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1. ABSTRACT

A controversy arose decades ago whether 
the DG42 gene product expressed during frog 
embryogenesis synthesized hyaluronan or chitin. Both 
sets of investigators were correct. It is now possible to 
understand how prescient those findings were. Synthesis 
of a seven to nine chitin sugar chain fragment is required 
before hyaluronan synthesis begins. Thus, DG42 indeed 
synthesizes both hyaluronan and chitin. Hyaluronan turns 
over rapidly in vertebrate tissues, but chitin oligomers 
are difficult to degrade. They accumulate and can cause 
pathology. Chitin is a simple beta-linked repeating sugar 
homopolymer found prominently in the building block 
structures of fungi, molluscs, arthropods, and other 
forms of invertebrate life. It is a highly resistant insoluble 
material requiring chitin synthases for production and 
chitinases for degradation. Mysteriously, chitins and 
chitinases also occur in vertebrate tissues, while it had 
previously been assumed that no chitins were contained 
therein. That assumption is now challenged based on 
recent biochemical evidence. Chitin does accumulate in 
many tissues, but may be particularly toxic to neurons. Its 
accumulation in the brain may account for the cognitive 
decline found in patients with Alzheimer’s disease. 
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The DG42 observations together with the participation 
of chitins and chitinases in several human diseases, 
among which in addition to Alzheimer’s disease include 
Gaucher’s disease, asthma, and aspects of abnormal 
immune recognition justify a reexamination of these 
topics. The purpose of this review is to summarize data 
in order to place chitins and their attendant enzymes in 
a rational framework in an attempt to create a cohesive 
story.

2. INTRODUCTION

In the last decade of the 20th Century, a 
controversy arose as to whether an early gene product in 
frog development synthesized chitin or HA (hyaluronan). 
The product of the DG42 gene expressed during 
gastrulation in developing frog embryos was documented 
to synthesize chitin (1,2). This was surprising because 
it had been assumed up to that time that chitin did not 
occur in vertebrates. Chitin was the exclusive domain of 
fungi, molluscs, arthropods such as crustaceans, insects, 
and spiders, as well as other forms of invertebrates. The 
DG42 gene is expressed during a short interval during 
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embryogenesis of the African clawed frog Xenopus 
laevis. It is detected at mid-blastula, peaks at gastrula, 
and decays by the end of neurulation, the products 
moving as a wave through the embryo (3).

However, other equally valid studies at about 
the same time documented that the DG42 gene product 
expressed HA (4). It turned out subsequently that both 
are correct (5). The basis of this apparent paradox has 
remained an enigma for over two decades. Subsequent 
work has shown that these seemingly contradictory 
observations fit into a reasonable biological story. That 
story is provided here, plus additional items that fit into an 
intriguing and ever-expanding glycobiology landscape.

3. CHITIN

Chitin is a long chain insoluble carbohydrate 
homopolymer consisting of repeating units of N-acetyl 
glucosamine in beta-1, 4 linkages (Figure 1). Chitin is the 
second most abundant molecule in the biosphere, second 
only to cellulose. It occurs as a key structural molecule in 
the exoskeleton of invertebrates and cell walls of fungi. 
Some corals (6), and as unlikely an organism as sea 
anemones (7) also contain chitin. More than 10 gigatons 
(1013 kg) of chitin are synthesized and degraded in the 
biosphere each year (8).

The beta-linkage of chitin is similar to that in 
cellulose. However, one hydroxyl group of each chitin 
monomer is replaced with an acetyl amine group. This 
gives increased hydrogen bonding between adjacent 
polymers and provides vastly increased strength (9). 
The biomedical application of chitin in a variety of fields 
including food technology, material science, microbiology, 
agriculture, wastewater treatment, drug delivery systems, 
tissue engineering, and nanotechnology have recently 
been reported (10,11). Chitosan, a deacetylated form 

of chitin, also has very broad applications, including 
agricultural and biomedical uses (12,13).

Chitin is also an ancient material, appearing 
very early in evolution, occurring in the cell walls of fungi 
including that of the common yeast Saccharomyces 
cerevisiae (14). It is the site of chitin synthesis in 
arthropods, such as crustaceans, spiders and insects. 
The cell wall appears to be a very ancient site of synthesis 
of polymers such as chitin and HA, as discussed below.

However the ER and the Golgi apparatus are 
also very ancient sites of complex sugar synthesis (15). 
This may appear to be counter-intuitive, but the trafficking 
of complex sugars to and from the Golgi was already in 
place by the time of the divergence of the major eukaryotic 
lineages nearly two billion years ago. The synthesis of 
complex sugars was a requirement for the evolution 
of organisms from the very beginning (16). It may be 
that Golgi-derived and plasma membrane synthesized 
polysaccharides evolved simultaneously.

Chitin is ubiquitous in the entire biological 
spectrum, in part due to its unique qualities. It is 
translucent, pliable, resilient, and an amazingly durable 
material. Combined with calcium carbonate, it is an 
extremely strong material, as exemplified by the shells 
of shellfish such as oysters and clams. Chitosan is 
an ingredient of plastics that are biodegradable and 
a substrate for engineering of human tissues by use 
of three-dimensional bioprinting (17). Chitin’s flexibility 
and strength make it useful as a component of surgical 
thread. Because of its biodegradibility, presumably by 
chitinase enzymes, it wears away with time as the wound 
heals (18). Moreover, chitin has unusual properties 
in that it accelerates wound healing (19-21), and also 
has antimicrobial activity (22). Chitin is obviously a 
remarkable material that we are only now beginning to 
understand.

There has been a long-standing assumption 
that vertebrates do not contain chitin. However, there 
is now compelling evidence that chitin is produced 
endogenously in some vertebrates (23). The nucleotide 
sequence and spatial expression pattern of one of the 
zebra fish chitin synthase genes has been reported 
that will be very useful for future studies of its functions. 
Chitin is found in fish, amphibians and also in mammals. 
Thus, there may be additional modes of chitin production 
other than the run of seven to nine sugars that precede 
the onset of HA synthesis, though there is limited 
evidence for this. Chitin found so far in mammals is 
technically these short chain oligomers, which should 
be distinguished from the long chains of chitin found in 
invertebrates and in a few vertebrates. Chitin may have 
roles in normal vertebrate biology, and seems to be 
involved in several important disease processes (23,24) 
as discussed below.

Figure 1. Structure of chitin molecule, demonstrating two N-acetyl 
glucosamine units that repeat forming long chains in a strictly β-1, 
4 linkage.
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4. HYALURONAN

All vertebrate GAGs other than HA are 
synthesized by way of the Golgi apparatus and are 
attached to core proteins. The GAGs and the core 
proteins together constitute proteoglycans. The HA 
molecule is a unique GAG in that it is produced in an 
entirely different manner and is not covalently bound to a 
proteoglycan core protein.

Hyaluronan is a carbohydrate biopolymer 
consisting of alternating units of beta-1, 4 linked N-acetyl 
glucosamine and beta-1, 3 linked glucuronic acid. 
Though the structures and linkages between chitin and 
HA are very similar, they are diametrically opposite in 
physical properties. HA occupies large volumes that 
allow water to flow freely through the molecule and has 
closely associated water as well. It can form gels as in the 
aqueous fluids of the eye, functions as a shock absorber 
in the synovial fluid of joints, protecting against vessel 
compression during fetal delivery by means of Wharton’s 
jelly of the umbilical cord. HA is also prominent during 
fetal development (25), and is the major constituent of 
the matrix of the normal (26) and malignant stem cell 
niche (27).

An impressive number of additional HA 
functions have been described with a vast literature that 
is beyond the scope of this review. The roles in the stem 
cell niche, embryological development, cancer, tissue 
repair, regeneration and wound healing are to list only 
a few. Much of this information can be obtained from the 
website Hyaluronan Today:

Glycoforum: http://www.glycoforum.gr.jp/
science/hyaluronan/hyaluronanE.html

Hyaluronan expression is almost exclusively 
in vertebrates, with the exception of a few pathogenic 
bacteria such as Group A and C Streptococci (28) that 
appear to have stolen it from their hosts. Another singular 
exception is found in Pasteurella multocida (29).

HA emerged relatively late in evolution, appearing 
initially perhaps with the first chordates 450 Mya, in 
the sea squirt, a urochordate in the phylum Chordata. 
Chitin is a far more ancient polymer, with evidence that 
it appeared early in the Precambrian era, 2500 Mya (28). 
The oldest preserved chitin dates to 500 Mya in a sponge, 
the earliest branching organism (30).

5. HYALURONAN SYNTHASES

Hyaluronan is synthesized on the inner surface of 
the plasma membrane of animal cells. The HA-synthases 
are embedded in the plasma membrane (31,32), which 
parallels in many ways, the chitin synthases. The 
HA-synthase family, HAS1, 2, and 3 synthesize the 
HA polymer with strict alternating addition of the two 

sugars. The sugar substrates are uridine diphosphate 
(UDP)-glucuronic acid and UDP-N-acetyl glucosamine 
added sequentially with initiation at the reducing end of 
the growing polymer (33). These enzymes have a high 
degree of sequence homology and are all membrane 
embedded with seven passes on the inner surface of the 
plasma membrane.

The HA product is extruded through the plasma 
membrane into the extracellular space as it is being 
synthesized, permitting unconstrained polymer growth. 
Retention within cell would barely be possible given the 
size of the molecule. Small amounts of HA also occur 
within cells (34), but it is not clear whether such HA is 
synthesized directly or transported back into the cell 
following synthesis.

The three HAS isozymes produce different 
size polymers and are differentially regulated (31,32) by 
transcriptional, translational and post-translational levels 
including alternative splicing, sub-cellular localization and 
epigenetic processes. Most such observations come from 
cell culture experiments. Whether this also occurs in vivo 
has not been thoroughly established. Even though the 
three HA synthase enzymes are located on three different 
chromosomes, they have 50–71% identity, suggesting 
that they arose as a result of gene duplication. They occur 
on 19q13.4., 8q24.1.2 and 16q22.1., respectively. HAS2 
synthesizes a long polymer with a MW of approximately 
2 × 106 Da, and appears to be the critical isozyme. Mice 
with HAS2 gene deletion die at mid-gestation (35), while 
gene deletions of HAS1 and 3 have no effect on fetal 
development.

6. CHITIN MAY BE AN EVOLUTIONARY 
PRECURSOR OF HYALURONAN

It is likely that chitin synthase is an ancestral 
precursor of the HA synthases. It is postulated that the 
plasma membrane location for chitin synthesis that 
subsequently became the site for HA synthesis (36). 
Chitin and HA are both monotonous polymers without 
any post-synthetic modifications. Hyaluronan actually 
resembles chitin more closely than it resembles other 
GAGs.

All other GAGs including chondroitin sulfate, 
keratan sulfate, dermatan sulfate, heparin and heparin 
sulfates are synthesized on the Golgi apparatus. All of 
these GAGs are subject to post-synthetic modifications 
including sulfation and epimerization and other reactions 
in a highly ordered sequence-specific manner. Such 
complex but consistent, enzyme driven, repeating 
patterns of GAG modifications would only be possible 
on a two dimensional grid such as on a Golgi platform. 
Such sugar sequence precision would not be possible 
using a linear one-dimensional mechanism as occurs in 
the synthesis of chitin and HA.
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Simple repeating sugars such as HA and chitin 
are not so constrained. The GAG modifications taking 
place in the Golgi apparatus include the utilization of 
3′-phosphoadenosine 5′-phosphosulfate (PAPs) and its 
synthase. These are used for biochemical transformations 
involving sulfation (37,16). Sulfation within the Golgi 
apparatus has advantages over the inner surface of the 
plasma membrane, which is exposed only to cytoplasmic 
concentrations of this very highly specialized molecule.

Of intriguing interest is the observation that a 
degree of cross talk exists between HA and the Golgi-
derived sulfated GAG’s (38). Whether such cross talk 
extends also to chitin and the sulfated GAG’s will require 
investigation.

7. CHITIN SYNTHASES

Arabidopsis, a small flowering plant of the 
mustard family, is the first plant to have its entire genome 
sequenced (39). Using motifs derived from those studies, 
a beta-sugar synthase superfamily was proposed. From 
this family of inverting nucleotide-diphospho-sugar 
glycosyl transferases that synthesize repeating beta-
glycosyl unit structures, enzymes can be identified that 
include cellulose synthase, chitin synthase, HA synthase, 
and beta-1-3-glucan synthase (40-42). It appears 
therefore that many beta-sugar chain synthases may 
share an ancestral enzyme antecedent, an ancient sugar 
synthase, involved in their biosynthesis.

The biosynthetic machinery specific for 
chitins is highly conserved. These membrane integral 
enzymes catalyze the chitin polymerization reaction. 
Three chitin synthases are involved in the budding yeast 
Saccharomyces cerevisiae each encoded by a separate 
gene. A vast number of arthropod chitin synthases have 
been studied and characterized. These are beyond the 
scope of the current review and have been described 
elsewhere (14,43,44). More recent studies document that 
chitin synthases are not only more broadly distributed 
than had been anticipated, but also have extensive 
diversification (45).

A number of natural products have been 
identified that inhibit chitin synthase activity, most of 
which are antifungal agents (46,47). Structural studies 
however have not been advanced sufficiently so that 
more potent synthetic chitin synthase inhibitors can be 
developed. These would ultimately allow for truly rational 
designs of inhibitors with vast potential in agriculture, 
aquaculture, pesticides, as anti-fungal agents, and with 
many other uses in industry and medicine.

Chitin synthases may exist in vertebrate 
tissues that account for the recently described chitin 
deposition (23). However, these enzymes, other than in 
the zebra fish, if they exist, have not yet been identified. 
Their eventual isolation, characterization, and sequence 

analyses will certainly shed interesting insights into 
vertebrate evolution, as well as their various functions.

The chitin synthase uses a single UDP-sugar, 
while the HA synthases have evolved a bifunctional 
alternating UDP-sugar addition procedure. A structural 
mechanism for the evolution of such a bifunctional 
glycosyltransferase from a monofunctional precursor 
through the addition of an additional peptide has 
been described (48,49). The transition from the chitin 
homosaccharide polymer to the HA disaccharide polymer 
may utilize a comparable mechanism.

The beta-chain sugar polymers function as 
structural entities, and as such, must be resistant to 
degradation. Cellulose and chitin are the prime examples 
of such materials, which together with HA constitute the 
three major β-chain sugar polymers. In marked contrast, 
α-chain polymers are easily digested. They constitute 
sources of energy and energy reserves. Glycogen and 
starch are the ubiquitous materials in this category. They 
are composed of glucose units, but the simple change of a 
beta to an alpha bond constitute this fundamental switch. 
One need only spit, literally, on starch, and degradation 
begins, due to the amylase contained in saliva.

The putative precursor beta-chain sugar 
synthase gene gave rise to the three synthase genes that 
produce chitin, HA, and cellulose. As they become better 
understood, it will be possible to elucidate how the design 
of plant and animal cell wall composition, deposition and 
turnover came about (42). It is remarkable to consider 
that the cellulose of all of the three trillion trees of the 
forests worldwide must be synthesized by individual cells. 
A detailed description of the molecular biosynthesis of 
cellulose is available (50). Intriguingly, appendicularian, 
a tunicate, one of the earliest chordates, synthesizes 
cellulose (51).

Synthesis of sugar polymers may have occurred 
very early in evolution, and probably took place, as they 
do now, on the inner surface of the plasma membranes 
of those primitive cells. The synthesis of complex sugars 
was a requirement for the beginning of evolution of 
the organisms we know today (16), and are the likely 
precursors to the origin of life. The presence of ribose 
and deoxyribose sugar backbones in RNA and DNA 
polymers gives further credence to this hypothesis (52). 
A world of sugar polymers may well have preceded that 
of a DNA- and RNA-world, and was a necessary early 
step in the creation of life on this planet.

8. CHITINASES

Chitinases are the widely expressed hydrolases 
that cleave chitins, and are found in a wide variety of 
organisms. Chitinases have an important role in the 
decomposition of chitins, and potentially in the utilization 
of chitin as a major renewable resource with widespread 
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applications in medicine, agriculture, and industry. Yet, 
they are a relatively neglected family of enzymes. This 
remarkable considering that they are among the key 
enzymes of marine biology Their properties appear to 
be closely related to their biological functions, and have 
evolved widely in relation to those functions. In insects and 
crustaceans, chitinases digest the chitins that facilitate 
molting and other forms of ecdysis. Microorganisms 
produce chitinases in order to digest nutrients. Bacteria 
are one of the major sources of chitinases with enormous 
potential in industrial use.

An example of the potency of chitinases is found 
in the biology of krill. These tiny shrimp-like crustaceans 
congregate in large, dense, swarm-like masses in the 
oceans and are the major food source of baleen whales, 
sea birds, and other predators. When a spoonful of krill 
is warmed to room temperature, they expire, rapidly 
auto-digest, and the solution becomes water-clear, the 
chitin exoskeleton having become completely degraded 
by powerful chitinases. The turnover of the chitins in 
sea creatures amounts to 10 gigatons (1013 kg) per 
year. Without powerful chitinases, the oceans would 
turn murky. Yet, we know virtually nothing about these 
enzymes, so critical for marine biology, for the health of 
the seas, and ultimately, of the planet.

The properties of particular chitinases vary with 
their biological functions, and have evolved widely in 
relation to these functions. This is reflected in their wide 
range of molecular weights, from 30 kDa in plants and 
seaweeds to 120 kDa in mollusks and arthropods. Most 
vertebrate chitinases are members of the glycohydrolase 
18 family of enzymes with an interesting parallel with 
the vertebrate hyaluronidase enzyme family. Vertebrate 
hyaluronidases are globular proteins that encompass a 
large groove or cleft that traverses the entire enzyme. 
They display a classical distorted (alpha/beta)8 triose 
phosphate isomerase (TIM) barrel (53,36). The HA 
substrate fits perfectly within the groove of this barrel. It is 
tempting to assume that chitinases function in a parallel 
manner, that the chitin substrate fits within the groove of 
the chitinase barrel (54).

The family 19 chitinases are primarily from 
plant sources. Members of each family are homologues 
with similar amino acid sequences, but members of the 
two families are quite dissimilar. The plant chitinases 
have a major defensive role. In higher plants (55) and in 
seaweed (56), chitinases are a defense mechanism against 
pathogens, against fungi, and perhaps against insects.

Chitinase enzymes make up 50% of the soluble 
proteins in grapes. Their expression is relatively low 
initially and only begins to increase towards the end 
of the ripening period parallel to the rise of the level of 
sugars. This corresponds to the time when they are most 
vulnerable to fungal attacks (57). Chitinases are thus 
integral to the entire wine making industry.

9. CHITINASES IN VERTEBRATE BIOLOGY

Chitinases have now been identified in 
several vertebrate tissues including fish and mammals. 
The first human chitinase to be characterized was 
chitotriosidase, also known as chitinase 1, chit1, or ChT. 
This redundant nomenclature continues to confound 
the literature. Chitotriosidase has been isolated, cloned, 
and expressed (58,59). The human enzyme is on 
chromosome 1. It is a neutral-acting glycosyl hydrolase 
expressed in monocytes and macrophages (60,61).

Surprisingly, chitotriosidase is one of the 
most abundant proteins secreted by activated 
macrophages (62). This chitinase is expressed not 
only in monocytes/macrophages, but also in monocyte-
derived cells such as Kupffer cells, osteoclasts, and 
dendritic cells (63). This enzyme may have a role in 
innate and acquired immunity as an increase in enzyme 
expression is observed in mature dendritic cells following 
an immune response (63).

A second mammalian chitinase is characterized 
by an acidic isoelectric point and is named acidic 
mammalian chitinase or AMCase (58). In rodents and 
man, this enzyme is abundant in the gastrointestinal 
tract and to a lesser extent in the lung. The extremely 
acidic pH optimum, consistent with its presence in the 
stomach, involves a histidine residue crucial to the active 
site, His187 (64).

Both the chitotriosidase chit1 or ChT, as well as 
AMCase are synthesized as a 50-kDa protein containing 
a 39-kDa N-terminal catalytic domain, a hinge region, and 
a C-terminal chitin-binding domain. In contrast to chit1, 
AMCase is extremely acid stable and has, in addition to a 
neutral pH activity, a distinct second pH optimum around 
pH 2. AMCase is capable of cleaving artificial chitin-like 
substrates as well as crab shell chitin and the chitin in 
fungal cell walls.

The open reading frame predicts a protein 
with a typical chitinase structure, including a signal 
peptide, a highly conserved catalytic domain and 
a chitin-binding domain. Recombinant expression of the 
cloned cDNA demonstrates that the encoded protein 
is secreted and has chitinolytic activity that is sensitive 
to the specific chitinase inhibitor, allosamidin, and that 
it also binds to chitin particles (65). Interestingly, such 
inhibition of chitinase activity promotes atherosclerosis in 
hyperlipidemic mice (66). There is obviously a great deal 
more to be learned about chitinases in human biology as 
will be discussed below.

The mammalian chitinase family 18 thus 
consists of these two members, chitinase-1 (ChT; chit1) 
and the acidic AMCase, and, as mentioned, is an ancient 
glycosyl hydrolase gene family that is widely expressed 
from prokaryotes to eukaryotes.
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A long-standing formulation suggests that 
these enzymes arose because they provide evolutionary 
advantage as a protection against chitin-containing 
parasites and yeast infections (67). If this is correct, it is 
clear that they have many additional activities including 
immunological functions, most of which are unknown.

The evolutionary origin of these chitinases is of 
intrinsic interest considering that in a BLAST search, a 
25% amino acid identity and 45% homology were found 
between the human and yeast chitinases (Saccharomyces 
cerevisiae S288c; NCBI Reference Sequence: 
NP_010659.1.) (A. Csóka, unpublished observations). 
Apparently, we have remnants of ancient yeast sequences 
contained in our genomes. This is possibly convergent 
evolution, or perhaps snippets of DNA were borrowed and 
incorporated into our own genome.

There have been very few studies on chitinases 
in lower animals. In one study, the first in an invertebrate, 
a single chitotriosidase-like gene from the amphioxus 
Branchiostoma japonicum was identified. This chitinase 
also consists of a signal peptide, a catalytic domain, a 
linker region and a chitin-binding domain. Sequence 
analysis shows that it is the common ancestor of both 
ChTs and AMCases, implicating that the two chitinases 
evolved from ancient gene duplication (68). This event 
may have occurred at about the time that HA emerged 
in evolution, as it separated from a probable chitin 
precursor. If so, it was a busy era.

Parallels have also been established between 
the processing of the predominant somatic hyaluronidase, 
HYAL1, and a chitinase. They are synthesized as 45 
and 50 kDa proteins, respectively. This hyaluronidase 
and the chitinases exist as larger proteins, while 
lysosomes contain the 39 kDa proteolytically processed 
enzymes (69,70). Both size proteins are enzymatically 
active, so they do not represent inactive precursor 
zymogens and active enzyme products. The HYAL1 has 
an internal peptide of 25 amino acids that is removed 
requiring two separate proteolytic cleavage reactions. 
The two resulting fragments are presumably linked by 
disulfide bonds in order to maintain structure (69). It is 
tempting to invoke a similar scenario for the chitinase 
enzyme. The synthesis, sorting, and processing of human 
macrophage chitinase has been accomplished resulting 
in resolution of these various isoforms (70).

Many enzymes can be forced to catalyze the 
reverse of the normal reaction, by supplying an excess 
of the product, following the law of mass action. This 
is especially the case for hydrolytic enzymes that can 
synthesize polymers based on the monomers supplied. 
This may be a source of the chitins in vertebrate tissues, 
especially where chitinases occur. This is a major proviso 
and an additional explanation for the presence of chitins 
in vertebrates.

10. CHITINASE-LIKE PROTEINS, THE 
CHITIN-LECTINS

In humans, a number of chitinase-like proteins 
(CLPs) have been identified. Their functions are only 
beginning to be elucidated. Prominent among these is 
YKL-40, which has a major role in inflammation, tissue 
remodeling, and injury (17). Chitinases with enzymatic 
activity have a chitin-binding domain containing six 
cysteine residues responsible for chitin binding. In 
contrast, CLPs do not contain such chitin-binding 
domains, but still continue to bind to chitin with high 
affinity.

Following the gene duplication event described 
above, further duplication events occurred, followed by 
mutations leading to loss of chitinase activity, thereby 
allowing for the evolution of chitinase-lectins (64). 
A great number of studies have been performed 
describing their expression and differential regulation 
during specific immunologic reactions. Widespread 
gene specialization has occurred allowing for tissue-
specific expression of chitinases and chitinase-lectins. 
To complicate this scenario, the profile of these proteins 
varies among different mammals suggesting relatively 
recent evolutionary events. This may explain why the 
mouse model for asthma is not relevant to the human 
disorder. Why are chitinases and CLPs such evolutionary 
hot spots?

It is evident that their function is crucial in 
bacterial infections and inflammatory diseases as well 
as in immune response regulation (71). This holds great 
promise for future research and applications.

11. CHITINASES AS BIOMARKERS FOR 
HUMAN DISEASE

Human chitinases and CLPs have been identified 
recently as biomarkers for several human diseases. ChT 
occurs in several lysosomal lipid storage diseases, the 
most prominent among which is Gaucher’s disease, as 
reviewed below. The enzyme also occurs in sarcoidosis, 
and is used as a marker for disease severity (72). 
Sarcoidosis is a multisystemic disorder of unknown origin 
marked by wide spread granulomas. ChT also plays a 
pivotal role in the context of several infectious diseases 
including malaria (73) and fungal infections. It is also 
involved in such disparate disorders as thalassemia (74) 
and visceral Leishmaniasis (75).

Monitoring enzyme activity in these disorders as 
a diagnostic tool during progression, and as a marker for 
therapeutic response requires sensitive enzyme assays. 
However, quantification is complicated by chitin substrate 
inhibition. Such inhibition of ChT by substrate can now 
be attributed in part to an attendant transglycosylation 
reaction (76). It would be of intrinsic interest to establish 
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whether this parallels the transglycosyation reaction 
characteristic of the hyaluronidases (77,78).

The AmCase enzyme is associated with the 
pathogenesis of asthma, and has been explored in 
a mouse model. Inhibition of AmCase alleviates the 
disorder and its inflammatory-driven pathology (58,79). 
However, it is critical to point out, as aforementioned, 
major differences in chemokine response profiles and 
recent evolutionary tissue-specific chitinase mutations 
between mice and humans, and in particular, between 
their myeloid cells (80).

Studies of spatial and temporal expression 
patterns of chitinase genes in the developing zebra 
fish reveal six chitinases and chitinase-like proteins, all 
members of the glycoside hydrolase family 18. Elucidating 
the functions of each of these proteins promises to be a 
potent tool for future analyses of their various functions 
and may provide insight into their participation in human 
disease (81,82)

12. GAUCHER’S DISEASE

Gaucher’s disease is an inherited disorder 
of glucocerebroside metabolism, a prototypical 
lysosomal storage disease. The disorder results in 
widespread accumulation of macrophages engorged 
with predominantly lysosomal glucocerebroside. This 
results in enlargement of liver and spleen, the usual 
presenting physical findings. Other tissues with a large 
presence of cells from the monocyte lineage are also 
predominantly affected such as in bone marrow and the 
lungs. Other presenting complaints can include joint pain 
and skeletal weakness with avascular osteonecrosis. 
Patients also have easy bruising, fatigue, anemia, and 
mild thrombocytopenia. However, severity of symptoms 
varies widely between patients.

The disorder is attributed to a mutation on 
chromosome 1 (1q22), and affects men and women 
equally. The disease is caused by defect in a housekeeping 
gene product, lysosomal glucocerebrosidase, also 
called beta-glucosidase, and is the most common of the 
lysosomal storage diseases. This enzyme catalyzes the 
breakdown of glucosylceramide. The waste products 
from defective breakdown are taken up by macrophages, 
which are unable to degrade them further. These cells 
become bloated with undigested material, turning them 
into foamy Gaucher cells. The intracellular material has 
the appearance of crumpled tissue paper.

An inexplicable observation is that patients 
with Gaucher’s disease have a 1,000- fold increase 
in circulating levels of ChT. The activity is used 
as a disease marker and in clinical management 
of the disorder (64,83,84). Why there is this 
association between beta-glucosidase expression (or 

glucocerebrosidase) and ChT is a mystery. Some of 
this enigma might be explored in cultured monocytes 
isolated from the blood stream of Gaucher’s disease 
patients. Do they synthesize chitinase in addition to 
the defective glycocerebrosidase? Is there cross talk 
between expression of the two proteins? Do these cells 
synthesize chitins? How do these parameters compare 
to monocytes obtained from Gaucher’s disease gene 
carriers and from normal control patients?

13. CHITIN OLIGOMERS AT THE INITIATION 
SITE OF HYALURONAN SYNTHESIS

Hyaluronan, as a probable evolutionary 
descendant of chitin, utilizes the chitin platform apparently 
for its own synthesis. The non-reducing ends of HA 
polymers contain seven to nine N-acetyl-glucosamine 
residues. These function as primers for the subsequent 
activity of the HA synthase enzymes (85,86).

However, it should be pointed out that under 
these in vitro conditions, chitin oligosaccharides are 
found at the non-reducing end of the growing HA chain 
only when the enzyme is deprived of UDP-glucuronic 
acid, and is not found under normal cellular conditions.

Another feature of this model is that the initiating 
chitin oligosaccharide, with its inability to attract water, can 
act as a stiff needle that pierces itself through the plasma 
membrane, creating a pathway for the voluminously 
hydrated HA molecule to follow. The initial chitin needle 
can facilitate the subsequent passage of the attached 
flexible HA thread through the plasma membrane and 
its exit from inside the cell into the extracellular matrix. 
There may be considerable accuracy in this needle and 
thread analogy.

Hyaluronan turns over very rapidly in vertebrate 
tissues as a result of the hyaluronidase family of enzymes. 
These are extremely efficient enzymes with catalytic 
rates one log greater than conventional vertebrate 
enzymes (36). The HA components of the initiating HA 
chains are easily degraded by hyaluronidases, but the 
small chitin oligomers at the origins of the lengthy HA 
chains presumably remain relatively intact. Vertebrate 
chitinases exist, but are sparse and far less active. 
With time, chitin oligomers can accumulate, among the 
processes that may occur with aging. Most tissues can 
withstand such buildup of chitin fragments, but they may 
be particularly toxic to neurons. Such toxicity has been 
documented in vitro, in neuron cell cultures (87). The 
presence of chitin fragments in Alzheimer disease brains 
has now been documented (88-90). Such chitinous 
deposits are present in the brains of a sporadic form of 
Alzheimer’s disease, but not in the more rare familial 
form. The putative toxicity of these chitin fragments in the 
brain may contribute to the dementia that characterizes 
Alzheimer’s disease patients.
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14. THE HYALURONAN VERSUS CHITIN 
PRODUCTS OF DG42 DICHOTOMY RESOLVED

The wave of DG42 activity that occurs during frog 
embryogenesis between mid-blastula and neurulation 
may be a reflection of copious synthesis of HA. It is more 
difficult to initiate new chains than to extend existing chains 
of HA. The DG42 activity may reflect enormous amounts 
of new HA chain initiation. As discussed, these chitin 
chains begin as a run of seven to nine monosaccharide 
sugars, before the disaccharide HA chain synthesis is 
initiated. The experiments that documented either chitin 
or HA synthesis are both correct. Depending on how the 
experiments were constructed, it was possible to identify 
either a burst of chitin synthesis (1) or of HA synthesis (4) 
with equal validity (5).

A similar phenomenon might be observed in 
developing zebra fish embryos (2,81). Details of such 
a chemical chimeric switch could now be analyzed in 
greater detail in this more tractable system.

15. CHITIN, CHITINASES, AND CHITINASE-
LIKE PROTEINS IN IMMUNE RECOGNITION 
AND IN MALIGNANCY

Chitinases and CLPs are well conserved 
among all vertebrates and appear to be involved in 
immune recognition (82). Though chitin oligomers occur 
in vertebrate tissues, it is the longer chitinous chains 
that may be the objects of immune recognition; another 
example of size-dependent functions of these simplest 
of homopolymers (91). The degradation of the longer 
chains is mediated by immune-recognition, followed by 
a complex series of steps in immune-stimulation that 
precedes the degradation by chitinases. Both chitinases 
and CLP’s are involved in the process. As is often the 
case in immune-recognition, the reaction can be overly 
zealous, and may in itself produce pathology.

An excellent overview of the interplay between 
chitin, immune-recognition, chitinases, CLP’s and 
human pathology involving asthma, bacterial infections, 
exposure to chitinous parasites, and even cancer 
signaling was provided recently (82). The biomedical 
applications of chitin and chitinases in a variety of fields, 
including food technology, material science, microbiology, 
agriculture, wastewater treatment, drug delivery systems, 
tissue engineering, and nanotechnology have also been 
reported (10,11).

A consistent observation is that some 
chitins and chitin-containing glycans are expressed 
in cancer cells that do not occur in normal cells. They 
are associated with metastasis and poor prognosis in 
many cancers (92). Sulfated derivatives of chitin have 
the ability to inhibit tumor progression and metastatic 
spread (93,94). Sulfated HA derivatives have similar 

properties (95). These observations could be the basis 
for formulating new chemotherapeutic drugs.

16. CHITIN IN ALZHEIMER’S DISEASE

Alzheimer’s disease is a fatal neurodegenerative 
disease that begins with subtle memory impairment, and 
progresses to dementia and complete debilitation. It is the 
most common of the senile dementias. The distinct brain 
lesions include neurofibrillary tangles within neuronal 
cells and senile plaques outside of cells, referred to by 
Pathologists as “spaghetti and meatballs”.

The amyloid plaques of Alzheimer’s disease 
have been shown to contain chitin (87-89). Such deposits 
are present in sporadic cases of Alzheimer’s disease but 
not in familial cases.

In cell culture studies, incubation of neuronal 
cell lines with the sugar that comprises chitin, GlcNAc 
and its precursor UDP-GlcNAc induces significant cell 
death. Similar results are obtained with primary cultures 
of hippocampal neurons and in hippocampal slices. The 
accumulation of chitin-like oligomers in such cultures and 
tissue slices has been confirmed. Phagocytosis of the 
chitin chains by microglia is also observed (89).

A testable hypothesis would suggest that the 
small run of N-acetyl glucosamine residues, or minute 
chitin-like fragments that precede starts of new HA chains 
accumulate in the vertebrate body. The HA turns over 
rapidly, secondary to the action of the potent somatic 
hyaluronidases (36). However, the initiating chitin 
fragments may accumulate. They are tolerated in much 
of the body, but may be toxic to neurons. Accumulation 
continues over years and eventually may trigger the 
cognitive decline that characterizes Alzheimer’s disease 
patients. The onset however must certainly occur years 
before there are actual changes in mental status.

The important over-arching theme here is 
that the initiating chitin oligomers accumulate because 
they are difficult to degrade. They persist and may be 
particularly toxic to neurons, the possible basis of several 
degenerative neuronal disorders, particularly Alzheimer’s 
disease.

Addition evidence that supports the role of 
chitins in Alzheimer’s disease, are the observations 
that both chitotriosidase and the chitin-binding protein, 
YKL-40, are elevated on the cerebrospinal fluid of 
Alzheimer’s disease patients (96,97). Also, plasma 
level of chitinase 3-like 1 (CH3L1) protein increases in 
patients with Alzheimer’s disease (98).

A recent caveat in our understanding of the role 
of chitin in Alzheimer’s disease is the documentation of 
fungal infections. Proteomic analysis provides evidence 
for the existence of fungal proteins in brain samples from 
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Alzheimer’s disease patients, but not in control samples. 
PCR analysis reveals a variety of fungal species are 
involved (99). Fungal proteins and DNA were found in 
the brains and neurovascular tissue of all eleven AD 
patients examined and none in control patients (100). 
Thus an alternative explanation for the presence of chitin 
in AD is that there is an exogenous source in the form 
of fungal infections. These studies are further confirmed 
by direct visualization using a variety of anti-fungal 
antibodies (101). This exogenous source provides an 
alternate explanation for chitins in the brains of patients 
with Alzheimer’s disease.

17. INITIATION OF ALL SUGAR POLYMERS; 
POSSIBLE PARALLELS WITH GLYCOGEN’S 
GLYCOGENIN

Glycogenin is a protein involved in the initiation of 
new glycogen chains. It is relatively easy to elongate existing 
chains of glycogen, but very difficult to initiate the synthesis 
de novo of new glycogen molecules. To accomplish the 
task of initiating new chains, a protein termed glycogenin 
is utilized, particularly abundant in tissues with dense 
concentrations of glycogen deposition such as muscle and 
liver (102). One glycogenin molecule is covalently bound to 
each mature molecule of glycogen. Glycogenin initiates the 
first step in the synthesis of glycogen by self- glycosylation 
of short eight to 12 glucose residues. Glucose is covalently 
bound to a tyrosine in the glycogenin protein, the initiation 
site of this self-glycosylation reaction (103). After this 
initiating reaction, glycogen synthase extends this sugar 
primer to form, together with the branchng enzymes, the 
glycogen molecule (104,105).

The short run of glucose residues bears a 
remarkable and striking parallel with the chitin sugars 
that precede HA synthesis. This may represent a general 
biological phenomenon overlooked heretofore, that 
polymer sugars have a common theme in the initiation 
of their synthesis, the use of a unique class of jump-start 
proteins, the “genins”.

A deficiency of glycogenin has been reported in 
patients resulting in a depletion of glycogen (106, 107), 
the polar opposite of a glycogen storage disease. It is 
a glycogen deficiency disease, a new class of human 
genetic disorders.

The hypothesis promulgated here is that all 
sugar homopolymers, whether of the alpha- or beta-
variety, are easy to elongate, but difficult to initiate. They 
may all parallel the glycogenin strategy in their initiation. 
Perhaps there is a protein involved in the initiation 
of chitin synthesis that is yet to be discovered. This 
putative protein could be named “chitinogenin”. A parallel 
molecule might exist for the initiation of HA that could be 
dubbed “hyaluronogenin”. A further testable assumption 
might be that there is a high degree of homology 

between chitinogenin and hyaluronogenin, products of 
ancient gene duplication. Presumably, in parallel with the 
glycogenin strategy, there is the attachment of a single 
N-acetylglucosamine to a hydroxyl group of an amino 
acid within such initiator proteins. Several such sugars 
are then added, a probable run of seven to nine sugars, 
before the synthases take over to extend these chains.

If such a scenario does hold, it would be possible 
to determine whether even chitin synthesis in yeast follows 
this pattern, and whether there are sequence homologies 
between the putative chitinous glycogenin-like molecule 
in yeast, arthropods, insects and vertebrates. This is 
given credence by the observation that mammalian, 
bacterial and yeast glycogen synthases all use this self-
glycosylating glycogenin primer (108).

It would also be of intrinsic interest to establish 
whether cellulose follows such a pattern, and that a 
putative protein initiates cellulose polymer synthesis, 
“cellulogenin”. The one for pectin would be termed 
“pectinogenin” if indeed this were a universal mechanism 
for the initiation of long sugar chain synthesis in plants 
and animals. The vast variety of plant gum and resin 
polymers could follow a similar mode of initiation. This 
has enormous bio-industrial and commercial potential.

18. A JEWISH CONNECTION

Gaucher’s disease occurs in the Ashkenazi 
Jewish population at a rate 100 times that in the general 
population, one in 400 births as opposed to one in 
40,000 births. The recessive gene exists in that Jewish 
population at a much greater incidence. The Hardy-
Weinberg law of genetics estimates that nearly 10% 
of Ashkenazi Jews are carriers of the recessive gene 
for Gaucher’s disease. The levels of chitinase activity 
in carriers of Gaucher’s disease should be made, to 
document that this carrier population has a higher level of 
circulating chitinase. Such activity would be available for 
the digestion of toxic chitin oligomers and for a generally 
decreased level of chitin-induced neuronal toxicity and 
the attendant progressive dementia.

It would be important to establish whether the 
heterozygote carriers of the Gaucher’s disease gene 
have a lower incidence of Alzheimer’s disease compared 
to age-matched controls. If such a difference could be 
documented, it would justify using human recombinant 
chitinase as a treatment modality for Alzheimer’s 
disease, particularly in its early stages. Alternatively, 
autologous tissue transplantation following chitinase 
gene transfection could be considered.

19. CONCLUSION

As shown here, chitins, chitin-binding proteins, 
chitinases, chitinase-lectins, and perhaps even chitin 
synthases have fundamental roles in a variety of 
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vertebrate systems. Their ubiquitous presence suggests 
they have functions that are more complex and far more 
diverse than previously realized. A chitin synthase gene 
should be identified in the genome of some vertebrates. 
Do human chitinases have hyaluronidase activity? Can 
experiments with cultures of isolated human monocytes 
from Gaucher’s disease patients elucidate the interactions 
between cerebroside and chitinase expression? Do 
Gaucher’s cells synthesize increased levels of chitins, or 
HA, or both? Further documentation that accumulation 
of chitin fragments may contribute to the dementia of 
Alzheimer’s disease is urgently needed. And finally, the 
possibility of a chitinase treatment for the disease is of the 
utmost importance. An over-arching biological scheme 
for chitins and chitin-related enzymes and proteins in 
vertebrate biology remains to be formulated. Obviously, 
much interesting research lies ahead.
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