tether” close to the N-terminus. All four proteogly-
cans also carry N-linked oligosaccharides that in lumican and fibromodulin can be
extended with sulfated N-acetyllactosamine disaccharides to become KS chains.
The protein cores attach the small proteoglycans to specific sites on the surfaces
of collagen fibrils where, primarily through their GAG chains, they serve to define
the boundaries of the fibrils and to prevent their random fusion. The DS chain of
decorin also appears to facilitate the alignment of collagen fibrils into parallel bun-
dles (i.e., fibers). Many other biological activities, mainly mediated by the protein
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cores, have been proposed for these small proteoglycans, including control of cell
proliferation in general and of angiogenesis in particular. Reduced amounts of
decorin, and/or its replacement by biglycan and versican, are associated with disor-
ganized and mechanically dysfunctional connective tissue in hypertrophic scars and
certain variant forms of Ehlers-Danlos syndrome. Better understanding of the
structures and activities of the SLRPs may lead eventually to novel therapies for
fibrotic and metastatic disease.
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Chapter 8

Functional Glycosaminoglycans in the Eye

MASAHIRO ZAKO* AND MASAHIKO YONEDA{

*Department of Ophthalmology, Aichi Medical University, Nagakute, Aichi 480-1195,
Japan
{Biochemistry and Molecular Biology Laboratory, Aichi Prefectural College of Nursing
and Health, Nagoya, Aichi 463-8502, Japan

I. Introduction

A large number of investigations have revealed limitless functional contributions of
glycosaminoglycans, the most characteristic carbohydrates, to ocular systems. Here,
we focus on the roles of glycosaminoglycans in ocular pathogenic conditions and
the clinical applications of glycosaminoglycans for eye diseases, and attempt to
review them for both health professionals and general readers. We deal with macular
corneal dystrophy, glaucoma, cataract, diabetic retinopathy, retinal detachment/pro-
liferative vitreoretinopathy, myopia, thyroid eye disease, and pseudoexfoliation syn-
drome in the eye disease section, and heparin, hyaluronan, and chondroitin sulfate
in the clinical application section. Figure 1 shows a schematic diagram of the eye in
cross section indicating each ocular component. The candidate glycosaminoglycans
involved in the ocular components of each eye disease described in this chapter are
summarized in both the legend for Fig. 1 and Table 1.

II. Glycosaminoglycans in Eye Diseases

A. Macular Corneal Dystrophy

Macular corneal dystrophy is a rare dystrophy that is characterized by abnormal
deposits in the corneal stroma, keratocytes, Descemet’s membrane, and
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endothelium, which is accompanied by progressive clouding. Corneal cells and
organ cultures from patients with macular corneal dystrophy show diminished syn-
thesis of keratan sulfate proteoglycans (1,2). Nakazawa et al. indicated that the
associated error in the synthesis of corneal keratan sulfate in macular corneal dys-
trophy is caused by failure of specific sulfotransferases involved in sulfation (3).

Macular corneal dystrophy can be classified into three immunophenotypes,
types I, IA, and II, according to the serum level of sulfated keratan sulfate and
immunoreactivity of the corneal tissue. In macular corneal dystrophy type I, the
keratan sulfate level is low in both the serum and corneal tissue. In macular
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Figure 1 Schematic diagram of the eye in horizontal section indicating each ocular
component. a, corneal epithelium; b, keratocyte; c, corneal endothelium; d, aqueous
humor; e, conjunctiva; f, sclera; g, trabecular meshwork; h, iris; i, lens; j, ciliary zonule
and body; k, vitreous; l, retina; m, interphotoreceptor matrix; n, retinal pigment epithe-
lium; o, Bruch’s membrane; p, choroid; q, optic nerve head; r, lamina cribrosa; s, extrao-
cular muscles and tissues. The candidate glycosaminoglycans involved in the ocular
components of each eye disease described in this chapter are as follows: macular corneal
dystrophy (b, c: KS, CS/DS, HA), glaucoma (d: HA; g: CS/DS, HS, HA; q, r: CS, HS,
HA), cataract (i: CS/DS, HS, HA), diabetic retinopathy (k: HA; l: HS), retinal detach-
ment/proliferative vitreoretinopathy (k, l, m, n: CS/DS, HS, HA), myopia (f, p: CS), thy-
roid eye disease (s: CS, HA), pseudoexfoliation syndrome (c, d, g, h, i, j: KS, CS/DS,
HA). KS, keratan sulfate; CS/DS, chondroitin sulfate/dermatan sulfate; HS, heparan sul-
fate; HA, hyaluronan.
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corneal dystrophy type IA, the serum keratan sulfate level is low, but keratan sul-
fate accumulated within the keratocytes reacts with 5D4, a monoclonal antibody
that recognizes a sulfated epitope on the keratan sulfate chain. In macular corneal
dystrophy type II, the serum keratan sulfate level is often normal, but accumulated
corneal keratan sulfate reacts with the 5D4 antibody. As an example, a quantita-
tive analysis revealed that the antigenic keratan sulfate content of the cornea of
a macular corneal dystrophy type I patient was at least 800 times lower than that
in normal control subjects (4). The key molecules involved in the disease are mod-
ification enzymes of keratan sulfate. For example, the activity of GlcNAc6ST was
found to be decreased in a cornea with macular corneal dystrophy (5), and recent
studies have identified mutations in a carbohydrate sulfotransferase gene encoding
corneal N-acetylglucosamine 6-O-sulfotransferase on chromosome 16q22 as one of
the causes of macular corneal dystrophy (6–9).

The keratan and chondroitin/dermatan sulfate levels in normal human cor-
neas and corneas affected by macular corneal dystrophies types I and II were com-
pared (10). The results revealed that the keratan sulfate chain size was reduced
and chain sulfation was absent in type I, and that sulfation of both GlcNAc and
Gal was significantly reduced in type II. The chondroitin/dermatan sulfate chain
sizes were also decreased in all diseased corneas, and the contents of 4- and
6-sulfated disaccharides were proportionally increased. The keratan sulfate chain
concentrations were reduced in both types I and II, whereas the chondroitin/der-
matan sulfate chain concentrations were increased in both types. Hyaluronan,
which is not normally present in healthy adult corneas, was also detected in both
disease subtypes.

Macular corneal dystrophy types I and II have also been characterized histo-
chemically. In normal corneas, high levels of sulfated keratan sulfate were detected
in the stroma, Bowman’s layer, and Descemet’s membrane with low levels in the
keratocytes, epithelium, and endothelium. Furthermore, in normal corneas, negli-
gible levels of labeling for N-acetyllactosamine (unsulfated keratan sulfate) were
detected. In macular corneal dystrophy type I corneas, sulfated keratan sulfate

Table 1 Glycosaminoglycans Associated with Eye Diseases

KS Macular corneal dystrophy, pseudoexfoliation syndrome
CS/DS Macular corneal dystrophy, glaucoma, cataract, retinal detachment/proliferative

vitreoretinopathy, myopia, thyroid eye disease, pseudoexfoliation syndrome
HS Glaucoma, cataract, diabetic retinopathy, retinal detachment/proliferative

vitreoretinopathy
HA Macular corneal dystrophy, glaucoma, cataract, diabetic retinopathy, retinal

detachment/proliferative vitreoretinopathy, thyroid eye disease,
pseudoexfoliation syndrome

KS, keratan sulfate; CS/DS, chondroitin sulfate/dermatan sulfate; HS, heparan sulfate; HA,
hyaluronan.
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was not detected anywhere, but a specific distribution of N-acetyllactosamine
(unsulfated keratan sulfate) was evident with heavily labeled deposits in the
stroma, keratocytes, endothelium, and disrupted posterior region of Descemet’s
membrane (11). In macular corneal dystrophy type II corneas, the midstroma
contained 30% less sulfur than normal corneas (12).

B. Glaucoma

Glaucoma is a type of optic neuropathy associated with characteristic optic disk
damage, which may result in certain visual field loss patterns, at least partly in
response to suboptimal intraocular pressure. There are three representative ocular
lesions containing glycosaminoglycans, namely the aqueous humor, trabecular
meshwork, and optic nerve head/lamina cribrosa, which are involved in glaucoma.

1. Aqueous Humor

The concentration of hyaluronan was found to be significantly lower in the aque-
ous humor of primary open-angle glaucoma patients than in that of nonglaucoma-
tous control patients. Specifically, the median hyaluronan concentrations in the
primary open-angle glaucoma and nonglaucoma groups were 298.4 and 545.1 mg/
liter, respectively (13). This change in the aqueous humor glycosaminoglycans
may be important for prednisolone-induced ocular hypertension. Interestingly,
the hyaluronan concentration in rabbit aqueous humor was significantly lower in
eyes treated with topical prednisolone than in control eyes, and returned to the
normal level after withdrawal of the prednisolone (14).

2. Trabecular Meshwork

Hyaluronan is present in the part of the trabecular meshwork that surrounds the
collector channels and blood vessels in the sclera of normal eyes, and may regulate
the outflow pathways (15). The hyaluronan contents in the tissues of primary open-
angle glaucoma and age-matched normal eyes were examined. Quantitative bio-
chemical profiles of the glycosaminoglycans in the trabecular meshwork revealed
depletion of hyaluronan and accumulation of chondroitin sulfates in the primary
open-angle glaucoma trabecular meshwork (16). Similarly, the primary open-angle
glaucoma juxtacanalicular tissue was depleted of hyaluronan and showed accumu-
lation of chondroitin sulfates that may increase the outflow resistance and,
consequently, increase intraocular pressure in patients with primary open-angle
glaucoma (17).

An examination of the effects of chronic and acute loss of glycosaminogly-
cans caused by Streptomyces hyaluronidase and chondroitinase ABC from the
aqueous outflow pathway on the intraocular pressure and outflow facility in mon-
key eyes revealed that the intraocular pressure and outflow facility remained
unchanged following acute and chronic intracameral chondroitinase ABC and
hyaluronidase treatment in monkeys (18). However, the anterior chambers in dogs
with normotensive and glaucomatous eyes treated with bovine testicular
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hyaluronidase showed different results (19). In normotensive eyes, hyaluronidase
significantly increased the rate of constant-pressure perfusion, and hyaluronidase
abolished the staining of colloidal iron in the trabecular meshwork. Treatment of
glaucomatous eyes with hyaluronidase did not significantly increase the rate of
constant-pressure perfusion, and the trabecular meshworks remained stained with
colloidal iron after the hyaluronidase treatment, suggesting that some glycosami-
noglycans were resistant to the actions of this enzyme.

Glycosaminoglycans may be involved in the occurrence of secondary glau-
coma. Topical administration of dexamethasone resulted in an increase in the total
chondroitin sulfate content in the rabbit aqueous outflow pathway, whereas the
total hyaluronan content was decreased (20). Similarly, in human trabecular cells,
there was a significant decrease in hyaluronan synthesis following treatment with
dexamethasone compared to untreated control cells, although many other compo-
nents of the extracellular matrix, such as fibronectin and elastin, increased after
the dexamethasone treatment (21). However, the rabbit corneoscleral trabeculum
in steroid-induced glaucoma showed increased levels of ground substance and
cytoplasmic organelles, as well as great sensitivity of the ground substance to
hyaluronidase (22).

The proteoglycan localizations in the trabecular tissue of eyes with neovascu-
lar glaucoma have been examined. Chondroitin sulfate and dermatan sulfate
proteoglycans were present in association with collagen fibrils, while heparan sul-
fate proteoglycans were present in association with the basal lamina of both the
vascular endothelial cells and the trabecular cells (23). The large accumulation of
basal lamina-like material with heparan sulfate proteoglycans may be one of the
causes of the intraocular pressure increase in goniodysgenetic (developmental)
glaucoma (24).

The effects of antiglaucoma drugs (epinephrine, timolol, and pilocarpine) on
the glycosaminoglycans of the rabbit trabecular meshwork were examined by
organ culture. Treatment with epinephrine significantly reduced hyaluronan and
increased chondroitin sulfate in the radiolabeled precursor incorporation rate,
but the other drugs had little effect (25).

The aqueous humor is characterized by a high ascorbic acid concentration,
and addition of ascorbic acid to the medium of human trabecular meshwork cells
in culture resulted in a significant dose-dependent stimulation of hyaluronan
synthesis and secretion (26).

3. Optic Nerve Head/Lamina Cribrosa

The optic nerve head is the portion of the optic nerve observed in the fundus
formed by the meeting of all the retinal nerve fibers. The lamina cribrosa is a thin
sieve-like membrane composed of neuroglia and connective tissue that bridges the
posterior scleral foramen and is continuous with the choroid and the deepest third
of the sclera. Fiber bundles of the optic nerve pass through the perforations of the
lamina cribrosa toward the optic chiasm. Because glycosaminoglycans and
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proteoglycans compose the optic nerve head and lamina cribrosa, they may be
involved in the occurrence of glaucoma.

Chondroitin and dermatan sulfate-containing proteoglycans exist throughout
the support tissues of the human optic nerve head (27,28). Rodents also show evi-
dence of chondroitin/dermatan sulfate proteoglycans in all the connective tissue
structures of the optic nerve head (29). Heparan sulfate proteoglycans are loca-
lized to the margins of the collagenous laminar plates of the scleral lamina cribrosa
and along the margins of the optic nerve septa and the pia mater (30). There is also
a specific keratan sulfate proteoglycan associated with astrocytes in the rat optic
nerve, as identified by the TED15 monoclonal antibody (31), but is not reported
for human.

The sulfated proteoglycans in the human lamina cribrosa showed age-related
changes (32). In the eyes of older individuals, the chondroitin/dermatan sulfate and
heparan sulfate proteoglycan filaments were found to be shorter than those in
younger persons. A mild decline in the diameter of the filaments with aging was
also noted.

There are some differences in the glycosaminoglycans and matrix metallo-
proteinases between normal and glaucomatous optic nerve heads. In normal adult
eyes, hyaluronan was found surrounding the myelin sheaths in the retrolaminar
nerve, while hyaluronan staining was virtually absent around the myelin sheaths
of the retrolaminar nerve in eyes with primary open-angle glaucoma (33). When
laser-induced glaucomatous eyes were compared with normal eyes, accumulation
and enlargement of collagen-associated proteoglycan filaments were observed,
accompanied by the destruction of collagenous beams (34). Accumulation of chon-
droitin sulfate proteoglycans was most evident, and prominent filamentous
heparan sulfate proteoglycans were noted in thickened astrocytic and vascular
basal laminae. There was also increased immunostaining for matrix metalloprotei-
nases in the glaucomatous optic nerve head that suggests increased expression of
these proteins in glaucoma and thereby implies a role in the tissue remodeling
and degenerative changes seen in glaucomatous optic nerve heads (35).

Recently, increased levels of autoantibodies recognizing glycosaminoglycans
of the optic nerve head were identified in the serum of some patients with glau-
coma (36). These autoantibodies may increase the susceptibility of the optic nerve
head to damage in the patients by changing the functional properties of the lamina
cribrosa, its vasculature, or both. Furthermore, the levels of serum autoantibodies
were higher in patients with normal-tension glaucoma than in patients with
primary open-angle glaucoma (37).

C. Cataract

The lens comprises three parts: the capsule, lens epithelium, and lens fibers. Any
opacity in the lens that causes it to lose its transparency and/or scatter light is
called a cataract. Heparan sulfates and chondroitin sulfates are essential for lens
differentiation and homeostasis, and abnormal expressions of these glycosamino-
glycans may be involved in the occurrence of a cataract.

186 M. Zako and M. Yoneda



Lens epithelial cells synthesize and secrete one or more high-molecular-
weight glycoconjugates that contain heparan sulfate (38). Analysis of lens capsules
revealed the presence of heparan sulfate in the lens epithelium and capsule
(39,40). Heparan sulfate proteoglycans in the lens capsule colocalize with and bind
to fibroblast growth factors (FGFs) (41,42). The heparan sulfate chains of perlecan
in the lens capsule have an essential function in lens formation, as revealed by a
gene-targeting study that involved loss of attachment sites for heparan sulfate side
chains (43). An investigation of intact chick lens revealed the presence of chon-
droitin sulfate proteoglycans with a broad molecular size distribution of the
chondroitin sulfate chains (44).

Children with congenital or infantile cataracts were found to excrete frag-
ments of glycosaminoglycans (heparan and chondroitin sulfates) in their urine,
and showed accumulation of these glycosaminoglycan fragments in their blood
and lenses (45). Quantitative electron microscopy analyses of the three main types
of glycosaminoglycans (heparan, chondroitin, and dermatan sulfates) in young and
senile (cataractous) lens capsules demonstrated reduced amounts of glycosamino-
glycans in the senile cataractous lens capsules (46). In addition, examination of
capsules containing epithelial lens cells from normal and cataractous mice (Nakano
strain) revealed that the proteoglycan synthesis was specifically decreased in the
cataractous lens (47). Furthermore, glycosaminoglycan analyses showed increased
synthesis of hyaluronan and decreased synthesis of heparan sulfate in the cataract
capsules.

Thus, the expression levels of the glycosaminoglycan chains of proteoglycans
in the lens may be important for normal lens cell biology, and the disruption
induced by many factors may finally result in the formation of a cataract.

D. Diabetic Retinopathy

Diabetic retinopathy is a progressive dysfunction of the retinal vasculature caused
by chronic hyperglycemia. The effects of advanced glycation end products
(AGEs), which are increased in the vitreous of diabetic patients, on the photolysis
of hyaluronan have been examined. Exposure to light decreased the molecular
weight of hyaluronan, and the addition of AGEs promoted this change (48). The
photosensitizer activities of AGEs may be associated with accelerated depolymer-
ization of hyaluronan in diabetic patients. Microvascular leakage in diabetic reti-
nopathy in association with the expression of heparan sulfate proteoglycans in
retinal microvessels has been investigated (49). The results revealed that the
increased microvascular permeability in human diabetic retinopathy was not asso-
ciated with changes in the expression of heparan sulfate proteoglycans, suggesting
that the mechanism underlying retinal leakage is different from that of diabetic
glomerular capillary leakage, in which loss of heparan sulfate proteoglycans has
been observed. On the other hand, there is a report that both the synthesis of
heparan sulfate proteoglycans and the mRNA expression of perlecan were
decreased in the retina of streptozotocin-diabetic rats compared with normal rats
(50). This decrease in heparan sulfate proteoglycan synthesis may account for
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the decrease in retinal basement membrane anionic sites and increased capillary
permeability that occur in diabetes, but further investigations are necessary to elu-
cidate the functions of glycosaminoglycans in diabetic retinopathy.

Many case-control studies have demonstrated an association between diabe-
tes and cataract. Incubation of lens capsules with glucose in vitro resulted in
changes in the mechanical and thermal properties of type IV collagen consistent
with increased cross-linking, suggesting that some glucose-mediated covalent
cross-linking of type IV collagen occurs in lens capsules, which may be involved
in the formation of cataract in diabetes mellitus (51).

E. Retinal Detachment/Proliferative Vitreoretinopathy

Retinal detachment is a condition in which fluid exists in the subretinal space and
causes separation of the neural retina from the underlying retinal pigment epithe-
lium. Proliferative vitreoretinopathy is the proliferation of avascular fibrocellular
retinal membranes associated with rhegmatogenous retinal detachment, a retina
detached as a result of a retinal break or tear, which causes severe damage to
the neural retina and retinal pigment epithelium. Contact between the retinal pig-
ment epithelium and the vitreous fluid through retinal breakage may change the
content of glycosaminoglycans in the fluid.

The glycosaminoglycans in the subretinal fluid of rhegmatogenous retinal
detachment were characterized (52). The results revealed that hyaluronan alone
(HA type) was present in 50% of the eyes. A combination of chondroitin sulfate
(chSA) and hyaluronan (chSA type) was present in 15% of the eyes. A combina-
tion of dermatan sulfate (DS) and hyaluronan (DS type) was present in 35% of the
eyes. Retinal detachment with a demarcation line resulted in subretinal strand for-
mation in the DS-type eyes, while no such formation was seen in the chSA type.
Vitreous haze was observed in one eye of the DS type. All eyes with grade C pro-
liferative vitreoretinopathy were the DS type. The eyes with reoperated surgeries
were the DS type. The presence of DS may indicate an advanced condition of reti-
nal detachment.

The glycosaminoglycans in normal vitreous were identified as hyaluronan
(92%) and chondroitin sulfate (8%). In contrast, up to 18% of the total glycosami-
noglycans in pathological samples were identified as chondroitin sulfate (53). In
pathological vitreous, two fractions of glycosaminoglycans representing about
10% were identified as undersulfated chondroitin and heparan sulfate. The hydro-
dynamic size of hyaluronan differed between normal and pathological samples,
and the hyaluronan in samples from patients with detached retinas showed a small
hydrodynamic size.

Subretinal fluid from patients with rhegmatogenous retinal detachment
showed hyaluronan in 70% of the eyes examined (54). Other samples showed no
hyaluronan but hyaluronidase activity. The hyaluronidase activity in the subretinal
fluid increased with the duration of the retinal detachment.

Part of the mechanism of the above vitreous glycosaminoglycan transforma-
tion in retinal detachment may be explained by modification of blood components.
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Hyaluronan represented 91% of the total glycosaminoglycans synthesized by nor-
mal vitreous. Vitreous fibrosis was induced by intravitreal injection of monocytes
and lymphocytes (55). In the fibrotic vitreous, the synthesis of hyaluronan was
decreased to 30%, whereas the synthesis of chondroitin sulfate was increased to
47% of the total newly synthesized glycosaminoglycans. Similarly, vitreous fibrosis
was induced by intravitreal injection of erythrocytes (56). In the fibrotic vitreous,
the synthesis of hyaluronan was decreased to 26%, whereas the synthesis of
chondroitin sulfate increased to 59% of the total newly synthesized glycosamino-
glycans. These results suggest that blood cells may alter the synthesis of glycosami-
noglycans in induced fibrotic vitreous.

The carbohydrates of the posterior vitreoretinal juncture were examined by
electron microscopy (57). Globular material of intermediate electron density was
found in the basement membrane of the retina and on collagen fibrils in the vitreous
cortex after cetylpyridinium chloride fixation and disappeared after Streptomyces
hyaluronidase digestion. These observations suggest that the globular material is
hyaluronan that is more labile along the basement membrane than toward the inner
vitreous cortex. A fine filamentous network may be formed by the oligosaccharide
chains associated with vitreous proteins as part of the vitreoretinal juncture layer.

Vidaurri-Leal et al. reported the following implications for retinal pigment
epithelial cells in the pathogenesis of proliferative vitreoretinopathy (58). Normal
human retinal pigment epithelial cells in confluent monolayers maintained a hex-
agonal to oval shape. However, when these monolayers were overlaid with autol-
ogous vitreous, the retinal pigment epithelial cells became elongated and migrated
into the vitreous gel as bipolar fibrocyte-like cells. Retinal pigment epithelial cells
overlaid with hyaluronate did not change their morphological features. When reti-
nal pigment epithelial monolayers were overlaid with a collagen gel, the cells
changed from their normal epithelial shape to bipolar fibrocyte-like cells that later
migrated into the collagen gel. Thus, exposure of retinal pigment epithelial cells to
vitreous in the presence of collagen may play a role in the pathogenesis of prolif-
erative vitreoretinopathy.

F. Myopia

Myopia is a condition in which the eye is too long or the refractive power is too
great to bring objects at a distance clearly into focus. Recent studies in animal
models have shown that the development of and recovery from induced myopia
is associated with visually guided changes in scleral glycosaminoglycan synthesis.

The initial studies on myopia were performed using chick eyes. A chick
model of myopia, designated monocular occlusion, was used to evaluate the bio-
chemical changes in the sclera (59). There was a 34% increase in glycosaminogly-
cans and a 20.7% decrease in cell density within the posterior sclera of myopic
eyes. The 35SO4 incorporation was significantly increased in the posterior sclera
of myopic eyes, and the increased and accumulated scleral proteoglycan was iden-
tified as aggrecan, which may increase the volume of the extracellular matrix in the
posterior sclera for the ocular enlargement.
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The proteoglycan synthesis in chick sclera was modulated by a vision-
dependent mechanism. Proteoglycan synthesis was measured in chick sclera at
the onset of form-deprivation myopia, as well as in the period immediately follow-
ing the removal of the occluder (60). After 24 h of form-deprivation, proteoglycan
synthesis was 33% higher in myopic eyes than in paired control eyes. The rate of
proteoglycan synthesis further increased to 83% higher than the control rate and
remained elevated throughout the period of deprivation. Removal of the occluder
resulted in a rapid drop in the rate of proteoglycan synthesis to the control level
within 24 h.

A chick model of myopia was modified by using spectacle lenses, which may
mimic similar situations in humans. It was found that chick eye growth compen-
sated for the defocusing imposed by the spectacle lenses, in that the eyes elongated
in response to a hyperopic defocus imposed by negative lenses and slowed their
elongation in response to a myopic defocus imposed by positive lenses. The com-
pensatory modulation of the eye length involved changes in the synthesis of glyco-
saminoglycans in the sclera, with synthesis increasing in eyes in response to
negative spectacles lenses and decreasing in eyes in response to positive lenses
(61). In addition, changes in the synthesis of glycosaminoglycans in the choroid
were correlated with changes in choroidal thickness, because eyes with positive
lenses developed thicker choroids and these choroids synthesized more glycosami-
noglycans than choroids from eyes with negative lenses. Changes in scleral glycos-
aminoglycan synthesis accompanied the lens-induced changes in the length of the
eye. Furthermore, changes in the thickness of the choroid were also associated
with changes in the synthesis of glycosaminoglycans.

A study on myopia caused by monocular deprivation was similarly per-
formed using mammalian eyes (62). Axial myopia was induced in tree shrews by
monocular deprivation imposed with a translucent diffuser. In comparison to con-
trol eyes, the deprived eyes became myopic and elongated. Sulfated glycosamino-
glycan levels were significantly lower in the deprived eyes than in the control eyes
at the posterior pole (�15.6%), at the nasal equatorial region (�18.1%), and in the
rest of the sclera (�11.6%). These findings suggest that the deprived sclera
contained fewer proteoglycans or that the proteoglycans were less glycosylated
or less sulfated.

Scleral glycosaminoglycan synthesis was monitored as an indicator of remo-
deling in myopic and recovering tree shrew sclerae (63). Myopia was induced by
monocular deprivation of pattern vision. The animals were allowed to recover
from the induced myopia by removal of the occluder. Eyes developing myopia
showed a significant reduction in scleral glycosaminoglycan synthesis, particularly
in the region of the posterior pole. In recovering eyes, significant changes in gly-
cosaminoglycan synthesis were apparent after 24 h of recovery. After 3 days of
recovery, the level of glycosaminoglycan synthesis was significantly elevated, and
then returned to the level in the contralateral control eye after 9 days of recovery.
Regulatory changes in scleral metabolism can be rapidly evoked by changes in the
visual conditions, and active remodeling is associated with changes in eye size dur-
ing both myopia development and recovery.
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The differences in glycosaminoglycan synthesis between the scleral layer of
the chick eye during myopia development and recovery were examined (64).
Glycosaminoglycan synthesis in the fibrous scleral layers of myopic and recovering
eyes did not differ significantly from those in the contralateral control eyes. In con-
trast, glycosaminoglycan synthesis was significantly elevated relative to the control
eyes in the cartilaginous scleral layer of eyes developing myopia, while there was a
significant decrease in synthesis in the cartilaginous layer of recovering eyes. The
fibrous scleral layer of the chick eye does not display the characteristic differential
patterns of glycosaminoglycan synthesis observed in mammalian sclera during
myopia development and recovery. However, the cartilaginous layer of the chick
sclera does display differential glycosaminoglycan expressions, although the direc-
tion of the regulation is opposite to that found in the fibrous sclera of mammals.

Recently, part of the mechanism for eye growth in myopia has been deter-
mined. Induction of myopia leads to decreased glycosaminoglycan synthesis,
increased levels of matrix metalloproteinase-2, and decreased amounts of tissue
inhibitor of matrix metalloproteinase-2 in the fibrous sclera of both chicks and tree
shrews (65,66), while transforming growth factor (TGF)-b-2 regulates the visual
eye growth in the final steps (67).

G. Thyroid Eye Disease

Thyroid eye disease is an immunological disorder that affects the orbital muscles
and fat. Hyperthyroidism is observed with orbitopathy at some point in most
patients, although the two are commonly synchronous. Histological examination
of the retroocular connective tissues in thyroid eye disease reveals lymphocytic
infiltration and accumulation of glycosaminoglycans produced locally by fibro-
blasts, which contribute to the pathogenesis of ophthalmopathy.

Effective parameters involving glycosaminoglycans to indicate the activity of
thyroid eye disease have been reported. The concentrations of glycosaminoglycans
were determined in patients with thyroid eye disease and control subjects (68). The
orbital extracellular matrix glycosaminoglycans exhibited a significant increase in
the tissue fractions containing chondroitin sulfate A and hyaluronan in patients
with thyroid eye disease in comparison to those from control subjects. Patients
with increased glycosaminoglycan concentrations responded well to steroids
and/or orbital irradiation. Therefore, glycosaminoglycans are candidates for activ-
ity markers in patients with thyroid eye disease.

Transmission electron microscopy analysis revealed a marked expansion of
the endomysial space in thyroid eye disease extraocular muscle biopsies compared
with that in control biopsies (69). An increased number of collagen fibers with hya-
luronan were detected by immunogold staining, although the serum levels of hya-
luronan and urinary glycosaminoglycans were not found to be sensitive indicators
for the presence of these molecules within the extraocular muscles (69). Imai et al.
further confirmed that the local accumulation of glycosaminoglycans in thyroid eye
disease was not associated with the serum hyaluronan concentration (70).
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On the other hand, Kahaly et al. reported that urinary glycosaminoglycan
excretion is an effective parameter for the activity of thyroid eye disease (71).
Urinary glycosaminoglycan excretion was quantified in patients with thyroid eye
disease and control subjects. In comparison with the control subjects, a significant
elevation of urinary glycosaminoglycan excretion was found in patients with
ophthalmopathy, whereas patients with thyroid eye disease and no ophthalmopa-
thy and patients with toxic nodular goiter exhibited no markedly increased values.
In particular, patients with active untreated ophthalmopathy showed a twofold
increase in urinary glycosaminoglycan excretion on average. In contrast, high
values were not detected in patients with inactive ophthalmopathy and the
elevated values decreased after treatment, consistent with the clinical findings.

Humoral and cell-mediated immunity responses are related to glycosaminogly-
can synthesis by retrobulbar fibroblasts in patients with thyroid eye disease. Previous
studies have produced the following results. First, an ELISA using hyaluronan as the
antigen detected isotype IgG antibodies in the sera of thyroid eye disease patients
and healthy control subjects. In comparison with the control subjects, significantly
higher hyaluronan antibody levels were found in the thyroid eye disease patients.
Furthermore, when hyaluronan synthesis was measured in retrobulbar fibroblasts
from the control subjects and patients after coculture with lymphocytes, the patient
lymphocytes showed a marked ability to increase the hyaluronan concentration
compared to the control lymphocytes (72,73). The hyaluronan concentration after
incubation of patient retrobulbar fibroblasts with autologous lymphocytes was mark-
edly more elevated than the intrinsic hyaluronan production of control retrobulbar
fibroblasts. Second, thyroid eye disease is characterized by infiltration of mast cells
into the orbit (74). The effects of mast cell coculture on human orbital fibroblasts
have been determined. HMC-1, an established human mast cell line, activated
human orbital fibroblasts to produce increased levels of hyaluronan, as was evi-
denced by a twofold increase in [3H]-glucosamine incorporation into macromolecules
upon coculture. Some molecules stimulated the accumulation of glycosaminoglycans
in cultured human retroocular fibroblasts. Thus, these molecules released from lym-
phocytes, macrophages, or other cells infiltrating the retroocular space may play roles
in the pathogenesis of thyroid eye disease.

Some of the released molecules have been identified. Interleukin (IL)-1, which
is produced by macrophages and fibroblasts within the thyroid eye disease orbit, sti-
mulated glycosaminoglycan synthesis by normal orbital fibroblasts (75). IL-1 and
TGF-b significantly stimulated glycosaminoglycan accumulation by retroocular con-
nective tissue in a dose- and time-dependent fashion (76,77). Although retroocular
tissue fibroblasts synthesized hyaluronan, as well as large and small chondroitin sul-
fate proteoglycans, both insulin-like growth factor (IGF)-I and platelet-derived
growth factor (PDGF) increased the synthesis of hyaluronan and proteoglycans in
a dose-dependent manner (78). Furthermore, IGF-1 predominantly stimulated the
secretion of small chondroitin sulfate proteoglycans, while PDGF increased that of
large chondroitin sulfate proteoglycans. Recombinant interferon-g stimulated gly-
cosaminoglycan accumulation in retroocular fibroblast cultures (79). In contrast,
interferon-g had no consistent effect on macromolecular accumulation in dermal
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fibroblast cultures derived from the pretibium or areas ordinarily noninvolved in
thyroid eye disease. Therefore, retroocular fibroblasts may be uniquely targeted
for one action of interferon-g.

Cyclic AMP (cAMP) stimulates glycosaminoglycan synthesis by retroocular
tissue fibroblasts (80). Antithyrotropin (TSH)-receptor antibodies are involved in
the pathogenesis of thyroid eye disease, and TSH-receptor antibodies increase
cAMP as a second messenger in thyroid cells. The effects of dibutyryl cAMP on
glycosaminoglycan synthesis by retroocular tissue fibroblasts have been examined.
Retroocular tissue fibroblasts mainly synthesized hyaluronan, large chondroitin
sulfate proteoglycans, and small chondroitin sulfate proteoglycans as glycosamino-
glycans in cell culture. Dibutyryl cAMP increased hyaluronan and proteoglycan
syntheses by retroocular tissue fibroblasts, and particularly stimulated the secre-
tion of the large proteoglycans.

On the other hand, some molecules inhibit glycosaminoglycan synthesis. Pen-
toxifylline, an analogue of methylxanthine theobromine, inhibits the proliferation
and biosynthetic activities of fibroblasts (81). Fibroblasts from the extraocular
muscles of patients with thyroid eye disease and normal extraocular muscles were
cultured in vitro in the presence or absence of pentoxifylline. In these fibroblast
cultures, exposure to pentoxifylline resulted in a dose-dependent inhibition of gly-
cosaminoglycan synthesis in all the fibroblasts. Therefore, pentoxifylline may be
useful for the treatment of thyroid eye disease. In addition, treatment of fibroblasts
with an IL-1-receptor antagonist or soluble IL-1 receptor significantly inhibited
IL-1-stimulated glycosaminoglycan synthesis, indicating that such treatments may
be useful for the prevention of thyroid eye disease (75).

Interestingly, fibroblasts derived from retroocular connective tissue and skin
in thyroid eye disease exhibited different hormonal regulation. Specifically, skin
fibroblasts responded to T3 (100 nmol/liter) and dexamethasone (100 nmol/liter)
with 27% and 55% inhibition of glycosaminoglycan accumulation, respectively,
whereas retroocular fibroblasts responded to the two hormones with 12% and
8% inhibition, respectively (82).

H. Pseudoexfoliation Syndrome

Pseudoexfoliation syndrome is a degenerative systemic disorder that is primarily
characterized by deposits of distinct fibrillar material on the surfaces lining the
anterior and posterior chambers of the eye, although these are most easily visua-
lized on the lens capsule. The disease is often associated with cataract and severe
high-intraocular pressure glaucoma that result in rapid deterioration of the optic
nerve.

The concentrations of hyaluronan and galactosaminoglycans have been
measured in the aqueous humor of patients with pseudoexfoliation syndrome
and healthy subjects. The results revealed that the hyaluronan levels were signifi-
cantly higher (three- to eightfold) in the patients than in the healthy subjects,
but there was no significant alteration in the galactosaminoglycan concentration
(83). Similarly, the aqueous humor hyaluronan levels in both patients with
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pseudoexfoliation syndrome and those with exfoliative glaucoma were significantly
higher than in the control subjects (84).

The hyaluronan in the component of pseudoexfoliation material from human
donor eyes has been analyzed histochemically. Hyaluronan was found to coat the
fibrillar exfoliation material on the lens, zonules, iris epithelium, and ciliary body
(85). The major component of the pseudoexfoliation material on the posterior sur-
face of the iris was histochemically verified as chondroitin sulfate, while the minor
component was hyaluronan (86). A polarization microscopic analysis demon-
strated the presence of more sulfated glycosaminoglycans in exfoliation syndrome
than in control subjects.

The components of the precapsular pseudoexfoliation deposits of anterior
lens capsules were investigated by immunofluorescence and electron microscopic
immunogold techniques, and extensive labeling of the pseudoexfoliation material
for chondroitin sulfate was detected (87). On the other hand, the pseudoexfolia-
tion syndrome material deposited on the surface of the anterior lens capsule
revealed immunoreactivity for keratan sulfate and dermatan sulfate proteoglycans
(88). Thus, the overproduction and/or abnormal metabolism of glycosaminogly-
cans identified in the pseudoexfoliation material may indicate important roles for
proteoglycans in the pathogenic pathway of pseudoexfoliation syndrome.

III. Glycosaminoglycans as Clinical Applications

A. Heparin

1. Decreased Postoperative Inflammatory Response for Cataract Surgery

The effect of intraocular infusion of enoxaparin, a low-molecular-weight heparin,
on the postoperative inflammatory response was evaluated for pediatric cataract
surgery. The number of cells and degree of flare were minimal in the group
with enoxaparin in the infusion bottle, and the total number of postoperative
inflammation-related complications was also lower in this group without any enox-
aparin-related complications (89). Similarly, addition of heparin sodium to the irri-
gation solution decreased the levels of postoperative inflammatory and fibrinoid
reactions and related complications, such as synechiae, pupil irregularity, and
intraocular lens decentration, after pediatric cataract surgery (90). Lens aspiration
using intracameral heparin combined with primary posterior capsulorhexis and
optic capture of a heparin-coated intraocular lens is a useful technique for prevent-
ing secondary visual axis opacification in pediatric cataract patients (91). The influ-
ence of heparin sodium in the irrigation solution on postoperative inflammation
and cellular reactions on the anterior surface of a hydrophilic intraocular lens
was also evaluated for senile cataract surgery (92). Heparin sodium added to the
standard irrigation solution reduced disturbances of the blood–aqueous barrier in
the early postoperative period. Therefore, infusion of heparin during surgery
may minimize the postoperative inflammatory response and decrease the number
of postoperative inflammation-related complications.
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2. Reduction of Posterior Capsular Opacification

Topical heparin eyedrops were effective for long-term reduction of fibrotic poste-
rior capsule opacification after extracapsular cataract extraction with intraocular
lens implantation (93). Implantation of a heparin drug delivery system into the
posterior chamber of experimental animals maintained a significantly higher hep-
arin level in the aqueous humor for a long period of time, suggesting the potential
for effective prevention of posterior capsular opacification after phacoemulsifica-
tion of the lens with no toxic or side effects (94).

Although patients with pseudoexfoliation syndrome generally showed higher
blood–aqueous barrier permeability than the control subjects, the patients implanted
with heparin surface-modified intraocular lenses showed decreased permeability
compared with the control subjects after surgery (95). Correspondingly, eyes
with exfoliation syndrome exhibited a reduced incidence of posterior capsule
opacification after implantation of heparin surface-modified intraocular lenses (96).

3. Reduction of Fibrin Formation

Heparin may prevent postoperative fibrin formation in eyes undergoing surgery
for complications of proliferative diabetic retinopathy, proliferative vitreoretino-
pathy, and glaucoma filtration surgery.

The inhibitory effect of infusion of low-molecular-weight heparin sodium
during lensectomy, vitrectomy, and retinotomy on intraocular fibrin formation
was demonstrated in a rabbit model (97). Similarly, the preventative effect of hep-
arin on postoperative intraocular fibrin clot formation was evaluated in the rabbit
after vitrectomy and cyclocryotherapy. A single anterior chamber injection of hep-
arin supplemented in the infusion solution or a single intravenous injection each
resulted in a statistically significant reduction in postoperative intraocular fibrin
formation (98). No ocular bleeding complications developed postoperatively.

A single collagen shield soaked in heparin achieved anterior chamber antico-
agulant levels and resulted in fibrin inhibition during a 6-h study period, while a
subconjunctival heparin injection did not alter the baseline aqueous anticoagulant
activity (99). No complications related to collagen shield heparin delivery were
encountered.

4. Reduction of Proliferative Vitreoretinopathy

Asaria et al. reported a significant reduction in the incidence of postoperative pro-
liferative vitreoretinopathy in patients receiving 5-fluorouracil and low-molecular-
weight heparin therapy and in the reoperation rate resulting from proliferative
vitreoretinopathy (100). However, Charteris et al. reported that a combined peri-
operative infusion of 5-fluorouracil and low-molecular-weight heparin did not
significantly increase the success rate of vitreoretinal surgery for established prolif-
erative vitreoretinopathy (101). Furthermore, Williams et al. revealed no signifi-
cant reduction in the reproliferation rate in proliferative vitreoretinopathy
patients prospectively receiving high-molecular-weight heparin and dexametha-
sone (102).
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On the other hand, the maximum tolerated dose of enoxaparin, a low-
molecular-weight heparin, during vitrectomy for rhegmatogenous retinal detach-
ment with proliferative vitreoretinopathy and severe diabetic retinopathy was
determined (103). The study was able to achieve the 6.0 IU/ml maximum dose in
the infusion fluid, and enoxaparin dose escalation did not result in a dose-
dependent increase in acute side effects.

5. Reduction of Infection

Heparin surface modification and heparin treatments of lenses may reduce the
incidence of postoperative endophthalmitis and intraocular inflammation. Signifi-
cantly fewer Staphylococcus epidermidis attached to heparin surface-modified
intraocular lenses and to regular poly(methyl methacrylate) intraocular lenses
treated with heparin than to untreated poly(methyl methacrylate) intraocular
lenses (104). When heparin was added to the medium, the numbers of Pseudomo-
nas aeruginosa adhering to the contact lenses were significantly lower than those
adhering to the control lenses (105).

B. Hyaluronan/Hyaluronidase

1. Intraocular Injection of Hyaluronidase

The use of intraocular sodium hyaluronan is complicated by a postoperative rise in
intraocular pressure. This rise in intraocular pressure is thought to stem from
“clogging” of the trabecular meshwork by the large molecules of hyaluronan. Hein
et al. demonstrated the potential usefulness of hyaluronidase and documented the
lack of harmful side effects histopathologically (106). Knepper et al. compared two
enzymes, testicular hyaluronidase and Streptomyces hyaluronidase, that degrade
hyaluronan (107), and concluded that Streptomyces hyaluronidase is more effec-
tive than testicular hyaluronidase for decreasing aqueous outflow resistance and
that hyaluronan is an important glycosaminoglycan contributor to aqueous outflow
resistance in the normal rabbit eye.

Recently, the efficacy of intravitreous ovine hyaluronidase for the manage-
ment of vitreous hemorrhage was evaluated clinically (108). Ovine hyaluronidase
at 55 IU showed statistically significant efficacy in both hemorrhage clearance
and improvement in the best corrected visual acuity, suggesting a therapeutic util-
ity of ovine hyaluronidase in the management of vitreous hemorrhage.

2. Precorneal Residence of Hyaluronan

Sodium hyaluronan solutions have been advocated for the management of a vari-
ety of dry eye states, and sodium hyaluronan could be used as an additive in
various drug-release systems for the eye.

Quantitative gamma scintigraphy was used to evaluate the precorneal resi-
dence times of 0.2% and 0.3% sodium hyaluronate solutions and a polymer-free
solution of buffered saline in patients with keratoconjunctivitis sicca and a group
of normal volunteers (109). The mean values for the sodium hyaluronate solutions
were significantly longer than those for buffered saline. Gurny et al. reported that
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there was no statistically significant difference between the quantities of 0.125%
sodium hyaluronate and phosphate buffer solutions remaining in the precorneal
space at 20 min (110). However, a comparison of 0.250% sodium hyaluronate with
the phosphate buffer solution revealed a statistically significant difference in the
amount remaining in the precorneal space after the same interval. In fact, 53%
of the 0.250% sodium hyaluronate solution remained on the cornea, compared
with just 30% of the 0.125% sodium hyaluronate solution and 18.3% of the phos-
phate buffer solution. Therefore, a sodium hyaluronate solution of 0.250% may
have a prolonged residence time on the precorneal surface.

3. Corneal Epithelium Protection for Dry Eye Syndrome and Other
Corneal Disorders

Dry eye syndrome, which affects approximately 10–20% of the adult population, is
a clinical condition of ocular discomfort caused by deficient tear production and/or
excessive tear evaporation. Artificial tears are often effective for relieving the
symptoms of mild and moderate dry eye syndrome by replenishing the deficient
tear volume. Sodium hyaluronate has been proposed as a component of artificial
tears because of its viscoelastic rheology.

The efficacy of eyedrops containing sodium hyaluronate was examined in the
treatment of dry eye syndrome, and the presence of sodium hyaluronate was found
to reduce the symptoms of ocular irritation and lengthen the noninvasive breakup
time in subjects with dry eye syndrome more effectively than saline, in terms of the
peak effect and duration of action (111). Similarly, many clinical studies have
shown that sodium hyaluronate effectively improved ocular surface conditions
associated with dry eye syndrome (112–116).

Basic studies have been undertaken to try and elucidate the mechanism of
hyaluronan for corneal epithelial protection. Hyaluronan facilitates corneal epithe-
lial wound healing in nondiabetic and diabetic rats, although the healing rate in
diabetic rats was slower than that in normal control rats (117). Rabbit corneas
were used to examine the efficacy of sodium hyaluronate by comparing its effects
on the rate of epithelial healing, and sodium hyaluronate concentrations of 0.1%
and 0.5% were found to significantly accelerate the recovery time of iodine
vapor-induced corneal erosions (118). Topical application of 1% sodium hyaluro-
nan enhanced the formation of hemidesmosomes in the basement membrane of
rabbit corneas during the early healing phase in n-heptanol-induced corneal
wounds (119). Recently, hyaluronan was shown to have antioxidant properties
and it tended to reduce the toxic effects of preservatives (120). Therefore, hyalur-
onan may be useful not only for dry eye syndrome but also for ocular surface dis-
orders involving oxidative stress and ophthalmic drug therapies to improve ocular
tolerance.

4. Corneal Endothelium Protection

Sodium hyaluronate is usually used for cataract surgery because the corneal endo-
thelial damage induced by mechanical trauma, such as phacoemulsification and
aspiration, was found to be significantly reduced by preinjection of sodium
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hyaluronate into the anterior chamber (121,122). The influences of hyaluronan on
free radical formation, corneal endothelium damage, and inflammation parameters
during phacoemulsification were investigated in the rabbit eye (123). Hyaluronan
decreased free radical formation by about 58–60% during phacoemulsification,
reduced mean corneal thickness modifications by about 76–80%, and decreased
corneal endothelial cell loss by about 54–61%.

5. Implications for Increased Intraocular Pressure

Aqueous exchange via all commercially available ophthalmic viscosurgical devices
was reported to cause a postoperative increase in intraocular pressure in rabbits,
although there was considerable variation in the maximum intraocular pressure
values obtained and the times when these values occurred (124). Injection of hya-
luronan caused a rapid increase in the intraocular pressure, while injection of
bovine testicular hyaluronidase significantly decreased the high intraocular pres-
sure (125). When injected in the absence of hyaluronan, however, the decrease
in intraocular pressure mediated by hyaluronidase was not significant. Interest-
ingly, the intraocular pressure following intracameral injection of hyaluronan was
proportional to the polymer size of hyaluronan in rabbits (126). The elevation of
intraocular pressure following injection of hyaluronan during ophthalmic surgery
may be avoided by rapid fragmentation of the large molecular size hyaluronan
polymers.

Hyaluronan-induced hypertension in rats was significantly decreased by the
application of one drop of brimonidine (0.2%), latanoprost (0.005%), or timolol
(0.5%), suggesting that intracameral administration of hyaluronan could be a
model for ocular hypertension (127).

C. Chondroitin Sulfate/Chondroitinase

The effect of chondroitin sulfate on the metabolism of the trabecular meshwork
was studied by replacing the aqueous humor in the eye of albino rabbits with chon-
droitin sulfate solution (128). Intracameral injections caused an elevation of intra-
ocular pressure. Light microscopy revealed that the trabecular beams were
compact and sclerotic and the intertrabecular spaces were narrower. Chamber
angle tissues incorporated more radioactive precursors into glycosaminoglycans
than control tissues. Therefore, the glycosaminoglycan metabolism of the trabecu-
lar meshwork may be modified by chondroitin sulfate.

Chondroitinase ABC was introduced into the anterior chamber of cynomol-
gus monkeys (129). Following the injection, the intraocular pressure was decreased
in the experimental eyes. Structurally, the intertrabecular spaces appeared wider
and marked ballooning of the juxtacanalicular tissue was observed. The outer tra-
becular beams and inner wall of Schlemm’s canal were greatly disorganized. Con-
siderable loss of the juxtacanalicular tissue was noted. These observations suggest
that chondroitinase ABC digested the trabecular glycosaminoglycans, causing dis-
organization of the trabecular beams and triggering intraocular pressure reduction.
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In the experimental environment around porcine corneas, Hagenah and
Bohnke concluded that corneal cryopreservation in the presence of chondroitin
sulfate produced higher corneal endothelial cell densities than preservation in con-
ventional cryopreservation medium alone (130). However, combining FGF and
chondroitin sulfate in the culture medium appeared to be disadvantageous. FGF
and chondroitin sulfate were used as supplements in organ culture medium to com-
pare the regeneration ability of corneal endothelium with scattered damage (131).
After 1 week of culture, the cell density in the group supplemented with chondroi-
tin sulfate alone was higher than that in the control group, whereas the cell density
in the group supplemented with chondroitin sulfate plus FGF was lower than that
of the control group and the morphology was even worse.

IV. Conclusion

The eye is one of the most ideal organs for defining the functions of glycosamino-
glycans, because the greater part of the globe is composed of glycosaminoglycans
and the organ is easily assessed functionally and structurally. In fact, glycosamino-
glycans have been shown to play key roles in ocular pathogenic conditions and
treatments for eye diseases, as described in this chapter. Recently, clinical trials
of intravitreous hyaluronidase injection for the management of vitreous hemor-
rhage were performed, and showed statistically significant efficacy of the therapy
without any serious adverse events (108). We believe that this is an epoch-making
event in ophthalmic clinical records, and further studies on the functions of glyco-
saminoglycans will make it possible to develop new therapies for ocular diseases.
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I. Introduction

The extracellular matrix (ECM) comprises essentially of molecules such as collagens,
elastin, glycosaminoglycans (GAGs), and proteoglycans (1). ECM is subject to a
continuous remodeling, in an organ-, tissue-, and cell-type specific manner. The daily
turnover of the ECM in the healthy human lung is >10% (2) and is critical for the
maintenance of the structural and functional integrity of the lung (1). Most of the
ECMis synthesizedby the constituent cells of a tissue, suchas fibroblasts and epithelial
cells, which also produce most of the degrading enzymes such as matrix metallopro-
teases (MMPs). However, ECM-degrading enzymes can also be produced by tissue
infiltrating immune cells during inflammation, wound repair, or tumor genesis (2).

GAGs represent a major component of the ECM that also undergo signif-
icant alterations in content, synthesis, and distribution during neonatal organ
growth (3), acute injury (4), development of fibro-degenerative and thrombotic
diseases, or age-related tissue degeneration (5–13). GAGs either are an integral
part of the ECM or are located directly on the cellular membrane where they
can function as protein receptors or activators. The turnover of these local GAGs
and their composition is essential for organ function and homeostasis. Specific
GAGs such as heparan sulfate, heparin, and hyaluronic acid have been used
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for years for the treatment of blood clotting disorders (6,7) and joint lubrication
(8–10). However, most of the GAGs have not been extensively investigated
for possible therapeutic use. In this respect, it is of interest that the biological
function may depend not only on the structure of a GAG but also on the
length of its polysaccharide chains, as it has been shown for hyaluronic
acid (11–13).

Four structurally distinct groups of GAGs have been assigned: chondroitin/
dermatan sulfate, heparan sulfate/heparin, keratan sulfate, and hyaluronic acid.
All GAGs are linear polysaccharides that consist of repeated amino sugars
(N-acetyl-D-glucosamine, N-acetyl-D-galactosamine) and uronic acids (D-glucuro-
nic, L-iduronic acid), only in keratan sulfate, the uronic acids are replaced by galac-
tose. In order to understand the biological function of GAGs, one must be aware
that GAGs are not encoded by genes, as they are assembled of the above
described amino sugars and uronic acids, by specific synthases, which are regulated
by tissue or cell-type local microenvironments. Moreover, GAGs are not syn-
thesized by the action of a single synthase, but result from the as yet poorly
understood interactions of several independently regulated synthases (14–20).
Furthermore, there is evidence that during the assembly of GAGs, the addition
of sulfate residues to a polysaccharide chain determines the function of the
GAGs (21). For instance, sulfate residues are essential for the activity of heparan,
chondroitin, and dermatan sulfates. Specific GAG chains seem to be directed by a
serine–glycine motif on a protein core to form proteoglycans (22). Thus, the poly-
saccharide chains encode information that is not stored in the DNA (23,24). The
enormous possibilities with which polysaccharide chains can be assembled to form
a single GAG molecule result in an incredible diversity and it would be immature
to assume that the synthesis of GAG chains is random. Therefore, this overview on
the biological function of GAGs must be regarded as an attempt to deal with this
intriguing and highly prospective field. Because the function of GAGs is different
among species, this chapter is focused on human cell culture models or human
tissue, and only few animal studies have been included.

II. Biological Function of GAGs

A. Chondroitin Sulfates

Three different types of chondroitin sulfate (A, B, and C) have been described,
and classified by the location of the sulfate group. Chondroitin sulfate A and C
are the most abundant GAGs in joints and contribute to the lubrication of the
joint gaps (8,9,12,25,26). The function of chondroitin sulfates depends on the
location of their sulfate groups, which determines their structure and their
binding characteristics. Chondroitin sulfate carrying proteoglycans are aggrecan,
bamacan, betaglycan, brevican, neurocan, serglycin, syndecan, and a CD44 isoform
(27–29).

Chondroitin sulfates activate ECM-degrading enzymes, such as MMPs, and
are therefore involved in the degradation of aggrecan by MMP-2 (30,31), MMP-13
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(32), ADAMTS4 (32), and ADAMTS7B (33). MMP-2 is activated by direct bind-
ing of chondroitin sulfate to the C-domain of pro-MMP-2, which is essential to
present the inactive enzyme to its activator, the membrane type 3 matrix metallo-
proteinase (30). Chondroitin sulfate is therefore a key regulator for protein activa-
tion and degradation and may explain its involvement in chondrodysplasias (34)
and also affects the function of perlecan, though it is yet unclear whether the loca-
tion of perlecan in the cartilage dictates the link to chondroitin sulfate or vice versa
(35). In breast cancer cells, increased numbers of chondroitin sulfate chains linked
to P-selectin enhanced the attachment of cancer cells to vascular endothelial cells
forcing tissue invasion of tumor cells (36). Increased levels of chondroitin sulfates
were also found in melanoma (37) and ovarian carcinoma (38) and enhanced the
mitogenic effect of platelet-derived growth factor-BB on fibrosarcoma cells (39).
Chondroitin sulfates have a role in tissue remodeling, tumor progression, and
metastasis (40).

Chondroitin sulfates have been used in clinical trials of osteoarthritis, where
they improved knee mobility and reduced pain, by providing better lubrication
(41,42). This effect is claimed to be achieved not only by local injection but also
by increased dietary intake of chondroitin sulfates (43,44). However, the effect
was only achieved when the compounds were taken regularly over a period of at
least 6 months (43,44), and therefore, oral administration must be approached with
caution, also taking into account bioavailability aspects. In a much smaller study,
chondroitin sulfates were administered to patients with osteoarthritis who also suf-
fered from psoriasis, and the outcome showed reduced skin thickness, less skin
inflammation, and flaking (45).

B. Dermatan Sulfate

Dermatan sulfate binds to a variety of proteoglycans, affects the function of
growth factors, modifies the action of the heparin cofactors (46–48), and influences
proliferation in a cell-type specific manner. Dermatan sulfate also occurs as a cir-
culating GAG in the blood and binds to several proteins that are part of the coag-
ulation cascade, including activated protein C, heparin cofactor II, fibrinogen,
fibronectin, apolipoprotein B, kininogen, trypsin inhibitor A, and factor H. All
these proteins are sensitive to serine protease, but the role of dermatan sulfate
binding in the degradation is unclear (49). Binding of dermatan sulfate to activated
protein C and heparin cofactor II accounts for its antithrombotic activity (50).
Because heparin cofactor is highly expressed by several tumor types, dermatan
sulfate has been employed as a carrier for anticancer drugs (51).

Dermatan sulfate comprises a part of the structure of the main proteoglycan
of the skin decorin, which consists of a small core protein (40 kDa) with one der-
matan sulfate chain attached. Decorin, and therefore dermatan sulfate, regulates
the assembly of collagen within the ECM. The protein core of decorin binds to col-
lagen fibers, while the length of the dermatan sulfate chain regulates the distance
between the collagen fibers, and the length of the dermatan sulfate chain is
assumed to reduce with age (52). Dermatan sulfate bridges the gap between
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collagen fibers stabilizing the ECM toward mechanical stress (53). Similarly, der-
matan sulfate coordinates the alignment of opticin along collagen fibers resulting
in stabilized vitreous gels (54).

Dermatan sulfate is necessary for thrombopoietin-induced megakaryo-
cytopoiesis (55) and triggers the maturation of mesenchymal and neuronal stem
cells (27,55–57). In this context, decorin and versican are rich in dermatan sulfate
and neutralize phospholipase A2, which is a proinflammatory and profibrotic fac-
tor (58). Dermatan sulfate also regulates the differentiation of bone forming cells
(59), which involves the blockade of NF-kB inhibitors (60) leading to the expres-
sion of endothelial and intercellular adhesion molecule-1 (61). Therefore, dermatan
sulfate is the only chondroitin sulfate that modifies the action of transcription factors
without being attached to a proteoglycan.

In contrast to other chondroitin sulfates, dermatan sulfate functions as a
docking molecule for a range of human pathogenic microorganisms. Dermatan sul-
fate mediated the adhesion of Penicilliunum marneffi to the host’s ECM (62), of
pneumococci to nasopharyngeal epithelial cells (63), and of spirochetes to fibro-
nectin (64). Dermatan sulfate also mediated infection by Propionibacterium acnes
(65) and of spirochetes by inactivating a-defensin (66). A supportive role in viral
infection has been reported for Herpes simplex infection acting as a docking device
(67). However, a supportive role of dermatan sulfate in viral infection depends on
the species or strain of the microorganism, as dermatan sulfate reduced adherence
of Chlamydia trachomatis (68). A summary of the functions of dermatan sulfate is
provided in Fig. 1.
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decorin
heparin cofactor II

anti-thrombotic possible tumour cell
drug carrier

decorin
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COLLAGEN

COLLAGEN

COLLAGEN

NFΚB
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ICAM-1
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micro-organisms

to cell surface

Figure 1 Biological functions of dermatan sulfate (chondroitin sulfate B) that have been
described in human cells or tissues.
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C. Heparin and Heparan Sulfate

Heparin and heparan sulfate are the best knownGAGs as they have been used since
decades to treat diseases that are associated with increased blood clotting (69–72).
The molecular mass of heparin ranges from 6 to 50 kDa, but can reach up to 100
kDa, and those used therapeutically have a molecular weight of 12–15 kDa.

Importantly, endothelial cells produce a highly sulfated heparin that is capa-
ble of binding antithrombin III directly on the vascular wall, preventing adherence
of platelets and clotting factors to the vessel wall (73). The composition of heparin
can vary to a large extend and 32 variants of the disaccharide units can occur,
depending on the location of the sulfate groups (70). The difference between hep-
arin and heparan sulfate is defined as that heparin have more than 70% of
N-sulfonation (74), while heparan sulfate has less than 30% N-sulfonation (75).
One heparin unit forms a complex with antithrombin, which increases the binding
capacity for thrombin and factor Xa by approximately 1000-fold (76,77). Thus,
patients in long-term therapy with heparin must be monitored for thrombin and
blood clotting in order to prevent uncontrolled bleeding and vessel leakage (78).

In regard to vessel integrity and tissue remodeling, as well as tumor develop-
ment, the interaction of heparins with specific isoforms of the vascular endothe-
lium-derived growth factor (VEGF) and its receptors is of interest. Heparin binds
and activates VEGF-A145 and -A165, but not -A121; it binds to VEGF-B167, but
not to -B186. It binds to VEGF-E, -F1, and F2 but not to VEGF-C or -D (79). The
heparin’s capacity to bind VEGF isoforms depends on the number of sulfate groups,
and the localization of VEGF in the tissue is assumed to be directed by heparins (80),
but this hypothesis has recently been challenged (81). The effect of heparins on the
function of VEGF is highly controversial. In some studies, heparins enhanced the
VEGF function, which is of specific interest as heparin is used in patients with neo-
plasia (82), while in other conditions heparins counteracted VEGF actions (83,84).
Fibronectin needs to be first link to heparin that modifies its conformation and
enables it to bind to VEGF (85). This controversy demonstrates the danger in extra-
polating conclusions based on data obtained in transformed or genetically modified
human cells as well as in animal models to a human disease, a problem that is often
encountered in basic science and is unfortunately widely ignored.

Heparins initiate the binding of the fibroblast growth factor (FGF) to its
receptor (86,87). Moreover, the tricomposite becomes internalized in a cell and
is transported into the nucleus, suggesting that heparins may influence FGF-
induced intracellular signaling (88). Heparins affect interleukin-11 signaling by
upregulating the Erk1/2 mitogen-activated protein kinase activity (89), while acti-
vation of the heparin-binding epidermal growth factor (HB-EGF)-like growth
factor inhibits cytokine-induced activation of NF-kB (90) and regulates the endo-
cytosis of superoxide dismutase by endothelial cells (91).

Proteoglycans that bind heparin are syndecan-1 to -4withmultiple binding sites
(92). During inflammation, syndecans protect cathepsin G and neutrophil elastase
from degradation, thereby controlling protease and antiprotease activity during
remodeling and wound repair (93). Heparin also binds to agrin, betaglycan,
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glypican-1 to -6, and perlecan (94,95). It can bind directly to collagen XVIII and to
the receptor for hyaluronic acid, CD44 (94,95). The latter effect enables FGF,
VEGF, and HB-EGF to signal through CD44, in a possibly cell-type specific pattern
(Fig. 2).

D. Hyaluronic Acid

The function of hyaluronic acid was initially confined to the maintenance and sta-
bility of the ECM (96). However, the action of hyaluronic acid varies with its size,
which determines its function in a cell-type specific manner (97–101). Hyaluronic
acid represents more than 50% of the ECM in the skin. High molecular weight
hyaluronic acid (>1,000 kDa) controls tissue water content, ECM lubrication,
structural integrity, free oxygen radicals, and distribution of plasma proteins
(96,100,101). The synthesis of hyaluronic acid is achieved by hyaluronan
synthase-1 to -3 (102,103). The stability of hyaluronic acid varies with its microen-
vironment, as its half-life is less than 10 min in blood, up to 12 h in the skin, and
extends to months in the vitreous gel of the eye (100,101). Hyaluronic acid is the
only GAG with a function of its breakdown molecules, as small hyaluronic acid
molecules and fragments stimulated the maturation of dentritic cells and the syn-
thesis of proinflammatory IL-1b, IL-12, and TNF-a (103–105). The latter effect
seems to be restricted to an interaction of hyaluronic acid fragments with the
Toll-like receptor 4 (104,105). The observation that bacterial spreading in the
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Figure 2 The various biological effects that have been described for heparins and heparan
sulfates in human cells or tissues.
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ECM is facilitated by small hyaluronic acid molecules implies a function in host
defense, but has not been proven (106). Increased levels of hyaluronic acid were
associated with colon inflammation, psoriasis, osteoarthritis, rheumatoid arthritis,
and scleroderma (101,107,108), as well as with viral infections (109). Hyaluronic
acid is produced by endothelial cells and binds to its receptor, CD44, expressed
by activated T and B cells, inducing the attachment of the two cell types (110).
This interaction is controlled by the expression of specific hyaluronic acids sub-
types or by modifications of CD44 on platelets (111). High molecular weight hya-
luronic acid and CD44 are essential for scarless embryonic wound repair (112).

Hyaluronic acid also binds to the receptor for hyaluronic acid-mediated motil-
ity (RHAMM) (113), which controls the GAGs effect on cell migration, prolifera-
tion, and motility (114). The role of CD44 or RHAMM in activating T and B cells
remains unclear. In the context of inflammation, TSG-6 is yet another hyaluronic
acid-binding protein, which is synthesized by various cell types during inflamma-
tion and by growth factors (115). Local injection of highmolecular weight hyaluronic
acid restores the physical properties of the synovial fluid and is employed to treat
osteoarthritis (116). The effects of hyaluronic acid are show in Fig. 3.

E. Keratan Sulfate

Keratan sulfate is highly expressed in the cornea, bones, brain, and the ECM.
Keratan sulfate chains are formed by the action of glycosyl transferases that link
the two saccharids in an alternate pattern (117). Sulfation of keratan sulfate occurs
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Figure 3 The biological functions of low and high molecular weight forms of hyaluronic
acid described in human cells and tissues.
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while a chain is elongated in a cell-type or organ-specific pattern (118–121).
Keratan sulfates isolated from bone-derived ECM have the highest content of sul-
fate groups, and sulfation regulates the organ or cell-type specific function of this
GAGs (120,121). The binding of keratan sulfate to a protein core is tissue-specific,
as it is linked with the N-group to an asparagine residue in the cornea (122) and by
the O-group to a serine in the ECM (123). In the ECM, keratan sulfate is linked to
aggrecan and increases in length and sulfation with age (122,123). During repro-
duction the content of keratan sulfate in the endometrium increases at the time
point of egg implantation (124).

In the cornea, keratan sulfate is linked to the leucine-rich repeats of the small
leucine-rich proteoglycans keratocan, lumican, and mimecan (125,126). In the
ECM, keratan sulfate is linked to aggrecans by the O-group in vertebrates (127).
However, species-specific variations in this sequence exist and the degree of sulfa-
tion varies with the binding site (128). MUC1, a product of the endometrial epithe-
lial cells, changes its function when linked to keratan sulfate (129). The function of
keratan sulfate chains bound to CD44 (130) and to keratin is unknown (131).
In neural tissues, keratan sulfate is bound to aggrecan (132) and was found in spe-
cific proteoglycans of the nervous system including ABAKAN, claustrin, PG-1000,
phosphocan, and SV2 (133–135).

Animal models suggest that keratan sulfate together with dermatan sulfate
regulates the water content in the cornea (136). In mice, macrophages do not
adhere to any surface that is coated with keratan sulfate-enriched luminican
(125). High content of keratan sulfate also inhibits growth of neuronal cells
(137), and when found with aggrecan reduced the severity of osteoarthritis (138).
In conclusion, keratan sulfate might be a key factor for treatment of age-related
degenerative diseases (Fig. 4).
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Figure 4 Possible biological functions of keratan sulfate and its suggested role for cell
maturation and tissue degeneration.
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III. Concluding Remarks

Even though heparin was discovered in 1916 at John Hopkins University and a
purified product (Connaught Laboratories in Canada) was first used in humans
as an anticoagulant in 1935 (139), and despite the fact that the structure of hyaluro-
nic acid was reported back in 1950 (140), it was not until the 1970s that the molec-
ular structure of most GAGs was unraveled and not before the 1980s that the
involvement of GAGs in tissue structure (high viscosity, low compressibility, rigid-
ity) and in many biological functions such as cell recognition, adhesion, migration,
proliferation, organogenesis, control of reproduction, differentiation, growth, pro-
tein folding, metabolism, and transport was recognized. Advances in glycobiology
demonstrated that GAGs, mostly as cell surface-bound polysaccharides, appear to
be involved in nearly all levels of cell biology and pathogenesis. It was not
surprising, therefore, that by mid 1990s, research in carbohydrates was consid-
ered as one of the hottest topics (141). However, the available evidence has not
provided clear cut associations for most GAGs, between specific structure and
biological function, in accordance to the classical physiological and pharmacolog-
ical principle of “structure–action” interrelation. Deriving clear cut conclusions is
also hampered by the fact the function of GAGs may also vary on their size or
the level of sulfation. Furthermore, the characterization of GAGs is difficult
and tricky because they are constantly modified, not only in vivo but also after
their isolation. Glycobiology, in our opinion, has not yet lived up to its expec-
tations and is far from achieving its full potential in unraveling the biological
function of these extremely versatile molecules. On contrary, we believe that
GAGs have the potential to provide alternative targets or molecules for drug
development.
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Physiological, Pathophysiological and Therapeutic Roles
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I. Introduction

Heparin and heparan sulfate belong to the glycosaminoglycan (GAG) family of car-
bohydrates. They are linear acidic complex polysaccharides found on the cell sur-
face and in the extracellular matrix (1). Heparin and heparan sulfate GAGs are
biosynthesized as proteoglycans (PGs) with multiple GAG chains linked to a variety
of core proteins. Heparin PGs are found exclusively in the granules of subsets of
mast cells, whereas heparan sulfate PGs have a much greater distribution in the
body, being associated with stromal matrices, basement membranes, and almost
all cell surfaces. Heparin and heparin sulfate PGs interact with cell surface binding
proteins and are internalized by receptor-mediated endocytosis through their GAG
chains (2).

Heparin and heparan sulfate are the most intensively studied GAGs as a
result of their anticoagulant properties. However, in last 1–2 decades, it has
become obvious that heparin and heparan sulfate not only have anticoagulant
activities but also exhibit a number of diverse biological functions including ones
regulating cell growth and differentiation, inflammatory processes, host defense
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and viral infection mechanisms, cell–cell and cell–matrix interactions, lipid trans-
port, and clearance/metabolism. These functions result from the direct interactions
between heparin and heparan sulfate and heparin-binding proteins (3). It was pro-
posed as early as 1979 that in the classic lock-and-key model, heparin can be
viewed as “a bag of skeleton keys that could fit many locks” (4). These interactions
play important roles in the normal physiological and pathological processes,
thereby moving heparin’s utility beyond its use as an anticoagulant drug, offering
therapeutic benefit for a wide range of diseases.

In this chapter, we review the physiological, pathophysiological, and thera-
peutic roles of heparin and heparan sulfate in different biological processes.

II. Structure of Heparin and Heparan Sulfate

Heparin and heparan sulfate are relatively large anionic polysaccharides having an
average molecular weight of approximately 12,000 (corresponding to ~20 disaccha-
ride units), polydispersity of approximately 1.2–1.4, and a molecular weight range
of 5,000–40,000 (5). Heparin is composed of primarily of 2-O-sulfo-a-L-iduronic
acid and 2-deoxy-2-sulfamino-6-O-sulfo-a-D-glucose, while heparan sulfate consists
primarily of b-D-glucuronic acid and 2-acetamido-2-deoxy-a-D-glucose as major
saccharide repeating units. These saccharide units are joined through 1 ! 4 glyco-
sidic linkages. Figure 1 shows the major disaccharide sequence and variable
sequence of heparin and heparan sulfate.
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While heparin and heparan sulfate PGs are biosynthesized linked to different
core proteins, distinction between heparin and heparan sulfate GAGs is difficult
because both structural and functional criteria are inadequate to separate these
two forms. A number of differential modifications of individual disaccharide units
lead the microheterogeneity of heparin and heparan sulfate. The amino group of
the glucosamine residue can be substituted by acetyl or sulfo group or unsubsti-
tuted. The 3- or 6-OH group of the glucosamine residue can be substituted by sulfo
group or unsubstituted. The 2-OH group of the uronic acid residue can also be sub-
stituted with a sulfo group or unsubstituted. In heparin, the uronic acid residues
typically consist of 80–90% L-iduronic acid and 10–20% D-glucuronic acid, while
the opposite ratio is typically observed in heparan sulfate (3). This differential
modification of saccharides results in 48 possible disaccharide units (6).

Heparin and heparan sulfate are highly charged and have an average net
charge of �40 to �75 per chain. This charge is maintained through a wide range
of pH values as the pKa of its anionic groups are approximately 3.3 (carboxyl) and
<1.5 (O-sulfo and N-sulfo). This polyanionic character leads heparin and heparan
sulfate to interact ionically with many proteins. Heparin and heparan sulfate can
also bind to proteins such as brain natriuretic peptide (BNP) through hydrogen
binding while ionic interactions, contribute only a small portion of the free energy
(7). Hydrophobic interaction may also play a minor role in heparin’s interaction with
antithrombin III (AT III), where hydrophobic interactions are reported between
hydrophobic amino acid side chains in AT III and the N-acetyl group in the
AT III-binding pentasaccharide sequence in porcine mucosal heparin (8).

III. Blood Coagulation Processes

Heparin is widely used as an anticoagulant drug based on its ability to accelerate
the rate at which AT III inhibits serine proteases in the blood coagulation cascade.
The interaction of heparin with AT III is the first well-studied heparin–protein
interaction (5). In the simplest terms, blood coagulation is a process that changes
the circulating soluble blood protein, fibrinogen, into an insoluble fibrin gel. The
gel plugs leaks in blood vessels and stops the loss of blood. This biochemical pro-
cess requires coagulation factors—calcium and phospholipids. Coagulation
involves a cascade initiated by the intrinsic and extrinsic activation of coagulation
factors (i.e., factor X) that will produce the activated serine protease (i.e., factor
Xa). Having generated factor Xa, the final steps are the activation of prothrombin
(factor II) to form thrombin (factor IIa) that acts to convert soluble fibrinogen to
fibrin, which is cross-linked, completing the basic clotting pathway. AT III is a
member of the serine protease inhibitor (Serpin) superfamily that regulates the
proteolytic activities of the procoagulant proteases (i.e., factor Xa, thrombin) of
both the intrinsic and extrinsic blood coagulation cascade. It acts by forming a sta-
ble 1:1 enzyme–inhibitor complex with the target enzyme, blocking its active site,
thus preventing blood from clotting. Hemostasis is regulated by a dynamic balance
between anticoagulant and procoagulant factors in the blood and blood vessels.
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Heparin and the closely related molecule heparan sulfate act as cofactors in
AT III inhibition process by affording a 1000-fold increase in the rate at which
AT III inhibits coagulation enzymes (9). In the absence of heparin, AT III is a rela-
tively ineffective inhibitor of factor Xa and thrombin (kassoc [factor Xa] = 2.6 � 103

M�1 s�1; kassoc [thrombin] = 1 � 104 M�1 s�1) (10). Heparin accelerates the interac-
tion between AT III and target proteases by two distinct mechanisms. First, long-
chain heparin is able to act as a “template,” to which both AT III and procoagulant
enzymes bind, bringing them into proximity. Heparin has a sequence-specific penta-
saccharide (Fig. 2) that binds AT III with high affinity (Kd ~ 10–20 nM) and this
binding induces a conformational change in the Serpin. The long-chain heparin also
provide a site for thrombin to bind adjacent to AT III through a positively charged
exosite on thrombin near its active site. The interaction between AT III and throm-
bin is thereby promoted due to heparin bridging the proteins in a ternary complex.
The minimum heparin chain length, for the acceleration of the reaction of AT III
and thrombin, is approximately 16 saccharides. AT III, to which a heparin chain
having only five specific saccharide residues (Fig. 2) is bound, can inactivate factor
Xa. In both cases, AT III is bound to the active site of the serine proteases as an
acyl–enzyme intermediate. As a result of the cleavage, the affinity of AT III for
the heparin chain is markedly diminished, causing heparin to dissociate in an unal-
tered form, free to catalyze further reactions between AT III and its target enzymes.
The acyl–enzyme intermediate hydrolyzes very slowly to yield the unaltered serine
proteases and the cleaved AT III, which is no longer an active Serprin and has lost
its heparin-binding affinity (3).

The conformational changes in the Serpin, induced by the specific pentasac-
charide sequence within heparin, promote the strong binding between AT III and
heparin, and also leads to an exposure of the reactive center loop (RCL), the
region of the Serprin responsible for primary interaction with the target enzyme
(factor Xa). Thus, the reactivity of AT III toward serine protease is enhanced.
The crystal structure of an AT III–pentasaccharide complex was used to identify
residues in AT III involved in the interaction as well as important functional
groups within the pentasaccharide. The conformational rearrangement of AT III
most notably happens around the heparin-binding site. The main differences are
found in the stretches 5–48, 108–199, 203–215, 218–223, 324–329, 353–362,
379–386, and 414–419. The less-well-ordered N-terminal residues 12–16 shift side-
ways, widening the cleft where the pentasaccharide binds. The N-terminus of the
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Figure 2 The heparin and heparan sulfate pentasaccharide sequence binding to AT III.
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A-helix rearranges, allowing the primary amines of Arg-46 and Arg-47 to move by
17 and 8 Å, respectively, to hydrogen bond with the sulfate residues of the penta-
saccharide, whereas residues 44 and 45 make way for the cofactor. The D-helix tilts
by some 10�, whereas at its N-terminus, residues 113–118 coil to form the two-turn
P-helix at right angles with the D-helix. At the C-terminus, the D-helix is extended
by one-and-a-half turns, moving Arg-132, Lys-133, and Lys-136 toward the
pentasaccharide-binding site. These residues do not come within hydrogen bond-
ing distance of the pentasaccharide. However, they would be able to interact with
additional saccharide units of full-length heparin (11). The conformational change
is also involved in the activation of AT III toward factor Xa. AT III has a mobile
reactive site loop that is initially exposed as a substrate for coagulant proteases. On
cleavage by the protease, the loop becomes inserted as a sixth strand in the central
b-sheet (the A-sheet) of the molecule. The closing of the A-sheet with an accom-
panying expulsion of the partially inserted residues P14 and P15 of the reactive site
loop occurs by an allosteric mechanism as it is more than 30 Å distant from the
pentasaccharide. In this way, the protease is believed to be irreversibly trapped
as a reaction intermediate covalently bound to the serprin. Johnson et al. (12) were
able to crystallize the pentasaccharide-activated AT III and factor Xa complex
only after mutating three residues on a remote surface of AT III to engender the
formation of crystal contacts, which, due to electrostatic repulsion, would not oth-
erwise have been formed. This crystal structure is consistent with the exosite-
dependent recognition mechanism. Several of the residues seen to participate in
exosite contacts have previously been identified by mutagenesis studies. Three
residues on factor Xa were shown to contribute significantly to the rate of inhibi-
tion by AT in the presence of the pentasaccharide, Glu37, Glu39, and Arg150.
Site-directed mutation study showed that substitution of Arg150 by Ala reduces
the rate of inhibition by nearly tenfold. Both crystal structure and the mutagenesis
study investigate the importance of the P insertion of AT III, with the deletion of
Arg399 reducing the pentasaccharide-activated rate of inhibition by over twofold
(12). Figure 3 indicates the heparin-binding mechanism of AT III.

The role of individual saccharide residues of the heparin pentasaccharide in
the allosteric activation of AT III has also been determined by studying the effect
of truncating the pentasaccharide residue, at either its reducing or its nonreducing
end. These studies established that the three saccharide residues on the nonreduc-
ing end of the pentasaccharide sequence are capable of fully activating AT III.
While the reducing end residues are not essential for the activation, they stabilize
the activated conformation (13).

IV. Cell Growth and Differentiation

Heparan sulfate PGs play an essential role in regulating cell recognition and cell growth
by its interactions with signaling molecules such as fibroblast growth factors (FGFs),
vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), trans-
forming growth factor-b (TGF-b), and platelet-derived growth factor (PDGF).
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FGFs are polypeptides with a conserved core of approximately 120-amino acid
residues and more variable N- and C-terminal domains. They have been demon-
strated to induce neovascularization in vivo and to be implicated in the growth of
new blood vessels during wound healing and chick embryo development. In vitro,
FGF induces cell proliferation, migration, and production of proteases in endothelial
cells by using a dual-receptor system (14). The primary component of this system is a
signal-transducing FGF receptors (FGFRs), which is composed of an extracellular
ligand-binding portion consisting of three immunoglobulin-like domains (D1–D3),
a single transmembrane helix, and a cytoplasmic portionwith protein tyrosine kinase
activity. The second component of this receptor system consists of heparan sulfate
PGs of the cell surface required for FGF to bind to and activate FGFR (15). Recep-
tor dimerization is an obligatory event in FGF signaling. FGF is a monomer and is
unable by itself to induce FGFR activation. It has to function in concert with either
soluble or cell surface-bound heparan sulfate to promote FGFR dimerization.

Acidic fibroblast growth factor (FGF1) and basic fibroblast growth factor
(FGF2) have been extensively studied for their interactions with heparin and
heparan sulfate. Pellegrini et al. (16) described an asymmetrical structure of the
FGFR2 ectodomain in a dimeric form that is induced by simultaneous binding to
FGF1 and a heparin decasaccharide. The complex is assembled around a central
heparin molecule linking two FGF1 ligands into a dimer that bridges between
two receptor chains. The asymmetric heparin binding involves contacts with both
FGF1 molecules but only one receptor chain (Fig. 4A) (16). Robinson et al. have
expanded this study and observed that FGF1–FGFR2–heparin 2:2:1 ternary com-
plexes formed spontaneously in solution. They found that octasaccharides were the
shortest heparin fragments that formed 2:2:1 complexes and induced FGF1

Figure 3 The heparin-binding mechanism of AT III. b-sheet A facing A-helix in the back,
D-helix to the right, the reactive center loop (RCL) at the top, and Arg399 displayed in
spacefill. Heparin pentasaccharide showed in stick. In native AT, the N-terminal region of
the RCL is incorporated as strand 4 in b-sheet A, which constrains the RCL and the P1
Arg393 side chain.
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mitogenesis in heparan sulfate-deficient FGFR2-transfected cell lines (17). A cooper-
ative mechanism was also proposed for the asymmetrical ternary complex formation.
In the presence of heparin, free FGF1 will dimerize to form 2:1 FGF1–heparin struc-
ture which is a prerequisite for subsequent FGFR2 dimerization. A crystal structure
of a dimeric ternary complex of FGF2, FGFR1 and a heparin decasaccharide (2:2:2)
has also been reported (Fig. 4B) (18). According to this model, heparin interacts
through its nonreducing endwith both FGF2 and FGFR1 and promotes the formation
of a stable 1:1:1 FGF2–FGFR1–heparin ternary complex (19). A second 1:1:1 FGF2–
FGFR1–heparin ternary complex is recruited to the first complex via direct FGFR1–
FGFR1 contacts, secondary interactions between FGF2 in one ternary complex and
FGFR1 in the other ternary complex, and indirect heparin-mediated FGFR1–FGFR1
contacts. In the absence of heparin, the direct receptor–receptor contacts and second-
ary ligand–receptor interactions are not sufficient for appreciable dimerization. Hep-
arin hexasaccharides are sufficient to promote receptor dimerization. Less was
known about the interaction between heparin and other FGF species.

HGF is a member of the plasminogen-related growth factor family and con-
tains 697 residues in its mature processed form. It activates the dimerization of the
Met tyrosine kinase receptor and results in the phosphorylation of the kinase. The
phosphotyrosines recruit further downstream signaling molecules. The activation
of Met also triggers the mitogen-activated protein kinase pathway (20). There are
at least two possible ways for the dimerization of Met by HGF. The first involves
two Met receptors binding to two separate and nonequivalent binding sites on one
HGF molecule to form a 1:2 ligand–receptor signaling complex. The second model
suggests a 2:2 signaling complex formed either by association of two binary ligand–
receptor complexes or by ligand dimerization. Heparan sulfate increases the mito-
genic potency of HGF and causes the oligomerization of HGF, thus concentrating
the ligand at the cell surface and making interaction with Met more energetically

Figure 4 (A) Crystal structure of FGF2-FGFR1-heparin 2:2:2 ternary complex. (B) Crys-
tal structure of FGF1-FGFR2-heparin 2:2:1 ternary complex. FGF2 and FGF1 are shown in
green ribbon, FGFR1 and FGFR2 are shown as gold ribbons, and heparin oligosaccharides
are shown as a red (oxygen), white (carbon), blue (nitrogen) and yellow (sulfur) space filling
model.
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favorable. Tetrasaccharides of heparan sulfate have been shown to be of minimal
chain length that shows activity in vivo; however, hexasaccharides were shown to
be more capable of Met kinase activation. The precise role of heparin and heparan
sulfate in the Met–HGF complex formation is limited to the NK1 isoform that con-
tains the N-terminal domain and followed kringle domain of HGF. There are several
models for the role of heparin and heparan sulfate in the binding of NK1 isoform and
Met. In the first model, NK1 undergoes a conformational change upon the interac-
tion with heparin and heparan sulfate, which enables the ligand to dimerize and bind
toMet in a stable manner (21). The secondmodel proposes that heparin and heparan
sulfate stabilize the ligand’s dimer. Although in the absence of heparin and heparan
sulfate, NK1 can form the dimer, heparin and heparan sulfate cement the interaction
and shift the equilibrium to the active, dimeric form of ligand (22).

Vascular endothelial growth factor (VEGF), an endothelial cell mitogen, is
one of the major regulators of angiogenesis. It has three major isoforms, VEGF
120, VEGF 164, and VEGF 188, but only two, VEGF 164 and VEGF 188, interact
with heparin and heparan sulfate. Heparin is known to affect the interaction
between VEGF 164 and VEGF receptors, interfering with VEGF 164-mediated
activities. The crystal structure obtained by Leahy and coworkers showed that
the 6- to 7-mer of heparin is required for efficient VEGF heparin binding, then a
22-mer of heparin is required to promote optimal interaction of VEGF and its
receptors (23).

In summary, heparan sulfate PG localizes a number of different growth fac-
tors at the cell surface or in the extracellular matrix and promotes their activities of
cell growth and differentiation.

V. Inflammation

It has been recognized since 1920s that heparin can inhibit certain aspects of the
allergic inflammatory response. Inflammation is the first response of the immune
system to infection or irritation and may be referred to as the innate cascade.
An essential feature of any inflammatory response is the rapid recruitment of leu-
kocytes from the blood to the site of inflammation, usually through postcapillary
venules (24). During this process, leukocytes have to migrate through the blood-
vessel wall and enter tissues through a multistep process known as extravasation
or diapedesis. Leukocytes first attach to and roll on the inflamed endothelium, fol-
lowed by the endothelial cell-bound chemokine activation. The activated leuko-
cytes then can attach to the endothelium and be degraded by the subendothelial
basement membrane. Leukocytes migrate into the target tissue along chemokine
gradients. After leukocytes enter the target tissue, they can perform various
immune activities such as pathogen elimination and tissue repair. Recent studies
have indicated that heparin and heparan sulfate are required for several stages
of inflammation.

In the first adhesion step of the leukocytes extravasation process, selectins
(including L-selectin, E-selectin, and P-selectin), along with heparan sulfate PGs,
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play an important role. Selectins are a family of transmembrane glycoproteins
found on the endothelium, platelets, and leukocytes. Heparan sulfate interacts
with L- and P-selectins but not with E-selectin. L-selectin is important in the infil-
tration of leukocytes into the kidney (25). Studies show that collagen XVIII, a
basement membrane heparan sulfate PG, is involved in leukocyte recruitment.
Collagen XVIII provides a link between initial rolling of inflammatory cells
through L-selectin followed by the induction of chemokine-induced, integrin-
dependent adhesion (26). L-selectin only binds a subset of renal heparan sulfate
GAG chains attached to the collagen XVIII protein core. This collagen XVIII
PG is predominantly present in modularly tubular and vascular basement mem-
branes (27). L-selectin binding to heparan sulfate is critically dependent on O-sulfo
groups as well as the on length of the GAG chain. Unsubstituted amino groups do
not play a role in L-selectin binding but these amino groups somehow influence
the biosynthesis of L-selectin-binding sites on heparan sulfate PGs. Heparan sul-
fate O-sulfo groups, however, are critical for L-selectin binding. The L-selectin-bind-
ing domain is located in domains of alternating N-acetyl and N-sulfo residues. The
presence of iduronate residues inhibits the L-selectin binding, suggesting that regions
with a high level of 6-O-sulfo groups andGlcA content are ideal for L-selectin binding.
Decreasing the sulfation of heparan sulfate chains reduces the binding of L-selectin.

P-selectin also binds to heparan sulfate and heparin, but binding generally
occurs with weaker affinity than for the interaction with L-selectin. P-selectin
interacts with P-selectin glycoprotein ligand expressed on a majority of leukocytes,
to mediate tethering (initial attachment), rolling, and weak adhesion of leukocytes
on the activated endothelial cells. P-selectin also mediates the aggregation of the
activated platelets to leukocytes (28). P-selectin binds to A375 cells, a cell line of
a human malignant melanoma, that express heparan sulfate PGs on cell surfaces.
Inhibitors of both PG biosynthesis and heparinases reduce adhesion of A375 cells
to P-selectin. Heparin, but not other GAGs, abolished the P-selectin binding to
these cells (29). The molecular mechanism and the exact oligosaccharide structure
of heparan sulfate responsible for its interaction with P-selectin are not yet clear.

In addition to the regulations of leukocyte rolling process by binding to selectins,
heparin and heparan sulfate also have been implicated in chemokine and cytokine
regulation. Heparan sulfate regulates the gradients of chemokines and cytokines
produced by endothelial cells that have been stimulated by proinflammatory factors,
such as interleukin (IL)1b and tumor necrosis factor (TNF)a. Chemokines are a large
family of soluble proteins involved in leukocyte activation throughG–protein-coupled
receptor’s signaling (30). One of the most well-studied interactions is that of heparan
sulfate and the CXL chemokine IL-8, which is a member of the interleukin family.
Heparan sulfate binding to IL-8 activates the transportation of the chemokine
across the endothelial cell layer (31). In vivo studies showed that endothelial
cells deficient in highly sulfated heparan sulfate are much less efficient in mediating
chemokine (IL-8) movement across the endothelial cell layer (32). The interaction
of chemokines with heparan sulfate can also protect chemokines from proteolysis
and induce their oligomerization. The resulting higher order chemokine oligomers
are required for maximal activity. CC chemokine ligand 5 (CCL5) that has been
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mutated to remove its heparan sulfate-binding site can function as a dominant-
negative inhibitor by forming nonfunctional heterodimers with wild-type CCL5. The
resultant heterodimers are unable to produce higher order oligomers, induced by
heparan sulfate (33). Heparan sulfate also plays an essential role in immobilizing che-
mokines on the luminal surface of endothelial cells establishing chemokine gradients
on the vascular endothelium. The stromal cell-derived factor-1a (SDF-1a) is a proin-
flammatory mediator, a potent chemoattractant for a variety of cells, like monocytes
and T cells, and also a potent inhibitor of the cellular entry of HIV (34). Heparan sul-
fate is involved in the binding and localization of SDF-1a to the cell surface (35). Hep-
arin dodecasaccharide or tetradecasaccharide is required for binding to SDF-1a (36).
Without chemokines binding to heparan sulfate, leukocytes are unable to form stable,
integrin-mediated interactions with the endothelium and cannot migrate in a direc-
tional manner through the blood-vessel wall. Endothelium-bound chemokines, but
not soluble chemokines, induced a rapid extension of inactive lymphocyte function-
associated antigen 1 (37). The extended form of this integrin can then interact with
endothelial cell intercellular adhesion molecule 1 and trigger stable cell adhesion.

These findings indicate multiple functions of heparan sulfate during inflam-
matory reactions and suggest that heparan sulfate participates in each of the main
steps of leukocyte extravasation, including facilitating L-selectin-dependent cell
rolling, modulating chemokines to recruit different leukocyte subsets across the
endothelium during inflammatory responses.

VI. Host Defense and Viral Infection Mechanisms

Heparan sulfate is present at the surface of cells through its covalent binding to a
cell membrane-attached core proteins. A large number of viruses interact with
heparan sulfate that facilitates the attachment to host cells and subsequent
infection.

Malaria is a serious, sometimes fatal disease caused by a parasite, Plasmodium
sporozoite, and is transmitted by the bite of an infected mosquito. More than 40% of
the people in the world live in areas at risk for malaria. Plasmodium sporozoites tra-
verse the cytosol of several cells before invading a hepatocyte (38). The invasion of
liver cells by these sporozoites has been ascribed to the interaction of circumsporo-
zoite (CS) protein, a 40–45 kDa antigen (39) that covers the plasma membrane of
sporozoites, with GAG side chains of PGs located on the surface of the hepatocytes
(40,41). Both heparin and heparan sulfate interact with CS protein and help in the
binding of the parasite to liver cells. Surface plasmon resonance (SPR) experiments
indicate that heparin has fast on-rate (ka) and slow off-rate (kd) kinetics for CS pro-
tein with a Kd of 41 nM. Isothermal titration calorimetry shows that the minimum
sequence within the heparin polymer capable of a strong interaction with the CS pro-
tein is a decasaccharide. High concentrations of exogenous heparin or heparan sul-
fate can inhibit the binding of CS protein to HepG2 cell, a human hepatoma cell
line. However, at low concentrations, heparin or heparan sulfate can also act as a
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cross-linking agent effectively promoting a formation of multimeric CS complexes
and thus enhancing the CS binding to the target cells (42).

Hepatitis C virus (HCV) is the major cause of posttransfusion and community-
acquired hepatitis in the world. The majority of HCV-infected individuals develop
chronic hepatitis that may progress to liver cirrhosis and hepatocellular carcinoma.
The HCV structural proteins comprise the core protein and the two envelope glyco-
proteins E1 and E2 (43). Several lines of evidence have demonstrated that the HCV
envelope proteins may play a crucial role in the initiation of infection by mediating
virus–host cell membrane interaction. E2 is thought to initiate viral attachment,
whereas E1 may be involved in virus–cell membrane fusion (44–46). A comparative
structural analysis of the E2 protein of various HCV isolates demonstrated that pos-
itively charged amino acid residues are highly conserved in the N-terminus of E2
hypervariable region 1 (47), thereby suggesting the negatively charged cell surface
GAG, heparan sulfate, as an HCV receptor. Heparin directly interacts with E2
and binding of E2 is specifically inhibited by highly sulfated heparan sulfate and hep-
arin. Partial enzymatic degradation of cellular heparan sulfate resulted in a marked
reduction of E2 binding (48). These studies suggest that binding of the HCV enve-
lope glycoproteins to a specific heparan sulfate structure on host cells is an important
step for the initiation of viral infection and that this interaction represents an impor-
tant target of antiviral host immune responses in HCV infection in vivo. The level of
heparan sulfate sulfation appears to play a crucial role for E2 binding. A high total
sulfate/disaccharide ratio and the presence of trisulfated disaccharide sequence,
!4) 2-O-sulfo-a-L-iduronic acid (1 ! 4) 2-oxy-2-sulfoamino-6-O-sulfo-a-D-glucose
(1!, are important for efficient heparan sulfate–E2 protein binding. These results
also suggested that the mechanism of heparan sulfate–E2 protein-binding ranges
from simple charge effects to highly specific receptor-like interactions. Recent stud-
ies demonstrated that the interaction of the viral envelope is mediated by both enve-
lope glycoproteins E1 and E2. Similar to findings for envelope glycoprotein E2,
highly sulfated heparan sulfate played an important role in mediating binding of
E1. Although recombinant-soluble E1 had a lower affinity for immobilized heparin
in SPR assays than E2 and E1 exhibited a significantly different cellular binding pro-
file fromE2, the functional differences of E1 andE2 envelope glycoproteins may not
be directly extrapolated to the in vivo situation, where E1 is likely to be in a different
conformation as a complex with E2 (49). Barth et al. also have studied the functional
relevance of HCV–heparan sulfate binding. Competition experiments suggested
that highly sulfated heparan sulfate is an important molecule for binding of the viral
envelope to the cell surface and may contribute to viral entry in concert with other
cell surface molecules such as the tetraspanin CD81 and scavenger receptor SR-BI.

There are also many other viruses in which the binding to heparin or heparan
sulfate is important for the initiation of infection. For example, it has been known
for a long time that removal of cell surface heparan sulfate or the use of soluble
heparin and heparan sulfate as competing agents reduced both HIV attachment
and infection on several cell lines, including CD4-positive HeLa cells, macro-
phages, and T-cell lines. Many studies showed this is caused by the binding of
heparan sulfate to the viral surface glycoprotein, gp120. The O-sulfation,
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particularly 6-O-sulfation, and N-substitution (acetylation or sulfation) were essen-
tial for the heparan sulfate�gp120 interaction (50). Vives et al. found that the cell
surface molecule CD4 induced conformational change of gp120, dramatically
increasing binding to heparan sulfate. These results suggest an implication of
heparan sulfate in the late stages of the virus–cell attachment process (51). The her-
pes simplex virus (HSV) uses heparan sulfate PG to target (52) and infect (53) cells
through the binding of heparan sulfate with viral coat glycoproteins gC and gB (54).

VII. Cell–Cell and Cell–Matrix Interactions

Extracellular matrix (ECM) is composed of various glycoproteins and PGs. It pro-
vides support and anchorage for cells and regulates the intercellular communica-
tions. Individual ECM components influence cell arrangements and activities
through binding to transmembrane receptors, thus initiating intracellular signaling
and altering gene expression and other downstream events. Controlling ECM com-
position and organization modulates cell behaviors and serves important roles dur-
ing both physiological and pathological processes (55). Heparan sulfate PGs are
widely distributed at the cell surface and in ECM. Interactions of heparan sulfate
PG with a number of matrix proteins are important in regulating cell behavior
and fibril formation during development and pathophysiological events. The
heparan sulfate chain has various important biological properties and influences
cell behavior through interactions with a variety of matrix proteins (56).

In animals, the most abundant glycoproteins in the ECM are collagens.
Collagen V, a quantitatively minor component of connective tissues, plays a crucial
role in matrix organization. It is a fibrillar collagen that generally copolymerizes
with collagen I to form heterotypic fibrils. It also has the property of forming fibrils
that show preferential pericellular localization. Its predominant molecular form is
the heterotrimer (a1(V))2a2(V).CollagenVbinds heparin througha 12-kDa fragment
of the a1(V) chain referred to as HepV. The recombinant HepV fragment supports
heparin-dependent cell adhesion (57). Five basic residues (Lys905, Arg909, Arg912,
Arg918, and Arg921) of the Lys905–Arg921 sequence of the a1(V) chain participate in
the binding ofHepV to heparin (58). SPR experiment showedHepVbound to heparin
and heparan sulfate with a similar affinity (KD ~ 18 and 36 nM, respectively) in a cat-
ion-dependent manner, whereas the native collagen V heterotrimer (a1(V))2a2(V)
bound to heparin and heparan sulfate with even higher affinity (KD ~ 5.6 and 2.0
nM, respectively). Heat and chemical denaturation strongly decreased the binding of
the native collagen V to heparin. These indicate that the collagen triple helix plays a
major role in stabilizing the interaction with heparin. Heparin 2-O-sulfo and 6-O-sulfo
groups were shown to be crucial for the HepV binding. Octasaccharide of heparin or
decasaccharide of heparan sulfate is required for HepV binding. Complexes formed
between HepV and heparin/heparan sulfate in the present of cations (Ca2+ or Mg2+)
exhibited a lower dissociation rate, which suggested that cations stabilize the com-
plexes (56). Although collagen V is present in normal tissues as trimeric molecules,
HepV could be released in pathophysiological situations where extensive ECM
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remodeling occurs. Interactions mediated by heparin and heparan sulfate could mod-
ulate biological activities of monomeric HepV and trimeric collagen V.

Along with ECM glycoproteins, PGs also communicate extracellular informa-
tion to the cell. Transmembrane heparan sulfate PGs of the syndecan family bind to
ECM proteins and cooperate with heterodimeric integrin receptors to regulate cell
adhesive activities. Syndecan-4, a member of this family, is upregulated during tissue
repair (59) through its binding to plasma fibronectin (60) and tenascin-C (61) via its
heparan sulfate side chains. Fibronectin is a ubiquitously expressed, multifunctional
extracellular glycoprotein that promotes cell adhesion. It forms a provisional matrix
with covalently cross-linked fibrin at sites of tissue injury. This fibrin–fibronectin
matrix coordinates the activities of cells involved in wound repair (62). Syndecan-4
(heparan sulfate PG) binds to fibronectin resulting in optimal cell response to
fibrin–fibronectinmatrices. Soluble heparin prevents cell spreading and organization
of actin stress fibers. Syndecan-4 also functions cooperatively with integrins in fibro-
blast binding to fibronectin. Integrin binding to the fibronectin cell-binding domain
together with heparan sulfate side chain of syndecan-4 interacting with heparin-
binding site on fibronectin are essential for cells to spread and organize their cyto-
skeleton. Syndecan-4 is also required for tenascin-C modulation of cell behavior.
Tenascin-C is an ECM protein that regulates cell response to fribronectin with the
provisional matrix and has modulatory effects on cell–ECM interactions. With a
fibrin–fibronectin matrix, tenascin-C impacts the ability of fibroblasts to deposit
and contract the matrix by affecting the morphology and signaling pathways of
adherent cells (63). Tenascin-C acts in a syndecan-4—dependent manner to suppress
fibronectin-mediated signaling because tenascin-C can also interact directly with
heparan sulfate side chains of syndecans, which will compete with fibronectin (64).
As such, syndecan-4 plays an important role throughout the tissue repair in
communicating signals between the dynamic ECM and the cell.

In nervous system, neurons must often send their axons far across complex
terrain. Successful navigation of this challenging extracellular wilderness and pro-
ductive interactions with target cells require an array of local and long-range axon
guidance cues that influence the cell motility machinery within the growing tip of
the axon. Instructing axon guidance decisions to neuronal receptors requires inter-
actions with ECM (65). Heparan sulfate PG is important for shaping and modulat-
ing the guidance factor landscape. The midline, a conserved feature of bilaterian
organisms, functions as an organizing center and intermediate target that regulates
the sides of the body (66). Slit, a secreted glycoprotein, was identified as a major
repellent at the midline of the central nervous system. Binding of Slit to receptors
of the Roundabout (Robo) family triggers cytoskeletal rearrangements within the
axon growth cone, resulting in axon repulsion. Heparan sulfate PGs are critically
involved in Slit–Robo signaling. Immunoprecipitation experiments using Drosoph-
ila cell extracts show that both Slit and Robo interact with syndecan (67). SPR
experiments showed that Slit binds to heparin with a high affinity, KD ~ 0.33 mM
and the minimum heparin oligosaccharide size that binds to Slit is tetrasaccharide
(68). A highly conserved basic sequence motif in the C-terminal domain of Slit is
responsible for high-affinity heparan sulfate/heparin binding, but the leucine-rich
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repeat domains at the N-terminus of Slit also show appreciable heparan sulfate/
heparin binding (69). This suggests that heparan sulfate chains may be required
for capturing Slit at the cell surface of the Robo-expressing growth cone. Affinity
chromatography showed the Slit-binding ectodomain of Drosophila Robo also
displays a strong affinity to heparin within its IG1–2 region, suggesting heparan
sulfate PGs may be required for formation of a specific ternary Slit–Robo–heparan
sulfate signaling complex. Solid-phase experiment and gel filtration chromatogra-
phy conformed the formation of the ternary Slit–Robo–heparan sulfate (70). Fig-
ure 5 demonstrates the interactions of heparan sulfate side chains with Slit and
Robo. Based on these experimental data, it is conceivable that heparan sulfate
has a dual role in modulating Slit–Robo signaling: the C-terminal high-affinity
heparan sulfate-binding site may serve to concentrate Slit at the growth cone sur-
face, while a weaker, but potentially more specific, site in the leucine-rich repeat
region may be required for the formation of a ternary Slit–Robo–heparan sulfate
signaling complex. Physiological proteolytic cleavage of Slit would separate these
activities and could have a profound effect on Slit activity in vivo (69).

VIII. Lipid Transport and Clearance/Metabolism

Heparin and heparan sulfate are also involved in lipid transport and metabolic
clearance.

Apolipoprotein E (apoE) is an important lipid transport protein in human
plasmaand brain. Itmediates hepatic clearance of remnant lipoproteins as a high-affin-
ity ligand for the low-density lipoprotein receptor (LDLR) family, including LDLR,
LDLR-related protein (LRP), and cell surface heparan sulfate PGs (71). In the liver,
heparan sulfate PGs facilitate the interaction of remnant particles with LRP, which is
known as the heparan sulfate PG–LRP pathway, in which apoE initially interacts

Figure 5 Schematic drawing of Slit, Robo, and syndecan (heparan sulfate PG).
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with heparan sulfate PG on the cell surface and is then transferred to the LRP for
internalization (72). The ability of apoE to interact with members of the LDLR fam-
ily and with heparan sulfate PG can also be significant for cell signaling events (73).
ApoE binding to heparan sulfate PG inhibits the smooth muscle cell proliferation
(74). In addition, the interaction of apoE with heparan sulfate PG has been impli-
cated in neuronal growth and repair and also is involved in the progression of late
onset familial Alzheimer’s disease (75–77). ApoE is a 299-amino acid, single-chain
protein and contains two independently folded functional domains, a 22-kDa N-ter-
minal domain (residues 1–191) and a 10-kDa C-terminal domain (residues 222–299)
(78). The N-terminal domain exists in the lipid-free state as a four-helix bundle of
amphipathic a-helices and contains the LDL receptor-binding region (residues
136–150 in helix 4) (79). The amphipathic nature of the a-helix containing residues
136–150 is critical for normal binding to the LDL receptor (80). The C-terminal
domain is also predicted to be a highly a-helical structure and contains the major
lipid-binding region (81,82). The N- and C-terminal domains each contain a hepa-
rin-binding site (83,84). Heparin interacts with the N-terminal domain of apoE
through forming salt bridges between sulfate groups of heparin and Arg-142 and
Arg-145 residue of apoE (85). Site-directed mutagenesis study showed that Arg-
142, Lys-143, Arg-145, Lys-146, and Arg-147 of the N-terminal domain are required
for high-affinity binding to heparin, with Lys-146 participating in an ionic interaction
with heparin and Lys-143 participating in a hydrogen bond (86). In the C-terminal
domain of apoE, Lys-233 is crucial for the heparin interaction because of its high pos-
itive electrostatic potential. The C-terminal domain of apoE can form a stable tetra-
mer in aqueous solution that results in the higher heparin-binding affinity to C-
terminus in the lipid-free state than in the lipid-present state. However, only N-ter-
minal site of apoE is involved in the heparin interaction of full-length apoE despite
of the strong heparin binding to the C-terminus (87). A two-step mechanism of bind-
ing apoE to heparin was proposed on the basis of molecular modeling and SPR
experiments. In first binding step, eight basic residues including Lys-146 of apoE
directly contact with sulfate or carboxyl groups of the heparin chain through electro-
static interaction. Hydrogen bonding between Lys-143 residue of apoE and heparin,
hydrophobic interaction between the shallow groove of the a-helix of apoE, and the
saccharide chains of heparin are involved in the second apoE–heparin binding step.
The first binding step contributes most of the overall free energy of binding (88). In
the remnant lipoprotein metabolism process, because of the fast association of apoE
in the first step to heparin through long range and nondirectional ionic interactions,
apoE-enriched remnant particles can be captured rapidly by the abundant heparan
sulfate PGon the cell surface (88) and then transfer to theLRP for internalization (72).

Heparan sulfate is involved in regulating the metabolism of lipoproteins and
major neutral lipids such as cholesteryl esters, triglycerides, and fatty acids. In the
metabolism of lipoproteins, the endothelial cell surface heparan sulfate PGs have
been shown to bind very low density lipoproteins (VLDL) through electrostatic
interaction between positively charged regions of lipoproteins and negatively
charged carboxyl- and sulfo-groups of heparan sulfate chains. Lipoprotein lipase,
binding to this cell surface heparan sulfate PGs also, digests VLDL in capillaries
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and releases free fatty acids to the circulation (89). Heparan sulfate also mediates
the following metabolism of the remnant neutral lipids. The neutral lipolytic
enzymes, such as human pancreatic cholesterol esterase and triglyceride lipase,
have been shown to bind to membrane heparin in vitro (90). This interaction is sat-
urable, concentration-dependent, and specific for the subfraction of intestinal hep-
arin. The high concentration of heparin in the intestine can serve to concentrate
and localize these neutral lipolytic enzymes on the intestinal membrane, thus facil-
itate the movement of neutral lipids in the circulation from the unfavorable aque-
ous milieu to the enterocyte membrane, where the lipolytic enzymes hydrolyze the
fatty acid ester of cholesterol or glycerol and the products can be easily adsorbed
by the intestine.

Heparan sulfate mediates the clearance of thrombin–AT III (TAT) complex
from the circulation by hepatic receptors. As we discussed, AT III inhibits its cog-
nate proteinase, thrombin, by forming covalent 1:1 stoichiometric TAT complex.
Vitronectin (VN), a 78-kDa glycoprotein synthesized by the liver, plays an impor-
tant role in the metabolism of TAT complex. TAT in serum or plasma has been
found to exist in the form of a covalent ternary complex with VN (91,92). During
this physiological process, hepatocyte-associated heparan sulfate PG has been
identified to be a major binding site involved in the metabolism of VN–TAT both
in vivo and in vitro. VN has been shown to neutralize the heparin catalysis of AT
inhibition of thrombin and factor Xa. The dissociation constant for the interaction
of VN to heparin is around 10–50 nM (93,94). TAT clearance in mice is inhibited
by protamine that blocks TAT interaction with heparan sulfate PGs. In the pres-
ence of VN, TAT prefers to form a high molecular mass adduct VN–TAT before
being cleared. In vitro cell culture experiments showed that VN–TAT bound to
HepG2 cells and human hepatoma cell line was also degraded. Addition of heparin
inhibited in this clearance process (95). These experiment data suggest TAT first
interacts with VN to form ternary VN–TAT complexes and then this VN–TAT
complex binds to liver heparan sulfate PGs, thus VN–TAT will be passed onto
hepatic receptors and be removed from the circulation.

IX. Potential Therapeutic Roles of Heparin and Heparan Sulfate

For potential therapeutic applications, the strength of the interactions of heparin and
heparan sulfate with different proteins are certainly important but so is the specificity
of these interactions. Several questions on specificity need to be addressed: (a)Whether
a specific oligosaccharide sequence within the polysaccharide chain is responsible for
the binding to a given protein; (b) How different are the oligosaccharide sequences
involved in binding different proteins, and (c) How specific their activities are? (96)
As discussed in the previous sections, only a small portion of the polysaccharide often
with a defined oligosaccharide structure is often critical for binding to a given protein.

For the well-studied anticoagulant property of heparin and heparan sulfate, a
defined pentasaccharide sequence (Fig. 2) containing a 3-O-sulfo group in the cent-
ral glucosamine residue is required to catalyze the AT III-mediated inhibition of
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factor Xa. Fondaparinux (Arixtra, Sanofi-Synthelabo), an antithrombin III-binding
pentasacchride sequence with a methyl group stabilizing the anomeric end, has been
approved for use in thromboprophylaxis following orthopedic surgery (97). Low
molecular weight (LMW) heparins, prepared by periodate oxidation and borohydride
reduction, lack a glucuronic acid residue found within the AT III pentasaccharide–
binding site (Fig. 2) and thus do not have the anticoagulant activity measured by AT
III-mediated anti-Xa assay (98). However, this LMWheparin retains its ability to reg-
ulate smooth muscle cell proliferation. The antiproliferation of pulmonary smooth
muscle cell assay showed the O-hexanoyl derivative of this LMW heparin inhibits
the growth of pulmonary smooth muscle cells better than heparin itself (99).

In the inflammatory process, heparin has been proposed to have a regulatory
role in limiting inflammation through its interaction with proteins such as cyto-
kines and adhesion molecules (100). Whole animal studies showed that exogenous
heparin reduces the leukocyte rolling in postcapillary venules, which is an essential
stage in cell adhesion and transport to sites of inflammation. Heparin has also the
potential to treat the inflammatory diseases in humans, such as asthma, arthritis,
and inflammatory bowel disease. Heparin delivered by inhalation prevented the
bronchoconstriction response in asthmatic patients without altering the clotting
parameters in blood (101–103). Heparin combined with sulfasalazine had been
shown to treat rheumatoid arthritis and ulcerative colitis due to its ability to inhibit
leukocyte rolling on the endothelium by binding to L- and P-selectins (104).

Heparan sulfate or heparan sulfate PGs are also involved in cancer treatment
due to their roles in tumorigenesis, tumor progression, and tumor metastasis. Tumor
cell surface heparan sulfate modulates angiogenesis through binding with growth
factors, such as FGF2, and cytokines to promote growth factor signaling and tumor
cell proliferation and progression. However, the endothelial cell surface heparan sul-
fate mediates FGF2 signaling to induce angiogenesis. Heparan sulfate also regulates
tumor metastasis to sites, such as liver, lung, and spleen, by mediating interactions
between tumor cells and platelets, endothelial cells, and host cells. Tumor cell sur-
face heparan sulfate acts as ligands for P-selectin that mediates adhesion either to
platelets or to the endothelial lining of the capillary system. This allows tumor cells
to extravasate and enter blood stream, as well as to metastasize to other organs.
Tumor cell surface heparan sulfate also mediates a local coagulation through inter-
acting with coagulation serine proteases, such as thrombin, to promote the formation
of a protective layer of fibrin around the tumor, thus prevent the tumor cell to be
attacked by natural killer cells of the immune system. Exogenous heparin can com-
pete with heparan sulfate during these processes and may represent a potent agent
for cancer treatment. Clinical trials showed that unfractionated heparin and LMW
heparin have the antitumor effects due to their anticoagulant properties, which can
treat venous thromboembolism in cancer patients (6).

An increasing number of structurally defined fragments of heparin and
heparan sulfate are confirmed to bind with different proteins and to regulate numer-
ous biological processes. These heparin, heparan sulfate, and heparin-like molecules
may offer a diverse group of therapeutic benefits beyond their anticoagulant activity.
In fact, the major limitation in utilizing heparin as therapeutic agent remains its strong
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anticoagulant properties,which becomea side effect leading to hemorrhagic complica-
tion (3). Synthesizing heparin-like analogues lacking the AT III-binding site such as
LMWheparins may solve this problem to some extent. However, complicated synthe-
sis strategies result in a second and possibly greater limitation. The original chemical
synthesis of theAT III-binding pentasaccharide involved almost 50 steps and afforded
the target compound in very low overall yields (105). The biosynthesis strategy, devel-
oped by Rosenberg and colleagues, uses less steps but was not scalable and afforded
only minute quantity of product. Enzymatic synthesis starts with a polysaccharide
isolated from Escherichia coli K5 and is followed by N-deacetylation, N-sulfation,
enzymatic epimerization, and O-sulfation modifications using biosynthetic enzymes
(106). Using recombinant E. coli-expressed enzymes and cofactor recycling AT
III-binding heparin has been synthesized in multimilligram quantities (107).

In summary, the activities and specificities of heparin and heparan sulfate
binding to numerous proteins regulate various physiological and pathophysiologi-
cal processes. This has resulted in a number of novel therapeutic applications of
heparin, heparan sulfate, and heparin-like analogues. Identification of specific oli-
gosaccharide sequences that affect each particular biological process might some-
day enable the development of novel classes of therapeutics for the treatment on
a wide range of diseases.
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Chapter 11

Carbohydrates and Cutaneous Wound Healing

ANDREW BURD AND LIN HUANG

Division of Plastic and Reconstructive Surgery, Department of Surgery, The Chinese
University of Hong Kong, Prince of Wales Hospital, Hong Kong SAR, People’s
Republic of China

I. Introduction

Skin is the largest immunologically competent organ in the body (1,2). The skin
has two layers, epidermis and dermis (Fig. 1). The epidermis is rich in cells that
are specialized in the formation of keratin and are called keratinocytes. The epi-
dermis consists of a stratified layer of cells stretching from the basement mem-
brane below to the stratum corneum above. The area of the basement
membrane far exceeds that of the surface of the stratum corneum because multiple
dermal papillae project from the surface of the dermis and only about 12% of the
basal cells are proliferating at any one time in normal skin. These papillae are
formed by loose approximations of collagen bundles referred to as the papillary
dermis, which lies on the relatively much thicker reticular dermis. Collagen bun-
dles in the reticular dermis are thicker and more condensed. The dermis consists
of an organized structure of elastin and collagen fibers between which is a thick,
viscous fluid made up of glycosaminoglycans (GAGs) and hyaluronan (HA). This
arrangement of the dermis gives the skin its major biomechanical properties,
allowing stretching and recoil and deformation without destruction. The dermis
contains a complex vascular arrangement of capillary and venous plexuses. Within
the dermis are adnexal structures of ectodermal origin—hair follicles, sweat
glands, and sebaceous glands—which are lined with keratinocytes. This arrange-
ment becomes particularly important when considering the mechanisms of wound
healing.
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The skin performs a diverse range of vital body functions in addition to offer-
ing protection (3). When the skin is wounded, healing takes place by two principal
processes: regeneration and repair. Regeneration is typified by the process of
reepithelialization where the form and function of the previously injured tissue is
completely replaced. Repair occurs when the dermis is breached and as a result
of a macrophage-effected fibroproliferative process, a new dermal matrix is cre-
ated, which does not have the same structure as the uninjured tissue and is appar-
ent as scar tissue. Scarring is the cause for disability and deformity after injury to
the skin and abnormal scars can exacerbate the problems (4). Both healing pro-
cesses are extremely complex and involve cell proliferation and migration as well
as extracellular matrix deposition, modeling, and remodeling. The aim of wound
management is to achieve uncomplicated healing with minimal scarring.

Carbohydrates represent a ubiquitous range of compounds present in nature
subserving a complex range of forms and functions. They have been used in a vari-
ety of forms with a range of functions to support and modulate the wound healing
process. In this chapter, we focus on the topical application of exogenous carbohy-
drates in the modulation of cutaneous wound healing. There are three principal
roles: carbohydrates as dressings, as wound healing modulators, and as tissue-
engineering constructs to aid in the replacement or facilitate reconstruction of lost
or damaged skin (Fig. 1).

II. Carbohydrate Polymers as Wound Dressings

A. Wound Dressing

An ideal wound dressing would be protective, proteolytic, and capable of relieving
pain and promoting healing.

Layers Nature of Healing Process Outcome Role(s) of Carbohydrates 

Epidermis Cellular proliferation
and migration  

No scar Superficial wounds 

Dressings 

Dermis Repair 

1. Inflammation 

2. Proliferation and
    matrix deposition 

3. Remodeling 
Scar 

Partial thickness wounds 

Dressings and/or
modulation 

Full-thickness wounds 

Tissue engineered
replacement 

Regeneration 

Figure 1 An injury can be defined as a discontinuity in tissue integrity and healing as a
process of restoring that integrity. Skin has two main forms of healing with very different
outcomes in terms of appearance and function. Carbohydrates are used in a number of roles
to enhance healing.
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1. Protection

The skin provides a number of protective functions. The stratum corneum acts as a
barrier that prevents invasive infection, and sebum secreted by sebaceous glands
has an antibacterial action. The burn wound is vulnerable to bacterial colonization
and invasive bacterial contamination and sepsis. As the burn depth increases the
potential reservoir for bacterial invasion increases before viable tissue and host
defenses are reached. Burns dressing should have either an antibacterial barrier
function or a bactericidal/bacteriastatic function or ideally both.

The dressing should also protect the regenerating epidermis from further
mechanical injury.

2. Proteolytic

Apart from the most superficial injuries, the wound is going to result in a layer of
dead tissue. The natural process of removing this tissue involves proteolysis and
phagocytosis. The deeper the wound the more tissue has to be removed and the
longer it will take for healing to occur. The ideal dressing would either support
or augment the natural autolytic process or, even better, have an intrinsic enzy-
matic action.

3. Healing

The ideal dressing would promote healing through regeneration. Regeneration
occurs when the epidermis is damaged but repair is the mechanism for dermal
wounds healing. Repair is a macrophage-driven fibroproliferative process and
collagen is rapidly but randomly deposited. The fibroblasts involved are recruited
by the macrophages but their origin remains a subject of controversy. They are
mesodermal cells and one possibility is that they are derived from a differentiated
endothelial cell at the front end of sprouting capillary buds. Whatever their origin,
they seem to have lost the blueprint for the original dermal architecture.

Apart from the selective promotion of specific cell behavior, the ideal wound
dressing would also provide an environment which would be more conducive to
healing. In this respect, the healing wound performs better in a moist healing envi-
ronment but not in a macerated healing environment. As such, the dressing should
have the physical ability to deal with the exudates produced by the wound but at
the same time not allow the wound to dry out and the tissues to desiccate.

4. Pain Relieving

Partial-thickness burns can be extremely painful and one aspect of pain control is
the nature of the dressing applied to the wound. In addition, when the dressing
needs to be changed, it should be possible to remove it easily from the wound prior
to reapplication.

B. Carbohydrate Polymer Dressings

Polysaccharides are of numerous variations in composition, structure, and func-
tion. Being naturally occurring biomolecules, polysaccharides have been an
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obvious choice for investigation as potential wound management aids (5). In recent
years, it was recognized that not only can polysaccharides be produced with
required physical characteristics for a wound dressing, but that the actual polysac-
charide or polysaccharide derivative may itself actively participate in the process
of wound healing. In this section, we will review a number of polysaccharides that
are commonly used as wound dressings, the physical forms in which they are used,
and also the biological properties which enable them to participate actively in the
wound healing process.

1. Cellulose

Cellulose is a complex carbohydrate, (C6H10O5)n, that is composed of glucose
units, forms the main constituent of the cell wall in most plants, and is important
in the manufacture of numerous products, such as paper, textiles, pharmaceuticals,
and explosives. In native form it is highly crystalline and rigid. It is insoluble in
water and other ordinary solvents and exhibits marked properties of absorption.
Because cellulose contains a large number of hydroxyl groups, it reacts with acids
to form esters and with alcohols to form ethers. Cellulose derivatives include gun-
cotton, fully nitrated cellulose, used for explosives; celluloid (the first plastic), the
product of cellulose nitrates treated with camphor; collodion, a thickening agent;
and cellulose acetate, used for plastics, lacquers, and fibers such as rayon.

Cellulose derivatives have been widely used as hydrophilic particles to dis-
tribute in the adhesive composite of a hydrocolloid dressing. AquacelW (ConvaTec,
United Kingdom) is a primary wound dressing made from sodium carboxymethyl-
cellulose and produced as a textile fiber. The dressing absorbs and interacts with
wound exudate to form a soft, hydrophilic, gas-permeable gel that traps bacteria
and conforms to the contours of the wound while providing a microenvironment
that is believed to facilitate healing. It has been tested in the treatment of
partial-thickness burns (6) and deep diabetic foot ulcers (7), and for healing
split-skin graft donor sites (8). The dressing has been shown to be safe, easy to
apply, and also good in pain relief and promotion of epithelialization. Promogran
(Johnson & Johnson, Cincinnati, Ohio), another wound dressing used for the man-
agement of exuding wounds, is composed of collagen and oxidized regenerated
cellulose (ORC) matrix. In the presence of wound exudates, the matrix absorbs
liquid and forms a soft, conformable, biodegradable gel that physically binds and
inactivates matrix metalloproteases (MMPs) (9). The gel also binds naturally
occurring growth factors within the wound and protects them from degradation
by the proteases, and thereafter releases them back into the wound in an active
form as the matrix slowly breaks down (10). Promogran has been indicated to
accelerate healing in a number of randomized controlled trials (11,12).

2. Dextran

Dextran is a polyglucose biopolymer characterized by preponderance of a-1,6 link-
age, and generally produced by enzymes from certain strains of Leuconostoc or
Streptococcus. While formerly its principal utility was as a blood plasma substitute,
dextran is also used in various fields such as pharmaceutical, photographic,
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agricultural, and food industries. Dextran fractions are characterized by their aver-
age molecular weights and molecular weight distributions. Dextran’s chemical and
physical properties depend on the strain of microorganism employed and the envi-
ronmental conditions imposed on the bacterium during growth, or the reaction
conditions where an enzymatic method of dextran production is employed.
Dextran is neutral and water soluble even at high molecular weight. It is also
biocompatible and biodegradable.

Dextran appeared to have beneficial activities in the treatment of wounds.
To reduce its solubility, an emulsion polymerization of dextran using epichlorohy-
drin as the cross-linking agent was carried out, which produced insoluble beads
that swell in water. Dextranomer (Pharmacia, Inc., Piscataway, NJ) is such a dress-
ing with polysaccharide beads, 0.1–0.3 mm in diameter. It is highly hygroscopic and
1 g can absorb 4 ml of water and swell until it is saturated. It has been shown that
bacteria and cellular debris present in the wound are taken up by capillary action
and become trapped in the spaces between the beads. When the dressing is
changed, this debris will be washed away (13). Dextran accelerates the polymeriza-
tion of fibrin and also influences the structure of the fibrin clot with the diameter
of the fibrin fibers being broader when dextran is present (14). Dextran derivatives
that mimic the action of heparin have been shown to protect heparin-binding
growth factors associated with wound healing, such as transforming growth factor
(TGF)-b1 and fibroblast growth factor (FGF)-2 (15). The sulfated dextran deriva-
tives were also shown to accelerate the collagen matrix organization and stimulate
the human type-III collagen expression and induce apoptosis of myofibroblasts, a
property which may be beneficial in the treatment of hypertrophic and keloid
scar (16). These cross-linked dextran beads were found to be able to stimulate
macrophages in the wound healing process (17). Positively charged cross-linked
diethylaminoethyl dextran (CLDD) beads were also shown to enhance signifi-
cantly the tensile properties of healing cutaneous wounds in both adult and
geriatric rhesus (18).

3. Alginates

Alginate (alginic acid) is a viscous gum that is abundant in the cell walls of brown
algae. Chemically, it is a linear copolymer with homopolymeric blocks of (1,4)-
linked b-D-mannuronate (M) and its C-5 epimer a-L-guluronate (G) residues,
respectively, covalently linked together in different sequences or blocks. Commer-
cial varieties of alginate are extracted from seaweed, including the giant kelp
Macrocystis pyrifera, Ascophyllum Nodosum, and various types of Laminaria.

Alginate absorbs water quickly. The high absorption is achieved via strong
hydrophilic gel formation. Alginates partly dissolve on contact with wound fluid
to form a gel as a result of the exchange of sodium ions in wound fluid for calcium
ions in the dressing. Calcium alginate dressings such as Sorbsan (Pharma-Plast
Ltd., ConvaTec, United Kingdom), Tegagen (3M Health Care Ltd., United
Kingdom), and Kaltostat (ConvaTec) have been successfully used to cleanse a wide
variety of secreting lesions, to control wound secretion levels, and tominimize bacte-
rial contamination (19–21). There have been a few studies of the effect of alginate
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dressings on the processes of wound healing (19,22,23). The results indicated that
calcium alginate may improve some cellular aspects of normal wound healing, that
is, increasing the proliferation of fibroblast but decreasing fibroblast motility. On the
contrary, the calciumalginate decreased the proliferation ofmicrovascular endothelial
cells and keratinocytes but had no effect on keratinocyte motility. In a number of
clinical trials, alginates have been approved to be a significant improvement on con-
ventional dressings in the treatment of diabetic and trophic foot ulcers (24), packing
deep wounds (25), treatment of full-thickness pressure ulcers (26), and in healing
split-skin graft donor sites (27,28). The dressings maintain a physiologically moist
microenvironment that promotes healing and the formation of granulation tissue.

4. Chitin and Chitosan

Chitin, the second most abundant natural polysaccharide, is widely distributed in
nature as the principal component of exoskeletons of crustaceans and insects as well
as of cell walls of some bacteria and fungi. Like cellulose, it is a glucose-based
unbranched polysaccharide. Partial deacetylation of chitin results in the production
of chitosan, which is a polysaccharide comprising copolymers of glucosamine and
N-acetyl glucosamine. It is also naturally present in some microorganisms and fungi.

Chitosan is a biocompatible and biodegradable polymer with its degradation
products being known natural metabolites. Chitosan possesses the characteristics
favorable for promoting rapid dermal regeneration and is being used as a wound
healing accelerator in veterinary medicine. It is observed that both chitosan and
chitin are chemoattractants for neutrophils, an early event essential in accelerated
wound healing (29). Chitosan enhances the functions of inflammatory cells such as
polymorphonuclear leukocytes (PMN) (phagocytosis, production of osteopontin
and leukotriene B4) and macrophages [phagocytosis, production of interleukin
(IL)-1, TGF-b1, and platelet-derived growth factor] (30). As a result, chitosan pro-
motes granulation and organization. Chitin and chitosan also induce fibroblasts to
release IL-8, which is involved in migration and proliferation of fibroblasts and
vascular endothelial cells (30). Chitosan membrane as a wound dressing has been
tested at the skin-graft donor site in patients, showing a positive effect on the ree-
pithelialization and the regeneration of the granular layer (31). It was reported
that chitosan membranes did not restrict normal human skin fibroblasts but
impeded keloid fibroblasts by inhibiting type 1 collagen secretion and suggested
a role for wound healing in keloid control (32,33).

Chitosan has also been applied as an antimicrobial agent (34). Its antimicrobial
activity is well observed on a wide variety of microorganisms including fungi, algae,
virus, and some bacteria (35). An engineered chitosan acetate dressing, HemConW

bandage (HemCon Medical Tech, Inc. Portland, Oregon), was reported to rapidly
kill bacteria in highly contaminated wounds in mice before systemic invasion
can take place, and is superior to alginate bandage and topical silver sulfadiazine
treatment (36).

Chitosan has been combined with a variety of modified materials to improve
the healing process. Photocrosslinked chitosan hydrogel containing FGF-2 acceler-
ated the rate of healing in healing-impaired db/db mice (37). FGF-2 molecules
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were gradually released from chitosan hydrogelson their in vivo biodegradation.
Another investigation on healing of second-degree burn wounds in rat model with
chitosan gel formulation containing epidermal growth factor (EGF) demonstrated
a better and faster epithelialization in the EGF-chitosan gel treatment group. Anti-
bacterial agents chlorhexidine and silver sulfadiazine have also been introduced to
the chitosan gel or membrane, and the controlled release of these antibiotics was
found to be effective in controlling infection in wound healing (38). Chitosan in
combination with alginate as polyelectrolyte complex (PEC) films displays greater
stability to pH changes and is more effective in promoting accelerated healing of
incisional wounds in a rat model (39).

Chitosan and its derivatives are also effective in regenerating the wounded
skin tissue. A chitosan/collagen-based scaffold combining dermal stem cells and
hair follicle epidermal stem cells was reported to provide a suitable substrate
for the tridimensional growth of skin stem cells (40). An active laminin peptide-
conjugated chitosan membrane has recently been demonstrated as a suitable scaf-
fold material for delivering keratinocytes to the wound bed (41).

The physical and chemical properties of chitosan affect its biological perfor-
mance. A study was done to correlate fibroblast responses with known chitosan
material characteristics, including degree of deacetylation (DDA), molecular
weight , and residual protein and ash contents (42). No relationship was found
between DDA, wettability, molecular weight, and cell attachment or proliferation.
However, a general trend was observed for increasing proliferation with increasing
residual ash content and decreasing residual protein.

III. Carbohydrate in Wound Healing Modulation

Because of the vast number and range of carbohydrates, it is not surprising that
there are well-established examples of carbohydrates that are applied to patients
not as a dressing but as a means to change the biological processes of wound heal-
ing. In this section, we look at two such clinical applications, honey and heparin.
These provide an interesting comparison that illustrates the complexities of
“evidence” in clinical medicine. There is no doubt that honey has been used for
many thousands of years and that there are many papers reporting clinical out-
comes. Nevertheless, honey is a complex chemical compound. Being a natural
product of such complexity, it is understandable that there will be variations in
the nature and efficacy of the product, no matter how much care and attention is
made to keep conditions of preparation, extraction, and production constant.
The analogy would be in wine production and even the most inexperienced enol-
ogist will appreciate the wide variations in wines from different geographical
regions even though derived from the same grape variety. Moreover, despite all
attempts to achieve a reproducibility of product not every vintage from the same
region will have the same characteristics. Heparin, on the other hand, is a precise
and specific chemical with a particular formulation and will be constant in its
chemical properties and reproducible in its biochemical interaction. In some
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respects, honey and heparin stand as paradigms of key carbohydrate strategies in
wound healing modulation, exemplifying the paradoxes of the traditional approach
and the Western scientific approach to medicine. There have been attempts to
standardize honey for therapeutic application but this standardization is based
on outcome and not on composition. The outcome measured is called the Unique
Manuka Factor (UMF) and relates to the ability of honey to kill standardized
bacteria.

A. Honey

Honey is a sweet syrupy substance produced by honeybees from the nectar of flow-
ers. Its precise composition, and color, will depend on the source of the nectar.
After collecting the nectar, bees return to their hive and begin to ingest and regur-
gitate the nectar a number of times until it is partially digested. This product is
stored in honeycombs and then subjected to evaporative water loss. This causes
a rise in sugar content that prevents fermentation of the honey by naturally occur-
ring yeasts. Honey is a mixture of sugars and other compounds. With respect to
carbohydrates, honey is mainly fructose (about 38.5%) and glucose (about
31.0%). The remaining carbohydrates include maltose, sucrose, and other complex
carbohydrates. In addition, honey contains a wide array of vitamins, such as vita-
min B6, thiamin, niacin, riboflavin, and pantothenic acid. Essential minerals,
including calcium, copper, iron, magnesium, manganese, phosphorus, potassium,
sodium, and zinc, as well as several different amino acids have been identified in
honey. Honey also contains several compounds that function as antioxidants.
Known antioxidant compounds in honey are chrysin, pinobanksin, vitamin C,
catalase, and pinocembrin.

1. Honey in Wound Healing

There is a long tradition of the use of honey in wound healing. Medical literature
from ancient Egypt and Greece as well as the Ayurvedic traditions of India have
described the use of honey alone or in combination with other substances as a
wound healing agent (43). These traditional applications of honey have evolved
into current evidence-based practices in which honey is used as a therapeutic agent
to modulate wound healing in a multifactorial way. It promotes debridement, kills
bacteria, creates a moist healing environment, and appears to actively promote
healing (44).

A systematic review of the use of honey as a wound dressing was undertaken
in 2001 (45). This review looked at seven randomized trials using burns of various
depths as well as infected postoperative wounds. Comparators were polyurethane
film, amniotic membrane, potatoes peel, and silver sulfadiazine. Honey compared
favorably with all the comparators and showed a significantly shorter healing
period, but the quality of the studies was considered to be low to give a high rating
to the confidence of the usefulness of honey as a treatment. Nevertheless, the
biological plausibility of such treatment was acknowledged.
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Five years later, Molan in a review article revisited the evidence for the use
of honey as a wound dressing (46). This was an interesting review written by a per-
son with an established interest in undertaking research and clinical usage of
honey. The review details positive findings of the therapeutic applications of honey
in 12 randomized controlled trials involving 1965 participants and 5 clinical trials
(not randomized) involving 97 participants. Further evidence of the effectiveness
of honey on wound healing was detailed in 16 trials involving 533 wounds in ani-
mals. It was noted that there were also numerous case reports detailing the efficacy
of honey. Of note, there are reports of the success of honey in the treatment of
some particularly difficult organisms including Methicillin-resistant Staphylococcus
aureas and Vancomycin-resistant enterococci (47). What is particularly interesting
however are the comments concerning the abundant clinical evidence to support
the use of honey compared with the relative lack of evidence supporting the use
of other wound care products.

2. Clinical Application

While a significant amount of evidence exists concerning the potential applications
of honey, there are a number of factors that perhaps contribute to the lack of clin-
ical use. The first problem is the sourcing of therapeutic honey.

It has been recognized throughout the history of the medicinal use of honey
that not all honeys are the same (48). Certainly all honeys have a high sugar con-
tent, which inhibits bacterial growth, and all are acidic in nature with a pH of
3.2–4.2, which again inhibits the growth of most pathogenic bacteria. There is, in
addition, the production of hydrogen peroxide, which in the therapeutic honey is
going to be a slow, low level production that will kill bacteria but not harm tissues.
Specific, as yet unidentified plant-related factors have also been proposed by those
promoting commercially available “therapeutic” honey; floral sources such as
Leptospermum scoparium (Manuka) and L. polygalifolium (Medihoney) (49) are
promoted as having additional antibacterial, antioxidant, or other effects. On the
contrary, Subrahmanyam from India has published a number of studies confirming
the positive effects of honey, including a prospective, randomized comparative
study of superficial burn wound healing comparing honey and silver sulfadiazine
(50). The honey-dressed wounds showed, on histological analysis, earlier subsi-
dence of acute inflammatory changes together with better infection control and
more rapid wound healing than did the silver sulfadiazine–treated wounds. What
is significant about this study is that the honey used was “pure, unprocessed, undi-
luted, honey obtained from hives.” The therapeutic action of honey, however,
remains a matter of research and exploration. The role of hydrogen peroxide as
the main antibacterial agent was looked at in a study reported by Henriques
et al. (51). The background to this study was the observation that when honey is
diluted, hydrogen peroxide is generated by glucose oxidase present in the honey.
However, if catalase is added to the diluted honey, hydrogen peroxide is not pro-
duced and most raw honeys thus treated will lose their antibacterial activity. How-
ever, there are some “raw” honeys that maintain their antibacterial activity even
when diluted in the presence of catalase. These honeys rely on components other
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than hydrogen peroxide for antibacterial effects. It has been proposed that phyto-
chemicals may be responsible for these effects. The study looked at the free radical
production and antioxidant potential of three groups of honey. The three honeys
were: (a) antibacterial, nonperoxide producing honey; (b) antibacterial, peroxide
producing honey; and (c) non-antibacterial honey. All three honeys were found
to power antioxidant potential although the rate of “quenching” varied with (a)
the Manuka honey, completely quenching added radicals in 5 min. The production
and quenching of free radicals is however a complex balance in nature. Peroxide
can lead to the formation of hydroxyl and superoxide which are both produced
by mammalian cells to produce an antibacterial effect, but they are also produced
by bacteria to cause tissue damage and permit bacterial invasion.

The wound healing effects of honey are of particular interest in the chronic
wound. Topical applications of honey have been shown to change the wound heal-
ing profile from a static chronic phase to an active healing phase. Using a mono-
cytic cell line, MonoMac-6 (MM6), Manuka, pasture, and jelly bush honey have
all been shown to increase the secretion of TNF-a, IL-1b, and IL-6 (48). It is obvi-
ous that the mode of action of honey on wound healing is not a simple one and that
a synergistic, multifactorial effect most probably occurs with a range of responses
which will be determined by both host factors and “honey” factors. As such, this
remains a very open-ended field of both clinical and laboratory research.

The other major problem is the practical application of honey. There is no
consensus regarding the best method of application or the frequency of change.
In most studies, it is applied daily or on alternate days directly onto the wound.
Others use honey-soaked gauze and/or occlusive dressings. Molan has concisely
listed the practical considerations when using honey clinically, and Table 1 is based
on his published guidelines (44). Medical honey is certainly different from com-
mercial consumption honey in that the latter is heated, which inactivates the
enzyme responsible for the production of hydrogen peroxide. Sterilization of ther-
apeutic honey used in “Western medicine” is achieved via gamma irradiation.

B. Heparin

Heparin is an example of GAGs. These are long, unbranched polysaccharides con-
sisting of repeating disaccharide units. The unit consists of an N-acetyl hexosamine
and a hexose or hexuronic group, either of which or both may be sulfated. These
are physiologically reactive with a high density of negative charge and are acidic.
Other GAGs include chondroitin sulfate, dermatan sulfate, keratin sulfate, hepa-
rin sulfate, and HA. Heparin is the most acidic and most sulfated of the GAGs
and has been used in wound healing, particularly in burns. Indeed, it has been used
parenterally, topically, by inhalation, by pellet, and also in tissue-engineered
constructs in burns patients (52).

Research in heparin complexes and wound healing has indicated some poten-
tial modes of action. One in vitro study looked at the effect of a heparin–chitosan
gel, which resulted in 90% reepithelialization of experimental wounds compared
with 30% when covered with chitosan alone and 0% when just treated with

262 A. Burd and L. Huang



heparin. The stimulatory effect of the heparin–chitosan complexes was related to
the concentration of the heparin, and it was hypothesized that the effects were
due to stabilization and activation of growth factors bound to the immobilized hep-
arin (53). A recent report has described the enhanced healing of full-thickness
wounds in genetically diabetic (db/db) mice using a synthetic extracellular matrix
hydrogel film. The film comprises co-crosslinked thiolated derivatives of chondroi-
tin-6-sulfate and heparin. The film alone accelerated wound repair but this effect
could be enhanced in a dose-dependent way by adding basic fibroblast growth fac-
tor (bFGF). bFGF is recognized on a polypeptide that stimulates growth and dif-
ferentiation of cells. It stimulates wound repair in experimental models but this
effect cannot be translated into the clinical situation. It has been suggested that
topical application fails as the bFGF is rapidly displaced from the wound bed by
exudates and also, in soluble form, it is rapidly degraded. Within the dermis there
is a natural reservoir for bFGF bound to heparin sulfate. The cross-linked GAGs
hydrogel immobilized heparin, which mimics the naturally occurring heparin sul-
fate and binds bFGF. When the bFGF-loaded polymer was applied to the wounds,
it provided a slow and sustained release of bFGF into the wound (54).

These two reports 10 years apart reflect the continuing interest in heparin
combinations playing a multifactorial role in wound healing. The role of heparin
alone has also received considerable attention. Considerable research has looked
at the role of heparin in anticoagulation but in the context of cutaneous wound
healing the focus is on topical application.

1. Topical Heparin

Saliba describes a protocol of topical applications using varying amounts of hepa-
rin at a concentration of 5000 IU/ml (55). The solution is sprayed onto the wound

Table 1 Practical Considerations for the Clinical Use of Honey [Based on Molan (44)]

1. The amount of honey required on the wound relates to the amount of fluid exuding from
the wound diluting it. The frequency of dressing changes required will depend on how
rapidly the honey is being diluted by exudates. If there are no exudates, dressings need to
be changed twice-weekly to maintain a “reservoir” of antibacterial components as they
diffuse into the wound tissues.

2. To achieve best results the honey should be applied to an absorbent dressing prior to
application. If applied directly to the wound, the honey tends to run off before a
secondary dressing is applied to hold it in place.

3. In some situations, a “blister” of honey can be held on a wound using an adhesive film
dressing. Honey can be used to treat cavity wounds in this way, although this approach is
not suitable for heavily exuding wounds.

4. For moderately to heavily exuding wounds, a secondary dressing may be needed to
contain seepage of diluted honey from the primary dressing.

5. Alginate dressings impregnated with honey are a good alternative to cotton/cellulose
dressings, as the alginate converts into a honey-containing soft gel.

6. Any depressions or cavities in the wound bed need to be filled with honey in addition to
using a honey-impregnated dressing. This is to ensure that the antibacterial components
of the honey diffuse into the wound tissues.
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using a 5- or 10-cc syringe and a 30-gauge needle. Applications will be repeated
every 5 min for 25–30 min. Following this initial treatment, the application is
repeated two to three times a day using diminishing doses and duration of applica-
tion until healing occurs. An alternative approach to the topical application when
there are blisters present is to aspirate the blister fluid and inject heparin solution
into the blister cavity. In Saliba’s review, he reports that the topical application of
heparin to burn wounds leads to a rapid relief from pain, rapid healing, and
decreased scarring. The clinical results have been reported in meetings and
meeting proceedings but there is a paucity of evidence in peer-reviewed journals.
There are many published reports looking at the beneficial effects of systemic hep-
arin administration in a wide range of conditions including burns. In addition,
there are a large number of laboratory-based studies looking at the interaction
between heparin matrices and cells. The angiogenic effects of heparin are well
established (56) and laboratory studies have indicated that heparin can induce cell
proliferation and collagen production in fibroblasts (57). The effects and mechan-
isms of topical heparin on wound healing are, however, neither well described nor
understood and there is considerable scope for further research in this area.

IV. Carbohydrate in Skin Tissue Engineering

A. Tissue Engineering

When the term “tissue engineering” was officially coined at a National Science
Foundation Workshop in the United States in 1988, it was understood to mean
“the application of principles and methods of engineering and life sciences toward
the fundamental understanding of structure–function relationships in normal and
pathological mammalian tissues and the development of biological substitutes to
restore, maintain, or improve tissue function.” This concept has unfortunately
led to some serious misconceptions that have resulted in the early promise of skin
tissue engineering being slow to be realized in clinical practice. The misconception
was that skin is a tissue, like cartilage, and would be relatively simple to address as
a tissue-engineering challenge. Skin however is NOT a tissue but an extremely
complex organ that brings into conjunction cells from three different embryologi-
cal origins and serves multiple functions (3). The original futuristic claims of pro-
ducing “off-the shelf” skin replacements have become far more restrained in
their expectation and now tissue-engineering skin products are being described
as skin substitutes to aid healing and repair, temporary skin replacements, and
occasionally aids to regeneration (58).

1. Strategies of Skin Tissue Engineering

Strategies used to construct skin substitutes in tissue engineering are generally con-
sidered to be either ex vivo tissue manufacturing with guided generation or in vivo
regeneration. The strategy of ex vivo tissue manufacturing is the technique initially
most commonly associated with tissue engineering. In this approach, fibroblasts
and/or keratinocyte are seeded into dermal matrix or scaffold and cocultured in
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a bioreactor or specialized culture system with some growth factors. The matrix
provides a scaffold combining with the bioreactor providing cellular nutrients,
allowing the cells to proliferate and differentiate in the ex vivo environment. When
the procedure is completed, the skin substitute is implanted into the wound and
further matures and integrates into the recipient tissues.

The other strategy is to guide the “bioengineering” of skin in situ. Such a
strategy needs an understanding of the cellular and molecular interactions in tissue
healing and development.

Skin substitutes are needed for wounds that arise from extensive tissue loss
or damage. These may result from trauma, in particular burns, and in pathological
conditions such as epidermolysis bullosa and acute exfoliative skin conditions.
Such wounds may need either temporary or permanent closure with substitutes.
The ideal skin substitute should

1. protect the wound, maintain a moist healing environment, and control
protein and electrolyte loss;

2. prevent local infection and provide an environment for accelerated wound
healing;

3. reduce pain and allow early mobilization;
4. be easy to handle and cost-effective;
5. be safe in terms of virus transmission and not provoke a strong

immunological reaction; and
6. be readily available.

B. Carbohydrate and the Dermal Matrix

There are two basic roles for carbohydrates in the field of skin replacement. These
relate to the bilaminar nature of the skin with the dermal matrix and the cellular
epidermis. The matrix is a biomechanical construct and can be “made.” As already
described, there are collagenous and noncollagenous components in the human
dermis. There is and has been a considerable amount of research to explore the
roles of collagen and GAG polymers in matrix production. Indeed, this is a feature
of research and reviews spanning the last two decades. The most successful com-
mercial product is Integra, which was approved for clinical use in 1996 both in
the United States and Europe.

1. Integra

Integra sets the standard in addressing the problem of dermal repair (59). Integra is
a bilaminar material; the outer layer, silicone, is synthetic. The inner layer is
derived from bovine type I collagen and shark-derived chondroitin sulfate com-
bined in a tissue-engineering process to produce a biodegradable matrix. The
design of this matrix is such that the process of degradation results in the formation
of a highly organized autocollageous replacement. With concurrent vascularization
the new “dermis” can be covered with autologous keratinocytes after the silicone
outer layer is removed. The concept and practice come close to being realized in
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terms of permanent skin replacement. The process is, however, influenced by
many factors and while the best results compare extremely favorably with autolo-
gous full-thickness and thick-split thickness grafts there is still a considerable range
in outcomes that suggests more work needs to be done both in refining the product
and defining the clinical procedures and applications.

Yannas, one of the inventors of Integra, was the coauthor of a paper pub-
lished in 1996 looking at the, then, recent advances in biologically active analogous
of the extracellular matrix (60). It was noted in this review that many GAGs had
been grafted onto collagen, including chondroitin-6-sulfate, chondroitin-4-sulfate,
heparan sulfate, heparin, dermatin sulfate, and keratin sulfate. It was noted that
most research had focused on type I collagen and chondroitin-6-sulfate (the com-
position that had been successfully used in Integra). Yannas had also published
work looking at decorin and aggrecan as substitutes for chondroitin-6-sulfate in a
model of delayed wound contraction and enhanced regeneration (61). The out-
come of these studies really confirmed the importance of the GAG rather than
the protein core of a proteoglycan in the positive effects of the dermal analogue
on wound healing. This observation has stood the test of time and a report of
blended nanofibrous scaffolds containing collagen and a GAG had retained the
collagen–chondroitin sulfate combination (62).

C. Carbohydrate in Cell Delivery

The second major role for carbohydrate in skin tissue engineering is in cell deliv-
ery. In this respect, the most widely used carbohydrate is hyaluronan.

1. Hyaluronan

This has a dual application both in matrix modification and in cell delivery. HA is
attractive as a building block for new biocompatible and biodegradable polymers that
have applications in tissue engineering.However,HAhas poor biomechanical proper-
ties in its native formand a variety of chemicalmodifications have beendevised to pro-
videmechanically and chemically robustmaterials. The resultingHAderivatives have
physicochemical properties that may significantly differ from those of the native poly-
mer, but most derivatives retain the biocompatibility and biodegradability, and in
some cases, the pharmacological properties, of native HA. The most commonly used
modification of native HA is esterification of the carboxyl groups (63).

Esterified HA biomaterials have been prepared by alkylation of the tetra
(n-butyl)ammonium salt of HA with an alkyl halide in dimethylformamide
(DMF) solution. At higher percentages of esterification, the resulting HYAFFW

materials (Fidia Advanced Biopolymers, Abano Terme, Italy) became insoluble
in water. These HA esters can be extruded to produce membranes and fibers, lyo-
philized to obtain sponges, or processed by spray-drying, extraction, and evapora-
tion to produce microspheres. These polymers show good mechanical strength
when dry, but the hydrated materials are less robust. The degree of esterification
influences the size of hydrophobic patches, which produces a polymer chain net-
work that is more rigid and stable, and less susceptible to enzymatic degradation.
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a. Structure and physical properties of HYAFF. The HYAFF series of semisyn-
thetic HA derivatives consist of alcohol esters of HA, which vary in respect to
the pendant alcohol group (benzyl and ethyl) and the level of esterification
achieved. X-ray diffraction studies of the partial and total benzyl esters of HA
(HYAFF 11p75 and HYAFF 11) indicate that the HYAFF derivatives exhibit a
diffraction pattern similar to that of the unsubstituted HA. Molecular modeling
based on the X-ray data demonstrates that the benzyl esters of HA have the same
conformity and flexibility as unmodified HA. The ethyl ester of HA is known as
HYAFF 7. Extruding HYAFF into organic solvents has allowed the production
of fibers and membranes. The fibers can be woven and the membranes perforated
to produce a wide range of biomaterials. These HYAFF-based biomaterials are
biodegradable. The principal factor that determines the length of time it takes
for the materials to degrade is the polymer used. The three most common poly-
mers with increasing resistance to biodegradation are HYAFF 11p75<HYAFF
7<HYAFF 11. The length of time implanted products may remain can range from
several weeks to several months and is also influenced by the physical conforma-
tion of the product and the site of the implantation (64). Degradation of the
HYAFF occurs through an initial hydrolysis of the ester bond which releases free
alcohol. Solubilization of the material then follows and the free alcohol and HA
are broken down by their normal metabolic pathway. This means that a wide range
of safe and biodegradable medical devices can be developed for specific clinical
applications.

b. Animal studies. Studies on cutaneous wounds have been performed on pigs. In
these studies, two biomaterials formulated from the partial benzyl ester of HA
(HYAFF 11p75) were used. These were a fleece-like material HYALOFILL-F
and a rope-like material HYALOFILL-R. Both forms of the material have shown
good biocompatibility and were compared with Sorbsan, a calcium alginate prepa-
ration, in the healing of deep excisional punch wounds made in Yucatan micropigs.

The histological assessment of the wound healing process in this comparative
study underlined some of the biological advantages of using HA and HA derivatives
inwound healing.A principal advantage ofHAover other biologicalmaterials is that
it is characteristically inert or even inhibitory as far as inflammatory and immunolog-
ical reactions are concerned. Some macrophages were observed transiently during
the phase of degradation but these were presumed to be consuming the soluble bio-
material. These macrophages are therefore acting in a relatively unactivated form as
far as expressing cytokines in the classical wound repair context. Thus in this animal
model, the speed of healing and also the quality, in terms of reduced scarring, both
appeared to be enhanced by using HYAFF formulations (65).

c. Clinical studies. Clinical application of HYAFF formulation has proved to
demonstrate considerable promise. Laserskin™ is a membrane made entirely of
100% benzyl ester of low molecular weight HA (HYAFF 11). Transparent sheets
were manufactured with rows of 40-mm diameter laser-drilled holes and 0.5-mm
diameter mechanically drilled holes. The concept is that the membrane can act

Carbohydrates and Cutaneous Wound Healing 267



as a carrier for keratinocytes cultured in the laboratory, allowing easy handling,
rapid preparation, and also the application of proliferating keratinocytes to the
wound bed. A comparison of “clinical” take rates in a porcine kerato-dermal
model demonstrated a significant reduction in take rates as a result of halving
the keratinocyte seeding density on the membrane. The take rates of grafts grown
on the membrane at a conventional seeding density and then transplanted to the
dermal wound bed were comparable, and in some cases superior, to those of
keratinocyte sheet grafts (66).

A further modification of this technique is to use a HYAFF scaffold in which
to place fibroblasts. This is then applied to the wound and allowed to incorporate
for several weeks before being overgrafted with the Laserskin carrying keratino-
cytes. In this manner, a bilaminar skin has been formed with both epidermal and
dermal components (67–69). The use of Laserskin as a carrier for autologous ker-
atinocytes has also been advocated in chronic wounds. In this situation, the kerati-
nocytes appear to stimulate the underlying cells, leading to granulation tissue
formation and progressive wound healing (70). HYALOFILL has been used in
chronic wound situations and initial studies indicate that it has potential for con-
verting a chronic wound to an acute wound. That is to say that it is effective in
changing the cytokine profile and cellular dynamics in the wound and “kick-start-
ing” the wound healing process toward repair (71,72). One possible explanation of
this effect comes from a study of the comparative antioxidant effects of HYAFF
11p75, Aquacel (a carboxymethylcellulase material), and HA. Experimental
data indicate that HYAFF 11p75 has a greater antioxidant capacity toward the
superoxide radical due to the esterified benzyl groups providing alternative
sites for superoxide radical attack other than the HA backbone of HYAFF
11p75 itself (73).

d. HA, wound healing, and scarring: A new perspective. In 1991, a paper was
published suggesting that a new perspective should be taken on HA and wound
healing (74). The background to this paper was the serendipitous discovery that
HA extracted from human scar tissue and highly purified still had an identifiable
collagen component using cyanogen bromide digests (75). This led to further stud-
ies of other HA preparations which indicated that all HA preparations had some
protein “association.” HA is a unique molecule which has a profound impact on
the biological behavior of cells and tissues that are under the influence of multiple
peptide factors. HA creates a permissive environment for cell proliferation and is
able to suppress, to a degree, the inflammatory response of injured tissues. Never-
theless, it is essential to realize and establish that HA, alone, is not going to deter-
mine the outcome of the wound healing response. The reality is that HA can
suppress the inflammatory response to wound healing through receptor-mediated
interaction, it can promote cell movement by its physicochemical properties, and
it can deliver the cytokine factors which are the major elements of intercellular
communication via its structural conformation. HA facilitates wound healing and
plays a role in scarless healing but it is not the primary agent. It may well be that
as our understanding of the complexity of biological interactions develops, we will
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begin to unravel a number of different “languages.” Thus we may find a “lan-
guage” of growth, another of development, another of repair, and another of
regeneration. HA has a role in all these processes but the defining differences most
probably relate to the peptide factors that are active within the differing HA envir-
onments. To take this concept into the clinical situation it is likely that there will
be a considerable increase in the number of “HA-plus” preparations, where the
“plus” refers to cytokine combinations that can promote certain types of tissue
behavior. One of the favored single-peptide factors popularized in wound healing
is TGF-b (76,77). It has been proposed that application of a neutralizing antibody
to TGF-b can control adult scarring (78). While this is too simplistic a concept, it is
possible that combining HA and such an antibody may have more effect.

The proposal previously made was that HA acted like a “taxi” in the tissues
taking the “passengers” cytokines from the cell of origin to their effector site. This
concept may still well be valid in terms of considering a role of HA to be the facili-
tated distribution of cytokines in the remodeling matrix. It is evident, however,
that HA has other potent contributions to play in the complex biological process
of wound healing and scarring. Further developments in unraveling of this contri-
bution are likely to focus on the electrochemical influences on molecular interac-
tions and conformational change. The determination of the mechanisms
concerning the control, direction, and potential extrinsic modulation of this energy
is going to be a major challenge in biological research.

V. Conclusions

There is no doubt that carbohydrates play multiple and complex roles in the pro-
cess of cutaneous wound healing. This chapter has been able to give only an over-
view of some of these roles and in many cases the mechanisms of action and effect
are still in the process of being elucidated.
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I. Introduction

Human milk is widely accepted as the ideal nutrition for term infants because it
provides all necessary nutrients for rapid growth in sufficient amounts, without
overloading the functional capacity of the not yet fully developed gastrointestinal
tract or metabolism. This is especially achieved by the high bioavailability of the
nutrients, so that relatively low concentrations ensure a sufficient supply. In addi-
tion, human milk contains a lot of components that have a functional importance
rather than a nutritive one (1,2). Breastfed infants develop differently compared
to infants with artificial feeding (3). Apart from a reduced incidence of allergic
or atopic diseases (4–6) as well as a reduced incidence of infections (7–9), the vary-
ing incidence of diabetes mellitus type I (10) and the better cognitive functions of
breastfed infants in later life are also worth mentioning (11).

If, compared to breastfed infants, the same capacity for development is
offered to formula-fed infants, functional components have to be found that are
able to compensate for the differences still present.

This chapter is focused on the influence of breastfeeding on the postnatal
development of intestinal microbiota, the possibilities to mimic this function with
oligosaccharides of nonmilk origin, and the benefits regarding the postnatal deve-
lopment of the immune system.
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II. Prebiotic Factors in Human Milk

Before birth, the infant is sterile. During vaginal delivery, the natural colonization of
the infant starts with bacteria mainly from the vaginal and intestinal microbiota of
the mother. For the further development of the intestinal microbiota of the infant,
the diet plays an important role. During breastfeeding, the microbiota change within
a short period to a flora dominated by bifidobacteria whereas the intestinal micro-
biota of infants fed formulas without prebiotics is characterized by a flora of a more
adult type (12).

The prebiotic effect of human milk was intensively investigated over the last
century. Several so-called “bifido-factors” have been identified. In particular, sev-
eral milk proteins like lactoferrin or lactalbumin or urea as part of the nonprotein
nitrogen fraction have been described as factors contributing to a beneficial com-
position of the intestinal microbiota. The low content of protein or the low phos-
phate concentration in breast milk also have been attributed to the bifidogenicity
of breast milk but no proof is available yet. Although the effect of human milk
on the postnatal development of the intestinal microbiota cannot be attributed
to a single ingredient, there is evidence, however, that human milk oligosacchar-
ides (HMOS) might play a key role in this matter (13,14).

Oligosaccharides occur in human milk at a concentration of up to 1 g/100 ml,
while they are virtually absent in regular infant formulas. The structure of oligosac-
charides in human milk is very complex (15) and the functional consequences of
these very different structures remain to be elucidated. The molecules are synthe-
sized in the breast starting with lactose at its reducing terminus. The core molecule
is characterized by repetitive attachment of galactose and N-acetylglucosamine in
b-glycosidic linkage to lactose. Although the structure of the core molecule results
in a wide range of different molecules, the variety is even higher due to a-
glycosidic linkages of fucose (neutral oligosaccharides) and fucose and/or sialic
acid (acidic oligosaccharides) to the respective core molecules (16). Especially,
the attachment of fucose is based on the secretor/Lewis blood group status of
the individual mother. This results in at least four groups of individually composed
patterns of milk oligosaccharides based on genetic factors (17).

There are many different functions attributed to HMOS (13,15,16) that might
explain the great variety of the structures. With respect to the influence of intesti-
nal microbiota, the neutral fraction of HMOS seems to be a key factor for the
development of the intestinal microbiota typical for breastfed infants. Because
the human intestine has no enzymes to cleave the a-glycosidic linkages of fucose
and sialic acid as well as the b-glycosidic linkages in the core molecule, they are
protected from digestion. The reduced or absent digestibility is a prerequisite for
prebiotic activities of dietary compounds. On the other hand, many intestinal bac-
teria express glycosidases to cleave HMOS (18). This structural characteristic pro-
vides strong evidence that HMOS are preferentially synthesized to be metabolized
by intestinal bacteria.

There is a wide range of molecular size distribution within the HMOS frac-
tion. Since 1980, oligosaccharides are defined as carbohydrates with a degree of
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polymerization up to 10. However, as there is no physiological reason for this defi-
nition, oligosaccharides have been variously defined later, on ranging from a
degree of polymerization of 2 up to 20 and more (13,19). Recently, the IUB-
IUPAC Joint Commission on Biochemical Nomenclature stated that the border-
line between oligo- and polysaccharides cannot be drawn strictly. However, the
term oligosaccharide is commonly used to refer to defined structures as opposed
to a polymer of unspecified length (20). Thus, even having molecules with a degree
of polymerization significantly larger than 10, the HMOS are all described as oli-
gosaccharides. The same approach is used for oligosaccharides of nonhuman milk
origin as long as they have defined structures.

As HMOS are resistant to digestion, they reach the colon unchanged, where
they can develop their prebiotic effect. Finally, they can be detected in the feces as
well as in the urine of breastfed infants (21).

Apart from their prebiotic effects, there is also evidence that HMOS act as
receptor analogues to inhibit the adhesion of pathogens on the epithelial surface
(22) and interact directly with human immune cells (23) as well as with animal
immune cells in preclinical experiments (24,25).

III. Oligosaccharides of Nonhuman Milk Origin

The development of new analytical techniques has significantly improved our
knowledge about the structures of HMOS (26–28). Additionally, new preparation
methods have been developed that allow purification of oligosaccharide structures,
which is a prerequisite for identifying their biological effects (29,30).

However, there are still many questions remaining regarding the relationship
between the structure of oligosaccharides and their biological function. For the
future, it would be important to know which structural elements in HMOS play
the key role for their function.

As the structure of HMOS is so complex, there is so far no possibility of pro-
ducing identical structures for production of infant formulas [structural aspects of
HMOS were intensively reviewed by Boehm and Stahl (15)].

For more than 50 years, HMOS have been identified as effective bifidogenic
factors (14). In the search for alternatives to HMOS, oligosaccharides from milk of
domestic animals as well as several oligosaccharides of nonmilk origin have been
under investigation.

Milks of domestic animals are not an optimal source for prebiotic oligosac-
charides. In comparison to human milk, the concentrations of oligosaccharides in
these milks are much lower than in human milk and their structure is less complex
(15,31). However, the b-glycosidic bond galactose is also characteristic for many of
these oligosaccharides that protect them—like the HMOS—from digestion during
passage through the human intestine. Linkages to fucose—in contrast to HMOS—
are very rare whereas linkages of galactose and N-acetylglucosamine are domi-
nant. The relation differs between the species. The oligosaccharides from domestic
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animals are extensively reviewed by Urashima et al. (32). Based on the structure of
these oligosaccharides, it can be assumed that they are also effective as prebiotics
in humans. However, the preparation of these compounds is difficult and therefore
large-scale preparations have not been commercially available. Consequently, so
far no clinical trial has been published using fractions of animal milk oligosacchar-
ides as prebiotics.

Another alternative is the use of nonmilk oligosaccharides. In Table 1, those
oligosaccharides are summarized for which a bifidogenic effect has been described
in humans. Related to the use of prebiotics during infancy, the most experience
exists for galacto-oligosaccharides (GOS) and fructans from the inulin type
(fructo-oligosaccharides; FOS).

Fructans are linear or branched fructose polymers that are either b2–1-linked
inulins or b2–6-linked levans. The inulin-type fructans can easily be extracted from
plant sources and have been widely used as an ingredient for dietary products. In
their natural sources, the molecule size is wide ranging (from polymerization
degree 2 to more than 60). Because the biological activity depends on the molecule
size, usually they are characterized as short-chain FOS (scFOS) representing a
degree of polymerization up to 10 monomers and long-chain FOS (lcFOS) with
a degree of polymerization of more than 10 monomers.

GOS are synthesized from lactose via an enzymatic transgalactosylation
using a b-galactosidase mainly of bacterial origin (33). These OS consist of a chain
of galactose monomers usually with a glucose monomer on the reducing terminus
with a degree of polymerization significantly below 10 monomers.

Table 1 Most Important Oligosaccharides (OS) of Nonmilk Origin Already Used as
Prebiotics in Human Nutrition

Trivial name Structurea Preparation

Galacto OS [Gal(b1–3/4/6]nGal
(b1–4)Glc

Enzymatic synthesis from lactose

Fructo OS/Inulin [Fru(b2-]n 1)Glc Extraction from natural sources and
enzymatic synthesis

Palatinose/
Isomaltulose OS

[Glc(a1-]n 6)Fru Enzymatic synthesis from sucrose

Soybean OS [Gal(a1-]n 6)Glc
(a1–6)Fru

Extraction from natural sources

Lactosucrose [Gal(b1–4)]Glc(a1–2)
Fru

Enzymatic synthesis from lactose

Xylo OS [Xyl(b1]n - 4)Xyl Enzymatic synthesis of, for example,
corncob xylan

Galacturonic
acid OS

[GalA(a1]n - 4)GalA Enzymatic degradation of pectin

Source: Taken from Refs. (15,37).
aStructures presented according to the recommendations of Joint Commission on Biochem-
ical Nomenclature (20).
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IV. Prebiotic Effect of Nonmilk Oligosaccharides

Because there is a broad consensus that the intestinal microbiota plays an impor-
tant physiological role for the host, many attempts have been made to influence
the intestinal microbiota by dietary interventions.

In principle, there are two major strategies for influencing the flora. One is the
use of living bacteria added to the food that must survive the gastrointestinal tract to
be active in the colon (“bacteria for food”; probiotics) (34). The second strategy is
the use of dietary ingredients that are nondigestible, reach the colon, and can be
used by health-promoting colonic bacteria (“food for bacteria”; prebiotics) (35).

More recently, the latter prebiotic concept was revised. The authors come to
the definition that prebiotics have to be resistant until they are fermented by the
intestinal (i.e., not only colonic) flora. The balanced stimulation of growth and/or
activity of the health-promoting bacteria in the gastrointestinal tract have to be
demonstrated finally by performing studies in the target group to produce sound
scientific data (36).

More recently, products combining both principles as “synbiotics” are under
discussion (37).

The counts of fecal bifidobacteria or the percentage of fecal bifidobacteria of
the total bacteria are generally accepted measurements to detect a prebiotic effect.
Today, different types of nondigestible oligosaccharides (see Table 1) are on the
world market (38). However, in the following text, the focus will be on oligosac-
charides for which the prebiotic effect during infancy has clearly been documen-
ted. Prebiotic effects have been found with GOS (39,40), scFOS (41–44)
galacturonic acid oligosaccharides (45), and a mixture of GOS and lcFOS (IMMU-
NOFORTIS) (46–54) (for details see Table 2) and for preterm infants only with
the mixture of GOS/lcFOS (55–57) (for details see Table 3).

The most extensively studied prebiotic oligosaccharides are GOS and FOS,
and together with the disaccharide lactulose, they are the only nonmilk oligosac-
charides with an approved prebiotic status (36).

The low digestibility—an essential prerequisite to act as a prebiotic—has been
demonstrated for GOS and lcFOS (58). A mixture of these two oligosaccharides has
been introduced in the market in 2001. The bifidogenic effect of this mixture was
shown in several studies in formula-fed preterm (Table 3) and term (Table 2)
infants. As in the animal experiment, the effect depends on the dosage (46). At a
concentration of 0.8 g/dl (this corresponds to the concentration of neutral oligosac-
charides in human milk), the number of bifidobacteria was tantamount to that found
in feces of breastfed infants. The bifidogenic effect was associated with a reduction
of the stool pH (46,48) as well as a reduction of pathogenic bacteria (48,59).

Short-chain fatty acids (SCFAs) are of considerable importance to the physio-
logical effect of the intestinal microbiota. They are the fermentation product of bac-
teria in the colon and are therefore an important characteristic feature of the
intestinal microbiota (60). Compared to formula-fed infants, the profile of SCFAs dif-
fers considerably from that of breastfed infants. On supplementing an infant formula
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Table 2 Clinical Trials with Prebiotic Oligosaccharides in Term Infants (Nutritional
Intervention During the First Year of Life)

Prebiotic Design Study groups Main outcome

GOS (2.0 g/dl) r, p, p-c, d-b Prebiotics (n¼43) Increased counts of
bifidobacteria and
lactobacilli (39)

control (n¼17)
BM reference (n¼20)

GOS (0.24 g/dl) r, p, p-c, d-b Prebiotics (n¼69) Increased counts of
bifidobacteria and
lactobacilli, reduced
fecal pH, increased
total fecal short-chain
fatty acids (40)

control (n¼52)
BM reference (n¼26)

scFOS (1.5 and
3.0 g/dl)

r, p, d-b, cross-
over single
site

Prebiotics 1.5 g (n¼28) Increases counts of
bifidobacteria but also
counts of Clostridium
difficile and
concentration of their
toxin in stool compared
to BM (41)

Prebiotics 3.0 g (n¼30)
BM reference (n¼14)

scFOS (0.55 g/
15 g cereals)

r, p, p-c, d-b Prebiotics (n¼63) Decrease of severity of
diarrheal disease(42)control (n¼60)

scFOS (1.0, 2.0,
3.0 g/day)

r, p, p-c, d-b Prebiotics 1.0 g (n¼13) No bifidogenicity, no side
effects(43)Prebiotics 2.0 g (n¼11)

Prebiotics 3.0 g (n¼12)
scFOS (1.5 and
3.0 g/dl)

r, p, p-c, d-b,
multicenter

Prebiotics 1.5 g (n¼72) Safe and supports normal
growth (44)Prebiotics 3.0 g (n¼74)

control (n¼66)
AOS (0.2 g/dl
and 0.2 g/
dlþGOS/
lcFOS)

r, p, p-c, d-b Prebiotic AOS (n¼16) AOS alone has no effect
on intestinal microbiota
but reduces fecal
pH (45)

Prebiotic AOSþGOS/
lcFOS/dl (n¼15)

control (n¼15)
GOS/lcFOS (0.4
and 0.8 g/dl)

r, p, p-c, d-b Prebiotics 0.4 g (n¼28) Increased counts of
bifidobacteria, reduced
fecal pH in a dose-
dependent manner (46)

Prebiotics 0.8 g (n¼28)
Control (n¼29)
BM reference (n¼15)

GOS/lcFOS
(0.8 g/dl)

r, p, p-c, d-b Prebiotic (n¼28) Increases counts of
bifidobacteria and
lactobacilli (47)

Placebo (n¼29)
BM reference (n¼15)

GOS/lcFOS
(0.8 g/dl)

r, p, p-c, d-b Prebiotic (n¼21) Stimulation of entire flora
including
Bifidobacterium
species (48)

Placebo (n¼20)

GOS/lcFOS
(0.8 g/dl)

r, p, p-c, d-b Prebiotic (n¼10) Bifidogenicity after
introduction of solid
food (49)

Control (n¼10)

GOS/lcFOS
(0.8 g/dl)

r, p, p-c, d-b Prebiotic (n¼19) No significant effects on
bifidobacteria,
increased fecal IgA (50)

Control (n¼19)

GOS/lcFOS
(0.8 g/dl)

r, p, p-c, d-b Prebiotic (n¼102)
Control (n¼104)

Increased counts of
bifidobacteria, reduced
incidence of atopic

Continued
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with a mixture of GOS/lcFOS, there was a pattern of SCFAs in feces that corre-
sponded to the pattern found in the feces of breastfed infants (48). The SCFA pattern
reflects the metabolic activity of the entire microbiota.

Thus, the similarity of fecal SCFAs between breastfed infants and infants fed
a formula supplemented with the prebiotic mixture of GOS/lcFOS indicates that
the given prebiotic mixture stimulates the entire flora toward the flora of breastfed
infants (61).

Table 2 Cont’d

Prebiotic Design Study groups Main outcome

dermatitis at 6 and 24
months of life and
antiallergic antibody
profile at 6 months of
age (51)

GOS/lcFOS
(0.6 g/dl)

r, p, p-c, d-b Prebiotic (n¼86) Increased counts of
bifidobacteria, increased
fecal sIgA (52)

Control (n¼90)

GOS/lcFOS
(0.4 g/dl)

r, p, p-c, d-b Prebiotic (n¼14) Increase of bifidobacteria
(53)Control (n¼19)

GOS/lcFOS
(0.8 g/dl)

r, p, p-c, d-b Prebiotic (n¼8)
Control (n¼8)
BM reference (n¼8)

Bifidobacterium species
similar to breastfed
infants (54)

Abbreviations: GOS: galacto-oligosaccharides, FOS: fructo-oligosaccharides, AOS: acidic
oligosaccharides deriving from pectin, sc: short chain, lc: long chain, BM: breast milk.

Table 3 Review Clinical Trials With Prebiotics in Preterm Infants (Nutritional
Intervention During the First Year of Life)

Prebiotic Design Study groups Main outcome

GOS/lcFOS
1.0 g/dl

r, p, p-c, d-b þGOS/lcFOS (n¼15) Increasing counts of
bifidobacteria,
reduction of hardness
of stools (55)

þplacebo (n¼15)
HM reference (n¼13)

GOS/lcFOS
0.8 g/dl

r, p, p-c, d-b þGOS/lcFOS (n¼10) Reduction of
gastrointestinal
transit time, reduction
of stool viscosity (56)

þplacebo (n¼10)

GOS/lcFOS
0.8 g/dl

r, p, p-c, d-b þGOS/lcFOS (n¼10)
þplacebo (n¼10)

Statistically significant
but small effect on
reduction of gastric
emptying time (57)

Abbreviations: GOS: galacto-oligosaccharides, FOS: fructo-oligosaccharides, sc: short chain,
lc: long chain.
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There are several results available indicating that SCFA and pH influence
the physiological role of intestinal cells.

In an in vitro model epithelial cells (T 84 cell line) were combined with myofi-
broblast cells (CDD-18 Co cell line) in a coculture. SCFAs as they appear in the
feces of breastfed infants were used. These SCFAs stimulated mucin 2 production
and improved the barrier integrity (62). The effect of SCFA on growth of pathogens
like Escherichia coli (ETEC), Enterococcus faecalis, Pseudomonas aeruginosa,
Salmonella typhimurium, and Staphylococcus aureus as well as of commensals has
been studied in vitro at pH 7.5 (typical fecal pH in formula-fed infants) and at pH
5.5 (typical fecal pH in breastfed infants). SCFAs decreased the growth of pathogens
in a dose-dependent manner but did not affect the growth of commensals. This
effect was only seen at pH 5.5 but not at pH 7.5. Thus, these experiments indicated
that achieving the same pH and SCFA pattern with prebiotics, as found in stools
from breastfed infants, resulted in reduced growth of pathogens (63). This effect
has clinical relevance during infancy. A reduction of fecal pathogens could be
demonstrated in a study in preterm (59) as well as term infants (48).

There are two studies focusing on the analysis of the effect of prebiotics (both
studies with the mixture of GOS/lcFOS) on the development of the different bifobac-
teria species (48,54). In these studies, it could be demonstrated that the prebiotics
promoted Bifidobacterium infantis and depressed B. adolescentis. In one study (48),
B. adolestentis dominated on the fifth day of life (70%) but the percentage was
reduced to approximately 20% during a 6 weeks breastfeeding period. The same
changes occur during feeding with the GOS/lcFOS mixture. The decrease of
B. adolescentis was not seen in the group-fed formula without prebiotics. On
the one hand, this was an indicator for the specific effect of the prebiotics.
On the other hand, it was an important finding related to the immune system
because there has been evidence that early colonization with specific microbiota
might be associated with the development of allergic symptoms later in life.
Björksten et al. (64) found that allergic infants in Estonia—a country with a
low prevalence of allergy—were less often colonized by lactobacilli and bifido-
bacteria than allergic infants in Sweden—a country with a high prevalence of
allergy. In contrast, the Estonian infants were more often colonized with aerobic
pathogenic microorganisms, particularly coliforms and S. aureus, compared to
the Swedish infants. Additionally, it was found that allergic infants had more
adult-like species in their fecal flora, including B. adolescentis, compared with
healthy infants. In the latter, B. bifidum, B. infantis, and B. breve predominated
(65). Also, in Japanese infants suffering from atopic dermatitis, similar findings
have been reported (66). This suggests that different bacterial species may have
different functional effects on the immunological reaction of the host. Specific
modulation of the composition of the intestinal microbiota through the use of
prebiotics is therefore expected to have an impact on the functioning of the
immune system.

In summary, the experimental data as well as the results of clinical trials have
proven that substances with a structure different from the structure of HMOS are
able to influence the intestinal microbiota. The most extensively studied prebiotic
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compound has been a mixture of GOS/lcFOS, which stimulated the development
of intestinal microbiota comparable to those found in breastfed infants.

In summary, the studies performed in term infants during infancy indicate
that a prebiotic effect achieved during breastfeeding is comparable with the effect
that can be seen with ingredients with molecular structures different from HMOS.

Due to the very complex composition of the intestinal microbiota and consid-
ering the great variety of structures found in HMOS, it is now plausible that mix-
tures of different oligosaccharide types and chain lengths, which are composed to
meet the different metabolic requirements of the different bacteria, will have a
better chance of mimicking the prebiotic effect of breastfeeding than individual
compounds.

V. Effect of Intestinal Microbiota on the Immune
System: Preclinical Studies

There is accumulating evidence that the interaction between the intestinal micro-
biota and the gut plays an important role for the postnatal development of
the immune system. However, the interactions between the intestinal epithelial
and immune cells and the different species of the intestinal microbiota are very
complex and not fully understood. The complexity of these interactions is based
on the fact that on the one hand the human defense system consists of several
layers, for example, of mechanical and chemical barriers (first line of defence) as
well as innate and adaptive immunity (67) all of which can be influenced by
microbiota (68).

Following the PASSCLAIM recommendation (69), studies in mice were
recommended to substantiate conclusions related to immunological effects of die-
tary compounds. As for the prebiotic function, the most systematic studies were
performed with a mixture of GOS/lcFOS. The experimental data have been inten-
sively reviewed recently by Vos et al. (70).

In mice, it could be shown that GOS/lcFOS was bifidogenic in a dose-
dependent manner, resulting in a reduction of the fecal pH and in a fecal SCFA
pattern as found in human infants, thus, supporting the relevance of the animal
data for the human situation (71).

In a mouse vaccination model adapted to study the effect of prebiotics, the
animals were vaccinated twice with the Influvac (Orthomyxovirus influenza) vac-
cine (booster vaccination after 21 days). The response to the vaccination was
measured at day 30 after the first vaccination. Parameters used to identify the
response to vaccination were DTH response (skin response after local subcutane-
ous vaccine injection as an in vivo measure for Th1-mediated immunity), plasma
titers of specific antibodies, ex vivo lymphocyte stimulation, T-cell proliferation,
cytokine production, and natural killer cell activity. A specific prebiotic mixture
(GOS/lcFOS) significantly stimulated the vaccination response in a dose-
dependent manner and increased the DTH response indicating a modulation of
the immune system toward a Th1-dominated immune response. This effect only
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occurred if the intervention with prebiotic nutrition started before the first vacci-
nation. However, it was not observed if the prebiotics were fed after the first vac-
cination (71). This influence of treatment timing indicated that the prebiotic
function was mainly mediated by the developing intestinal microbiota and proba-
bly not just due to direct interactions with the gut luminal and mesenterial immune
cells. It might also indicate that the use of prebiotics for prevention was more
relevant than any treatment approach.

In the same experiments, different classical fibermixtures in a similar dose to the
GOS/lcFOS mixture were tested. There was no effect of these fibers on the measured
parameter of the immune system, indicating that different nondigestible carbohy-
drates react differentlywith respect to intestinalmicrobiota and immune function (71).

The same group studied the effects of a specific prebiotic mixture on the
effect of allergic reaction in a mouse model using ovalbumin as antigen. The ani-
mals were sensitized by 10 g ovalbumin in alum and boosted 7 days later. The
allergic reaction was measured before and after inhalation challenge (10 mg/ml
ovalbumin; 20 min duration). The animals were challenged at 21, 24, and 27 days
after first sensitization. Parameters used to identify the response to allergen expo-
sure were airway responsiveness, bronchial lavage inflammatory cells, and anti-
body levels in plasma. Feeding the GOS/lcFOS mixture reduced significantly the
allergic reaction against ovalbumin as demonstrated by reduction of bronchial con-
striction after metacholine application, reduction in inflammatory cells in the bron-
chial lavage fluid, and reduction in the IgE concentration in plasma (72,73).

In summary, the animal data allow the conclusion that prebiotics, like the
mixture of GOS/lcFOS, modulate the immune system and provide a preventive
effect with regard to the development of allergic diseases. This effect is mainly
mediated by modulation of the intestinal microbiota.

VI. Effect of Intestinal Microbiota on the Immune
System: Clinical Trials

There is increasing evidence that the interaction between the intestinal microbiota
and the intestinal epithelial and immune cells plays a key role in the postnatal
development of the immune system. First studies with probiotics (74) and synbio-
tics (40) demonstrate effects during infancy, and studies regarding the vaccination
response in the elderly (75) indicate that the prebiotics might also influence the
immune system. In particular, the animal experiments with prebiotics described
above allow the hypothesis that prebiotics that are able to influence the composi-
tion of the entire intestinal microbiota toward microbiota found in breastfed
infants might support the development of the immune system during infancy.

Clinical studies designed to prove this hypothesis should be focused on clini-
cal outcome (incidence of infectious and allergic symptoms) and biomarkers repre-
senting the status of the immune system.

Based on the data derived from preclinical experiments with the mixture of
GOS/lcFOS, a preventive study in term infants at risk for atopy was performed (51).
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The study was designed to investigate the possible influence of this prebiotic
mixture on the cumulative incidence of atopic dermatitis during the first 6 months
of life in formula-fed infants at risk to develop allergy (paternal history of allergy).
The study was performed as a prospective, double-blind, randomized, placebo
(GOS/lcFOS was replaced by maltodextrin in the placebo formula) controlled
study. Two hundred fifty nine infants with a family history of atopy were enrolled
in the study. Fifty three infants left the trial before completing the study. The main
reason for dropping out was the continuation or reestablishment of breastfeeding.
One hundred two infants in the prebiotic group and 104 infants in the placebo
group completed the study.

If the mother decided to start bottlefeeding, the infant was randomly
assigned to one of two hydrolyzed protein formula groups (plus 0.8 g/100 ml pre-
biotics or maltodextrine as placebo).

The infants were seen on a monthly basis. The interview of the parents was
based on a diary kept by the parents. The primary outcome of the study was the
cumulative incidence of atopic dermatitis during the first 6 months of life. The skin
was investigated for atopic dermatitis according to the diagnostic criteria described
by Harrigan and Rabinowitz (76) and Muraro et al. (69). The severity of the skin
alterations was scored by the SCORAD index based on extension, intensity of the
skin symptoms, as well as on the subjective symptoms pruritus and sleep loss as
recommended by the European Task Force on atopic dermatitis (77,78).

In a subgroup of 98 infants, the parents allowed the collection of stool for
microbiological analysis. In a subgroup of 86 infants, the parents allowed blood
samples to be drawn for analysis of antibodies.

Intestinal microbiota was measured using plating techniques. In the plasma
samples, subsequently total immune globulins, cow’s milk protein (CMP), and
DTP-specific immune globulins were measured.

Feeding the prebiotic mixture resulted in a significant stimulation of fecal
bifidobacteria compared to the placebo group. Ten infants (9.8%; 95 CI: 5.4–
17.1%) in the GOS/lcFOS group and 24 infants (23.1%; 95 CI: 16.0–32.1%) in
the placebo group developed atopic dermatitis. The severity of the dermatitis
was not influenced by diet. Supplementation of GOS/lcFOS resulted in a signifi-
cant reduction of the plasma level of total IgE, IgG1, IgG2, and IgG3-Igs, whereas
no effect on IgG4 was observed. CMP-specific IgG1 was significantly decreased.
Other CMP-specific immune globulins and DTP-specific immune globulins were
not affected at all by GOS/lcFOS supplementation indicating that the prebiotics
induced an antiallergic immune globulins profile in this cohort of infants at
risk (79).

More recently, the authors of this study reported results from a 2 years
follow-up, which confirmed the findings at 6 months (80).

The effect of a prebiotic diet on the incidence of infectious symptoms was
studied in a healthy infant population fed either a standard formula (n¼162) or a
formula supplemented with the prebiotic mixture of GOS/lcFOS (n¼164). After
9 months, the prebiotic diet resulted in a reduction of the cumulative incidence
of recurrent respiratory tract infections (�3 episodes) and of diarrhea (67).
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These observations are in line with the findings that breastfeeding results in
reduced incidence of atopic and allergic diseases (4–6) and reduced incidence of
infections (7–9). Although the different effects of breastfeeding are of multifac-
torial origin, the prebiotic oligosaccharides of breast milk might play a key role.

VII. Conclusion

The data demonstrate a significant and biological relevant effect of dietetic prebio-
tics on the postnatal development of the immune system. The most conclusive data
exists for a mixture of GOS/lcFOS. The mechanism behind the immune modula-
tory effects of the studied prebiotic oligosaccharides is not fully understood yet.
However, the finding in the human trial is in accordance with the results obtained
from animal models demonstrating an active strengthening of the immune system.
This indicates that these prebiotics would serve as an effective and safe tool for
prevention of infection and allergies.
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54. Rinne MM, Gueimonde M, Kalliomäki M, Hoppu U, Salminen SJ, Isolauri
E. Similar bifidogenic effects of prebiotic-supplemented partially hydrolyzed
infant formula and breastfeeding on infant gut microbiota. FEMS Immunol
Med Microbiol 2005; 43:59–65.

55. Boehm G, Lidestri M, Casetta P, Jelinek J, Negretti F, Stahl B, Marini
A. Supplementation of an oligosaccharide mixture to a bovine milk formula
increases counts of faecal bifidobacteria in preterm infants. Arch Dis Childh
2002; 86:F178–F181.

56. Mihatsch WA, Hoegel J, Pohlandt F. Prebioitc oligosaccharides reduce stool
viscosity and accelerate gastrointestinal transport in preterm infants. Acta
Paediatr 2006; 95:843–848.

57. Indrio F, Riezzo G, Montagna O, Valenzano E, Mautone A, Boehm
G. Effect of a prebiotic mixture of short chain galacto-oligosaccharides and
long chain fructo-on gastric motility in preterm infants. J Pediatr Gastroen-
terol Nutr 2007; 44(Suppl 1):e217.

58. Moro G, Stahl B, Jelinek J, Boehm G, Coppa GV. Dietary prebiotic oligosac-
charides are detectable in faeces of formula fed infants. Acta Paediatr 2005;
94(Suppl 449):27–30.

59. Knol J, Boehm G, Lidestri L, Negretti F, Jelinek J, Agosti M, Stahl B,
Marini A, Mosca F. Increase of fecal bifidobacteria due to dietary oligosac-
charides induces a reduction of clinically relevant pathogen germs in the

Carbohydrates in Human Milk and Infant Formulas 289



faeces of formula-fed preterm infants. Acta Paediatr 2005; 94(Suppl
449):31–33.

60. Siigur U, Ormisson A, Tamm A. Faecal short-chain fatty acids in breast-fed
and bottle-fed infants. Acta Paediatr 1993; 82:536–538.

61. Boehm G, Stahl B, van Laere K, Knol J, Fanaro S, Moro G, Vigi V. Prebiotics
in infant formulas. J Clin Gastroenterol 2004; 38(Suppl 2):S76–S79.

62. Willemsen LE, Koetsier MA, van Deventer SJ, van Tol EA. Short chain fatty
acids stimulate epithelial mucin 2 expression through differential effects on
prostaglandin E(1) and E(2) production by intestinal myofibroblasts. Gut
2003; 52:1442–1447.

63. Van Limpt C, Crienen A, Vriesema A, Knol J. Effect of colonic short chain
fatty acids, lactate and pH on the growth of common gut pathogens. Pediatr
Res 2004; 56:487.

64. Björksten B, Sepp E, Julge K, Voor T, Mikelsaar M. Allergy development
and intestinal flora during the first year of life. J Allergy Clin Immunol
2001; 108:516–520.

65. Ouwehand AC, Isiolauri E, He F, Hashimoto H, Benoo Y, Salimine S. Differ-
ences in Bifidobacterium flora composition in allergic and healthy infants. J
Allergy Clin Immunol 2001; 108:144–145.

66. Watanabe S, Narisawa Y, Arase S, Okamatsu H, Ikenaga T, Tajiri Y,
Kumemura M. Differences in fecal microflora between patients with atopic
dermatitis and healthy control subjects. J Allergy Clin Immunol 2003; 111:
587–591.

67. Boehm G, Stahl B, Garssen J, Bruzzese E, Moro G, Arslanoglu S. Prebiotics
in infant formulas: immune modulators during infancy. Nutrafoods 2005; 4:51–57.

68. Favier CF, de Vos WM, Akkermans AD. Development of bacterial and bifi-
dobacterial communities in faeces of newborn babies. Anaerobe 2003;
9:219–229.

69. MuraroA,Dreborg S,HalkenS,HostA,NiggemannB,AalberseR,ArshadSH,
von Berg AV, Carlsen K-H, Duschen K, Eigenmann P, Hill D, Jones C, Mellon
M, Oldeus G, Oranje A, Pascual C, Prescott S, Sampson H, Svartengren M,
Vandenplas Y, Wahn U, Warner JA, Warner JO, Wickman M, Zeiger RS.
Dietary prevention of allergic diseases in infants and small children. Part II:
evaluation of methods in allergy prevention studies and sensitization markers.
Definitions and diagnostic criteria for allergic diseases. PediatrAllergy Immunol
2004; 14:196–205.

70. Vos AP, M’rabet L, Stahl B, Boehm G, Garssen J. Immune modulatory
effects and potential working mechanisms of orally applied non-digestible
carbohydrates. Critical reviews. Immunology 2007; 207:97–190.

71. Vos AP, Haarman M, van Ginkel JWH, Knol J, Garssen J, Stahl B, Boehm G,
M’Rabet L. Dietary supplementation of neutral and acidic oligosaccharides
enhances Th1 dependent vaccination responses in mice. Pediatric Allergy
and Immunol 2007; 10:309–312.

72. Boehm G, Jelinek J, Knol J, M’Rabet L, Stahl B, Vos P, Garssen J. Prebiotic
and immune response. J Pediatr Gastroenterol Nutr 2004; 39:772–773.

73. Vos AP, van Esch B, M’Rabet L, Folkerts G, Garssen J. Dietary supplemen-
tation with specific oligosaccharide mixtures decreases parameters of allergic
asthma in mice. Intern Immunopharmacol 2007; 7:1502–1507.

290 G. Boehm et al.
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Chapter 13

Role of Cell Surface Carbohydrates in Development
and Disease
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*Glycobiology Program, Cancer Research Center, Burnham Institute for Medical
Research, La Jolla, CA 92037, USA
{Department of Obstetrics and Gynecology, Hamamatsu University School of
Medicine, Hamamatsu 431-3192, Japan

I. Introduction

The outer surface of mammalian cells is covered by glycoproteins and glycolipids.
Substantial biochemical and immunochemical evidence suggests that cell surface
carbohydrates play significant roles in development and health (1,2). However,
functional studies of cell surface carbohydrates still leave many questions unan-
swered. In the last decade, genetic approaches and sophisticated chemical analyses
have enabled us to reveal the function of specific carbohydrate structures in vivo,
and as a result we are just starting to understand the role of carbohydrates in
development and disease. In this chapter, we discuss the roles of cell surface carbo-
hydrates in development, while focusing on embryo implantation, spermatogene-
sis, and tissue maturation. We also describe the role of carbohydrates in cancer
and discuss therapeutic applications of carbohydrate-based drug discovery.

II. The Role of Cell Surface Carbohydrates in Reproduction
and Development

In the field of reproductive biology and embryology, it has been assumed that cell
surface carbohydrates play important roles (3–6). However, these hypotheses are

293

Carbohydrate Chemistry, Biology and Medical Applications
Hari G. Garg, Mary K. Cowman and Charles A. Hales
# 2008 Elsevier Ltd. All rights reserved
DOI: 10.1016/B978-0-08-054816-6.00013-6



difficult to test because embryonic development is dynamic and the material of
interest is often too limited to allow chemical analysis. Analyzing early stage
embryos requires well-trained hands and skills that many biochemists and molecu-
lar biologists have only recently developed. Nonetheless, many attractive hypoth-
eses await testing by new technologies.

A. Embryo Implantation

Implantation and subsequent placentation is a unique mammalian form of repro-
duction. A fertilized mammalian egg autonomously develops into a blastocyst,
which must be successfully implanted in the uterus to develop further into a fetus.
Initial adhesion of the embryo to the uterus occurs via the apical cell membrane of
two polarized epithelial cells, the trophoblast of blastocysts, and surface epithelial
cells of the endometrium. This adhesion is unique because it is apical–apical adhe-
sion between two epithelial cells, whereas generally apical cell surfaces of epithelia
are nonadhesive.

Although embryo implantation occurs in all mammals, many specifics of the
process of embryo implantation differ significantly among mammalian species (7).
Thus, some mechanisms underlying human embryo implantation are likely unique
to humans. For example, ectopic pregnancy occurs at a rate of 0.25–1.4% in all
pregnancies in humans (8,9), but extrauterine implantation does not occur in
rodents (10–12) and is extremely rare in nonhuman primates (13).

1. Embryo Implantation and Cell Surface Carbohydrates

Many reports suggested a role of cell surface carbohydrates in embryo implanta-
tion in the mouse. For example, type 1H and Ley antigens, both containing
Fuca1!2Gal terminal structure, were implicated in mouse blastocyst implantation
(4,14–16). Two fucosyltransferase genes, Fut1 and Fut2, responsible for
Fuca1!2Gal terminal structure of these antigens were cloned and evaluated for
their contribution to embryo implantation (17,18). However, neither Fut1 nor
Fut2 nulls showed reproductive failure (18). This study excluded an essential role
of Fuca1!2Gal terminated glycans in fertility in the mouse.

Recently, a carbohydrate-binding protein, L-selectin, has been proposed as an
adhesion molecule for human embryo implantation (19). L-Selectin is expressed
on the surface of lymphocytes and interacts with sulfated and fucosylated carbohy-
drates expressed on lymph node endothelial cells (20–26). Carbohydrate ligand for
L-selectin in the lymph node is closely related to MECA-79 antigen (Fig. 1). In
human endometrium, the expression of MECA-79 antigen is hormonal cycle
dependent but the presence of an embryo is not required (27). In the mouse,
L-selectin nulls reproduce normally (28). Mutant mice lacking sulfotransferases
(22,23,29–32) and glycosyltransferases (21,31,32) required for synthesis of
L-selectin ligand exhibited no defects in reproduction. Therefore, it is clear that
L-selectin is not required for the mouse embryo implantation. It thus appears
that L-selectin is uniquely involved in human embryo implantation.
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2. Involvement of Heparin-Binding Epidermal Growth Factor-Like Growth
Factor in Embryo Implantation

Many studies have established the mechanism underlying the initial adhesion of
mouse embryo to the uterus. Thus, ErbB4 (one of ErbB family receptor tyrosine
kinases) expressed on the blastocyst surface binds to the membrane-bound form
heparin-binding epidermal growth factor (HB-EGF) expressed by uterine epithelia
(33–35). These studies indicated that the implanting blastocyst induces HB-EGF in
the maternal epithelia in a spatially and temporally dependent manner, demon-
strating interaction between maternal cells and implanting embryo prior to the
adhesion (35).

A unique apical cell adhesion molecule between human trophoblastic cells
and endometrial epithelial cells has been identified and designated trophinin
(36). Trophinin is not part of a known gene family in mammals. The trophinin gene
is mapped to the X-chromosome locus, which is linked to the evolution of mam-
mals (37). Trophinin protein is expressed strongly in trophectoderm cells at the
embryonic pole in the monkey blastocyst where it adheres to the maternal epithe-
lium (36). Trophinin is expressed in cells in human embryo implantation sites in
normal and ectopic pregnancies (38,39). Significant differences have been found
in the expression of trophinin between mouse and human. Trophinin expression
in the mouse uterus is dependent on estrogen secreted from ovary regardless of
the presence or absence of blastocysts (40). Furthermore, trophinin gene knockout
mouse did not show a defect in embryo implantation (41). These findings indicate
that trophinin does not play an essential role in mouse embryo implantation.
Nonetheless, the hypothesis that trophinin mediates the initial adhesion of human
embryo implantation was strengthened by cell-type-specific apical cell adhesion
activity (36,37), embryo-dependent trophinin expression by maternal epithelia in
humans (Fig. 2) (39), and regulation of ErbB4 by trophinin (42,43).

A recent study showed that trophinin not only functions as an adhesion
molecule but also plays a role in signal transduction required for ErbB4 activation
in human trophoblastic cells (42,43). Thus, trophinin has an activity responsible for
its ability to transform silent trophectoderm cells into an aggressive trophoblast for
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Figure 1 Structure of L-selectin ligand and MECA-79 epitope. L-Selectin recognizes sulfated
sialyl Lewis X structure (27) presented by O-glycans and N-glycans, marked by dotted-lines.
MECA-79 antibody is specific to sulfated extended core 1 O-glycan marked by solid-lines, but
MECA-79 antibody also recognizes this oligosaccharide with sialic acid and fucose (24,28,29).
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invasion upon apical adhesion (44–46). Thus, the emerging figure is that trophinin
functions upstream of ErbB4/HB-EGF as part of a pathway conserved in mouse
and human embryo implantation (42,43).

Expression of human trophinin by uterine epithelial cells was narrowly limited
to the implantation site (36,38,39). Human chorionic gonadotrophin (hCG) secreted
from the blastocyst induced trophinin expression by the maternal epithelia (39) for
adhesion (Fig. 2). The beta chain of hCG, or CGb, is unique to primates and is not
highly homologous between primates and humans (47,48), providing a molecular
basis for mechanisms unique to human embryo implantation (39).

B. Spermatogenesis

Many reports showed remarkable staining patterns of testes with lectins and
monoclonal anti-carbohydrate antibodies, suggesting that specific developmental
stages of spermatogenic cells are associated with unique cell surface carbohydrate
structures (49–55). A mouse gene knockout of UDP-galactose:ceramide galacto-
syltransferase that is responsible for seminolipid (a sulfated glycolipid) resulted
in male infertility because of massive apoptosis of spermatogenic cells (56,57).
A mutant mouse lacking a sialyltransferase required for GM2/GD2 glycolipid syn-
thesis resulted in a spermatogenesis defect probably because of impaired secretion
of testosterone from Leydig cells (58). These phenotypes indicated that specific
carbohydrates play critical roles in spermatogenesis.

Mutant mice with defective spermatogenesis were found in a-mannosidase
IIx (MX) gene knockout mice (59). MX is an enzyme closely related to the Golgi
N-glycan processing a-mannosidase II (MII) (60,61). Both MX and MII are
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Figure 2 Initial adhesion of a human blastocyst to endometrial surface epithelia mediated
by trophinin. A human blastocyst secretes glycoprotein hormone, hCG. It is likely that a
human blastocyst expresses homophilic adhesion molecule trophinin on the trophectoderm
surface at embryonic pole in a similar manner as a monkey blastocyst does (36). When the
blastocyst comes close to the endometrial epithelia cells, high concentration of hCG derived
from blastocyst affects locally the maternal epithelia (left) and induces trophinin expression
in narrowly limited region of endometrial epithelia (center) (38). The blastocyst and endo-
metrial epithelia then adhere to each other through trophinin–trophinin binding (right).
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expressed in a wide variety of tissues and cell types. MII homozygous null
mice exhibit phenotypes indicative of dyserythropoiesis (62), a condition similar
to the human genetic disease, congenital dyserythropoietic anemia type II
(63,64). The mild phenotype shown by MII nulls sharply contrasted with embry-
onic lethality resulting from N-acetylglucosaminyltransferase-I (GnT-I) null muta-
tions (65,66) and the early neonatal lethality seen in GnT-II null mice (67,68)
(Fig. 3). Structural analysis of N-glycans synthesized by MII null mice showed
accumulation of five-mannosyl hybrid-type structures, consistent with the substrate
specificity of MII. However, N-glycan processing in MII null mice was not
completely blocked, since MII null mouse tissues synthesize complex-type oligo-
saccharides downstream (69). This observation suggested the existence of an alter-
native pathway, independent of MII. MX was proposed as one of candidate
enzymes for that alternate pathway.

MX gene-deficient mice were born and grew to adulthood without illness,
but MX null males were infertile (59). The testes of MX null males were smaller
than those of wild-type or heterozygous littermates. Electron microscopy showed
prominent intercellular spaces surrounding MX null spermatocytes, suggesting a
failure of germ cell adhesion to Sertoli cells within the seminiferous tubules.

Quantitative structural analyses of N-glycans showed that wild-type testes
contained significant amounts of GlcNAc-terminated complex type N-glycans
(59). However, in MX null testes, levels of GlcNAc-terminated oligosaccharides
were reduced. An in vitro assay for adhesion of spermatogenic cells to Sertoli cells
showed that a GlcNAc-terminated triantennary and fucosylated N-glycan structure
(Fig. 4) plays a key role in germ cell/Sertoli cell adhesion. Collectively, MX null
spermatogenic cells failed to adhere to Sertoli cells in seminiferous tubules and
were prematurely released from the testis to the epididymis.

MX was considered to be playing a subsidiary role to MII. MX gene knock-
out mouse revealed an unexpected important function of MX in spermatogenesis.
Therefore, the genetic approach elucidated the specific role of cell surface carbo-
hydrates in specific cell types.

C. Embryonic Development

1. Embryonic and Postnatal-Lethality in MX/MII Double Deficient Mutant

Although it is widely assumed that cell surface carbohydrates play a significant
role in mammalian embryonic development, the first evidence for this hypothesis
came from the GnT-I gene knockout mouse, which dies at early embryonic stages
(65,66). We generated MII/MX double-null mutant mice by crossing MII- and
MX-null mice. All double-null embryos survived until E15, but some double nulls
died between E15 and the day of birth (E18). The majority of double nulls died
soon after birth, with many double-null neonates dying after gasping for air at
birth, suggesting that neonatal lethality is due to respiratory failure (69).

Lung tissue of double-null neonates had less alveolar air space in comparison
to lung tissue from wild-type mice or mice mutant in either MII or MX. The pul-
monary epithelial cell layer of double nulls appeared thicker than that of either
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Figure 3 Biosynthetic pathway of N-glycans. N-glycan processing pathway. The pathway is
based on the previously established pathway (69–71) and recent finding on MX (69). In the
endoplasmic reticulum, Glc3Man9GlcNAc2 linked to dolichol is transferred from dolichol to
nascent polypeptides. Immediately after this transfer, a-glucosidase I and a-glucosidase II in
the endoplasmic reticulum remove a1,2- and a-1,3-glucose residues, respectively. Removal
of mannose residues continues in the Golgi by a1,2-mannosidase Is (IA, IB, and IC), which
produces Man5GlcNAc2. To this substrate, N-acetylglucosaminyltransferase I (GnT-I) adds
GlcNAc to form GlcNAc1Man5GlcNAc2. Then a-mannosidase II (MII) and a-mannosidase
IIx (MX) remove the a1,3- and a1,6-linkedmannose residues to formGlcNAc1Man3GlcNAc2.
N-acetylglucosaminyltransferase II (GnT-II) then produces GlcNAc2Man3GlcNAc2 for fur-
ther modification. N-glycan structures before N-acetylglucosaminyltransferase I are called
high mannose type, those betweenN-acetylglucosaminyltransferase I and II are called hybrid
type, and those after N-acetylglucosaminyltransferase II are called complex type.
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wild type or single nulls, suggesting a difficulty in alveolar expansion in double
nulls.

Livers of double nulls were also frequently damaged in both neonates and
E15 embryos. Apoptotic signals indicative of cell death were increased in damaged
areas of the double-null liver. Interestingly, in double-null mice, abnormal
morphologies were not apparent in other tissues, such as heart, small intestine,
or pancreas.

Carbohydrate analysis showed the complete absence of the complex type
N-glycans in double nulls, indicating that lack of both MII and MX leads to arrest
of N-glycan processing at hybrid-type structures (Fig. 3).

Analysis of enzymatic activity showed that mouse MX specifically removes
two mannosyl residues from GlcNAc1Man5GlcNAc2 to produce GlcNAc1-
Man3GlcNAc2. Therefore, MX specifically hydrolyzes the same oligosaccharide
substrate that MII does, meaning MX is an MII isozyme (69). Results obtained
by analyzing MII/MX double mutants indicate that MX is responsible for the
previously proposed “alternate pathway” (62).

2. Glycosylation Enzymes Essential for Embryonic Development

GnT-I nulls die in utero around embryonic day 10 (65,66). GnT-II nulls show
genetic background-dependent postnatal lethality 1–4 weeks after birth (67,68).
For example, GnT-II nulls back-crossed to C57/BL6 strain died in 4 weeks, while
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Figure 4 Triantennary N-glycans involved in germ cell and Sertoli cell interaction in the
mouse testis. Spermatogenesis takes place in the tubal structure called seminiferous tube
in the testis. Inside of seminiferous tube is lined by Sertoli cells, the tall epithelial cells.
When germ stem cells at the base of Sertoli cells differentiate to spermatocytes, the cells
move upward interacting with Sertoli cells. The MX gene knockout mouse revealed that
fucosylated GlcNAc-terminated triantennary N-glycan (insert) plays an important role in
germ cell adhesion to Sertoli cells (59).
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the mutant mice back-crossed to ICR strain survived for more than 6 weeks. It is
striking that the phenotypes of MII and MX double nulls fall between these two.
This evidence clearly indicates that disruption of N-glycan processing at an earlier
step causes more severe effects on embryonic and postnatal development. Because
GnT-III, -IV, and -V add additional branches to the biantennary structure shown
at the bottom of Fig. 3, these findings further suggest that terminal structures
and their activities are important for normal embryonic development and mainte-
nance of health in the adult stage. Indeed, none of the mutant mice deficient of
GnT-III, -IV, and -V are embryonic lethal (70–74). GnT-III nulls are healthy
except that they showed reduced progression of diethylnitrosamine-induced hepa-
toma (69). GnT-IV nulls are diabetic due to reduced cell surface expression of glu-
cose transporter (75). GnT-V nulls showed kidney autoimmune disease, enhanced
delayed-type hypersensitivity, and increased susceptibility to experimental autoim-
mune encephalomyelitis (76,77).

In chimeric embryos containing inactivated GnT-I cells, GnT-I null cells in
bronchi failed to produce the epithelial layer (72). Therefore, lung defects are
common features in mouse mutant for genes catalyzing N-glycan biosynthesis.
Mouse lines defective in N-glycan synthesis may therefore serve as good models
for studying respiratory failure in humans.

Three N-glycan processing a-1,2-mannosidases, IA, IB, and IC, have been
identified (78–81). They have similar activities with only slight differences in the
order of mannose removal from Man8–9GlcNAc2. In the mouse, IB is strongly
expressed in testis but weakly expressed or absent in many other tissues. IB null
fetuses survive until term, and null neonates are indistinguishable from littermates.
However, within several hours of birth they progressively display signs of respira-
tory distress. Histology of neonatal lungs demonstrates thickening of alveolar sep-
tae and significant hemorrhage (82). Gene knockout mice for IA and IC have not
been generated yet.

One fucosyltransferase, Fut8, transfers fucose to innermost GlcNAc of N-
glycans. Fut8-null mice die shortly after birth because of abnormal lung development
(83). Lungs from Fut8-null mice show enlarged alveoli andmuch empty space, due to
excessive degradation of extracellular matrix by overexpressed metalloproteases.

In summary, gene knockout mouse technology has allowed us to determine
the function of cell surface carbohydrates in mouse embryos in recent years. Some
glycosyltransferases-deficient mutant mouse showed severe phenotypes, including
embryonic lethality. However, we have not yet identified the mechanisms underly-
ing these phenotypes. Identification of critical carbohydrate structure(s), specific
proteins carrying specific carbohydrate structure(s), and the counter-receptors
for those carbohydrates should be identified in future studies.

III. The Role of Cell Surface Carbohydrates in Cancer

Cancer is the number one cause of death in developed countries. The cancer mor-
tality rate has remained high in the last 30 years (84) in part because there is no
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effective treatment for adenocarcinoma, the most aggressive form of cancer includ-
ing prostate, breast, lung, colon, stomach, and endometrial cancers (85). Normal
cellular counterparts of adenocarcinomas are epithelial cells, whose apical surfaces
are covered by a thick layer known as the glycocalyx. When epithelial cells are
transformed, the structure of cell surface carbohydrates changes (86–88). Monoclo-
nal antibodies raised against adenocarcinoma are often specific to the cell surface
carbohydrates expressed by cancer (89).

Many studies have been carried out using anti-carbohydrate antibodies for can-
cer diagnosis. These studies reveal a correlation between particular carbohydrate
antigens and poor clinical prognosis, includingmetastasis (88,90–92). Therefore, spe-
cific carbohydrate structures expressed on the cancer cell surface may play a role in
metastasis. The section below describes two hypotheses on carbohydrate-dependent
cancer metastasis by selectin-dependent and selectin-independent mechanisms.

A. Selectin-Dependent Metastasis

Several studies consistently indicate that colon cancer patients with sialyl Lewis
a (sLea-) and/or sialyl Lewis x (sLex-)positive tumors show poorer survival than
do patients with sLea/sLex negative tumors (93–98). Because both sLea and sLex

antigens are ligands for E-selectin (Fig. 5), sLea- and/or sLex-expressing cancer
cells should adhere to E-selectin expressing endothelial cells, providing the mech-
anism for E-selectin-dependent hematogenous metastasis (90). In vitro assays of
sLea- or sLex-expressing cancer cells indeed show adherence to cultured endothe-
lial cells expressing E-selectin (99,100). Although normal healthy endothelial cells
do not express E-selectin, primary tumors in cancer patients secrete inflammatory
cytokines such as TNFa, which induce E-selectin (90,101,102). This hypothesis of
E-selectin induction in cancer patients by cytokines derived from the primary
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Figure 5 Structures of cancer-associated fucosylated and/or sialylated carbohydrate anti-
gens. Blood group type 1-based (left) and type 2-based (right) structures are shown.
E-selectin binds both sLea and sLex, but E-selectin does not bind to H, Lea, Lex, Leb, and
Ley antigens.
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tumor is supported by observation of elevated levels of soluble E-selectin in cancer
patients’ sera (103). The evidence collectively suggests that sLea-- and/or sLex-
antigen positive cancer cells metastasize through an E-selectin-mediated mechanism.

B. Selectin-Independent Metastasis

Many reports indicate that malignant cancer cells express carbohydrate antigens
other than sLea and sLex antigens. These reports show a correlation between
expression of particular cell surface carbohydrate antigens and poor prognosis in
cancer patients (104,105). Examples of these are seen in Lewis B (Leb) and Lewis
Y (Ley) antigens overexpressed by breast, lung, ovarian, and endometrial cancers
(104,106–110).

We investigated carbohydrate-dependent lung colonization by cancer cells in
mice (111–113). While mouse B16 melanoma cells do not express sLex antigen,
they become sLex positive following transfection with FUT-3 (111). Upon intravas-
cular injection, transfected B16 cells colonize the lung. Colonization is inhibited by
anti-sLex antibody and also by selectin ligand carbohydrate mimicry peptide.
Together these results indicated that lung colonization of transfected B16 is carbo-
hydrate dependent (111,112). However, lung colonization occurred in E-selectin/P-
selectin double-null mice, excluding involvement of these selectins (113). These
data suggested strongly that an as yet unidentified carbohydrate-binding receptor
is expressed in lung vasculature, and that this receptor is responsible for
carbohydrate-dependent metastasis. Further studies should identify the carbohy-
drate-binding receptor(s) responsible for metastasis, which is an important step
for development of reliable cancer diagnosis and therapy. A chemically synthe-
sized peptide that binds to novel endothelial receptor (112) may be used as a ther-
apeutic agent against the potential metastatic sites in the vasculature.

IV. Perspective

Gene knockout experiments in mice clearly indicate that cell surface carbohy-
drates play many vital roles in development and health. Evidence suggests that cell
surface carbohydrates function in many cellular activities by interacting with their
microenvironment in vivo. Future studies should identify mechanisms underlying
activation of cells by cell surface carbohydrates, which are vital for understanding
the activities of malignant cancer cells.
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Chapter 14

Therapeutic Use of Hyaluronan-Based Products

ENDRE A. BALAZS* AND PHILIP A. BAND{

*Matrix Biology Institute, Edgewater, NJ 07020, USA
{New York University School of Medicine, Departments of Pharmacology and
Orthopaedic Surgery, New York, NY 10016, USA

I. Introduction

The development of hyaluronan preparations suitable for parenteral application
has had a major impact on clinical practice in multiple medical specialties, often
enabling the introduction of entirely new therapeutic procedures. Hyaluronan-
based products are firmly established for ophthalmic surgery (viscosurgery),
intra-articular treatment of arthritis (viscosupplementation), and tissue augmenta-
tion (viscoaugmentation). Hyaluronan is also used to control postsurgical adhe-
sions and scar formation, to promote wound healing, and for cell-based tissue
repair and drug delivery, though these applications have had less impact on the
medical needs they address, to date. In addition, numerous published reports
describe off-label clinical uses, and many preclinical studies have described new
hyaluronan formulations and indications. We will here review the molecular basis
for hyaluronan’s current medical indications, describe how product formulations
have evolved to address specific needs, and provide an overview of the ongoing
work to expand hyaluronan’s therapeutic applications.

II. Ophthalmic Viscosurgery

A. Development

In 1970 at an international meeting of ophthalmic surgeons, one of the authors
(E.A.B.) of this chapter reported his work on the use of purified hyaluronan
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solutions in eye surgery. The contents of this report, published in the following
years (1–7), established that hyaluronan solutions, after being purified from pro-
teins, nucleic acids, endotoxin, and other inflammatory agents, can be used in vari-
ous surgical procedures, provided the solution has certain viscous and elastic
properties. The report was the result of a decade of laboratory research (Boston
Biomedical Research Institute), industrial development (Biotrics, Inc., Arlington,
MA), and clinical studies in academic ophthalmology departments (Boston, Stock-
holm, Essen, Paris, Zurich). The biocompatibility of this product produced from
human umbilical cord and rooster comb was tested in nearly 500 owl monkey eyes.
Owl monkeys were used because their viscous vitreous is liquid, and half of it
(1 ml) can be replaced by test solutions without causing traumatic injury to the
eye. The clinical studies established the usefulness of the highly elastoviscous hya-
luronan solutions as vitreous replacements in retinal detachment surgery and as
viscoelastic tools for surgical manipulations. The same solutions were injected into
the anterior chamber of human patients in keratoplasty, cataract surgery, and iri-
dectomy. The rationale for using these highly elastoviscous hyaluronan solutions
was that they should serve as a “mechanical buffer” between the retina and the
gel vitreous, the cornea and lens, and the cornea and the vitreous in aphakic eyes.
The same mechanical properties of the elastoviscous fluid made it a “soft tool” to
manipulate sensitive tissues during surgery. An equally important reason for using
hyaluronan in eye surgery was its effect on wound healing. Animal studies with this
hyaluronan preparation showed that it prevented excessive fibrous tissue forma-
tion during wound healing (8). This effect is important after retinal detachment
surgery, cataract surgery, and keratoplasty. HealonW, the product that established
ophthalmic viscosurgery, was developed by scientists who had long experience
with the rheological properties, as well as the biological activity, of hyaluronan.
Most importantly, they worked from the very beginning in close cooperation with
ophthalmic surgeons, who expressed a need for such products to be used for
replacement of the vitreous after retinal surgery and protection of the corneal endo-
thelium during keratoplasty (corneal transplantation). In 1976, Biotrics, the devel-
oper of the noninflammatory fraction of hyaluronan, licensed the manufacturing
and marketing rights worldwide (under the trade name Healon) to the Swedish drug
company, Pharmacia AB (Uppsala) (9).

B. Hyaluronan for Use in Intraocular Lens Implantation

The increased use of plastic intraocular lens after the extraction of cataractous
lenses dramatically increased the need for the use of viscoelastic solutions of hya-
luronan (10–13). The well-known protective effect of Healon on the corneal endo-
thelium provided safer use of more aggressive surgical procedures, which in turn
permitted the use of more sophisticated artificial lens designs. The use of this pro-
cedure, called viscosurgery, was extended to trauma surgery of the eye. Healon
was launched first in Europe and then in 1980 in the United States. In the early
1980s, in rapid succession, several books were published on viscosurgery of the
eye (14–16). A few years later, the first competitive products appeared containing
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hyaluronan and another polysaccharide, chondroitin sulfate, or made of water-
soluble cellulose derivatives (hydroxypropyl methylcellulose).

One decade later, Pharmacia introduced Healon 5W that was formulated with
a higher concentration (2.3%), but with hyaluronan of the same molecular weight
(4 million) as in Healon (1%). At this time, the ophthalmic surgeons worldwide
could select from more than a dozen available ophthalmic viscosurgical devices
(OVDs). Many of these products are made from cellulose derivatives and had
extremely low viscosity and no elasticity, and others are made entirely or partially
from hyaluronan but with significantly lower viscosity than the original Healon.
Only a few competitors copied Healon, Healon GVW, and Healon 5. The original
reason for introducing a low-viscosity product was the advantages they offered:
less expensive, and when left in the eye after some surgical procedures, they did
not cause postoperative rise of intraocular pressure. The highly viscous and elastic
products had to be washed out before the wound was closed at the conclusion of
the surgery. While the postoperative washout did not cause any medical problems,
the issue remained a point of contention in evaluating the commercial worth of
various products.

The availability of so many OVDs with substantial rheological differences cre-
ated some confusion, mostly because the utility of the devices itself changed rapidly
as new surgical techniques were developed. The diversity of the available OVDs
itself stimulated the development of new surgical techniques. The classification of
OVDs based on their rheological properties was the work of Steve Arshinoff (17).
Healon 5, with the highest viscosity (7 mPa s), was called a “viscoadaptive”; pro-
ducts with very high viscosity (2–4.8 mPa s) were called “super viscous-cohesive”;
products with high viscosity (0.1–1.0 mPa s) were called “viscous-cohesive”; and
products with low viscosity (<0.1 mPa s) were called “dispersive” OVDs. The vis-
coadaptive product maintained the space during every step of the surgery, resisting
breakup during the turbulence caused by the instruments, and was easy to wash out
after surgery—thus the name “viscoadaptive.” The viscous-cohesive products were
similar but less effective. The viscous-dispersive products tend to be retained on
the surface of the corneal endothelium longer, protecting it during surgery, which
can be useful in complicated cases. This classification system helped surgeons to
select and identify the best product for certain procedures. The availability of the
viscoadaptive product permitted the development of the so-called “soft-shell” tech-
nique. With this technique, the dispersive (low-viscosity) OVD was injected first into
the anterior chamber on the surface of the lens. Then, the adaptive OVD was intro-
duced over it, without mixing the two layers. The combination of the two types of
OVDs produced the best surgical results (18).

Most ophthalmic surgeons believe that the ideal viscosurgical tool for cata-
ract surgery that includes plastic lens implantation has not yet been marketed.
Such an ideal product must be able to create space, separate and stabilize tissue,
prevent leakage of aqueous, stop bleeding, protect endothelial and other cells from
mechanical damage caused by surgical tools, and be easily removed from the eye
after surgery. Such an ideal OVD must be built from hyaluronan because this mol-
ecule is present in the human vitreous and in other eye tissues. Hyaluronan has
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unique elastic properties that other molecules in the vertebrate body do not have.
Its rubber-like elasticity is greater than that of the natural rubber. It is likely that
more than one OVD product with very different rheological properties is needed
to satisfy all viscosurgical needs in various surgical situations.

C. Other Viscosurgical Uses

The most extensive use of viscosurgery is in cataract surgery and intraocular lens
implantation; however, it is used for many other surgical treatments of diseases
of the eye. The usefulness of highly elastoviscous hyaluronan solutions was discov-
ered to make and maintain space, protect and manipulate tissues, and prevent
excessive scar formation and adhesions. This very same functionality of hyaluronan-
based OVDs led to other applications. The usefulness of Healon was tested early
in various glaucoma surgeries. It was shown that “viscoelastics” enable surgeons
to make safer and more aggressive procedures. In recent developments of glau-
coma surgery, viscoelastics played an important role in the creation of a fistula
between the anterior chamber and the subconjuntival space to restore normal out-
flow paths for the aqueous. They have been used to deepen and maintain the
anterior chamber in trabeculectomy and to facilitate the outflow of aqueous into
the superchoroidal space (cyclodialysis) (19). It was found that viscoelastics could
be used to control bleeding, which in turn prevents postoperative recurrence of
adhesions (synechiae). This confirmed early findings about the role of viscoelastic
hyaluronan fluids in preventing postsurgical adhesions in various connective
tissues. Recently, a new procedure was developed for glaucoma therapy based
on the use of hyaluronan of the greatest elastoviscous properties (Healon 5),
called viscocanalostomy, meaning the use of viscoelastic solutions to open a new
canal for outflow of aqueous (20). Viscoelastics are also used in strabismus sur-
gery, lachrymal duct, and ptosis surgeries. For more details of current uses of vis-
coelastic hyaluronan solutions in ophthalmic surgery, see Ref. (21).

III. Intra-Articular Hyaluronan: Viscosupplementation

Intra-articular hyaluronan (IA-HA) injections are widely used to treat osteoarthri-
tis (OA). This procedure is often referred to as viscosupplementation (22) because
it involves the replacement of pathologic synovial fluid with viscoelastic hyaluro-
nan-based solutions or gels. In the United States, IA-HA is specifically labeled
as an intra-articular analgesic and is indicated to treat pain associated with knee
OA when conservative measures and simple analgesics fail (e.g., acetaminophen).
In other parts of the world, IA-HA is also approved for treatment of joints other
than the knee and in some countries for arthritic conditions other than OA. The
molecular basis for this application of hyaluronan, and the history of its develop-
ment, has been recently reviewed (23). In this chapter, we will update the clinical
evidence and describe the different types of hyaluronan formulations available in
the United States.
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A. Clinical Evidence

The use of IA-HA is now recommended in the guidelines for treating knee OA
published by the American College of Rheumatology (24) and the European Union
of Leagues Against Rheumatic Disease (25). The most comprehensive systematic
review of randomized clinical trials (RCTs) evaluating IA-HA for the treatment
of knee OA was recently published in the Cochrane Library of evidence-based
medicine (26). The Cochrane review identified 63 RCTs of IA-HA, of which
37 compared IA-HA to intra-articular saline or another control (placebo) intra-
articular procedure. The review concluded that the benefit of IA-HA was statisti-
cally significant and clinically important. Several other systematic reviews of
IA-HA published in medical journals drew similar conclusions (27,28); though in
one, the clinical importance of the benefit was considered no better than the clinical
benefit of nonsteroidal anti-inflammatory drugs (NSAIDs) over acetaminophen
(28). Several randomized pragmatic trials have evaluated the incremental clinical
benefit of adding IA-HA into the treatment paradigm for knee OA and its cost-effec-
tiveness (29–31), reporting that the availability of IA-HAprovides clinically important
benefits and good health economic value. IA-HA treatment is reimbursed as part of
standard health insurance in many countries, including the United States (32–34).

B. IA-HA Products and Treatment Regimens

Five IA-HA products are currently available in the United States (35–39). All of
them are also available worldwide (see Table 1). Two of these products (SupartzW

and HyalganW) have an average molecular weight (avg MW) of 0.6–1.0 million.
Two other products (OrthoviscW, EuflexxaW) have higher avg MW (1–3.6 million)
and the fifth product (SynviscW) has an even higher avg MW (6 million) and con-
tains both fluid and gel components. Synvisc is made of two modified hyaluronans

Table 1 Products Available in the United States

Trade names
Hyaluronan
concentration (%)

Hyaluronan
source

Average
MWa

Treatment
schedule on label

Supartz (Smith
& Nephew)

1 Avian 0.6–1 million 3–5 weekly
injections

Hyalgan
(Sanofi-
Aventis)

1 Avian 0.6–0.7
million

3–5 weekly
injections

Euflexxa
(Ferring)

1 Bacterial
capsule

2.4–3.6
million

3 weekly
injections

Synviscb

(Genzyme)
0.8 (hylan) Avian 6 millionþgel

particles
3 weekly
injections

Orthovisc (J&J) 1.5 Avian 1.0–2.9
million

3 or 4 weekly
injections

aReported by the manufacturer.
bHylan GF-20 (generic name).
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called hylanAand hylanB.HylanA is a fluid and hylanB is awater-insoluble gel that
is present in the mixture as small, irregular particles. These gel particles (hylan B)
are also used in tissue augmentation (see Section IV). Synvisc is formulated bymix-
ing eight parts (volumes) of hylan A fluid with two parts hylan B gel; therefore, the
generic name hylan GF-20.

The difference in avg MW of the different products greatly influences their
rheological properties, namely their viscosity, elasticity, and pseudoplasticity. Syn-
visc was designed to imitate the rheology of the hyaluronan in healthy human
synovial fluid, and adding hylan B gel to it increases the intra-articular residence
time of the product.

Differences have been reported in the “chemical purity” of the five hyaluro-
nan products (40). The clinical importance of their differences is not clear, but it
continues to be evaluated in RCTs.

Primarily, local reactions were reported after viscosupplementation with all the
products available in the United States. These reactions are described as transient,
suggesting local, mild inflammatory reactions, manifested in pain, often not influen-
cing the longer beneficial effect of the treatment. Several publications reported a
higher rate of these types of local reactions after viscosupplementation with Synvisc.
Other publications reported the occurrence of granulation as well. The only head-to-
head trials that allowed multiple treatment courses found that the increased rate of
local reactions to Synvisc was only statistically significant during repeat treatment.
Since the major difference between Synvisc and the other products available world-
wide is the presence of hylan B gel particles, it is tempting to speculate that the par-
ticles are responsible for the differences in local reactions. The fact that animal
studies established that the gel particles can penetrate some areas of the synovial tis-
sue and reside substantially longer in tissues of the joint than the fluid component
(hylan A) further confirms this speculation. Proper injection technique is important
to the clinical success of viscosupplementation, particularly the complete removal of
all synovial fluid exudate during arthrocentesis and accurate placement of the IA-
HA product into the synovial cavity. An RCT comparing Synvisc to appropriate
care reported an overall improvement in safety because of a decrease in NSAID-
related gastrointestinal side effects (41), illustrating that the occurrence of local,
self-resolving reactions may be a reasonable trade-off for the systemic side effects
associated with other therapeutics for OA (30).

ManyRCTs have recently been published evaluating IA-HA in joints other than
the knee, generally with either saline injections or steroid injections as the comparator.
Of particular interest was a large RCT of 660 patients with chronic shoulder pain, of
which 60% had radiological signs of glenohumeral OA. The trial found that IA-HA
was significantlymore effective than saline in patients with glenohumeralOAand that
concurrent adhesive capsulitis or rotator cuff tear did not impede efficacy (42).

Little work has been done to determine the effect of the volume of hyaluro-
nan injected on the treatment regimen for IA-HA, particularly as these relate to
the needs of individual patients with greatly varying volumes of synovial fluid exu-
date. Only two products that are approved in the Unites States specify a fixed
number of injections (three weekly injections; see Table 1). The label of the
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remaining three products allows a treatment course consisting of three, four, or five
injections, but does not provide guidance as to how clinicians should determine the
appropriate number of injections for an individual patient. Several open studies con-
ducted in patients with hip or ankle OA have evaluated flexible injection regimens
in which the number of injections administered is adjusted based on the patient’s
response to treatment (43–45). A recent RCT reported that a single 6-ml injection of
Synvisc was significantly better than intra-articular saline for 6months, suggesting that
it may be unnecessary for patients to receive a course of three weekly injections (46).

The potential clinical and economic advantage of a single injection treatment
regimen has generated increased interest in the intra-articular use of chemically
modified hyaluronan. Presumably, these efforts are based on the rationale that
increasing the intra-articular residence time of hyaluronan will improve its effective-
ness and enable a single injection treatment regimen. Some manufacturers believe
that this can be achieved with products made of gel particles produced by chemical
cross-linking procedures, such as the hyaluronan gel (hylan B) present in Synvisc
(20% per volume). An epoxide cross-linked hyaluronan marketed in Europe
and currently under review by Food and Drug Administration (FDA) (DurolaneW,
Q-Med,Uppsala Sweden) was found to provide significant improvements over saline
at 6 weeks, but not at the trial’s primary endpoint (6 months) (47). It should be noted
that the latter product is composed of only gel particles with no added hyaluronan
fluid, representing an important departure from prior IA-HA products developed
for viscosupplementation. The clinical safety and effectiveness of products that con-
tain only gel particles and dissolve slowly or not at all during their residence in the
joint remains to be established.

C. Analgesia

The only clinically proven effect of viscosupplementation is local analgesia. This
analgesia was originally discovered by injecting elastoviscous hyaluronan solutions
to replace pathological synovial fluid in horses and humans, and demonstrating
pain relief that lasts longer than the residence of the injected hyaluronan in the-
joint. This analgesic effect was first objectively proven in horses with traumatic
arthritis using “force plate” studies that measured the difference between the
length of time the horse willingly placed its body weight on the leg that had an
arthritic (painful) joint before and after treatment. These “objective” studies on
pain were the basis of approval of hyaluronan for the first time in the United
States as a drug for the treatment of arthritic pain in veterinary medicine (48).
These studies also established that nonelastoviscous solutions containing the same
concentration of hyaluronan but with lower avg MW did not have an analgesic
effect. Nearly a decade later Japanese authors, using behavioral pain models in
rat knee joints and in the mouse peritoneal cavity, confirmed that the analgesic
effect of hyaluronan injected into these tissues depended on both molecular weight
and concentration. Below a certain avg MW even high concentration solutions
were ineffective. The pain-causing agents injected into the joint and abdomen were
urate crystals, bradykinin, and prostaglandin (49–51).
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Electrophysiological studies in the mid-1990s confirmed that the analgesic
effect of hyaluronan solutions depends on their elastoviscous property, a function
of concentration and avg MW (52). Using the knee joints of cats and rats, acute
pain was initiated by flexing the healthy joint beyond the normal range of motion
or by injecting a mixture of kaolin and carrageenan into the joint that caused acute
painful inflammation within 1 h. The analgesic effects of Hyalgan, Orthovisc, Syn-
visc, and a saline control were compared by recording the nociceptive impulse
activity from single primary afferents of the radial articular nerves. Synvisc
reduced the nociceptive sensory outflow (pain) significantly for the entire length
of the experiment (few hours) in both pain models (53). Hyalgan had no effect
in either inflammation or overextension pain models, and Orthovisc had some
effect in the overextension pain model but not in the inflammation pain model.
This supports the hypothesis that the analgesic effect of hyaluronan is related to
its elastoviscous properties. The mechanism of the observed effects on nociceptor
firing can be attributed to both the immediate decrease of the concentration of, or
the deactivation of, the inflammatory mediators (kaolin-carrageenan) and/or by
direct protection of the nociceptive receptors by the elastoviscous properties of
the solution. It is important to recognize that the injections of kaolin and carra-
geenan only provide a model for severe, acute inflammation, and should not be
regarded as a valid model for OA [for recent reviews, see Refs. (23) and (54)].

Recently, the same investigators developed a guinea pig model for the chronic
pain associated with joint instability; induced by partial medial menisectomy (55),
analgesia was assessed using the electrophysiological methods previously described
in cats and rats. The effect of physiological saline injections was compared with that
of Synvisc. This was the first time an electrophysiological study demonstrated the
analgesic effect of hyaluronan on pain resulting from a surgical wound with long
(3 weeks) follow-up. The results showed that the increase in movement-evoked dis-
charges in the operated compared to the sham-operated joints was primarily
observed at short time points (1 day and 1 week). Synvisc injection immediately
and 3 days after surgery reduced the discharges significantly compared with
discharges from physiological salt-injected joints. The difference between the
discharges observed at 1 day and 1 week, but not later, indicates that the sensitiza-
tion of nociceptive receptors (pain) to joint movement is associated with postsurgical
inflammation and not with the long-lasting instability and subsequent damages of
the joint. Future neurophysiological studies should continue to develop acceptable
models for long-term pain associated with the response to trauma or joint instability,
and focus on the effect of viscosupplementation on the pain caused by the various
inflammatory agents such as neuropeptides and prostaglandins.

IV. Tissue Augmentation

The introduction of cross-linked, water-insoluble gels of hyaluronan for tissue aug-
mentation, a procedure sometimes referred to as viscoaugmentation (56), has
increased the use of dermal fillers in aesthetic medicine. Cross-linked hyaluronan
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is considered an important improvement over the previously available collagen-
based fillers because it does not require skin testing prior to treatment, does not
require overcorrection during the injection, and, moreover, because cross-linked
hyaluronan can provide a longer lasting correction (57–59). Hyaluronan gels pro-
duced for viscoaugmentation behave as inert space filling implants that do not lose
volume after injection, and which induce no inflammatory response. Most impor-
tantly, they are very elastic, unlike collagen gels. This high elasticity provides
reversible deformability, allowing injection through narrow gauge needles (27–30 g)
and providing improved flexibility when placing the dermal filler within the superficial
layers of the skin. The products are injected into dermal tissues to smooth contour
defects (e.g., depressions, scars, wrinkles) by lifting the skin surface from its connective
tissue base. This section will describe the use of cross-linked hyaluronan gels that have
been demonstrated in clinical trials to provide long-term (3–12 months) dermal aug-
mentation, a prerequisite for FDA approval. It should be noted that there are several
dermal augmentation products approved outside the United States that utilize hyalur-
onan solutions rather than cross-linked gels, but these can only provide short-term
(days) correction.

It is important to note that correct injection technique is critical to the suc-
cess of dermal augmentation. The location of the needle tip and the direction of
the needle bevel must be carefully oriented so that gel particles are properly posi-
tioned in the dermal and subdermal connective tissues. Wrinkles and scars can be
formed by collagen fiber systems that are attached to the dermal layer and pull it
down into the softer connective tissue. The injected gel has to break or displace
these connections to smooth the surface of skin. This depends, first of all, on the
skill of the injector and second, on the quality of the product and the structure
of the skin of the patient at the site of injection.1

The first cross-linked hyaluronan gel developed and clinically tested for dermal
augmentation was produced by cross-linking with divinyl sulfone (DVS; hylan B)
(60). This product was marketed outside the United States in the 1990s under the
name HylaformW (Biomatrix, Inc., Ridgefield, NJ), and approved for US marketing
in 2004 (Genzyme, Inc., Cambridge, MA).

Currently, eight hyaluronan-based products are approved for dermal aug-
mentation in the United States. These are described in Table 2 based on data from
product labeling and the summary of safety and effectiveness (61–66) published by
FDA for the respective products: (1) Hylaform, Hylaform-Plus, and CaptiqueW

produced by Genzyme; (2) RestylaneW and PerlaneW produced by Q-Med; (3)
JuvedermW Ultra and Juvederm Ultra-PlusW produced by Allergan. The Anika
connective tissue augmentation (CTA) product has been approved by FDA but
has not been marketed in the United States or elsewhere. Table 2 illustrates how
different cross-linking methods and formulation variables have been varied in
the attempt to optimize clinical outcomes. The major differences between these

1Tissue augmentation for correction of wrinkles and depressed scars is based on a very different princi-

ple than that used to correct wrinkles using muscle-paralyzing drugs.
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products are the reagents used to cross-link hyaluronan, the hyaluronan concentra-
tion in the particles, and particle size in the final injectable product.

The difference between DVS and butanediol diglycidyl ether (BDDE) cross-
linking is illustrated by the lower hyaluronan concentration in the hydrated gels
produced using DVS. Although the equilibrium hydration and hyaluronan concen-
tration of cross-linked hyaluronan depend on the conditions used during cross-linking
(e.g., hyaluronan and cross-linker concentration, and their ratio), it is notable that
DVS cross-linking produces a solid gel (Hylaform) that is 99.5% solvent (physiologic
saline), and yet extends the residence time of the implanted hyaluronan from days
to months. The BDDE cross-linked gels have a higher hyaluronan concentration at
equilibrium hydration and contain ~98% water. This difference between BDDE and
DVS cross-linking probably reflects the difference in their selectivity for carboxyl
groups over hydroxyl groups. Under the cross-linking conditions used, DVS is selec-
tive for the hydroxyl groups of hyaluronan. BDDE can react with both hydroxyl and
carboxylate groups of hyaluronan.

Comparing Restylane/Perlane to the Juvederm family of products illustrates
that even when using the same cross-linking agent, the performance characteristics
can be varied in the finished products. The US labeling for the Juvederm products
was recently revised to extend the duration of effectiveness claim out to 1 year, the
longest for any hyaluronan-based dermal augmentation product.

Table 2 Hyaluronan Dermal Fillers Approved by FDA

Trade name,
manufacturer

Cross-
linked by

Source of
hyaluronan

Hyaluronan
conc (mg/ml)

Average
particle size
(mm)

Hylaforma, Genzyme DVSb Avian 5.5 500
Hylaforma-Plus,
Genzyme

DVS Avian 5.5 700

Captiquec Genzyme DVS Bacterial
capsule

5.5 500

Restylane, Q-Med BDDEb Bacterial
capsule

20 250

Perlane, Q-Med BDDE Bacterial
capsule

20 940–1090

Juvederm Ultra
(24HV), Allergan

BDDE Bacterial
capsule

24 NA

Juvederm Ultra-Plus
(30HV); Allergan

BDDE Bacterial
capsule

24 NA

CTA (connective tissue
augmentation

NA Bacterial
capsule

28 NA

FDA as a supplement to the Hylaform approval.
NA: Data not available.
aThe distribution of Hylaform products was temporarily suspended as of July 2007.
bDVS, divinyl sulfone; BDDE, butanediol diglycidyl ether (1,2,3,4-diepoxybutane).
cCaptique was never tested in randomized clinical trials, but was approved by FDA as a
supplement to the Hylaform approval.
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The difference between avian-derived (chicken comb tissue) and fermenta-
tion-derived sources of hyaluronan is illustrated by comparison of Hylaform and
Captique, which differ only in their hyaluronan source. There are no differences
between the two products in concentration or particle size, and no difference is
claimed or reported in any physical property of the two.

Cross-linked hyaluronan is injected as gel particles, which are irregular in
shape, greatly variable in size, and broadly distributed in a given product. The size
and solidity (elasticity) of the gel particles depend on the cross-linking method,
processing conditions, and the concentration of hyaluronan in the finished product.
Particle size in particular is widely accepted as influencing clinical performance
characteristics (67), though this has never been demonstrated in clinical trials.
Nonetheless, product extensions were developed containing gel particles with both
larger and smaller average size distributions (Table 2). The larger particle varia-
tions are believed to be more suitable for correction of deep dermal and subdermal
layers, and to persist longer at the injection site. The smaller particle variations are
believed to be more suitable for subtle correction of the superficial dermis. Note
that Perlane, the product with the largest particle size, has the only label indication
specifying its suitability for injection into the deep dermis and superficial cutis,
whereas Hylaform and Restylane are indicated for injection into the mid and deep
dermis.

The effect of the cross-linking process on clinical performance is still poorly
understood. Very few RCTs have directly evaluated the consequences of these var-
iations on safety or effectiveness outcomes, and there has never been a trial in
which a single variable was individually tested (e.g., particle size or source).
A recently reported RCT directly compared Perlane to Hylaform for the treatment
of nasolabial folds in 150 patients (68), providing a clinically relevant comparison of
DVS andBDDEcross-linking. Perlanewas found to have a significantly longer dura-
tion of correction, with 75% of Perlane-treated sites maintaining correction at
6 months, compared with 38% of Hylaform-treated sites. Conversely, the frequency
of injection site reactions was higher for Perlane than for Hylaform; 22.6% versus
7.3% for swelling, 20.0% versus 5.3% for pain, and 14.0% versus 8.0% for redness.
It is unclear whether these differences in clinical outcome result from differences
in particle size distribution or cross-linking methods.

Cross-linked hyaluronan has also been suggested for the augmentation of
tissues other than skin, such as the vocal chord folds and the urinary sphincter.
Animal studies demonstrated that DVS cross-linked hyaluronan (hylan B) was
safe and effective for augmentation of vocal folds (69,70). Clinical trials have con-
firmed these early findings (71), but no cross-linked hyaluronan product has been
approved for this indication in the United States. During the 1990s, DVS cross-
linked hyaluronan (hylan B) was also evaluated for augmentation of the urinary
sphincter to treat incontinence (Biomatrix, unpublished data), but was never tested
clinically. As of this writing, no cross-linked hyaluronan product is approved in the
United States for the treatment of urinary incontinence, and no clinical trials have
been reported testing any type of cross-linked hyaluronan for this indication. Hyalur-
onan is used in the treatment of urinary incontinence, as the suspension vehicle for
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dextranomer particles (cross-linked dextran) in a product called DefluxW (Q-Med,
Uppsala, Sweden). Deflux is endoscopically injected into the submucosa of the
urinary bladder, close to the ureteral opening. The dextranomer particles stimulate
a connective tissue reaction that provides the ultimate tissue bulking effect.

V. Hyaluronan for Antiadhesion, Wound Healing, and Matrix
Engineering

Early studies demonstrated that elastoviscous hyaluronan solutions could influence
granulation tissue formation, and scarring (8). These studies established a firm
foundation for developing hyaluronan-based products for the control of postsurgi-
cal adhesions, wound healing, and tissue engineering. The term matrix engineering
was coined by one of the authors (E.A.B.) to describe the use of hyaluronan-based
matrices to control, direct, or augment tissue regenerative processes (72,73). Ongo-
ing efforts to bring this concept into clinical practice will be described in this
section.

A. Antiadhesion

“The implantation of hyaluronic acid jellies, sheets, and membranes is a type of
matrix engineering. Hyaluronic acid influences the invasion and activities of cells
participating in the acute and chronic inflammatory process. It is proposed that
implantation of hyaluronic acid should be used to prevent fibrous tissue formation
and consequent development of adhesion and scars.” With these words, viscose-
paration with hyaluronan was introduced into therapeutics (72). Highly elastovis-
cous hyaluronan solutions (called jellies at the time) regulated the mitogen-
induced stimulation of peripheral blood lymphocytes (74). In dogs and owl
monkeys, hyaluronan jellies significantly improved the healing of intra-articular
wounds. In rabbits, hyaluronan reduced adhesion formation around tendons after
injuries. Granulation tissue formation and development of scar tissues and adhe-
sion were prevented when hyaluronan was introduced into the wound after injury
or around implanted foreign bodies (8). Further studies using Healon demon-
strated that elastoviscous hyaluronan solutions can prevent adhesion and excessive
scar formation in various surgical models including repair of profundus tendon in
the fingers of monkeys, adhesions of the hallucis longus tendon in rabbits,
abrasion-caused adhesions in rabbit cervical horn [for review, see Ref. (75)].

The application of hyaluronan solutions to control postsurgical adhesion is
limited by their short residence time and the difficulty of keeping fluid barriers
at the tissue sites where adhesion control is necessary. To improve their applicabil-
ity for adhesion control, methods were developed to cross-link hyaluronan to pro-
duce solid materials that could maintain a longer lasting antiadhesive barrier after
surgery (60). The advantage of hylan B gel is its solidity and longer residence time
at the site of implantation, making it preferable because adhesions may develop
some time after surgery. In animal models, hylan B gel was found to reduce
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posttraumatic and postsurgical adhesions, and to minimize excessive scar forma-
tion (76–78).

Non-cross-linked hyaluronan derivatives with reduced water solubility have
also been tested as antiadhesion barriers in animal models and human clinical
trials. SeprafilmW (Genzyme, Inc.) is an antiadhesion barrier dressing containing
a mixture of hyaluronan and carboxymethyl cellulose derivatized with carbodii-
mide. Seprafilm was found to reduce adhesions in animal models and human trials
(79,80) and more recently to provide significant improvement in surgical outcomes
(81). Seprafilm is approved in the United States to reduce postsurgical adhesions
after pelvic and abdominal surgery (Summary of Safety and Effectiveness [SSE]).

For surgical indications where adhesion control devices are considered as
Class II medical devices, essentially like wound dressings, FDA has cleared several
hyaluronan-based products for marketing without clinical trial data based on their
substantial equivalence to preexisting devices. Examples of products approved
by this so-called 510(K) process include SepragelW Sinus (hylan B, Genzyme),
SeprapakW (hyaluronan and carboxymethyl cellulose derivatized with carbo-
diimide, Genzyme), and MerogelW (HYAFF hyaluronan benzyl ester, Fidia).
SeprameshW is a polypropylene mesh use for tissue support during hernia repair.
It is coated on its viscera-contacting surface with hyaluronan and carboxymethyl
cellulose derivatized with carbodiimide (Genzyme), and is intended to reduce
the incidence of adhesions between the mesh and the bowel.

B. Viscoprotection and Wound Healing

The potential of hyaluronan to protect tissue surfaces and facilitate wound healing
was recognized early in its medical development. Hyaluronan solutions in a puri-
fied form have been used from the early 1970s to protect the surface of the cornea
(82,83). The cornea, the transparent “skin” of the eye, is highly innervated and
consequently more sensitive to dryness and pain than the skin. Hyaluronan is used
to protect the cornea from dryness as a substitute for tears when the production of
tears is impaired. Hyaluronan cannot be called artificial tears because tears do not
contain this molecule and they are not viscous. Elastoviscous hyaluronan solutions
have been used for decades as eye drops for three reasons. First, because of their
viscosity, they flow out slowly from the conjunctival sacs; second, because of their
elasticity, the fast movements of blinking do not remove them easily from the sur-
face of the cornea, extending their residence time; and third, they retain water at
body temperature and do not lose water between blinking. Elastoviscous hyaluro-
nan eye drops have been available worldwide for the protection of corneal epithe-
lium not only in pathological conditions when the tear formation is impaired (dry-
eye syndrome), but also as a wetting solution for hard contact lenses and to protect
the cornea from dryness when the frequency of blinking decreases, such as in
healthy eyes as they focus on television and computer screens for extended periods
of time (84). The same hyaluronan solutions were also used as natural wetting
agents on the surface of the cornea during cataract extractions and lens implanta-
tions, as well as in vitreoretinal surgery (85).
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The utilization of hyaluronan-based materials to treat skin wounds is based
on principles similar to those described for the control of postsurgical adhesions.
The glycosaminoglycan composition of skin undergoes an orderly series of changes
during wound healing, and is particularly enriched in hyaluronan during the first
several days after wounding (86–88). Early studies demonstrated that hyaluronan
(Healon) at concentrations between 5 and 9 mg/ml decreased subcutaneous scar
formation after surgical incisions (89). Exogenously applied 1% hyaluronan solu-
tions were found to facilitate the healing of partial thickness skin wounds in rats
with alloxan-induced diabetes (90). Early studies have demonstrated that
hyaluronan controls multiple activities of lymphomyeloid cells relevant to wound
healing and that the effect depends on its molecular weight and concentration
(74). Fetal wounds are known to exhibit scarless healing, a fact that has been
attributed to the higher concentration of hyaluronan in fetal compared to adult
wounds (91–93).

As described above for adhesion control, several hyaluronan-containing
products have been cleared by FDA as wound dressings based on their substantial
equivalence to preexisting dressings. These include HyalofilW, HyalomatrixW

fibrous nonwoven pad, and BionectW products (all produced by Fidia Advanced
Biomaterials, Terme, Italy and marketed by Convatec); HycoatW (marketed by
Hymed); Spinco Second SkinW; and LAMW Wound gel (LAM).

C. Matrix Engineering

The concept of matrix engineering is now being applied to the development of pro-
ducts containing live cells incorporated into hyaluronan-containing matrices, an
approach commonly referred to as tissue engineering. This application is based
on the observation by many investigators during the past three decades that hya-
luronan participates in wound healing and tissue regeneration. The utility of
hyaluronan for matrix engineering is based on its biological participation in tissue
regenerative processes, as described above. The biological role of hyaluronan,
coupled with the universal biocompatibility of purified high molecular weight hya-
luronan, make it an obvious candidate as a carrier matrix for implantation of cells
and for tissue regeneration.

The use of matrices based on hyaluronan to support cell attachment and
multiplication has been studied in animal models and clinical trials. The behavior
of different cell types on cross-linked hyaluronan materials has been characterized,
including the way proteins influence cell–hyaluronan interactions (94,95). Recent
studies have demonstrated that the chemical structure and viscoelastic properties
of hyaluronan-based matrices strongly influence the cellular response to these mate-
rials, with more rigid materials inducing a more stretched and organized cytoskele-
ton (96). Several types of derivatized hyaluronan have been used as a matrix for
the ex vivo expansion of keratinocytes, fibroblasts, and chondrocytes; and subse-
quently shown in clinical trials to be safe and effective for the repair of skin and car-
tilage defects, respectively (97–101). Although the clinical data reported thus far
appear promising, these approaches to tissue repair have yet to enter US medical
practice.
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New hyaluronan derivatives are being continually developed because of their
potential commercial and medical value. Consequently, our understanding con-
tinues to expand with respect to the ways in which different chemical modifications
of hyaluronan can affect its physical and biological properties (102). Thiol-
modified derivatives of hyaluronan-containing chondroitin sulfate, heparin, peptides,
and protein have recently been tested for scar-free healing and adhesion prevention.
Copolymers of hyaluronan and other glycosaminoglycans have been produced using
multiple derivatization methods, and recently reported data suggest profound effects
on the healing of skin wounds, abdominal and tendon injuries, and defects of soft tis-
sues and cartilage (103). Both the chemical composition and the physical structure of
hyaluronan-based materials can influence the signaling activity and expression of
cells embedded in them (104). Promising animal data has been reported (105), but
remains to be confirmed in clinical trials.

Understanding cellular responses to hyaluronan and its derivatives so that
these responses can be integrated with tissue repair processes represents the next
horizon. Ongoing work continues to characterize how different chemical modifica-
tions of hyaluronan influence cellular responses and performance characteristics
(106–108). It is well established that biopolymers, such as hyaluronan and other
glycosaminoglycans of the intercellular matrix, play a significant role in tissue
development and regeneration. Artificial intercellular matrices made from these
molecules and their derivatives can, therefore, provide significant advantages over
synthetic polymers and can be expected to become important tools for tissue engi-
neering. We propose that semisolid and solid structures built for the augmentation,
repair, reconstruction, and development of tissues should be called “biomatrices”
when they are built from molecules derived from the intercellular matrix.
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Chapter 15

Drug Delivery and Medical Applications of Chemically
Modified Hyaluronan
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*Genzyme Corporation, Drug and Biomaterial R&D, 152 Second Ave; USA
Waltham, MA 02451
{Genzyme Corporation, Drug and Biomaterial R&D, 49 New York Avenue,
Framingham, MA 01701-8805, USA

I. Introduction

Hyaluronan (HA) is a linear naturally occurring polyanionic polysaccharide that is
ubiquitous in nature and is produced virtually by every tissue in higher organisms
and some bacteria (1,2). HA has excellent biocompatibility and is readily catabo-
lized and cleared in vivo (3–7). For these reasons, there has been a significant com-
mercial focus on the development of products either from HA or from chemically
modified derivatives of HA.

HA and HA plus chemically cross-linked HA preparations are the principle
components in several viscosupplements for patients with early-stage osteoarthritis
of the knee (8,9). Products such as ArtzW, HyalganW, Euflexxa™, and SynviscW

have been approved as devices for the relief of pain associated with early-stage
osteoarthritis (10). These products were initially designed to restore the rheology
of the synovial fluid in diseased joints to more normal levels (11). The short resi-
dence time of this exogenous HA relative to the indicated duration of pain relief
in the joint suggests that the exact molecular mechanism for this pain relief is com-
plex and not well understood. Recent data from the clinic has shown that patients’
knees that have been injected with Synvisc have synovial fluid that has both higher
concentration and higher molecular weight HA (12–15). This result suggests that
HA-based viscosupplements might stimulate HA synthases (HAS 1 and 2) leading
to increased high molecular weight HA. Thus the pain relief might be due, in part,
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to a restoration of the normal HA in the joint. Several clinical studies with intra-
articular injections of viscosupplements have shown significant pain relief in the
carpometacarpal joint (16), temporomandibular joint (17–19), facet joint (20),
and the hip (21,22). These studies indicate that pain relief from intra-articular
injections of HA-based viscosupplements is not specific to the knee.

HA has been used in implantable medical devices for the reduction of post-
surgical adhesions. One such device, SeprafilmW, has been on the market for
ten years and is still the market leader for adhesion control in general surgical
applications. Solutions of HA have been shown to act as tissue protectants and
have been shown to affect adhesion formation in animal models (23–26).

Recently, cross-linked gels of HA have transformed the esthetics and dermatol-
ogy areas. These HA-based products are remarkably safe and serve as tissue-bulking
agents to correct wrinkles and other skin defects. RestylaneW (27–29), HylaformW

(30–33), Captique™ (34), and Juvederm™ (35) are a few representative examples of
HA-baseddermal fillers that havebeenapproved for skin depression innasolabial folds.

HA clearly has demonstrated its chemical utility and biocompatibility for use
in medical devices and for drug formulations. The wealth of approved products
using HA affords a diverse platform from which drugs can be either admixed or
conjugated covalently for controlled release applications. This chapter reviews
recent uses of HA for drug delivery and controlled release applications.

II. Conjugation of Active Agents to Hyaluronan

We previously described chemical modification approaches that have been used to
derivatize HA (36). This section focuses on recent literature reports on conjuga-
tion of active moieties to HA. Several earlier articles dealing with this topic have
been published elsewhere (37–42).

Most reported chemical conjugations of active agents to HA involve the
attachment of these agents through the carboxylic functionality of HA. The final
HA conjugate is obtained either after appending the active agent to the molecule
through an amide or ester linkage or by sequentially building the active agent on
the molecule by a series of synthetic steps. Modification of the naturally occurring
primary and secondary hydroxyl groups of HA and of the aldehyde at the reducing
end has also been reported.

Another method to introduce a reactive group on HA involves the use of
Streptomyces hyaluronidase (b-eliminase) to generate a conjugated a,b-unsatu-
rated carboxylic acid at the nonreducing end (43,44) to afford an electrophilic site
that can react with appropriate nucleophiles such as thiols. HA oligosaccharides
with a free aldehyde group at the nonreducing end can be synthesized by ozonoly-
sis of the double bond followed by reduction of the resulting ozonide (45).
N-Deacetylation of HA allows access to the amine group for subsequent conjuga-
tion to a chemical or biological agent. However, deacetylation requires harsh
chemical treatment with aqueous hydrazine under carefully controlled conditions
to minimize HA depolymerization (46).
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Conjugation of active agents to cross-linked HA and composite polymer gels
is also synthetically achievable. In a majority of the reported strategies, a signifi-
cant amount of the reactive sites remain available after the cross-linking step
and as a consequence are suitable for further conjugation using diffusible active
agents (47).

A. Conjugation of Analgesics

Local anesthetics are useful for reducing acute pain, but the short duration of this
effect precludes them from use in solely managing postoperative pain. To prolong
the duration of local anesthesia, bupivacaine was conjugated to native HA and
divinyl sulfone (DVS) cross-linked hylan A (hylan B particles) using a hydrolyz-
able imide linkage (Fig. 1). Bupivacaine was released from the conjugated gel
in vitro at a slower rate (t1/2¼16.9�0.2 h) when compared to a simple admixture
of bupivacaine in hylan B (t1/2¼0.4�0.1 h). The selective release of bupivacaine
from the gel was achieved by conjugating this agent through a b-thioether in the
linker. Liquid chromatography–mass spectral analysis confirmed that bupivacaine
was released from the gel unaltered (48).

Similarly, modified HA bearing hydrazide and aldehyde functionalities that
cross-link upon mixing was used as a vehicle for bupivacaine (49). A 2% (w/v)
cross-linked HA doubled the duration of block in a rat sciatic nerve blockade
model, without a statistically significant increase in myotoxicity.

The opioid drugs morphine and codeine as well as the analog naloxone were
conjugated to HA via two types of hydrolytically labile ester bonds and drug
release kinetics from these conjugates were systematically investigated (50).
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Figure 1 Structure of bupivacaine conjugated to the Hyaluronan (HA) backbone by a
hydrolyzable imide bond.
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B. Conjugation of Chemotherapy Agents

Although paclitaxel (PTX) has shown tremendous potential as an anticancer drug,
its utility has been compromised by its poor aqueous solubility. PTX conjugation
to HA was carried out to increase water solubility and potentially target it toward
cells that overexpress HA cell surface receptors (e.g., CD44).

One conjugation approach exploited the higher nucleophilicity of acyl hydra-
zides compared to amines during EDC-mediated couplings (39,51,52). This use of
difunctional dihydrazides has also been reported to allow facile access to other HA
conjugates (Fig. 2).

HA-PTX conjugates generated using this approach showed selective toxicity
toward human cancer cell lines that are known to overexpress HA receptors while
no toxicity was observed toward a mouse fibroblast cell line at the same concentra-
tion. Release of PTX from the conjugate occurred after cleavage of the labile
20 ester linkage.

A related fluorescent-HA-PTX conjugate showed cell-specific binding and
uptake using flow cytometry and fluorescent confocal microscopy, indicating direct
correlation of uptake with selective toxicity (53).

The use of tert-butylammonium salts of HA allowed dissolution of HA into
organic solvents, and hence the synthesis of HA-PTX conjugate by esterification
of the carboxylate anion of HA with PTX (Fig. 3). PTX loading was optimized
at 20% (w/w), increasing by 500-fold the PTX concentration that could be
achieved using an aqueous method. Histologic examination revealed that HA-
PTX conjugate was well tolerated in vivo (54).
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A third approach to prepare HA-taxol conjugate involves a labile succinate
ester (Fig. 4). These hydrophobic PTX conjugates were amenable to the prepara-
tion of multilayer macromolecular assemblies of bioactive polyelectrolytes (38).

PTX conjugated to HA using a 4-hydroxybutanoic acid linker to increase the
solubility has been reported (55). The HA-PTX conjugate was significantly more
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water soluble than the native PTX molecule. The potential therapeutic applica-
tions of HA-PTX conjugates were further expanded to a dual therapy by combin-
ing a radionuclide prepared by the addition of 99mTc-pertechnetate to HA-PTX
bioconjugate (ONCOFID-P) with 100% radiochemical purity and stability in a
phosphate buffer. Intraperitoneal, intravesical, and oral administrations showed
that all the 99mTc-ONCOFID-P remained at the administration site, suggesting
potential utility of ONCOFID-P as a local therapeutic agent for the treatment of
superficial cancers (56).

Other anti-proliferatives have been similarly conjugated to HA. A cross-linked
hydrogel that contained a covalently linked derivative of the drug mitomycin C
(MMC) was prepared in two steps by initially coupling MMC-aziridinyl-N-acrylate
with thiol-modified HA followed by cross-linking with poly(ethylene glycol) diacry-
late (PEGDA). When implanted into a rat peritoneal cavity, these HA-MMC films
reduced the thickness of fibrous tissue formed surrounding the implanted films, sug-
gesting potential as anti-fibrotic barriers for the reduction of postsurgical adhesions
(57,58).

Other cytotoxic drug conjugates, HA-doxorubicin (HA-DOX), and hydroxy-
propylmethacrylamide (HPMA) copolymer-DOX containing HA as a side chain
(HPMA-HA-DOX), were studied in vitro for their anti-proliferative property
against a number of human tumor cell lines. The cytotoxicity of HPMA-HA-
DOX bioconjugate was found to be higher than that of the nontargeted
HPMA-DOX conjugate against human breast cancer (HBL-100), ovarian cancer
(SKOV-3), and colon cancer (HCT-116) cells. Fluorescence confocal microscopy
revealed that the targeted HPMA-HA-DOX conjugates were internalized more
efficiently by cancer cells and that internalization of the polymer conjugates corre-
lated with their cytotoxicity (59). Both conjugates showed minimal cytotoxicity
toward mouse fibroblast NIH 3T3 cells. Finally, MMC conjugated to cross-linked
HA hydrogels was shown to reduce postoperative adhesions (58).

C. Conjugation of Nitric Oxide Donors

Nitric oxide (NO) and hyaluronic acid are both known to play an important role in
the wound-healing process. Novel HA-NO donors were prepared by first reacting
spermidine with HA using EDC-coupling chemistry. Gaseous NO was then cova-
lently bound to the secondary amine groups of the spermidine under pressure
(5 atm). These structures, named NONO-ates, exhibited controlled NO release
under physiological in vitro conditions. NONO-ates were also synthesized with
concomitant cross-linking using Ugi’s four-component reaction with formalde-
hyde, cyclohexylisocyanide, and spermidine (60).

D. Conjugation of Radionuclides and Metals

The conjugation of radionuclides to HA has been proposed as an anti-proliferative
therapy. The combination of the hemocompatibility of HA-coated surfaces and
the anti-proliferative effects of an appropriate radiotherapy inhibited hyperplasia
following revascularization procedures. Radioactive devices were obtained by
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coating plasma-functionalized surfaces like stents or catheters with a HA-diethyle-
netriamine pentaacetic acid (DTPA) conjugate (HA-DTPA); the conjugate in turn
was complexed with a g- or b-emitting radionuclide. Therapeutic doses of the emit-
ters, yttrium and indium, were conveniently loaded onto the surfaces and remained
stable over 2 weeks with a radionuclide loss of about 6% (61).

An HA-boron conjugate has been prepared for use as an anti-proliferative
therapy using boron neutron capture (BNC). To prepare this conjugate, a carbor-
ane was linked onto HA via an ester bond. A degree of substitution of �30% was
reported (62). This conjugate was designed to deliver boron atoms to target cells
via HA-mediated uptake. In vitro experiments showed that this conjugate was non-
toxic toward a variety of human tumor cells of different histotypes. It specifically
interacted with CD44 as the native unconjugated HA, and the concentration of
boron taken up by the tumor cells was sufficient for successful BNC therapy (62).

Other metal-containing conjugates include HA gadolinium DTPA deriva-
tives. These have potential as tumor-specific contrast agents for magnetic reso-
nance imaging (MRI). These conjugates were synthesized by initially reacting
ethylenediamine with carboxylic acid groups followed by covalent linkage of
DTPA to aminated HA. The level of conjugation of DTPA was estimated by a
colorimetric assay, isothermal titration calorimetry (ITC), and nuclear magnetic
resonance (1H-NMR) spectroscopy (63). MRI signal enhancement was reported
using a coating grown by a layer-by-layer assembly. A conjugate of HA with gad-
olinium-coordinated DTPA is used with chitosan to coat polymeric interventional
tools. The visibility under MRI can be easily tailored by controlling the number of
layers in these multilayer coatings (64).

E. Conjugation of Nucleic Acid

Disulfide cross-linked HA has also been reported for the preparation of novel
nanogels that physically encapsulated small interfering RNA (siRNA) (65). These
nanogel particles were fabricated by an inverse water-in-oil emulsion method.
Thiol-conjugated HA was ultrasonically cross-linked in the presence of green fluo-
rescence protein (GFP) and siRNA to afford nanogels. The nanogels were readily
internalized by HA receptor positive cells (HCT-116) having HA-specific CD44
receptors on the surface via receptor-mediated endocytosis. The in vitro release
rates of siRNA from the HA nanogels were modulated by changing the concentra-
tion of glutathione in the buffer solution, indicating that the degradation of the
nanogels modulated the release pattern of siRNA.

Synthesis of poly(L-lysine)-grafted hyaluronic acid (PLL-g-HA) comb-type
copolymers has recently been described. HA chains were covalently coupled at
the e-amino groups of polylysine by reductive amination reaction (66). These
PLL-g-HA derivatives were shown to form complexes with plasmid DNA. The
complex showed stability against nuclease degradation and was internalized by
liver cells (67–70).

Controlled release of human vascular endothelial growth factor (VEGF) or
basic fibroblast growth factor (bFGF) from hydrogels composed of thiol-modified
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HA, gelatin, and heparin (15 kDa) was evaluated both in vitro and in vivo. The
hypothesis was that inclusion of small quantities of heparin in these gels would reg-
ulate growth factor (GF) release over an extended period, while still maintaining
the in vivo bioactivity of released GFs (71).

III. Conjugation of Peptides and Proteins to Hyaluronan

A. Peptides

HA has also been conjugated with peptides for local or targeted drug and antibody
delivery systems as well as with matrices for immobilization of GF and cells. Such
examples include the synthesis and characterization of bioconjugates of natural
polymers such as HA, alginate, and dextran with peptides specific for Bacillus
subtilis and B. anthracis (72). These peptide conjugates were synthesized by creat-
ing thioether bonds by the reaction between HA maleimide derivatives and thiol
groups on the peptides.

A similar approach was used to prepare a thiol-modified HA (3,30-dithiobis-
propanoic dihydrazide) (HA-DTPH) that was subsequently reacted with an
Arg-Gly-Asp (RGD) sequence and then cross-linked with PEGDA to create a
biomaterial that supported cell attachment, spreading, and proliferation (73).

HA hydrogels and mixed polymer hydrogels have been synthesized using a
photo-cross-linking strategy. Glycidyl methacrylate-HA was conjugated with acry-
lated PEG and PEG peptides to give composite hydrogels. These hydrogels were
cyto-compatible, biologically active, and had a decreased rate of hyaluronidase
degradation compared with native HA (74).

B. Proteins and Antibodies

Hydrogels were synthesized by cross-linking HA with DVS and poly(ethylene
glycol)-functionalized divinyl sulfone (VS-PEG-VS). These gels were loaded with
vitamin E succinate (VES) and bovine serum albumin (BSA), as models of anti-
inflammatory proteins and drugs, and their release kinetics were measured
in vitro. The rate of release from HA-VS-PEG-VS-HA hydrogels was faster than
that from HA-DVS-HA hydrogels, presumably because of the lower cross-linked
density in the former (75).

An antibody [immunoglobulin G (IgG)] releasing system was prepared as
antagonists of the receptors Nogo-66 and NgR, receptors that have been shown
to inhibit neuronal regeneration and are potential therapeutic agents for Central
nervous system (CNS) axonal injuries, such as spinal cord and brain trauma. The
antibody was covalently attached to an HA hydrogel using a hydrolytically labile
hydrazone linkage. The bioactivity of antibody released from hydrogel was
retained as demonstrated by indirect immunofluorescence technique (76). These
modified hydrogels delivered antibodies and could potentially serve as scaffolds
for neural regeneration following their implantation into injured tissue (77).

HA derivatives that could be candidates for immunosuppressive drugs, not
only in organ transplantation but also in diseases where interferon-g (IFN-g) is

340 L.Z. Avila et al.



overexpressed, are conjugates composed of a phospholipase A2 inhibitor linked to
HA. This HA conjugate inhibited the induction of major histocompatibility class II
after IFN-g stimulation in a dose-dependent manner (78).

C. Growth Factors

A cross-linked hydrogel matrix with an immobilized GF, fibronectin (FN), has
been reported. Cysteine-tagged fibronectin functional domains (FNfds) were
coupled to a homobifunctional PEG derivative and these PEG-modified FNfd
solutions containing a bifunctional PEG-based cross-linker were coupled to thiol-
modified HA (HA-DTPH) to obtain a cross-linked hydrogel matrix. FN facilitated
dermal fibroblast migration during normal wound healing, and the FN functional
domains coupled to an HA backbone stimulated wound repair. When implanted
in porcine cutaneous wounds, these biocompatible acellular matrices induced rapid
and en masse recruitment of stromal fibroblasts (79).

The stability and activity of recombinant GFs administered locally for the
repair of damaged tissue can be directly influenced by the physical structure and
chemical composition of the delivery matrix (80). A fibroblast growth factor-
2 (FGF-2) delivery system was synthesized by the conjugation of a structure-
stabilizing HA with heparin (HP) that has inherent specific binding sites for
members of the FGF family. The hypothesis was that the inclusion of small
amounts of HP in these gels would regulate GF release over an extended period,
while still maintaining the in vivo bioactivity of released GFs. These matrices were
formed either by stable amine or by labile imine bonds by coupling amine-modi-
fied HA with oxidized HP. Recombinant human FGF-2 rapidly bound to the hep-
arin segment of the HA-heparin (HAHP) conjugate. The FGF-2 was released
in vitro from the imine-bonded (HAHPi) gels in the form of FGF-2-HP complexes
through the hydrolysis of the imine bonds. In contrast, release from the more sta-
ble amine-bonded (HAHPa) gels required treatment with free HP or enzymatic
digestion of the HA segment. Analysis of the released FGF-2 showed that the
HAHP conjugate gels increased both the stability and the activity of the GF (81).

D. Lipids

Lipids have been conjugated to HA using an aldehyde group introduced by oxida-
tion of vinyl groups that were introduced at the nonreducing terminal glucuronic
acid of HA by treatment with bacterial hyaluronidase. The resulting aldehyde-
functionalized HA was coupled to dipalmitoyl phosphatidylethanolamine (DPPE)
in a reductive amination step. This methodology can conceivably be extended to
link molecules such as biotin, polymers, or proteins to HA (82).

E. Miscellaneous Cross-linked Biomaterials

Thermoresponsive HAs were prepared by graft polymerization of N-isopropyla-
crylamide (NIPAM) on HA using dithiocarbamate. The dithiocarbamate acted
as an initiator, transfer agent, and terminator in the reaction. These
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poly-NIPAM-grafted HAs were water soluble at room temperature and precipi-
tated at temperatures above 34�C (83).

Glycidyl methacrylate derivatized dextran and/or HA were cross-linked into
hydrogels in the presence of photoinitiators and UV radiation in multi-well inserts.
The materials showed good cytocompatibility in vitro using smooth muscle cell
migration/proliferation assay (84).

Ugi chemistry presents an interesting approach to manipulate HA to form
novel types of polymer networks (i.e., hydrogels) and/or multiple emulsions. Stud-
ies focused on using HA as the carboxylic acid component in the multicomponent
Ugi chemistry to generate new biomaterials of possible interest to the field of oph-
thalmology and for potential controlled delivery systems have been reported (85).

Similarly, other gels were prepared with different degrees of cross-linking
by reacting N-deacetylated HA with formaldehyde and cyclohexylisocyanide
under aqueous conditions for the Ugi reaction. In this example, HA provided
both the amine and the carboxylic acid components. The gels were mechanically
stable and exhibited good water uptake, which was strongly dependent on the
extent of cross-linking. N-deacetylated HA samples were also selectively N-sul-
fated or O-sulfated; the former exhibits anticoagulant properties well exceeding
those of the latter (46). HA was used in other aqueous Ugi reactions to give poly-
meric networks. HA supplied the carboxyl component and the amine component
was supplied by lysine, which also served as a cross-linking agent. The structural
and physicochemical properties of the hydrogels were studied using solid-state
NMR spectroscopy and measurements of swelling in water and in aqueous NaCl
solution (86).

HA can also be “self” cross-linked to give an auto-cross-linked polysaccha-
ride (ACP) gel that is fully biocompatible, has prolonged in vivo residence time,
and improved mechanical properties with respect to native HA for use in various
surgical applications (87). Mixed polymer gels have also been prepared using car-
bodiimide chemistry. A mixed polymer hydrogel was prepared by cross-linking
HA with glycol chitosan in aqueous solution using water-soluble carbodiimide at
nearly neutral pH and room temperature (88).

Other novel mixed polymer systems have included glycosaminoglycans
(GAGs) modified with multiblock copolymers to form self-assembling, cross-
linker free hydrogels. For example, aminooxy pluronic derivatives were coupled
with HA to give amphiphilic hydrogels with the ability to bind to hydrophobic
surfaces (89).

IV. Drug Formulations Using Hyaluronan

A. Hyaluronan/Drug Admixtures in Oncology

Particular interest has also been devoted to HA as a potential delivery vehicle for
chemotherapeutics. Research has suggested that HA may enhance chemothera-
peutic activity, help to target drug delivery to CD44 and RHAMM receptors,
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promote transdermal delivery, and provide a solid support for delivery of che-
motherapeutics to tissue surfaces.

B. Hyaluronan-Mediated Enhanced Chemotherapeutic Activity

Multidrug resistance is an intrinsic problem in cancer chemotherapy. Unfortu-
nately, as therapy has become more and more effective, acquired resistance has
also become common (90). The most common reason for acquisition of resistance
to a broad range of anticancer drugs is expression of one or more Adenosine
triphosphate (ATP)-dependent transporters that detect and eject anticancer drugs
from cells, but other mechanisms of resistance, including insensitivity to drug-
induced apoptosis and induction of drug-detoxifying mechanisms, probably play
an important role in drug resistance (91–97).

HA has been shown to produce synergistic therapeutic effects when coadmi-
nistered with 5-fluorouracil (5-FU) and with PTX. HA formulated with 5-FU
enhanced the cellular uptake and cytotoxicity of the drug compared to unformu-
lated 5-FU (98). A similar effect has been observed when PTX was coadministered
with HA (99). The admixture of PTX and HA significantly reduced the migration
of Lewis lung carcinoma cells in a synergistic fashion and markedly improved the
life span of mice seeded with tumor cells compared with PTX alone or HA alone.

C. Hyaluronan-Mediated Targeted Delivery of Liposomes

Aggressive tumor cell growth and migration are dependent on cell–cell and cell–
extracellular matrix interactions (100). HA plays a pivotal role in tumor invasion
and metastasis by binding to overexpressed CD44 and RHAMM receptors on
tumor cell surfaces (101). This interaction has prompted many investigators to
evaluate HA-conjugated drugs for targeted delivery to tumor cells.

One of the approaches to couple drugs to HA is to encapsulate the drug in
liposomes that have HA as a constituent of the liposome (LIP) membrane. The
HA acts as a hydrophilic coat to promote long-term circulation of encapsulated
drug as well as to target the overexpressed CD44 and RHAMM receptors on
tumors (102,103). This targeting approach was demonstrated with MMC-loaded
HA-LIP in which the cytotoxic effect of the targeted delivery system increased
drug potency by 100-fold, in cells overexpressing, but not in cells underexpressing,
HA receptors. HA-LIP formulations loaded with DOX and with MMC were
also evaluated in vivo for their ability to target tumors in mice. The HA-LIP for-
mulations showed longer circulation half-lives and higher drug accumulations in
tumor-bearing lungs. Both HA-LIP formulations showed that tumor progression,
metastatic burden, and survival were all superior in animals receiving drug-loaded
HA-LIP compared with controls.

Similarly, phosphatidylethanolamine lipid derivatives containing HA oligo-
saccharides (HA-PE) have been incorporated into liposomes to target tumor cells
that express CD44 (104). HA-targeted liposomes (HALs) avidly bound to the
CD44-high-expressing B16F10 murine melanoma cell line but not to the CV-1
African green monkey kidney cells, which express CD44 at low levels. HALs
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binding to B16F10 were inhibited by an anti-CD44 monoclonal antibody. HALs
delivering DOX were significantly more potent than the nonencapsulated DOX
in cells expressing high levels of CD44, which suggested that HALs may be useful
as targeted drug carrier to treat CD44-expressing tumors.

D. Hyaluronan-Mediated Enhanced Transdermal
Delivery of Chemotherapeutics

Hydration is the most widely used and safest method to increase skin penetration of
both hydrophilic and lipophilic permeants (105). Additional water within the stra-
tum corneum could alter permeant solubility and thereby modify partitioning from
the vehicle into the membrane. Also, increased skin hydration may swell and open
the structure of the stratum corneum, leading to an increased penetration.

HA has been used as a hydrophilic carrier to deliver diclofenac topically for
the treatment of premalignant skin lesions such as actinic keratoses (AK) (106–
112) and for colon-26 adenocarcinoma (113–115). HA is the preferred carrier for
transdermal delivery of diclofenac, as it has been shown to enhance the partition-
ing of the drug into the skin compared to other vehicles (116). Furthermore, in a
clinical trial, the safety and efficacy of 3% diclofenac in 2.5% HA gel have been
evaluated as a topical treatment for actinic keratosis (108). Patients treated with
HA-diclofenac showed significantly lower target and cumulative lesion number
scores and lesion total thickness scores compared to the placebo group. The treat-
ment with 3.0% diclofenac in 2.5% HA gel was effective when used for 60 days
and was well tolerated in patients with AK.

Topical delivery of diclofenac in 2.5% HA has also been shown to inhibit the
development and angiogenesis of colon-26 adenocarcinoma (112). In this work,
HA-diclofenac reduced proliferation and viability of colon-26 adenocarcinoma
cells in vitro, inhibited tumor prostaglandin synthesis, and retarded angiogenesis
in mice (114). Analysis of the tumor vasculature showed that vascular develop-
ment was retarded by 12 days. The effects of HA-diclofenac were likely related
to enhanced transdermal delivery and binding properties of HA.

E. Hyaluronan/Drug Admixtures for Wound Healing

HA plays an important role in tissue repair. It is known to influence a number of
events critical to successful wound healing, including inflammation, cell migration,
angiogenesis, re-epithelialization, and scar formation (117). Naturally occurring
HA has a short residence time in tissues because of cell metabolism and hyaluron-
idase activity. HA is hydrophilic and can absorb large quantities of water to main-
tain tissue hydration levels necessary for healing. It has been used in wound
healing for the treatment of venous, mixed etiology leg ulcers, diabetic foot ulcer-
ation (118–121), postsurgical wounds (122,123), and burns (124–127).

Increasing evidence suggests that fibrin deposition is an important patho-
genic component of venous ulceration and that fibrin removal could accelerate
ulcer healing. In a clinical study, 1% HA was formulated with recombinant tissue
plasminogen activator (tPA) for acceleration of ulcer healing (121). Daily topical
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application of tPA/HA was applied to patients at escalating doses of 0.25, 0.5, and
1.0 mg/ml of tPA for 4 weeks. The trial showed a direct correlation between mean
ulcer re-epithelialization, fibrin removal, and the dose of topically applied tPA.
Furthermore, topically applied tPA with HA appeared to be a safe and promising
agent for treating venous ulcers.

HA has also been formulated with 1% silver sulfadiazine (HA-SSD) for eval-
uation as a topical treatment of second-degree burns. In a comparative, multicen-
ter, randomized trial, the topical formulation of both HA-SSD and SSD alone
were effective and well tolerated (127). However, the HA-SSD showed a signifi-
cantly more rapid re-epithelialization of burns resulting in a 4.5-day shorter heal-
ing time compared to SSD alone. The observed shorter time to healing caused
by the HA-SSD formulation may be attributed to the enhanced wound-healing
activity of HA.

Hyiodine (high molecular weight HA combined with KI3 complex) is a nonad-
hesive wound dressing that was studied to determine the effects on functional proper-
ties of human keratinocytes and leukocytes, and of U937 and HL60 cell lines (128).
KI3 complex has been shown to inhibit the viability and proliferation of the cells
tested. However, hyiodine did not have any significant effect on these cells. The
expression of CD11b, CD62L, and CD69 on PMNL, monocytes, and lymphocytes,
as well as the oxidative burst of blood neutrophils, was not changed. Hyiodine inhib-
ited the Phorbol myristate factor (PMA)-activated oxidative burst and significantly
increased the production of IL-6 and Tumor necrosis factor (TNF)-a by lymphocytes.
The HA content of hyiodine reduced the toxic effect of KI3 complex and accelerated
the wound-healing process by increasing the production of inflammatory cytokines.

F. Hyaluronan/Drug Admixtures for Orthopedic Applications

High molecular weight HA is a major component of normal synovial fluid attribut-
ing to its viscoelastic nature while providing shock-absorption and lubrication to
joints (129,130). Injection of HA into osteoarthritic joints has become common
practice to restabilize joint homeostasis while reducing inflammation and
providing temporary pain relief. HA has shown both biocompatibility and anti-
inflammatory properties in the joint, thereby making it an ideal candidate for
use as a carrier for local drug delivery in many orthopedic indications.

G. Hyaluronan as a Bioresorbable Drug Carrier for Osteomyelitis

Osteomyelitis can occur following joint surgeries leading to complications (131).
Prophylactic administration of a local antibiotic after orthopedic surgery could be
beneficial in preventing serious postoperative complications. HA has been investi-
gated as a biodegradable carrier for the local administration of antibiotics. Deminer-
alized bone (DBM) in a high molecular weight HA has proven to be a viable
delivery vehicle. When loaded with gentomycin and vancomycin, it has maintained
the activity of antibiotics in vitro while sustaining their release over 48 hours (132).

Similarly, HA films or HA gels (133,134) containing vancomycin, gentomycin,
tobramycin, or minomycin have shown potential use for the treatment of osteomyelitis.
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Delivery of antibiotics from such formulations resulted in suppressed bacterial growth,
and thus antibacterial activity, in an in vivo rabbit model. Furthermore, these formula-
tions have proven to be effective in an agar diffusion test, direct contact test, mouse
model, and rabbit osteomyelitis model without disturbing normal bone ingrowth.

H. Hyaluronan as a Delivery Vehicle for Cartilage
and Bone Repair Applications

HAhas become a common choice as a carrier for local administration ofGFs for use in
cartilage repair. Evaluation of biocompatible HA scaffolds as carriers for GFs to
induce chondrogenesis has been carried out with promising results (135–137). When
scaffolds loaded with gelatin microspheres containing transforming growth factor-
beta1 (TGF-b1) were administered subcutaneously in nude mice, they were able to
increasemesenchymal stem cell (MSC) proliferation and glycosaminoglycan synthesis
in vitro as well as induce ectopic cartilage formation at 3 weeks. Similar HA scaffolds
loaded with gelatin microspheres containing bFGF have improved osteochondral
defects in a rabbit model. Furthermore, cross-linked collagen-HA matrices loaded
with recombinant human growth and development factor-5 showed evidence of both
osteogenic and chondrogenic events when implanted in an ectopic site.

Bone repair is also an area where HA has been used as a delivery device.
DBM has been shown to induce osteogenesis as well as promote bone repair in
numerous in vivo settings (138–143). The physical properties and superior biocom-
patibility of HA have improved the handling properties while maintaining the
biological activity of DBM (144–146). In an athymic mouse model, DBM-HA
admixtures retained their activity when compared to saline controls. Also, in a
mouse cortical bone defect model, the use of DBM-HA was attributed to expe-
dited bone formation. HA/DBM putty also showed enhanced iliac crest bone
grafts in a rabbit posterolateral spinal fusion model by improving the fusion rates
as compared to bone grafts alone. It is believed that HA provides a matrix for
attachment of appropriate osteoprogenitor cells and allows for degradation of this
matrix for the ingrowth of new bone.

HA as a carrier for GF delivery has also been investigated for orthopedic
bone repair. In general, members of the TGF superfamily of GFs, including bone
morphogenic protein-2 (BMP-2) and bone morphogenic GF-7, are used as bioac-
tive agents. Cross-linked HA gels have shown the ability to deliver GFs in combi-
nation with MSC (147). In a rat calvarial defect model, BMP-2 and MSC-loaded
acrylated HA hydrogels showed the highest levels of osteocalcin and mature bone
compared to controls at 4 weeks, as observed from histological analysis.

I. Hyaluronan/Drug Admixtures for Adhesion Prevention

As normal wound healing proceeds, adhesions occur in a majority of abdominal
surgical patients (148,149) and can lead to significant complications (150–152).
HA/carboxymethylcellulose (HA/CMC) films have the ability to provide a bio-
compatible, mucoadhesive, physical barrier that separates tissues long enough to
reduce such adhesions (123,153,154).
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However, HA/CMC films do not prevent all postsurgical adhesions. This led to
the idea of incorporating therapeutic agents into these devices to improve their over-
all efficacy. HA has been shown to localize and control delivery of PTX (155,156) to
surgical sites (157). One percent and 5%PTX-loadedHA films containing 10% glyc-
erol, to improve the handling properties, were used in a rat cecal abrasion model.
Both drug-loaded films resulted in a statistically significant increase in the number
of animals with no adhesions as well as a decrease in themean incidence of adhesions
as compared to no treatment or control HA films. No toxicity was observed with the
treatments; however, excess fluid present in the abdominal viscera was observed in
the 5% PTX-loaded HA films at the time of necropsy.

Similarly, HA films loaded with camptothecin (CPT) have shown the ability to
prevent postsurgical adhesions (158). Carbodiimide cross-linked HA films containing
20% (w/w) glycerol were used as the carrier. These films were loaded with CPT at con-
centrations of 0, 0.6, 2.5, and 7.5% (w/w) and evaluated in a rat cecal sidewall abrasion
model. Compared to no treatment, all of the HA films, including controls, significantly
reduced the mean strength and area of adhesions. The addition of 0.6, 2.5, and 7.5%
(w/w) CPT gave improved adhesion scores compared to control HA films [0% (w/w)].
HA films containing CPT exhibited the desired physical, biocompatible as well as
controlled release properties that are important in preventing adhesion formation.

V. Conclusion/Summary

Conjugation of drugs to HA holds great promise for the generation of a new class
of polymer-based therapeutics. These polymer-based systems can serve not only a
biomaterials-based function, such as the separation or bulking of tissue, but also as
concomitant drug delivery systems for the local delivery of therapeutics. Drugs
conjugated to HA could also serve to target the drug to cells or tissues in the body
that are rich in HA-binding receptors, such as CD44, RHAMM, TLR2, and TLR4.

Lastly, one of the most promising uses of chemically modified HA is in the
area of tissue engineering. HA is found in the extracellular matrix of virtually
all tissues so its use as a cell delivery vehicle is obvious. The combination of cell
delivery and drug attachment to HA offers a very versatile material for the devel-
opment of sophisticated products to address complex and unmet medical needs.
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I. Introduction

Carbohydrates, like nucleic acids and proteins, are essential biological molecules
carrying important biological information. Carbohydrates are prominently dis-
played on the surface of cell membranes and expressed by virtually all secretory
proteins in bodily fluids. This is achieved by the events of posttranslational protein
modification called glycosylation. Importantly, expression of cellular glycans, in
the form of either glycoproteins or glycolipids, is differentially regulated. Cell dis-
play of precise complex carbohydrates is characteristically associated with the
stages or steps of embryonic development, cell differentiation, as well as transfor-
mation of normal cells to abnormally differentiated tumor or cancer cells
(12,22,23,28). Sugar moieties are also abundantly expressed on the outer surfaces
of the majority of viral, bacterial, protozoan, and fungal pathogens. Many sugar
structures are pathogen specific, which makes them important molecular targets
for pathogen recognition, diagnosis of infectious diseases, and vaccine develop-
ment (16,20,29,40,48,65).

Exploring the biological information content in carbohydrates is one of the
current focuses of postgenomic research and technology development. Biophysical,
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biochemical, and immunological methods have proven very valuable in studying
carbohydrate–carbohydrate and carbohydrate–protein interactions. For example,
X-ray crystallographic and NMR spectroscopic techniques have been employed
to determine binding modes between carbohydrates and proteins. Surface plasmon
resonance spectroscopy and isothermal titration calorimetry (ITC) can provide
information on the binding affinities of carbohydrates to proteins. Many well-
established immunochemical methods have been applied to determine the specificity
and cross-reactivity of carbohydrate–antibody and carbohydrate–lectin interactions.
These classical approaches were, however, designed to monitor carbohydrate-based
molecular recognition on a one-by-one basis and have limited analytical power or
throughput in practical applications.

A pressing need is, thus, the establishment of high-throughput technologies
to enable the large-scale, multiplex analysis of carbohydrates and their cellular
receptors. These include especially the characterization of immunological proper-
ties of carbohydrates that are important for medical applications of carbohydrate
antigens and interactions of carbohydrates with other biomolecules or intact cells
that play key roles in establishing comprehensive biological functions of essentially
all existing living organisms. In parallel with developing microarray-based high-
throughput technologies for nucleic acids (5,15,49) and proteins (37,38,54),
significant progress has been made in developing carbohydrate microarrays
(1,21,25,32,46,64,67,68,70).

In this chapter, we attempt to illustrate a few examples, with a focus on infec-
tious diseases, to discuss the medical application of carbohydrate microarrays. We
also discuss the principles for construction of various platforms of carbohydrate
microarrays. This information may be helpful in selecting the proper technologies
to address biomedical questions related to carbohydrates.

II. Carbohydrate Microarrays as Essential Tools
in the Postgenomics Era

In the past few years, a number of experimental approaches have been applied to
construct carbohydrate microarrays (1,21,25,32,46,64,67,68,70). In spite of their
technological differences, these carbohydrate microarrays are all solid-phase bind-
ing assays for carbohydrates and their interactions with other biological molecules.
They share a number of common characteristics and technical advantages. First,
they contain the capacity to display a large panel of carbohydrates in a limited chip
space. Second, each carbohydrate is spotted in an amount that is drastically smaller
than that required for a conventional molecular or immunological assay. Thus, the
bioarray platform makes an effective use of carbohydrate substances. Third, they
have high detection sensitivity. The microarray-based assays have higher detection
sensitivity than most conventional molecular and immunological assays. This was
attributed to the fact that the binding of a molecule in solution phase to an immo-
bilized microspot of ligand in the solid phase has minimal reduction of the molar
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concentration of the molecule in solution (19). Therefore, in a microarray assay, it
is much easier to have a binding equilibrium take place and result in a high
sensitivity.

Carbohydrate microarrays constructed by various methods may differ in
their technical features and suitability for a given practical application. Some
platforms may be applied complementarily to solve biological questions. The
method of nitrocellulose-based immobilization of carbohydrate-containing
macromolecules, including polysaccharides, glycoproteins, and glycolipids, is
suitable for the high-throughput construction of carbohydrate antigen microar-
rays (25,62,63,67,68). This platform of carbohydrate microarrays is readily appli-
cable for the large-scale immunological characterization of carbohydrate
antigens and anti-carbohydrate antibodies. It is also useful for the initial screen-
ing of carbohydrate-binding proteins, such as those newly identified by the
human genome project with preserved carbohydrate-binding domains and are
predicted to have carbohydrate-binding properties. However, the detection spec-
ificity of this carbohydrate microarray would be at the level of a carbohydrate
antigen, not a glycoepitope, if the native carbohydrate antigens were spotted.
This is owing to the fact that many carbohydrate antigens display multiple anti-
genic determinants or glycoepitopes. Examining the finer details of the binding
properties would require the use of microarrays of defined oligosaccharide
sequences. Oligosaccharide array-based binding assays can be applied, in combina-
tion with saccharide competition assays, to decipher precise saccharide compo-
nents of a specific antigenic determinant or glycoepitope (25,64).

We present here a few examples of medical applications of carbohydrate
microarray technologies. The studies summarized below involve the use of carbo-
hydrate microarrays to study emerging infectious agents, including SARS-CoV,
Influenza virus A, and Bacillus anthracis (B. anthracis). This progress highlights
the potential of the relatively nascent carbohydrate microarray technologies in
exploring the mysteries of life shrouded in the structure of carbohydrates. The
areas that require carbohydrate microarrays are far beyond infectious diseases in
medicine.

A. Recognition of Autoimmunogenic Reactivity of SARS-CoV

Severe acute respiratory syndrome (SARS) is an emerging infectious disease that
became a global fear in 2003. A previously unrecognized coronavirus, SARS-
CoV, is responsible for the epidemic spread of SARS (24,35). In an effort to
understand the immunogenic properties of carbohydrate structures expressed by
the virus, a carbohydrate microarray printed on nitrocellulose-coated microglass
chips was applied (68). This study involves three steps of experimental investiga-
tion. The first step is to perform a carbohydrate microarray characterization of the
antibody responses to the virus. The second step focuses on identification of lectins
and/or antibodies that are specific for the glycoepitopes that are recognized by the
pathogen-elicited antibodies. This provides specific structural probes to enable the
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third step of investigation, that is, to probe the glycoepitopes of the pathogens
using specific lectins or antibodies identified by steps 1 and 2.

The first step, microarray analysis, revealed that immunization of horses with
a preparation of inactivated SARS-CoV induced antibodies specific for an abun-
dant human glycoprotein asialo-orosomucoid (ASOR). Since the horse antisera
has no reactivity toward agalacto-orosomucoid (AGOR), which lacks galactose in
the upper stream nonreducing ends, the glycoepitopes with terminal galactose
may contribute significantly to the antigenic reactivity of SARS-CoV. This glycan
array finding gave an important lead in terms of identifying appropriate immuno-
logical probes to further characterize the glycoepitopes expressed by SARS-CoV.
A microarray containing a panel of galactose-containing complex carbohydrates
was created to scan for immunological probes specific for the ASOR-glycans.
The lectin PHA-L was shown to be highly specific for the spotted ASOR prepara-
tion. The latter is known to be specific for the glycoepitopes that are composed of
tri-antennary Galb1–4GlcNAc (Tri-II) or multiantennary Galb1–4GlcNAc (m-II)
(see Fig. 1 for an asialo-Tri-II structure of N-glycans) (72). With this specific
probe, the authors characterized SARS-CoV-infected and -uninfected cells.
PHA-L was found to stain cells infected with SARS-CoV and this reactivity could
be inhibited by ASOR but not AGOR. The authors concluded, therefore, that the
glycoepitopes Tri-II or m-II of ASOR are highly expressed by SARS-CoV-
infected cells.

These observations raise important questions about whether autoimmune
responses are in fact elicited by SARS-CoV infection in human and other animal
species and whether such autoimmunity contributes to SARS pathogenesis. ASOR
is an abundant human serum glycoprotein and the ASOR-type complex carbohy-
drates are also expressed by other host glycoproteins (13,43). Thus, the human
immune system is generally nonresponsive to these “self” carbohydrate structures.
However, when similar sugar moieties were expressed by a viral glycoprotein, their
cluster configuration could differ significantly from those displayed by a cellular
glycan, and in this manner, it generates a novel “nonself” antigenic structure.
Much remains to be learned regarding the specificity and cross-reactivity of the
carbohydrate-mediated molecular recognition and its role in the “self/nonself”
immune discrimination.

B. Deciphering the Sugar Codes for Selective Viral
Entry of Host Cells (Influenza A)

Glycan arrays have also been applied to study the interaction between the Influenza
virus A and its cellular receptors (51–53). This virus recognizes specific saccharides
on the host’s epithelial cells and utilizes these cellular glycans as receptors to
initiate an infection. An antigenic protein on the virus’ coat, hemagglutinin (HA),
recognizes sialic acid-terminated glycans (see Fig. 1 for sialic acid-terminated
glycans in the Tri-II sugar chain configuration). In addition, HA can distinguish
between different kinds of sialic acid–galactose linkages. For example, HA variants
adapted to humans recognize an a2–6 linkage whereas strains specific for

362 X. Zhou et al.



birds recognize an a2–3 linkage. The specificity of a variety of HAs toward
carbohydrates containing sialic acid residues attached via a2–3, a2–6, and a2–8 lin-
kages was screened using a glycan array. The assay showed that specific mutations
control the specificity of a given HA that selectively binds to a given linkage. The
microarray could also be used to probe the effect of charge, size, sulfation, fucosy-
lation, and sialylation on the binding specificity. The binding specificity between
two previous pandemic strains of HA, 18NY and 18SC, could be distinguished by
the microarray since the 18NY recognizes both a2–6 and a2–3 linkages whereas
18SC recognizes only a2–6 linkages. Only two mutations are required to make the
avian strain sufficiently virulent toward humans. This study illustrates an example
that glycan array analysis, in conjunction with mutation studies, helps in under-
standing and predicting how pathogenic strains can become virulent toward
humans.
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C. Identification of Immunogenic Sugar Moieties
of B. anthracis Exosporium

Recent effort in hunting for the highly specific immunogenic sugar moiety of
B. anthracis further demonstrates the potential of glycan array technologies in bio-
marker identification (64). B. anthracis, the etiological agent of anthrax infection, is
a gram-positive, rod-shaped bacterium. The most lethal form of human anthrax is
the pulmonary infection caused by inhaled spores. In view of the risk of B. anthracis
spores as a biological weapon of mass destruction (WMD) (69), it is necessary to
achieve the capacity for the rapid and specific detection of B. anthracis spores in vari-
ous conditions (41,71). It is also important to develop new vaccines to block the
anthrax infection at its initial stage before spore germination takes place (11,60). In
this context, identification of highly specific immunogenic targets that are displayed
on the outermost surfaces of B. anthracis spores is of utmost importance.

A photogenerated oligosaccharide array was introduced to facilitate identifi-
cation and characterization of anthrax spore-specific immunogenic carbohydrate
moieties (64). In essence, the authors utilized a photoactive surface on glass sub-
strates for covalent immobilization and micropatterning of carbohydrates (7).
They then applied this glycan array to probe specific antibodies that were elicited
by immunizations using anthrax spores. The authors assumed that if B. anthracis
spores express potent immunogenic carbohydrate moieties, immunization with
the spores would elicit antibodies specific for these sugar structures. Such antibody
reactivities would then be detected by glycan arrays that display the corresponding
sugar structures. A schematic overview of this biomarker identification strategy is
shown in Fig. 2.

This investigation demonstrates that IgG antibodies elicited by the native
antigens of the B. anthracis spore recognize synthetic anthrose-containing sugar
moieties. The saccharide-binding reactivities correlate directly with the sizes of
the saccharides displayed by the glycan arrays. The terminal anthrose monosaccha-
ride is marginally reactive and the anthrose-containing tetrasaccharides highly
reactive, regardless of their anomeric configuration. However, the smaller saccha-
ride units, including the anthrose mono-, di-, and trisaccharides, are potent inhibi-
tors of the specific antibody reactivities to the tetrasaccharides displayed either by
the photogenerated glycan arrays or by a bovine serum albumin (BSA) conjugate
on an enzyme-linked immunosorbent assay (ELISA) microtiter plate. It was, thus,
concluded that the anthrose-containing tetrasaccharide is immunogenic in its
native configuration as displayed by the exosporium BclA glycoprotein and its
terminal trisaccharide unit is essential for the constitution of a highly specific
antigenic determinant.

Since the anthrose-containing carbohydrate moiety is displayed on the outer-
most surfaces of B. anthracis spores (14,55) and its expression is highly specific for
the spore of B. anthracis (14), this unique tetrasaccharide is likely an important
immunological target. Its applications may include identification of the presence
of B. anthracis spores, surveillance and diagnosis of anthrax infection, and develop-
ment of novel vaccines targeting the B. anthracis spore. In general, this glycan
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array-based biomarker hunting strategy is likely applicable for exploring the
immunogenic carbohydrate moieties of other microbial pathogens.

III. Progress in Developing Complementary Platforms
of Carbohydrate Microarrays

In order to make the best use of available technologies of carbohydrate microar-
rays, it is important to conceptually understand the design and chemical principles
of different carbohydrate microarray platforms. Different platforms may be tech-
nically complementary and can be applied in combination in addressing biomedi-
cal questions. For this purpose, we outline below a number of carbohydrate
array platforms based on the chemical principle of array construction. These
include technologies that directly utilize underivatized carbohydrates in microar-
ray construction, technologies that require chemical modification of carbohydrates

Saccharide libraries

A photo-reactive surface

Photo-generated
glycan arrays
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O O O O O O

O O O O O
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Figure 2 Photogenerated glycan arrays for rapid identification of pathogen-specific immu-
nogenic sugar moieties. Saccharide preparations were dissolved in saline (0.9% NaCl) at a
given concentration and spotted using a high-precision robot (PIXSYS 5500C, Cartesian
Technologies Irvine, CA) onto the phthalimide-amine-coated slides. The printed slides were
subjected to UV irradiation (300 nm) for 1 h to activate the photocoupling of carbohydrates
to the surface. Pathogen-specific antisera were then applied on the glycan arrays to identify
the potential immunogenic sugar moieties of a given pathogen (64).
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before microarray fabrication, methods of noncovalent immobilization of carbo-
hydrates, and methods of covalent coupling of saccharides on array substrates.
There are also technologies that are designed to display saccharides in defined
orientations or specific cluster configurations in order to resemble the native con-
figuration of functional carbohydrate ligands.

A. Carbohydrate Microarrays Fabricated by Using
Underivatized Carbohydrates

The use of underivatized saccharides for microarray construction has the unique
advantage of preserving the native structures of the carbohydrate molecules. It
requires, however, a ready-to-use microarray surface with appropriate surface
chemistry that can be directly used to fabricate comprehensive carbohydrate
microarrays with underivatized carbohydrates from a wide range of sources. Meth-
ods include noncovalent binding of underivatized carbohydrate probes on a chip
by passive adsorption and methods for covalently immobilizing underivatized car-
bohydrates on a slide surface by appropriate chemical-linking techniques.

1. Nonsite-Specific and Noncovalent Immobilization
of Underivatized Carbohydrates in Microarrays

Noncovalent adsorption of native carbohydrate probes on a substrate surface is the
simplest way to prepare carbohydrate microarrays. This method relies on the for-
mation of a variety of noncovalent interactions between the surface and the
arrayed carbohydrates. In addition to its simplicity and high-throughput character-
istics in array construction, these approaches may be favorable in supporting the
preservation of the native structure of spotted carbohydrate antigens since there
is no need to modify the carbohydrates before microarray application. However,
given that the saccharides are noncovalently immobilized on an array substrate,
the efficiency of immobilization must be verified for each spotted carbohydrate.

Wang et al. (67) described a method of noncovalent immobilization of
unmodified carbohydrates for construction of carbohydrate microarrays. They
applied robotic microarray spotters to array the carbohydrates onto nitrocellu-
lose-coated glass slides without any chemical modification. After air-drying at
room temperature, the spotted arrays are ready for application. A wide range of
carbohydrate antigens, including polysaccharides, glycoproteins, proteoglycans,
and semisynthetic glycoconjugates, were tested by spotting them on the substrate
and then probed with specific antibodies and lectins to verify the epitopes pre-
served in the carbohydrate microarrays.

The investigators showed that the nitrocellulose-coated glass chip is a ready-
to-use substrate for carbohydrate microarrays by proving the fact that (i) carbohy-
drate-containing macromolecules of various structural configuration can be
immobilized on a nitrocellulose-coated glass slide without chemical conjugation;
(ii) the immobilized carbohydrate antigens are able to preserve their immunologi-
cal properties and solvent accessibility; (iii) the system reaches the sensitivity,
specificity, and capacity to detect a broad range of antibody specificities in clinical
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specimens; and (iv) this technology allows highly sensitive detection, as compared
with other existing technologies, of the broad range of carbohydrate–lectin/anti-
body interactions. This strategy takes advantage of the existing cDNA microarray
system, utilizing a spotter and a scanner for an efficient production and application
of carbohydrate microarrays. In addition to the carbohydrate microarray applica-
tion, this bioarray platform has been extended to spot microarrays of proteins
(ProtoArrayW, Invitrogen, CA) and cell lysates (8), as well as lectins for glycan
profiling analysis (Procognia, United Kingdom).

However, this substrate is unlikely applicable for the immobilization of
unmodified mono- and oligosaccharides. Using fluorescein-labeled preparations
of a(1,6)dextrans, ranging from 20 to 2000 kDa, and inulin of 3.3 kDa, the authors
investigated whether the size and molecular weight (MW) of saccharides influence
their surface immobilization. They found that the efficiency of immobilization was
dependent on the molecular mass of the spotted carbohydrates; the larger mole-
cules were better retained than the smaller molecules. The reduced capacity of sur-
face immobilization of smaller saccharide chains is likely owing to the fact that
saccharide immobilization is based on passive interactions between spotted
saccharides and the nitrocellulose-coated glass slides.

A practical way to compensate this weakness was described, which involves
the use of glycoconjugates, either oligosaccharide–protein conjugates (67,68) or
neoglycolipid (NGL) conjugates (25), for construction of the epitope-defined
microarrays. In order to examine whether desired glycoepitopes or antigenic deter-
minants are preserved after immobilization, the authors stained the microarrays
using well-characterized monoclonal antidextran antibodies. These include antibo-
dies bearing either the groove-type or the cavity-type antibody-combining sites
(10,65). The former recognizes the internal linear chain of a(1,6)dextrans; while
the latter is specific for the terminal nonreducing end structure of the polysaccha-
ride. Results of this analysis confirmed that the desired glycoepitopes were well
preserved by the spotted polysaccharide a(1,6)dextrans and by oligosaccharide–
protein conjugates, that is, isomaltotriose (IM3) and isomaltoheptaose (IM7) cou-
pled to BSA (67). Recently, Feizi’s group further demonstrated the use of this
platform for the construction of NGL-based oligosaccharide microarrays (25).

The nitrocellulose polymer substrate was a fully nitrated derivative of cellu-
lose, in which the free hydroxyl groups are substituted by nitro groups, and is thus
hydrophobic in nature. Researchers have shown that the immobilization of pro-
teins on nitrocellulose surfaces relies on hydrophobic interactions. However, poly-
saccharides, being rich in hydroxyl groups, are hydrophilic in nature (42,61). The
molecular forces for the carbohydrate–nitrocellulose interaction remain to be char-
acterized, but it has been suggested that the three-dimensional (3D) microporous
configuration of the nitrocellulose on the slides and the macropolymer character-
istics of polysaccharides play important roles for the stable immobilization of many
polysaccharides on the nitrocellulose surface. The polysaccharide molecules immo-
bilized onto the nitrocellulose film are in a nonsite-specific format (Fig. 3).

A surface-modified polystyrene substrate provides another type of polymer
surface that can be directly used to prepare carbohydrate microarrays through
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the noncovalent immobilization of underivatized polysaccharides. The polystyrene
substrate is produced by injection moulding of black polystyrene and the surface is
modified by oxidation. This type of slide is commercially available from Nunc
Roskilde, Denmark (http://www.nuncbrand.com/). Willats et al. of University of
Leeds, United Kingdom, showed the applicability of this slide surface to produce
comprehensive microarrays of polysaccharides, glycoproteins, proteoglycans, and
cell extracts (70). These carbohydrate microarrays were directly fabricated by
applying 50 pL of polysaccharide solution per spot on the black styrene substrate
with a pitch of 375 mM. Probing these arrays using previously characterized mono-
clonal antibodies and a phage-derived antibody, the predicted patterns of antibody
binding were observed.

2. Covalent Immobilization of Underivatized Carbohydrates in Microarrays

Covalent attachment is often preferred over other types of immobilization mod-
ules, such as those based on noncovalent bonds, including van der Waals forces,
hydrogen bonds, hydrophobic forces, and ionic bonds in aqueous solutions, and
various affinity-based binding reactions. Covalent bond formation provides a more
stable linkage between the carbohydrate and the array substrate. Since the cou-
pling efficiencies of the carbohydrate moieties are more readily controlled, the
immobilization reproducibility is likely independent of the differences in the struc-
tures of carbohydrate probes.

A number of investigators have put effort in developing general, simple, and
efficient array substrates that can be applied to a range of unprotected and unmod-
ified oligosaccharides and polysaccharides. Four types of surface-functionalized
substrates and related chemical-linking techniques have been reported to date
for fabrication of carbohydrate microarrays through covalent immobilization of
underivatized carbohydrates irrespective of the carbohydrate size.

Zhou et al. reported the slide surface containing aminooxy– groups as a plat-
form for immobilizing an array of oligosaccharides through the formation of an
oxime bond with the carbonyl group at the reducing end of a given carbohydrate
(73). The use of aminooxyacetyl-terminated self-assembled monolayers for the
immobilization of carbohydrates takes advantage of the oxime formation reaction
between a highly reactive amine group of the nucleophilic aminooxyacetyl group
and the carbonyl group at the reducing end of suitable carbohydrates via irrevers-
ible condensation.
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Figure 3 Noncovalent and nonspecific immobilization of underivatized carbohydrates on
a nitrocellulose-coated slide.
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Aminooxyacetyl-functionalized glass slides were prepared in four steps start-
ing with a (3-glycidyloxypropyl)trimethoxysilane (GPTS)-functionalized glass
slide. The synthesis of the functionalized glass slide is presented in Fig. 4. The
glycidyl group of the GPTS monolayer was treated with diamino-poly(ethylene
glycol) (PEG), resulting in a PEG monolayer end-functionalized with an amine.
The amine groups were then coupled to the carboxyl groups of an N-Boc-Aoa-
OH that was activated with a hydroxyl succimide group. Free aminooxyacetyl
groups were then obtained upon treatment of the glass slide with HCl/acetic acid
in order to remove the Boc– group. The aminooxyacetyl groups on the slide sur-
face reacted with formyl groups at the reducing ends of the oligosaccharides to
form oxime bonds. In contrast to reductive amination, the sugar structure was pre-
served after coupling; equilibrium between the closed-ring and the open-ring
forms might occur at the surface of the support. This chemical-linking technique
reported requires only a few modification steps on the surface, allowing for the
functional chips to be created in a timely manner making it an attractive method
for preparing carbohydrate microarrays in individual laboratories.

The poly(ethylene glycol) layer on the glass slides provides essentially com-
plete resistance to unwanted protein adsorption and other nonspecific interactions
at the surface and ensures that only specific interactions between soluble proteins
and immobilized ligands occur. The poly(ethylene glycol) containing carbohydrate
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Figure 4 Chemical procedure for the preparation of aminooxyacetyl-functionalized glass
slides and the immobilization of underivatized oligosaccharides. The aminooxyacetyl groups
react selectively with the carbonyl group at the reducing end of carbohydrates via an irre-
versible condensation while the penta(ethylene glycol) groups serve as spacer arms and
prevent the nonspecific adsorption of protein to the monolayer.
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microarrays showed lower background signal even without commonly used block-
ing procedures such as treating the substrate with bovine serum albumin or other
blocking proteins to passivate the surface. This excellent control over unwanted
adsorption has also been reported with monolayers presenting oligo(ethylene
glycol) groups (9,30). The poly(ethylene glycol) also functions as a spacer between
the carbohydrate and the substrate, which is expected to increase the accessibility
of proteins to the binding site of the carbohydrates.

Since the carbohydrates are chemically linked to the aminooxy-functiona-
lized substrate surface through the reducing end, the carbohydrate moieties are
immobilized in a well-defined orientation (i.e., site-specific immobilization). The
main advantages of an aminooxy-functionalized substrate for the fabrication of
carbohydrate microarrays include (i) the ease of formation of oxime bonding
under mild conditions between the underivatized carbohydrates and the slide sur-
face; (ii) good stability of the oxime bonding under a wide range of pH; (iii) the
monosaccharides are in a ring-closed format which will not affect protein binding
in an irrelevant manner, allowing for a more accurate evaluation of the protein-
binding function of the carbohydrate.

To demonstrate the utility of this chemistry for the immobilization of carbo-
hydrates and the use of the arrayed carbohydrates for parallel determination of
protein–carbohydrate interactions, Zhou et al. (73) printed 10 oligosaccharides
on the aminooxyacetyl-functionalized glass slide. The arrayed substrates were kept
in a humidified chamber at room temperature overnight, washed with water, and
dried. These conditions permitted near quantitative immobilization using minimal
quantities of carbohydrate conjugates. After incubation and washing away the
unbound oligosaccharide, the remaining aminooxyacetyl groups on the substrate
were inactivated by treatment of the glass slides with succinic anhydride [10 mM
in dimethylformamide (DMF)] overnight followed by rinsing with DMF to remove
physically adsorbed succinic anhydride.

To investigate the carbohydrate–protein-binding properties of the fabricated
carbohydrate microarrays, identical arrays were treated separately with three bio-
tin-labeled lectins [with a concentration of 2 mM in phosphate-buffered saline/
tween (PBST)] for 2 h, and then washed with PBST. Detection of the bound ana-
lyte was subsequently achieved by incubating the microarray with Cy3-streptavidin
at a final concentration of 5 mg/ml, and then imaged with a confocal array scanner.
Figure 5 shows the results of the analyte characterization on the carbohydrate
microarray. As expected, the oligosaccharides were found to bind to their specific
lectin proteins. For example, the carbohydrate array probed with Con A showed
significant fluorescence intensity in the spots arrayed with mannose, glucose, and
N-acetylglucosamine (GlcNAc) (Fig. 5A). Analysis of the fluorescence intensity
further reveals that the binding of Con A to the oligosaccharides is in the order
of mannose>glucose�GlcNAc. The affinity binding difference of the arrayed oli-
gosaccharides is consistent with solution-phase assays. A weak signal was obtained
in the spots that were arrayed with maltooligosaccharide which has 4–10 units of
a-glucose. This could be the result of an inefficient immobilization of the sugar
on the substrate due to the reducing activity of the formyl groups of the
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maltooligosaccharide. In addition, no signal was observed in the spots arrayed with
methyl-a-mannoside in which the C1 position was substituted with a methyl group.
This result suggests that methyl-a-mannoside could not be immobilized on the glass
surface. Probing the microarrays with the two other lectins also gave the expected
results: Lotus tetragonolobus bound to the spots presenting a-fucose (Fig. 5B),
whereas Erythrina cristagalli bound only to spots presenting lactose and galactose
(Fig. 5C). Nonspecific adsorption was not observed on the spots arrayed with cello-
biose and rhamnose and essentially no fluorescencewas obtained from surfaces with-
out carbohydrates. The weak signal obtained from the glucose spots when the
microarray was probed with L. tetragonolobus may be caused by the weak cross-
reaction of the lectin L. tetragonolobus. However, this weak cross-interaction that
gave less than 8% of signal compared with the specific interaction would not affect
the rapid determination of the presence or absence of specific carbohydrate epitopes.

Overall, these results demonstrated that the binding of lectins with the
prepared carbohydrate microarrays are specific and multiple-analytic characteriza-
tion can be achieved on the aminooxyacetyl-functionalized slide with good selec-
tivity. Furthermore, periodate oxidation of the immobilized oligosaccharides with
NaIO4 resulted in the loss of lectin binding. These experiments verify that the fab-
ricated carbohydrate microarray is well suited for the selective identification of
carbohydrate-binding proteins.

Figure 6 shows the dose–response curves of lectins applied to the fabricated
oligosaccharide microarrays. It was apparent that an increase in lectin concentra-
tion resulted in a corresponding increase in the fluorescence emitted from the
arrayed spots, and saturation of affinities was obtained at high concentration.
The calculated limit of detection (LOD, the concentration which gives a fluores-
cent signal higher than the backgroundþthree standard deviation units) was deter-
mined to be approximately 0.008 mg/ml for Con A, which is lower than the
microtiter plate assay developed by Hatakeyama.

Mannose
Glucose
G1cNAc

Cellobiose

Lactose
Galactose

Fucose

Rhamnose
a-Methyl-mannoside

Maltooligosaccharide

A B C

Figure 5 Fluorescence image of oligosaccharide microarrays spotted with 10 oligosaccha-
ride probes with identical carbohydrate chips that were separately incubated with each of 3
biotin-labeled lectins (0.1 mg/ml in PBST) for 1 h, washed with PBST 3 times for 5 min each,
and stained with 5 mg/ml of Cy3-strptavidin and evaluated by confocal fluorescence micros-
copy. Fluorescence images of oligosaccharide microarrays probed with (A) concanavali A
(Con A), (B) LoTus Tetragonolobus (LT), and (C) Erythrina Gristagalli (EC).
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Carbohydrate arrays have the characteristics required for quantitative assays
of multiple protein–carbohydrate interactions with minimal quantities of reagents.
To assess the utilization of carbohydrate microarrays fabricated on aminooxyace-
tyl-functionalized slides for quantitative assays, a-methyl mannose was applied to
inhibit Con A binding to the immobilized mannose spots. A series of mixtures con-
taining biotin-labeled Con A (2 mM in PBST) and a-methyl mannose (0–4 mM in
PBST) was applied on the microarray surface and incubated for 1 h at 25�C. The
substrates were rinsed with PBST, stained with 5 mg/ml of Cy3-streptavidin, and
analyzed with a fluorescence scanner to quantify the amount of bound Con A on
the spots of mannose and glucose. The amount of lectin that bound to the chips
for each concentration of soluble ligand (i.e., a-methyl mannose) is shown in
Fig. 7. The IC50 (concentration of inhibitor required to prevent 50% of lectin bind-
ing to array spot) was determined using a-methyl mannose as an inhibitor of Con
A binding to glucose and mannose. The results verified that the microarray spots
of mannose (IC50¼60 mM) competed more effectively with the soluble carbohy-
drate for Con A than that of glucose (IC50¼23 mM). The relative binding affinities
of these carbohydrates for Con A is consistent with those obtained in previous
studies (31).

In a similar method, Lee and Shin (36) have developed hydrazide-coated
glass slides to immobilize a wide range of carbohydrates including mono-, di-,
and oligosaccharides in a simple, efficient, and chemoselective fashion. Preliminary
protein-binding experiments show that carbohydrate microarrays prepared by this
method are suitable for the high-throughput analysis of carbohydrate–protein
interactions.

The advantages of the above two methods for covalent immobilization of
underivatized carbohydrates rely on the ease of formation and on the good

0

15000

30000

45000

60000

0 0.05 0.1 0.15 0.2 0.25

Lectin conc. (μg/ml)

F
lu

or
es

ce
nt

 in
te

ns
ity

Figure 6 Dose–response binding curve of lectins to the arrayed oligosaccharides. Con A
binding on mannose (▲), glucose (♦), and G1cNAc (O); EC on lactose (�) and galactose
(□); LT on fucose (�). Each data point represents the average value of the mean signal�SD
(standard deviation) of 18 replicate spots from 2 slides.
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stability of the oxime linkage and hydrazide linkage for oligosaccharides up to pH
9. However, reactions of aminooxy or hydrazide groups with free carbohydrates
are slow when the carbohydrate MW increases because of the reducing activity
of the aldehyde group of the carbohydrates. To improve the immobilization of
larger carbohydrates, such as polysaccharides, on the aminooxy- and hydrazide-
functionalized slide substrates, Zhou et al. have been investigating the utilization
of microwave radiation energy to facilitate the fabrication of carbohydrate micro-
arrays on a 3D polymer film bearing aminooxy- and hydrazide-functional groups
(Zhou X., personal communication). Using microwave radiation to facilitate the
reaction, oligosaccharides and polysaccharides can be covalently linked on the
aminooxy- and hydrazide-functionalized surface within minutes.

Carroll et al. developed a method for covalent immobilization of underiva-
tized mono-, oligo-, and polysaccharides onto glass substrates functionalized with
self-assembled photoactive phthalimide chromophores (7). Upon exposure to
UV light, the photoactive aromatic carbonyls presumably react with the C–H
groups of the sugars by hydrogen abstraction followed by radical recombination
to form a covalent bond (Fig. 8). Immobilization of unmodified carbohydrates by
this approach was demonstrated to be much less dependent on the MWs of the
spotted carbohydrates compared to a nitrocellulose-coated slide. Furthermore, for
oligosaccharides the grafting efficiency was shown to be much higher than nitrocel-
lulose. However, the method of photocoupling, which is expected to target any
CH– group on the sugar rings with varying specificity depending on the structure
of the ring, may interfere with the protein-binding specificity of monosaccharides.
Wang et al. recently used this approach to generate a glycan array containing a large
panel of synthetic carbohydrates and characterized their antigenic reactivities with
pathogen-specific antibodies (64). As described in Section I, this investigation led
to the discovery of a highly specific carbohydrate moiety of B. anthracis spores.
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Figure 7 Quantitative inhibition assays in oligosaccharide microarray. (A) Determination
of the concentration of soluble a-methyl mannose to inhibit 50% of Con A binding to
spotted mannose. (B) Determination of the concentration of a-methyl mannose to inhibit
50% of Con A binding to spotted glucose. Each data point represents the mean�SD for
10 spots from 2 independent experiments.
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Another type of photoactivemicroarray platform, based on dextran-coated glass
slides (PhotoChips from CSEM, Switzerland) was reported by Sprenger’s group (2).
The dextran-based polymer OptoDex is functionalized with aryl-trifluoromethyl-
diazirine groups. On illumination, aryl-trifluoromethyl-diazirine groups form reactive
carbenes, which can undergo a variety of reactionswith a vicinalmolecule that result in
covalent bond formation including insertion into s and p bonds, addition of a nucleo-
phile or electrophile and hydrogen abstraction. The authors have demonstrated that
this substrate immobilizes polysaccharides and glycoligands. However, since the
aryl-trifluoromethyl-diazirine-functionalized surface can react with any type of bio-
molecule, this type of array substrate is not suitable for preparing carbohydratemicro-
arrays with unpurified carbohydrate extractions from cells or plants. Precaution must
be made when applying this platform for serological studies since antidextran natural
antibodies are frequently detected in human circulation (33,67).

The above slide surfaces and linking techniques provide the feasibility to
fabricate microarrays of carbohydrates by using underivatized carbohydrate moi-
eties. These methods are especially useful when working with complex oligosac-
charides isolated from natural sources and when derivatized carbohydrates are
not available. In many cases, the glycoepitopes contained in these microarrays
are reactive toward appropriate antibodies, lectins, or other carbohydrate-binding
partners of defined carbohydrate-binding specificities. However, these methods of
saccharide immobilization are not expected to be site specific. Instead, the carbo-
hydrates are attached without control of the orientation of saccharide display.
A given saccharide spotted may, thus, present a glycoepitope in a spectrum of dif-
ferent configurations, although one or a few might be predominant. Thus, in order
to further characterize the fine specificity of carbohydrate binding, especially the
orientation effect of epitope display, one may want to explore the technologies
described in the subsequent sections.
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374 X. Zhou et al.



B. Carbohydrate Microarrays Fabricated by Using
Derivatized Carbohydrates

Derivatized carbohydrates, termed glycoligands, are carbohydrate moieties with
functional tags prepared by chemical modification. Glycoligands provide more
flexibility in the selection of array substrates and chemical-linking techniques for
carbohydrate microarrays. Most importantly, the use of glycoligands in combina-
tion with properly functionalized surfaces allows for the site-specific immobiliza-
tion of carbohydrates onto the substrates. With these technical features, it is
possible to construct carbohydrate microarrays with control over the ways of pre-
sentation of carbohydrate moieties for molecular recognition. These characteristics
are important for achieving the specificity or selectivity of carbohydrate–protein
interactions that play importance roles in cell–cell communication, signaling, and
modulation of immune responses (12,39,65). Microarray presentation of the native
configurations of glycoepitopes is likely a challenging issue that requires substan-
tial and relatively long-term collaborative efforts by carbohydrate researchers and
microarray experts.

Specific technical considerations in exploring this approach may include
(i) the feasibility of preparing carbohydrate derivatives; (ii) the spacer between the
glycoligands and the slide surface should provide optimal presentation of glycans
and prevent nonspecific binding of proteins; (iii) the suitability of materials compris-
ing the chip, for example, a functionalized glass slide versus a metallic surface; and
(iv) the availability of tagged carbohydrate ligands for desired chip substrates.

The Consortium for Functional Glycomics (www.functionalglycomics.org)
(3) has provided remarkable support to this field, building a library of about 200
synthetic glycoligands, which represent the most typical terminations and core
fragments of mammal glycoproteins and glycolipids. A similar set of biotinylated
oligosaccharides (�180 in total) are also available in the Consortium (www.func-
tionalglycomics.org) (4). The number of described and well-characterized 2-amino-
pyridine derivatives of N-glycans (56–58) reaches several hundred; many of these
derivatives are commercially available. With the advances being made in chemical
and chemoenzymatic syntheses, increasing numbers of carbohydrate derivatives of
known oligosaccharide sequences will become available for fabrication of carbohy-
drate microarrays.

1. Noncovalent Immobilization of Derivatized Carbohydrates in Microarrays

Because of the small molecular size and hydrophilic nature, most oligosaccharides
cannot be directly immobilized onto nitrocellulose or black polystyrene surfaces
for microarray applications. The oligosaccharide probe can be modified with a
tag or coupled to a larger carrier molecule for noncovalent immobilization.
A research group led by Feizi has developed oligosaccharide microarrays by non-
covalently immobilizing NGLs on nitrocellulose (25,44). The oligosaccharides
were obtained by chemical or enzymatic methods by using glycoproteins, glycoli-
pids, proteoglycans, polysaccharides, or whole organs, or from chemical synthesis.
The chemical derivatives of the oligosaccharides were synthesized by reductive
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amination of the oligosaccharides to the amino phospholipid 1,2-dihexadecyl-
sn-glycero-3-phosphoethanolamine or its anthracene-containing fluorescent ana-
logue. The immobilization efficiency of the NGLs on nitrocellulose was found
to be high irrespective of the size of carbohydrates. The carbohydrate-binding
proteins were investigated with known monoclonal antibodies, the E- and
L-selectins, a chemokine (RANTES), and a cytokine. Binding was detected by
colorimetric ELISA-type methods. It was shown that carbohydrate-binding pro-
teins could single out their ligands, not only in arrays of homogeneous, structur-
ally defined oligosaccharides but also in an array of heterogeneous O-glycan
fractions derived from brain glycoproteins. The unique feature of this carbohy-
drate microarray technology is that deconvolution strategies are included with
mass spectrometry for further determining the sequences of ligand-positive
components within mixtures.

Wong’s group developed a method for fabricating oligosaccharide arrays,
which is a noncovalent but site-specific immobilization. In essence, they applied
aliphatic derivatives of monosaccharides and oligosaccharides onto a polystyrene
96-well microtiter plate (6). They found that the carbohydrates were efficiently
immobilized when the saturated hydrocarbon chain was between 13 and 15 car-
bons in length. Several di- to hexasaccharides containing terminal galactose, glu-
cose, and/or fucose residues were chemically modified with a C14-saturated
hydrocarbon chain. Figure 9 illustrates the attachment of the modified carbohy-
drates to microtiter plate surfaces. All the sugars were stable after repeated wash-
ings and elicited the predicted binding signals with the lectins Ricinus B chain, Con
A, and Tetragonolobus purpurea.

In addition, Wong and colleagues (6,21) reported that azide-derivatized forms
of galactose and several azide-derivatized neutral and sialic acid containing di- to
tetrasaccharides were immobilized onto aliphatic alkyne-coated plastic microtiter
plate surfaces. These saccharides were immobilized on the surfaces by a 1,3-dipolar
cycloaddition reaction between the azide and alkyne groups (Fig. 10). The noncova-
lent attachment also allowed convenient characterization of the lipid-linked pro-
ducts by mass spectrometry, as well as the detection of lectin binding. Using
Guanosine diphosphate (GDP)-fucose and a-1,3-fucosyltransferase, fucosylation of
sialyl-N-acetyllactosamine was carried out within the wells, showing that the surface
is well suited for the high-throughput identification of enzyme inhibitors.

2. Covalent Immobilization of Derivatized Carbohydrates in Microarrays

Several other types of carbohydrate derivatives have been used for the fabrication
of carbohydrate microarrays. Thiolated carbohydrate derivatives were immobi-
lized on heterogeneous self-assembled monolayers that present maleimide end-
functionalized and OH end-functionalized penta(ethylene glycol) chains on glass
slides (31,47). The maleimide group provides an appropriate functionality that
reacts efficiently with thiol-terminated glycoligands, whereas the penta(ethylene
glycol) chains prevent the nonspecific adsorption of protein to the substrate. The
penta(ethylene glycol) chain also works as a spacer arm to reduce the steric
hindrance during protein binding to carbohydrates on the surface.
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In contrast to the above approach, Shin’s group prepared carbohydrate
microarrays by covalent immobilization of maleimide-derivatized carbohydrates
to thiol-functionalized glass slides (45,46) (see Fig. 11). Lectin-binding experiments
showed that carbohydrates with different structural features selectively bound to
the corresponding lectins with relative binding affinities that correlated with those
obtained from solution-based assays. The author also demonstrated the fabrication
of carbohydrate microarrays that contained more diverse carbohydrate probes.
Enzymatic glycosylations on glass slides were consecutively performed to generate
carbohydrate microarrays that contained the complex oligosaccharide, sialyl Lex.

Mrksich and coworkers (32) reported a chemical strategy for preparing carbo-
hydrate arrays by the Diels–Alder-mediated immobilization of cyclopentadiene-
derivatized carbohydrates to self-assembled monolayers that present benzoquinone
and penta(ethylene glycol) groups (Fig. 12). Modification of the gold surface was
initiated by immersing gold-coated glass slides into a mixture of alkanethiols with
(1%) and without (99%) appended hydroquinone groups to produce self-assembled
monolayers of hydroquinone and penta(ethylene glycol) groups. Chemical or electro-
chemical oxidation was then performed to convert hydroquinone to benzoquinone
groups. Finally, the cyclopentadiene-derivatized monosaccharides were covalently
immobilized on the gold surface through the Diels–Alder reaction. This reaction
was found to be highly efficient and selective for the immobilization of carbohydrates
on the surface. Carbohydrate arrays presenting 10 monosaccharides were then eval-
uated by profiling the binding specificities of several lectins. These arrays were also
used to determine the inhibitory concentrations of soluble carbohydrates for lectins
and to characterize the substrate specificity of b-1,4-galactosyltransferase.

Blixt et al. (3) constructed a diverse glycan microarray by using standard
robotic microarray printing technology to couple amine-derivatized glycoligands
to an N-hydroxysuccinimide (NHS)-functionalized slide. The array comprises 200
synthetic and natural glycan sequences representing major glycan structures of gly-
coproteins and glycolipids. This array uses commercially available amine-reactive

Thiol-
functionalized surface

OH
O

N

O

OH

OH
HO

HO

HO

HO

HO

OH

HO

HO

SH

HO

HO O N O

S

HO

Maleimide-derivated
carbohydrate

O
O

O

O

O

O

O O

Figure 11 Carbohydrate microarrays prepared by covalent immobilization of maleimide-
derivatized carbohydrates onto a thiol-functionalized substrate surface.
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NHS-functionalized glass slides, which allow rapid covalent coupling of amine-
functionalized glycans or glycoconjugates. The fabricated glycan microarray has
shown utility for profiling the specificity of a diverse range of glycan-binding
proteins, including C-type lectins, siglecs, galectins, anti-carbohydrate antibodies,
lectins from plants and microbes, and intact viruses.

A microarray substrate for covalent immobilization of aminophenyl-deriva-
tized carbohydrates is commercially available (GlycoChip, Glycominds, Lod, Israel).
This substrate is functionalized with an oligomer of 1,8-diamino-3,6-dioxaoctan.
Schwarz et al. reported the application of this substrate to fabricate oligosaccharide
microarrays by using p-aminophenyl-derivatized carbohydrates via a cyanurchlor-
ide-activated linker (50). This approach allows the covalent attachment of glycans
containing a terminal aliphatic amine by forming an amide bond under aqueous con-
ditions at room temperature. The fabricated oligosaccharide microarray was used to
analyze the glycan-binding antibody repertoire in a pool of affinity-purified IgG col-
lected from a healthy human population. In addition, a novel anti-cellulose antibody
was detected that binds specifically to b4-linked saccharides with a preference for
glucopyranose over galactopyranose residues with the oligosaccharide microarray.

The group led by Waldmann has prepared carbohydrate microarrays by using
Staudinger reactions between phosphane-functionalized glass slides and azide-
derivatized carbohydratemoieties (34). The glass slide surface was first functionalized
with polyamidoamine (PAMAM) dendrimers bearing 64-aminofunctional groups
with the purpose of maximizing potential reactive sites on the surface. The amino
groups of thePAMAM-modified slidewere then converted to terminal carboxylic acid
groups by reacting with glutaric anhydride. The carboxylic acid of the dendrimer film
was finally converted to a phosphane group by reacting with the 2-(diphenylphosphi-
nyl)phenol. The phosphane group has a high reactive efficiency to azide-derivatized
molecules. The azide-derivatized carbohydratemoieties were prepared by solid-phase
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synthesis using a safety-catch linker strategy. The azide-derivatized carbohydrates
were found to be efficiently immobilized onto the phosphane-functionalized slide sur-
face. A spot volume of a 0.25 nl sample arrayed on the phosphane-functionalized slide
surface produced a spot size of 400 mM in diameter. A mannose-containing carbohy-
drate microarray was fabricated on this substrate. Carbohydrate–protein interactions
were evaluated by incubating with Alexa647-labeled Con A. This shows that the
immobilization of azide-derivatized carbohydrates via the Staudinger reaction is
highly efficient and can be employed to detect biomolecular interactions.

Bovin’s group reported a method principally different from all described
above. Saccharides were immobilized inside droplets of a porous polymeric gel
(26). Immobilization of amino-derivatized oligosaccharides was achieved by the
formation of a covalent bond between the amino group and the growing polymer
chain during photo-initiated polymerization in the presence of a cross-linking
agent. The authors have demonstrated that a hydrogel carbohydrate microarray
contains three different classes of glycomolecules, which are as follows: (i) oligo-
saccharide derivatives bearing a primary amino group, (ii) oligosaccharide–poly-
acrylamide conjugates bearing allyl groups, and (iii) oligosaccharide derivatives
bearing 2-aminopyridine groups. All of the three types of oligosaccharide deriva-
tives are readily subjected to covalent attachment in the same conditions during
the radical process of gel formation. For hydrogel microarray manufacturing, the
gel-forming monomers, that is, methacrylamide, methylenebisacrylamide, and oli-
gosaccharide derivatives are printed onto hydrophobized glass and irradiated with
UV light. The double bond of methylenebisacrylamide readily reacts with the
amino group of the oligosaccharide derivatives at pH 10.5 giving rise to a Michael
addition product. After polymerization, an array of individual 3D approximately
1-nl gel drops, 150 mm in diameter, and 25 mm in height was formed. The authors
have shown that the 3D hydrogel provides high sensitivity in probing proteins due
to the large amount of carbohydrates immobilized in the 3D hydrogel spots.

3. Affinity Immobilization of Derivatized Carbohydrates

Biotin-derivatized carbohydrates can be immobilized on a streptavidin-coated sub-
strate through the affinity interaction of the streptavidin–biotin pair to create carbohy-
dratemicroarrays. Biotin-derivatized carbohydrates include carbohydrate ligands that
are biotinylated via a short aliphatic spacer or at the peptide part of glycopeptides.
Several commercially available streptavidin-coated microwell plates can be applied
when biotin-derivatized carbohydrates are available, such as the streptavidin-coated
384-well plate with a well volume 25 ml (4,18) and a streptavidin-coated 192-spot slide
format (27). The first was designed tobe inmaximal proximity to the traditional immu-
nochemical assay using commercial streptavidin-coated black 384-well plates.

IV. Concluding Remarks

A number of carbohydrate microarray platforms have reached or are very close to
the stage of the current nucleic acid-based microarrays that are readily available
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for practical uses. Technical issues that require immediate attention may include
but are not limited to optimization of existing technologies for array construction,
quality control, and technical standardization in both microarray production and
application, establishment of specialized bioinformatic tools to handle the massive
amount of carbohydrate microarray data, and to effectively extract diagnostic or
research information from each microarray assay. Taking care of these issues
would facilitate biological and medical applications of carbohydrate microarrays.

Exploring the repertoires of glycoepitopes and their receptors represents a
long-term goal of carbohydrate research. How big is the repertoire of glycoepi-
topes? Addressing this question is one of the most important topics in the postge-
nomics era. It was estimated that there are about 500 endogenous glycoepitopes in
mammals (17). However, this estimation did not consider the repertoires of the
“hybrid” structures that are generated by protein posttranslational modification,
including both N- and O-glycosylation. Furthermore, the conformational diversity
of carbohydrates and microheterogeneity of carbohydrate chains substantially
increases the repertoire of carbohydrate-based antigenic determinants or glycoepi-
topes (39,63,66). Considering carbohydrate structures of the microbial world,
which are directly relevant to medicine, the sizes and diversity of the repertoires
of glycoepitopes are unpredictable. Establishment of high-throughput platforms
of carbohydrate microarrays provides powerful means to facilitate the identifica-
tion and characterization of carbohydrate-based pathogen signatures and other
biomarkers.

Joint effort by academic and industrial sectors is highly recommended to direct
the establishment of libraries of monoclonal antibodies, lectins, and other carbohy-
drate-binding proteins. These biomolecules are critical for defining glycoepitopes
and are useful for detection of glycoepitopes in living organisms. Thus, using specific
immunological probes to characterize glycoepitopes is equally important to the
structural determination of glycoepitopes. Similar effort has been successfully made
for protein-based biomarkers. A notable example is the establishment of a large col-
lection of monoclonal antibodies for cell differentiation antigens (CD antigens).
Availability of specific probes for CD antigens, in combination with the state-of-
the-art technologies of flow cytometry (Hi-D FACS) (59), has revolutionized
research in cellular biology and immunology and medical applications of CD anti-
gens, especially in the clinical diagnosis of leukemia and other human diseases.
Exploring the repertoires of glycoepitopes and their cellular receptors, with the
aid of carbohydrate microarray technologies and specific immunological probes,
represents one of the highly active areas of postgenomics research that may last
for a few decades and likely accompanied with a fruitful outcome.
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Chapter 17

Carbohydrate Arrays for Basic Science
and as Diagnostic Tools

TIM HORLACHER, JOSE L. DE PAZ AND PETER H. SEEBERGER

Laboratory for Organic Chemistry, Swiss Federal Institute of Technology (ETH) Zürich,
HCI F315, 8093 Zürich, Switzerland

I. Introduction

Carbohydrates are one of the four classes of molecules that give rise to life (1).
Carbohydrates occur in organisms primarily as proteoglycans (large, heteroge-
neous conjugates of sugars and proteins) or glycoconjugates (proteins or lipids
attached to an oligosaccharide) (2). Proteins and lipids do not only display the
sugar chains, but their functions, localization, and interactions are influenced by
the carbohydrates (2,3). Carbohydrate moieties themselves act in cell homeostasis,
attachment, signaling, and regulation (3,4). Thus, sugars are involved in many
important processes including cell adhesion (4), development (5), fertilization
(6), and inflammation (7). Not surprisingly, sugars are also involved in the media-
tion of various diseases; most prominent is the aberrant expression of specific
carbohydrate structures in many types of cancer (8).

Viruses and bacteria take advantage of carbohydrate moieties on the human
cell surface as attachment sites (9). The binding facilitates the adhesion or entry of
pathogens into the host cell and is an essential part of the pathogenic life cycle.
Vice versa, pathogens bear important, specific sugars on their cell surface that
interact with the host environment. Several of these carbohydrate structures have
been exploited for the development of vaccines (10).
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Consequently, carbohydrates have gained increased attention in recent years,
as sugars serve important, but still largely unknown functions in organisms and are
promising drug targets and important antigens.

II. Carbohydrate Microarrays

In recent years, new techniques have been developed to address the specific chal-
lenges in carbohydrate research to unravel the functions of sugars in organisms
(11,12). Novel approaches in organic chemistry have made synthetic sugars more
available (13). The introduction of microarrays has been of particular aid for the
investigation of carbohydrate function, as they address many of the needs and
overcome many of the problems in glycomics (14–16).

Carbohydrate microarrays consist of surfaces to which sugars are coupled in
a nanomolar scale. To fabricate the microarray slides, carbohydrate compounds
bearing a functionalized linker are, usually, chemically synthesized. Subsequently,
the sugar compounds are printed onto glass slides coated with reactive surfaces
using automated arraying robots.

The microarray format bears many advantages: the carbohydrates are
attached mimicking their natural presentation on the cell surface; multivalent
interactions of binding molecules with the sugars are enabled, often a prerequisite
of sugar interactions; and only small amounts of sugars are needed for the fabrica-
tion of the microarray slide, overcoming a major problem, as the production of
sugar compounds is still one of the main limitations for glycomics research.

Carbohydrate microarrays enable sugar binding tests in a high-throughput
manner. This way, high affinity interactions of sugars are identified and biological
functions of these interactions can be deduced. Competition and inhibition studies
allow for more detailed investigation of binding events; this enables to specify
structure–function relationships and to screen for drugs. Using microarrays, a puta-
tive physiological ligand for siglec-8, a sialic acid binding lectin, was detected (17).
Previously, no ligand and function were known for this protein that is important
for cell function. Having identified a putative ligand, the cellular function and
molecular action can be investigated easily. Using microarrays, the binding of five
proteins (CD4, cyanovirin N, scytovirin, DC-SIGN, and the 2G12 antibody) to the
glycoprotein gp120 of HIV was investigated (18). The molecular basis of binding
was determined and specific binding patterns were identified. The findings will
be of great aid to understand and block the viral entry into the host cell. Viral
uptake is mediated by the binding of gp120 to CD4 on the human host cell and
can be prohibited by proteins binding competitively to gp120, like cyanovirin or
scytovirin.

To date, the binding of RNA and proteins and the action of enzymes with
sugars on microarrays have been successfully investigated yielding results of great
value. RNA and protein binding to aminoglycosides coupled to microarrays was
examined (19,20). Aminoglycosides, a class of broad-spectrum antibiotics, bind
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to bacterial RNA and inhibit bacterial protein expression. Using the microarrays, a
high-throughput platform was established to screen for and develop better amino-
glycoside antibiotics. The action of enzymes modifying carbohydrates was also
investigated with carbohydrate chips. Microarrays bearing N-acetyllactosamine
were incubated with a fucosyltransferase followed by a fucose-binding lectin to
monitor successful action (21). Highly effective inhibitors were detected by adding
various compounds in the incubation steps.

Binding of whole cells and viruses to sugars can be examined using microar-
rays (22–24). Thereby, the molecular basis of cell attachment to carbohydrates can
be studied on the whole cell level and without the need to purify proteins. This
finding can be exploited to detect bacteria and viruses by their binding specificities
and will be of great aid in identifying pathogens through their binding patterns.

Carbohydrate microarrays are not only a powerful tool for basic research but
also a promising technique for medical diagnostics.

In this chapter, we will focus first on the use of glycosaminoglycan (GAG)
microarrays to understand the role of this important family of polysaccharides in
biological processes, and second on the employment of carbohydrate microarrays
as tools for the detection of pathogens and viruses.

III. Microarrays of GAG Oligosaccharides for High-Throughput
Screening of GAG–Protein Interactions

Heparin and heparan sulfate are the most complex GAGs, a family of polysacchar-
ides that also includes chondroitin sulfate, keratan sulfate, and dermatan sulfate.
GAGs have important biological functions by binding to different growth factors,
cell adhesion molecules, and cytokines (25,26). To understand the way GAG
sequences interact with particular proteins, it is helpful to consider the use of
microarrays of GAG oligosaccharides that allow for the screening of thousands
of binding events on a single slide with minimal analyte consumption.

Heparin, an anticoagulant drug, is widely recognized to be a biologically
important and chemically unique polysaccharide (27,28). It is a highly sulfated, lin-
ear polymer that participates in a plethora of biological processes by interaction
with many proteins (29). The heparin–antithrombin III (AT-III) interaction, for
example, is responsible for heparin’s anticoagulant activity (30). The interaction
of heparin with fibroblast growth factors (FGFs) is crucial for regulating the activ-
ity of these signaling polypeptides that are involved in angiogenesis, cell growth,
and differentiation (31). Heparan sulfate is also a potential ligand for P- and
L-selectins and chemokines, key molecules involved in the adhesion of leukocytes
to inflamed endothelium as well as their entry into the target tissue that is a crucial
feature of inflammation processes (32,33).

Heparin consists predominantly of disaccharide repeating units of D-glucos-
amine (GlcN) and L-iduronic acid (IdoA), linked by a1–4 glycosidic linkages.
Typically, sulfate groups at positions 2 and 6 of the GlcN unit and position 2 of
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the IdoA unit are present (Fig. 1). However, a number of structural variations of this
trisulfated disaccharide exist and contribute to the microheterogeneity of heparin.
The amino group of the glucosamine residue may be acetylated or unsubstituted.
The uronic acid unit can also be D-glucuronic acid (GlcA), 2-O-sulfated or unsubsti-
tuted (Fig. 1). This structural variability renders heparin an extremely challenging
molecule to characterize and can be responsible for the interaction of heparin with
a wide variety of proteins. The chemical complexity and heterogeneity of this poly-
saccharide can also explain the fact that, despite its widespread medical use, the
structure–activity relationship of heparin is still poorly understood.

We recently reported (34,35) the creation and use of microarrays containing
synthetic heparin oligosaccharides (36). For this purpose, we developed a novel
linker strategy that is compatible with the protecting-group manipulations (37)
required for the synthesis of the highly sulfated oligosaccharides. A series of fully
protected oligosaccharides, such as disaccharide 1, was first synthesized as pente-
nyl glycosides (Fig. 2). 2-(Benzyloxycarbonylamino)-1-ethanethiol was selected
for the radical elongation of the pentenyl moiety by using a catalytic amount of
2,20-azobis(2-methylpropionitrile) (AIBN) at 75 �C. Treatment with lithium hydro-
peroxide and then KOH hydrolyzed the ester groups with simultaneous oxidation
of sulfide into sulfone. Subsequently, the azide groups were transformed into the
corresponding amines via Staudinger reduction. Next, the introduction of the
O- and N-sulfate groups was achieved by treatment with SO3–Py complex. Finally,
global hydrogenolysis afforded disaccharide 6 ready for covalent immobilization
onto commercially available N-hydroxysuccinimide-activated glass slides. When
longer oligosaccharides were synthesized, such as tetra- or hexasaccharides, the
deprotection–sulfation sequence was altered because the reduction of the azide
protecting groups followed by simultaneous O- and N-sulfation afforded a mixture
of partially sulfated sugars. O-sulfation with SO3–Et3N complex in DMF at 55 �C,
followed by Staudinger reduction, and then, N-sulfation using SO3–Py complex in
a mixture triethylamine–pyridine gave the best results and afforded pure sulfated
sequences. Following a similar approach (34,35), a small library of amine-
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Figure 1 General structure of the disaccharide repeating unit of heparin illustrating the
structural variability of this biopolymer.
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functionalized oligosaccharides with different sequence and sulfate patterns was
prepared (Fig. 3).

This linker strategy can also be employed to functionalize oligosaccharides
obtained by our automated solid phase synthesis approach using the octenediol
linker because the sugar is released from the solid support by olefin cross methat-
esis to give the corresponding pentenyl glycoside (13). This point is particularly
important in order to increase the number of synthetic structures and expand
the complexity and utility of the arrays. In addition, the combination of amine-
functionalized glycans with N-hydroxysuccinimide-activated glass surfaces results
in robust and reproducible covalent attachment of carbohydrates without modifi-
cation of standard DNA printing protocols. The best result, that is to say, the high-
est signal-noise ratio was obtained by using CodeLink slides that are coated with a
hydrophilic polymer containing the activated esters (Fig. 4). The three-dimensional
nature of the polymer favors the accessibility of the sugar probes to be detected by
proteins and minimizes nonspecific binding. The utility of these heparin chips was
demonstrated by probing the carbohydrate affinity of several heparin-binding
growth factors, such as acidic and basic FGFs (FGF-1 and FGF-2, respectively),
that are implicated in development and differentiation of several tumors (31).
The microarray experiments allowed for the evaluation of FGF binding to defined
sequences, determining the influence of length and sulfation patterns on carbohy-
drate recognition. The results were in agreement with previously reported data
(25,38). The binding assay involved initial hybridization with the FGF protein
(Fig. 4). After washing away any unbound protein, the heparin array was incu-
bated with rabbit anti-FGF polyclonal antibodies. Finally, incubation with fluores-
cently labeled anti-rabbit secondary antibody detected any bound protein.
Scanning the slide for fluorescence produced images, where FGF binding to
printed oligosaccharide spots was directly observed (Fig. 4). No binding of the
antibodies without FGFs to spots was observed.
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Chondroitin sulfate is a ubiquitous component of the extracellular matrix of
all connective tissues, and is also found on mammalian cell surfaces and in neural
tissues (39). Chondroitin sulfate is a linear copolymer built from dimeric units
composed of GlcA and 2-acetamido-2-deoxy-D-galactose (GalNAc) (Fig. 5).
In the major variants, chondroitin sulfate chains contain monosulfated disaccha-
ride units, at position 4 or 6 of the GalNAc residue. Oversulfated chains are
characterized by the presence of disulfated disaccharides such as GlcA-GalNAc
(4,6-di-OSO3) (40). The sulfate group distribution within this GAG varies with
the source of the polymer, and gives rise to biologically important functions
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intimately related to the position and the number of sulfate groups. These
biological roles range from simple mechanical support functions to cell–cell recog-
nition, brain development and regeneration, or binding to selectins, and many
other proteins that are not completely deciphered at the molecular level (41,42).

The group of Hsieh-Wilson reported (43) the preparation of synthetic chon-
droitin sulfate microarrays and their use to identify a previously unknown
interaction between chondroitin sulfate and tumor necrosis factor-a (TNF-a), a
proinflammatory cytokine involved in numerous diseases, including rheumatoid
arthritis and Crohn’s disease. Chondroitin sulfate molecules displaying different
sulfation sequences were synthesized with an allyl group at the reducing end of
the sugar. This group was functionalized for surface immobilization by a two-step
procedure: ozonolysis followed by treatment with 1,2-bis(aminooxy)ethane Next,
the sugar probes were covalently attached to aldehyde-coated glass slides. The utility
of these chips was validated using antibodies raised against specific sulfation motifs.
The binding assay involved initial hybridization with TNF-a, followed by incubation
with an anti-TNF-a antibody. Finally, incubation with fluorescently labeled second-
ary antibody detected any bound protein. Selective binding of TNF-a to a tetrasac-
charide containing the sequence GlcA-GalNAc(4,6-di-OSO3) was observed on the
microarray. Interestingly, both tetrasaccharide and naturally occurring polysaccha-
ride enriched in this sulfation pattern were able to inhibit the binding of TNF-a to
the cell surface receptor TNFR1 and TNF-a-induced cell death.

Because the chemical synthesis of pure and defined heparin oligosaccharides
is a complex and time-consuming procedure, including multiple derivatization
steps, an alternative approach for microarray fabrication involving the use of nat-
urally derived oligosaccharides is highly attractive. There are several enzymatic
and chemical methods for the isolation of heparin fragments from mammalian
organs (29). The most successful chemical method is depolymerization with nitrous
acid (44) that cleaves heparin chains at either N-unsubstituted or N-sulfated
glucosamine residues, to produce oligosaccharides containing a 2,5-anhydroman-
nose unit at the reducing end. The aldehyde group at position 1 of the 2,5-anhydro-
mannose unit is more reactive than aldehyde groups of reducing sugars because it
is not in equilibrium with unreactive closed ring forms (45). We recently reported
the preparation of microarrays containing heparin sequences derived by nitrous
acid fractionation (46). The increased reactivity of the reducing end allows for
the attachment of these isolated fragments to amine-coated glass surfaces either
by formation of a Schiff base (Fig. 6) or via reductive amination. Fluorescently
labeled heparin was employed as initial probe to test the immobilization reaction.
After extensive washing, the retained fluorescence signal demonstrated that
attached heparin by imine bond formation was stable enough under hybridization
conditions to allow for heparin–protein binding studies. Next, several heparin frag-
ments (octa- and decasaccharides) were obtained by depolymerization of bovine
intestinal heparin and classified according to their affinity to AT-III. AT-III is a
serine protease inhibitor of the blood coagulation cascade that requires heparin
for full activation (30). A characteristic heparin pentasaccharide sequence,
containing the crucial GlcNSO3(3-OSO3) unit, is responsible for the binding to
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AT-III. Therefore, the different affinities of isolated fragments to AT-III respond
to different degrees of pentasaccharide abundance. The heparin sequences were
printed on amine-coated slides to prepare the corresponding heparin chips whose
utility was demonstrated by incubation with proteins such as AT-III, FGF-1, and
FGF-2. Interestingly, the results obtained after AT-III incubation were in agree-
ment with those obtained by using affinity chromatography on AT-III that served
to classify the sequences.

Turnbull et al. (47) described a new and simple approach for the preparation
of heparin microarrays on gold surfaces. The strategy is based on the creation of a
hydrazide-derivatized self-assembled monolayer on a gold surface for efficient
immobilization of oligosaccharide probes via their reducing end (48). This plat-
form was used to assess binding of specific heparin-binding proteins, such as the
growth factor receptor FGFR-2, at very high sensitivity. Isolated decasaccharides
from porcine mucosal heparin as well as mannose oligomers were employed in this
study, demonstrating that the approach can be used with sulfated and nonsulfated
sugars. For the preparation of the naturally derived heparin sequences, both
nitrous acid digestion and bacterial lyase enzyme depolymerization were
employed. The sugars derived from chemical digestion gave generally higher fluo-
rescent signals, due to the presence of a more reactive aldehyde group. For nega-
tively charged molecules such as sulfated oligosaccharides, it is likely that the
probes could be adsorbed nonspecifically onto the positively charged hydrazide
surface. To distinguish whether the sugars were attached by covalent bonds or
by nonspecific physical adsorption, the immobilization of two heparin oligosac-
charides, one of them containing a blocked reducing end by reduction with
NaBH4, was compared. The experiment revealed that the sugars were attached
predominantly by covalent bonds.

One of the biggest problems to use gold surfaces for fluorescence-based
detection experiments is the fluorescence quenching due to the metal surface. This
issue was partially solved by using a long spacer between the gold surface and the
immobilized sugar. Additionally, detection involving three successive protein
layers (the target molecule and two subsequent antibodies) contributes to mini-
mize fluorescence quenching. This glycochip approach provides a great degree of
versatility because the gold surface is compatible with detection techniques, other
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than fluorescence, such as surface plasmon resonance (49) or matrix-assisted laser
desorption ionization mass spectroscopy (50).

IV. Carbohydrate Microarrrays to Detect Pathogens and Viruses

Virtually all cells are surrounded by a layer of proteins and carbohydrates covering
the plasma membrane to protect the cell from the surrounding and to regulate cell
interactions with the environment (1). Many proteins interact with the sugars on
the cell surface mediating cell signaling and cell adhesion. However, various
viruses and bacteria also bear proteins that bind to the target host cell, often initi-
alizing entry into the cell (51,52).

Many bacteria adhere to human cells by binding to sugar moieties on the cell
surfaces. In several cases (e.g., Escherichia coli and Helicobacter pylori), the ability
to bind can define the virulence of a subspecies of microorganisms, as the property
to adhere to humans cells can turn relatively harmless bacteria into hazardous
pathogens causing a broad variety of diseases (9).

The binding of E. coli cells to sugars on microarrays was tested to assess the
carbohydrate-mediated adhesion of bacteria (22). Generally, E. coli species are
relatively harmless, commensal inhabitants of the human gut; however, several
pathogenic subspecies are known causing infections and diarrhea (51). For E. coli,
two main types of virulence factors are known: one is the expression of enterotox-
ins and the second factor is the ability to adhere to human cells, often based on
carbohydrate binding. An example are the urovirulent strains of E. coli that are
able to bind to monomannose residues on uroepithelical cells in the human urinary
tract and cause urinary tract infections in humans (53).

To test the adhesion of E. coli cells to sugars on microarrays (22), a series of
monosaccharides (Fig. 7) bearing an ethanolamine linker was synthesized and
printed onto CodeLink amine-reactive slides in various concentrations. E. coli cells
were fluorescently labeled using permeable, fluorescent cell dyes and incubated on
the microarrays. Unbound cells were washed from the array and the slides were
scanned using a fluorescent microarray scanner. It was shown that E. coli cells of
the strain ORN178 bind specifically to monomannose on the microarray; no bind-
ing was observed to other monosaccharides. E. coli mutants (strain ORN209)
defective in the gene for the adhesion protein (fimbrin H adhesin) did bind poorly
in comparison to the strain ORN178. A decreased signal (sevenfold) was received
for binding to spots of high mannose concentration; no binding could be detected
at spots of low mannose concentration. Therefore, this method allows distinguish-
ing between various E. coli strains and, thereby, to identify virulent strains that can
bind to monomannose on epithelial cell in the urinary tract causing urinary tract
infections.

Using dilution series of E. coli suspensions, the detection limit was deter-
mined. E. coli in concentrations as little as 105–106 cells can be detected using this
technique. The sensitivity of this assay is still lower than the one of other methods
for the identification of bacteria; however, this chip-based technique is much faster
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and the microarray technology is rapidly improving. Inhibition studies showed that
binding can be prohibited using various compounds and analogues. In these
experiments, each 108 E. coli cells were incubated on the slides in presence of
varied concentrations of the inhibitor. Thereby, the IC90 was assayed for the com-
pounds and the best inhibitor was found to be a mannose polymer. This observa-
tion clearly demonstrates the necessity and importance of multivalency in
carbohydrate-mediated cell adhesion.

Further, binding of E. coli present in more complex samples was examined.
E. coli cells were mixed with serum or erythrocytes. The resulting solutions are
mimicking bacteria present in human blood samples. The cells in the mixtures
were harvested by centrifugation, stained, and incubated on the slides. Only bind-
ing of E. coli cells to mannose could be detected. The detection limit for the mix-
tures was again determined using dilution series and the limit was only twofold
reduced in comparison to pure samples.

Bacterial binding to the sugars on the slides couldbe removed specifically, so that
the bound microbes can be applied for further testing. Therefore, microarrays were
incubated withE. coli cells and unbound cells were washed away. An inoculation loop
was scraped over the sugar spots and streaked onto LB plates. After growth of the
plates at 37 �C,E. coli cells could be detected on plates streakedwith inoculation loops
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transferred from mannose spots. This technique has proven to be a powerful tool to
detect pathogens in diagnostic samples (54). It enables to identify pathogenic strains
and allows recovering the detected bacteria for detailed characterization.

Whole influenza viruses have also been shown to bind to carbohydrate micro-
arrays in a preliminary study (24). The observed binding pattern matched with the
previous determined binding preferences. Influenza virus is one of the most danger-
ous infectious pathogens leading to hundred thousands of deaths per year worldwide
(55). In addition, occasional pandemic outbreaks are a fatal threat: About 50 million
people died in the pandemic outbreak of 1918 (56), further pandemics occurred in
1957 and 1968. High mutation rates of the influenza virus and the occurrence of
new influenza strains are major obstacles in fighting influenza. Therefore, a serious
threat is caused by avian influenza strains (57). Avian influenza is now common in
Southeast Asia and is spreading fast. Infected birds have been found in Europe
and Africa. Avian influenza barely infects humans until now and it only transmits
from birds to humans, if humans have very close contact to infected birds. However,
in contrast to human influenza, the death rate for humans infected with avian influ-
enza is exceptionally high. A new influenza strain might arise from recombination of
human and avian or mutation of avian influenza strains alone that is as lethal as
avian and as infectious as human influenza (58–60).

Binding of influenza viruses to the human cell surface is mediated by the hem-
agglutinin (HA) proteins. The attachment initiates the uptake of the virus particle
into the host cell. Influenza HAs bind to carbohydrates bearing sialic acids
(N-acetylneuraminic acid). The human influenza virus HA proteins preferentially
bind to a2–6-linked sialic acids (Fig. 8A) that are found in the upper respiratory
tract of humans. In contrast, avian HA proteins preferentially bind to a2–3-linked
sialic acid (Fig. 8B) (61–63). Glycans of this type occur in the respiratory tract and
intestine of birds. This way, species specificity of the influenza strains is generated
and a barrier exists for avian strains infecting humans, as the sialic acid with an
a2–3 linkage is rare on the cell surface of human epithelial cells in the readily acces-
sible upper respiratory tract (61,64).

To examine the sequence specificity of influenza HAs, Stevens et al. tested
binding preferences of eight recombinant-expressed HA proteins of human and
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avian origin using carbohydrate microarrays (65). HAs of human origin prefer
a2–6-linked sialic acid moieties and avian HA proteins show specificity for a2–3-
linked sialic acid. In addition, this study unraveled the fine details for the binding
specificities of the HA proteins regarding linkages, length of oligosaccharides,
branching patterns, and sugar moieties in the oligosaccharide chains. It became
clear that each HA bears an own, specific binding pattern for oligosaccharides con-
taining sialic acid. It was found that single mutations in the HA protein sequence
can dramatically shift the binding specificity, including changes in the specificity
from a2–3 linkages to a2–6 linkages. These results lead to a better understanding
how binding preferences are generated and how mutations affect the evolution
of new influenza strains, especially with regard to shifts in species specificities.

The finding that each HA protein and each virus has its own glycan-binding
pattern may enable the identification of virus strains through their binding pattern
on carbohydrate microarrays (65,66). Influenza strains are classified based on the
subtypes of HA proteins and neuramidase proteins they bear using identification
techniques that currently require several days. Carbohydrate microarrays are a
promising tool to detect and identify influenza strains by their binding pattern to
carbohydrates and enable to establish a rapid screening platform. This way, influ-
enza strains could be classified easily, reducing time and costs, while new strains
with new binding patterns can be identified. This is of particular aid to detect avian
influenza strains changing their binding specificities from avian carbohydrates
toward human sugar moieties. Such a technique will be of valuable aid monitoring
the propagation and evolution of influenza strains and controlling epidemic
outbreaks.

V. Conclusions

Carbohydrate microarrays have proven to be powerful tools for basic science and
diagnostics. The microarray format enables high-throughput screening and
minimizes the amount of sugar compounds as well as the quantity of binding sam-
ples, lowering cost for experiments and leading to high efficiency. Carbohydrate
microarrays bear a broad application range. Various binding partners can be
tested, including proteins, RNA, enzymes, viruses, and whole cells. Many aspects
of binding can be addressed: binding preferences can be determined, competition
studies enable drug screening, and whole cell binding is of high diagnostic value.

Therefore, carbohydrate microarrays are expected to be of great value
increasing our current knowledge about carbohydrates and sugar functions in
organisms. In addition, carbohydrate microarrays are effective tools for the rapid
detection of microbes in pathological samples and will be of great aid in the rapid
identification and characterization of infectious agents.
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