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Abstract. The enzyme chitotriosidase (ChT), the human
analogue of chitinases from non-vertebrate species, is one
of the most abundant and indicative proteins secreted by
activated macrophages. Its enzymatic activity is elevated
in serum of patients suffering from Gaucher’s disease
type 1 and in some other inherited lysosomal storage dis-
orders, as well as in diseases in which macrophages are
activated. The last decade has witnessed the appearance

of a substantial number of studies attempting to unravel
its cellular functions, which have yet not been fully de-
fined. A great deal of progress has been made in the study
of the physiological roles of ChT. This review is looks at
the key areas of investigations addressed to further illu-
minate whether ChT activation might have different func-
tional meanings in various diseases.
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Introduction

Human chitotriosidase (ChT) is a member of the chi-
tinase family and has the capability to hydrolyze chitin.
Over the last decade, because of'its clinical relavance, the
enzyme ChT has received quite a lot of attention. In par-
ticular, it is a valuable diagnostic tool for monitoring the
efficacy of therapy in Gaucher’s disease (GD) or p-glu-
cocerebrosidase deficiency [1]. More modest elevations
in plasma ChT have been noted in some other inherited
lysosomal storage disorders, especially sphingolipido-
ses such as Niemann Pick [2], GM1-gangliosidosis, and
Krabbe’s disease [3, 4]. In addition, it has been found
that serum ChT activity is significantly increased in in-
dividuals suffering from atherosclerosis and is related to
the severity of the atherosclerotic lesion, suggesting a
possible role as an atherosclerotic extent marker [5-7].
Moreover, ChT is increased in patients suffering from
malaria and in other hematological disorders where ac-
tivated macrophages are involved [8, 9]. Novel findings
indicate that ChT can also be regarded as an important

player during the immunological response [10-12] and
in other diseases in which the inflammatory processes
play a relevant role [13—15]. Recombinant ChT has been
found to inhibit hyphal growth of chitin-containing fungi,
suggesting a physiological role in defense against chitin-
containing pathogens [16, 17]. In this article, we enumer-
ate the diseases with increased activity of ChT, although
the list is not exhaustive, and seek to summarize what is
known about ChT induction, and its physiological role in
specific human diseases.

Structure of human ChT

ChT was the first discovered human analogue of chitin-
ases. It belongs to the family 18 of glycosyl hydrolases
[18, 19], and has the capability to hydrolyze chitin. Chitin
is a glycopolymer of 3-(1,4)-linked N-acetylglucosamine
present as a structural component in the coating of many
living species, such as the cell wall of fungi [20], the
sheath of nematodes [21], and protozoan parasites [22],
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Figure 1. Genomic structure. ChT gene is composed of 12 exons and spans about 20 kb of genomic DNA. Exon 1 was defined as contain-
ing the first nucleotide of the longest chitotriosidase cDNA. The sizes of the exons range from 30 to 461 bp. The 71-bp exon 11 can be
alternatively spliced. This exon is usually skipped in the splicing process, generating the predominant mRNA species encoding the 50-kDa
protein stored in the granules of neutrophilic granulocyte progenitors. Exon 11 introduces a premature stop codon; the alternatively spliced
mRNA encodes a 40-kDa ChT that is almost identical to the 39-kDa isoform generated by proteolytic processing of the 50-kDa ChT. The
39-kDa isoform is formed as the result of a lack of exon 11 skipping and accumulates in lysosomes of macrophages.

and in the gut lining of many insects [23]. Human ChT
exhibits a remarkable sequence homology with other chi-
tinases from viruses [22], plants, bacteria, fungi, nema-
todes and insects [18, 19]. The ChT gene is localized in
chromosome 1q31-q32 [24]; ChT consists of 12 exons
and spans approximately 20 kb of genomic DNA [19]
(Fig. 1).

In human tissue ChT is heterogencous with respect to
its isoelectric point (p/) and molecular mass. The major
isoform shows a molecular mass of 50 kDa and a het-
erogeneous p/ of 5.0-7.2, this isoform contains the C-
terminal chitin-binding domain and is synthesized by
neutrophilic granulocyte progenitors and stored in their
granules [19, 25] (Fig. 1). The cloning of its cDNA from
a macrophage library showed that the 50-kDa form can
be converted to a C-terminally truncated 39-kDa isoform
post-translationally or by RNA processing [16, 26]; this
truncated isoform has a pl of 8.1 [26] and accumulates
in the lysosomes [27] (Fig. 1). It has recently been noted
that the C-terminal domain of 50-kDa ChT mediates a
strong binding of this enzyme to chitin, enabling it not
only to cleave chitotriose but also hydrolyzes colloidal
chitin to yield chitobiose, a feature that is not shown by
the 39-kDa isoform [27]. The N termini of both isoforms
are identical as disclosed by the cloned ChT cDNA.

The crystal structures of human ChT described by Fu-
setti and coworkers [28] have provided further clues for
understanding the possible functions of the protein. The
structure reveals that a long cleft runs across one face
of the protein and that this cleft is lined with solvent-

exposed aromatic residues [28]. Binding experiments in
which a complex of ChT with the chito-oligosaccharide
N-acetylglucosamine-2 (NAG2) was created, followed by
modeling of a longer chito-oligosaccharide, revealed that
the active sites were able to accommodate longer chitin
polymers, which agrees with its ability to degrade vari-
ous forms of polymeric chitin [28]. The ability to bind
long chitin polymers and the relatively open active site
architecture implies that this enzyme functions as an en-
dochitinase rather than an exochitinase [28].

Other human members of the chitinase protein family
have been identified: oviductin (human oviduct-spe-
cific glycoprotein) [29], human cartilage glycoprotein
39 (HCgp-39/YKL40) [30], YKL39 [31], and TSA 1902
[32]. Although significant homology was observed be-
tween the four human chitinases, glycosyl hydrolase
activity has only been identified in ChT. These human
chitinases lack the catalytic acidic amino acid residues.
The biological function of this family has not been fully
elucidated. It has been suggested that they might have a
role in a tissue-remodeling processes [30], or chemotaxis
[33, 34].

Another mammalian chitinase, named acidic mammalian
chitinases (AMCase) [17], is characterized by an acidic
p/ and extreme stability at acid pH [35]. AMCase is rela-
tively abundant in the gastrointestinal tract and lung, sup-
porting a possible role as a food processor in stomach and
its involvement in lung inflammation [17, 35]. This pro-
tein has 52% sequence identity with the human macro-
phage chitinase and also contains the additional o/f3 folds
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[17]. Given the different expression patterns and the fact
that this additional mammalian chitinase has a pH opti-
mum of around 2, it is likely that it plays a different role
compared with its human analogue ChT.

ChT and GD

GD is an autosomal recessive inherited lysosomal dis-
order. It is characterized biochemically by a deficiency
of the lysosomal enzyme f-glucosidase (glucocerebrosi-
dase), which is responsible for the cleavage of S-glycoside
bonds resulting in glucose and ceramide residues [36].
Deficiency of this enzyme leads to the accumulation of
glucocerebrosides in the lysosomes of some cells, re-
ferred as Gaucher’s cells [36, 37].

The disease can be classified into three clinical types.
Type 1, the most common, is the chronic non-neuropathic
form of the disease, which shows highly variable signs
and symptoms and a variable course, with visceral and
skeletal involvement. Accumulation of lipid-laden mac-
rophages (Gaucher’s cells) in the affected individuals
causes the development of hepatosplenomegaly, bone le-
sions and, occasionally, neurological abnormalities [36].
Biochemical abnormalities secondary to bone or visceral
involvement are common in patients with GD. Thus,
regular assessment of biochemical variables is valuable
in monitoring both the course of the disease and the re-
sponse to treatment. The most prominent biochemical
abnormality is the elevation of plasma ChT [1]. Hollak
and coworkers in the 1994 first reported that ChT activ-
ity was strikingly elevated in plasma samples of untreated
type 1 GD patients. The increased plasma level of this en-
zyme was studied in relation with other markers such as
B3-hexosaminidase, angiotensin converting enzyme, and
lysozyme [1]. These investigators found a slight elevation
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in ChT activity even in asymptomatic glucocerebrosi-
dase-deficient individuals. Enzyme-replacement therapy
administrating purified placental glucocerebrosidase has
proven to be effective in improving the clinical and hema-
tological parameters of GD patients. In a subsequent study
Hollak and coworkers [38] proposed that a reduction in
ChT activity of less than 15% after 12 months of enzyme-
replacement therapy, in combination with an insufficient
response of at least one clinical parameter, should suggest
a dose increase. Therefore, ChT is a useful marker for
monitoring GD patients for its correlation with disease
burden and its sensitivity to treatment. The rapid decline
in ChT levels after the start of enzyme supplementation
therapy, preceding objective clinical improvement, indi-
cates that the production of ChT is not a simple function
of the number of lipid-laden macrophages, but may re-
flect a particular state of activation of macrophages lead-
ing to an excessive production of ChT. Thus, the decrease
in ChT activity during administration of glucocerebro-
sidase may cause an alteration in this state rather than
a decrease in ‘Gaucher’s cell’ mass. Interestingly, ChT
is a marker that does not overlap between patients and
controls [38]. A drawback in the use of ChT as a marker
of GD, however, is that 3—5% of individuals in the general
population have no activity due to the presence of a null
allele in the ChT gene [16].

ChT polymorphism

A recessive inherited deficiency in ChT activity is fre-
quently encountered in different ethnic groups. The de-
fect consists of 24-bp duplication in exon 10 that acti-
vates a cryptic 39 splice site in the same exon, generating
an abnormally spliced mRNA with an in-frame deletion
of 87 nucleotides (Fig. 2). The spliced mRNA encodes

—— —E——

Mutant
48 pb

}

—— | ———

Figure 2. Defect in ChT mRNA in ChT-deficient individuals. Upper panel: Normal ChT gene; lower panel: difference in the mutant ChT
gene. The mutant gene contains 24-bp duplication in exon 10. The arrows indicate the 24-bp fragment in the normal gene and the 48-bp

fragment in the mutant gene.
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Table 1. Frequencies of wild-type and mutant alleles in different ethnic groups.
Population Genotype Reference
Wild type Heterozygote mutant Homozygote mutant
Dutch 58.5% 35.1% 6.4% [16]
Ashkenazi Jewish 60.3% 33.8% 5.9% [16]
Portuguese 60.0% 37.3% 2.7% [39]
Spanish 54.3% 39.6% 6.03% [71
Sicilian 51.01% 44.54% 5.45% [42]
Sardinian 65.56% 32.71% 3.73% [42]
Benin 100% 0% 0% [42]
Burkina Faso 98% 2% 0% [42]

an enzymatically inactive protein that lacks an internal
stretch of 29 amino acids [16] (Fig. 2). This ChT mutant
allele has been found in 33-35% of Ashkenazi Jewish
and Dutch individuals, respectively, whereas both popu-
lations were about 6% homozygous for this allele [16].
Additional studies performed in a Portuguese population
confirmed that approximately 6% and 40% of the gen-
eral population are homozygous and heterozygous, re-
spectively, for this ChT activity deficiency (Table 1) [39].
The multi-ethnic occurrence and prevalence of ChT gene
mutation suggested that the enzyme is redundant in man,
and that this mutation is relatively ancient in the evolu-
tion. In the subjects having the mutant allele, the activity
of ChT is undetectable in all materials tested including
plasma, urine, leukocytes, and tissues [4, 16], indicat-
ing that this mutation is the predominant cause of ChT
deficiency [16]. According to the relationship between
genotype and phenotype, ChT deficiency in humans ap-
pears as an autosomal incompletely dominant disorder,
with no activity in homozygous subjects for the defective
allele and approximately half-normal activities in hetero-
zygous subjects. Cultured macrophages of ChT-deficient
individuals contain very little mRNA and secrete almost
no ChT protein.

Studies of the ChT structure have contributed to clarify-
ing why deletion of this region inactivates the enzyme. In
the inactive enzyme residues Val344—GIn372 are miss-
ing; these residues correspond to the C-terminal half of
helix o7, the entire strand 38, and almost the entire 8-o8
loop [28]. The internal deletion preventing the formation
of aproper TIM-barrel conformation produces a mutant
protein showing no chitinolitic activity [16]. Interestingly,
Trp358, which lies at the end of strand f38, is completely
conserved in all active family 18 chitinases [28]. Inspec-
tion of chitinase structures in complex with chito-oligo-
saccharides [40, 41] shows that this tryptophan serves as
an ‘anvil’ onto which the sugar at the -1 position is pressed,
whereas specific hydrogen bonds with other residues may
force the sugar into the boat conformation required for
the attack of the N-acetyl group on the anomeric carbon
[40]. Thus, deletion of Trp358 could in itself further lead
a completely inactive enzyme [28].

Could susceptibility to parasitic disease be dependent
on the ChT allele composition?

A high incidence of ChT gene mutation was also found
in other study carried out in some ethnic groups from
the Mediterranean area [42]. In these findings, a hetero-
zygote frequency for the duplication of 24 base pairs in
exon 10 of 44-54% in Sicily and 32.71% in Sardinia was
found, whereas corresponding values for homozygous
ChT deficiency were 5.45% and 3.73%, respectively. In
contrast, in African subjects from Benin and in Burkina
Faso, a low incidence of ChT mutation was found (het-
erozygous 0% and 2%, respectively) and no subject was
homozygous for ChT deficiency [42].

The low incidence of heterozygotes for ChT-mutated al-
lele in African subjects suggested the hypothesis that the
persistence of parasitic diseases could have favored the
maintenance of the wild-type ChT gene in sub-Saharan
regions. In fact, the subjects bearing the mutant allele ex-
hibit an elevated susceptibility to infections sustained by
parasites. This observation was in accordance with the
findings reported by Choi et al. [43], who showed that in
a total of 216 individuals from South India genotyped for
ChT, the homozygous condition for the defective allele
(the HH variant ChT 1 genotype) was associated with the
absence of plasma ChT activity and with an elevated sus-
ceptibility to human Wuchereria bancrofti filarial infec-
tion, confirming the importance of ChT in the protection
against the chitin-containing pathogens [43]. Therefore,
the susceptibility to parasitic disease may be dependent
on the ChT allele composition.

The hypothesis that the persistence of parasitic diseases
favored the maintenance of the wild-type ChT is based
also on the finding showing that in a group of 40 children
with acute Plasmodium falciparum malaria, the ChT ac-
tivity was in the range of the African population, whereas
in another group of 27 children these levels were signifi-
cantly higher [8, 42]. These observations indicate that in
Africa the wild-type ChT gene maintains a relevant func-
tion in the monocyte-macrophage response. However, the
higher levels of plasma ChT activity of African subjects
might do not only reflect the homozygous wild-type allele
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condition, but suggests that among the African population,
several subjects may be affected by silent parasite infec-
tions. Why the mutation in the ChT gene occurs with such
high incidence in different ethnic groups is an intriguing
question, and further studies are necessary to determine
whether some selective pressure may have influenced
ChT polymorphism in the different ethnic groups.

ChT synthesis in human diseases

ChT and malaria

Increased levels of ChT were also observed in patients
with malaria [8]. A clinical feature in patients infected
by Plasmodium falciparum malaria is the occurrence of
anemia, which has been related to red cell destruction
[44], phagocytosis and hypersplenism [45]. Particularly,
red cell destruction triggers ChT overproduction due to
the accumulation of iron and erythrocyte membrane deg-
radation products within the macrophages. Plasma levels
of ChT were found related with the hematological param-
eters, such as thrombocytopenia degree and serum fer-
ritin levels [8, 46], suggesting that the increase of plasma
ChT in malaria reflects an activation of the reticulo-endo-
thelial system. The mechanisms leading to the activation
of ChT in malaria patients seem to be the same as those
described earlier in GD patients.

ChT and immunity

A large body of evidence strongly supports the idea that
the ChT gene could have more pleiotropic effects in innate
immunity than previously appreciated. Macrophages are
generally considered to be important elements in natural
resistance in most, if not all, organs and are strategically
placed to protect the microenvironment in which they are
situated. In this context, a great deal of attention should
be focused on the fact that ChT is produced by the macro-
phages themselves. ChT is not a house-keeping enzyme
[19], and macrophages are able to produce large amounts
of this enzyme under specific circumstances. On some
occasions it is the main protein secreted, representing ap-
proximately 1% of the total protein secretion [19].

The involvement of ChT in the immunological response
emerged from the study demonstrating that IFN-y, TNF-
o and LPS up-regulated ChT gene expression in human
macrophages, whereas IL-10 led to remarkable suppres-
sion of ChT expression [12]. Additionally, prolactin,
which is structurally related to several cytokines and, im-
portantly, modulates the expression of genes crucial for
leukocytes function [47—49], was shown to up-regulate
ChT gene expression in human macrophages [10].
Recent studies have revealed that human macrophages
cultured with GM-CSF expressed increased ChT tran-
scripts [50]. Administration of GM-CSF produces ben-
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eficial effects in patients with fungal infections [51], pro-
moting the release of ChT from PMNs via exocytosis of
specific granules [50]. Further evidence confirming that
ChT can be regarded as a mediator during the immuno-
logical response comes from the finding that, in chim-
panzees, IL-12 injection is associated with enhanced ChT
activity [52]. Since IL-12 is a potent immunoregulatory
cytokine that is crucially involved in a wide range of in-
fectious diseases [53], it is reasonable that the elevated
levels of IL-12 modulate the macrophage activity, stimu-
lating their microbicidal function through a pathway in-
volving ChT activity [8]. This idea can be supported by
the studies showing that, in malaria, protective immunity
is mediated by a cascade of events involving IL-12 [54].

ChT has been shown to play a role also in defense against
chitinous human pathogens [17]. In fact, the high inci-
dence of human filariasis is associated with an increased
deficiency in ChT [43]. ChT inhibits growth of Cryp-
tococcus neoformans, causes hyphal tip lysis in Mucor
rouxii, and prevents the occurrence of hyphal switch in
Candida albicans [17], through its ability to degrade both
colloidal chitin and chitin in the cell wall of the fungal
pathogen. Moreover, it has been found that ChT activ-
ity rises in plasma of neonates with systemic candidiasis
[55]. Parasitic nematodes synthesize chitin during several
stages of their lifecycle, and the human ChT seems to in-
terfere with these processes. In neutropenic mouse mod-
els of systemic candidiasis and systemic aspergillosis,
recombinant human ChT was shown to improve survival
[56]. Overall, these findings suggest a possible use of
recombinant chitotriosidase to treat life-threatening fun-
gal infections [56]. Finally, adding to the list of findings
demonstrating a role of ChT in the immune response,
functionally important variants in ChT alleles have been
shown to influence the susceptibility to infections with
Gram-negative bacteria [57].

Other members of chitinase family are also likely to be in-
volved in the immune response, e.g. oviductin, which may
play a role in the protection of the tubal epithelium [58];
HCgp-39, which drives immune regulatory responses in
humans limiting the catabolic effects of inflammatory cy-
tokines [59, 60]; and YKL39, which may be involved in
the pathological process of osteoarthritis and rheumatoid
arthritis [61]. In addition, the recent demonstration that
AMCase is involved in the pathology of an aeroallergen
asthma model [62] and the data on the defense functions
of ChT against chitin-containing pathogens underscore
the important role of the family of chitinase proteins in
the human immune system, and explain the emerging
interest in them as targets for therapeutic interventions.
Nevertheless, the inhibition of chitinase activity as a ther-
apeutic approach should be dealt with carefully as there is
a risk that important anti-pathogenic activities of chitin-
ases are eliminated as a consequence of total chitinases
inhibition.
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ChT and bronchial asthma

The finding that AMCase play an important role in the
pathogenesis of bronchial asthma [62] and that several
polymorphisms and haplotypes of AMCase showed a
strong association with pediatric asthma [63] prompted
investigation of whether ChT was involved in the patho-
genesis of bronchial asthma. The amino acid variants
Gly102Ser and Ala442Gly as well as the 24-bp duplica-
tion within ChT showed no association with bronchial
asthma in Caucasian children [64]. This result suggested
that the two human chitinases have different functions
in human diseases even though they have the same sub-
strate. Interestingly, AMCase is induced via a T helper-2
(Th2)-specific, IL-13-mediated pathway in macrophages
and epithelial cells [62], whereas, so far, no involvement
of ChT in Th2 immunity has been described. Addition-
ally, the expression pattern of both chitinases varies
completely; ChT is exclusively produced by phagocytes,
whereas AMCase is expressed in alveolar macrophages
and in the gastrointestinal tract [65]. The different role in
human asthma of ChT and AMCase may be, at least in
part, dependent on these latter findings.

ChT and thalassemia

ChT was found to be increased in patients with S-thal-
assemia, a hematological disorder characterized by the
genetic defect of B-globin chains synthesis, resulting in
unproductive erythropoiesis and an enormous expansion
of the reticulo-endothelial system.

High plasma levels of ChT, comparable to the levels found
in GD patients, were found in 10% of patients with f-thal-
assemia major in whom, following an intense transfusion
regimen, serum ferritin levels and urinary iron excretion
were increased. Modest elevation of ChT was found in
the patients with -thalassemia intermedia, who did not
receive transfusion and had normal or only slightly in-
creased serum ferritin level [9, 66]. Variable increases
in ChT activity have been also observed in studies per-
formed in Israeli patients with S-thalassemia major [66].
The continuous blood transfusions lead to a remarkable
iron accumulation, so that thalassemia major is regarded
as a disease of iron overload [67]. Since it is noteworthy
that iron accumulation causes lysosomal instability due
to peroxidative injury [68], the increase of plasma ChT
activity in B-thalassemia major patients could be related
to iron-mediated damage to the lysosomal apparatus.
Although entirely different in their molecular basis, GD
and f-thalassemia share biochemical abnormalities that
indicate an important role of activated macrophages into
the physiopathology of both these disorders. In GD, lack
of B-glucocerebrosidase renders phagocytes unsuitable
for the turnover of the membrane lipids of the phagocy-
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tosed blood-formed elements. As a consequence, mac-
rophages become lipid-laden and are transformed into
‘Gaucher’s cells’. In addition, intracellular accumulation
of ferritin and iron is commonly seen in ‘Gaucher’s cells’,
and plasma ferritin levels are increased in GD patients
[36]. In B-thalassemia the amount of abnormal and/or
transfused red blood cells exceeds the degrading capac-
ity of macrophages. Phagocytes of -thalassemia patients
are consequently laden with membranous lipid material.
Therefore, similarly to that seen in GD, the increased ChT
production in f-thalassemia might reflect macrophage
activation related to intracellular iron overload, storage
of erythrocyte membrane breakdown products and oxi-
dation of excess a-hemoglobin subunits [9]. Both condi-
tions are also characterized by an excess of free oxygen
radicals production and increased consumption of vitamin
E, which reflects the existence of activated macrophages
[69]. High levels of serum macrophage CSF, which con-
trols and enhances several monocyte-macrophage func-
tions, has been shown in f-thalassemia [70] and GD [9,
71]. In view of the similarities between substrate-laden
phagocytes in GD and p-thalassemia patients, it is not
surprising that both pathological cells share a common
biomarker like ChT.

ChT and atherosclerosis

Recently, Boot et al. [6] reported that ChT activity is el-
evated up to 55-fold in extracts of atherosclerotic tissue,
showing a clear connection between ChT expression and
lipid-laden macrophages inside human atherosclerotic
vessel wall, as in GD. Serum ChT activity was shown to
be related to the severity of the atherosclerotic lesions,
suggesting a possible role as a marker of atherosclerotic
extension. High serum ChT activity in patients with
atherosclerosis demonstrates the presence of activated
macrophages in these subjects. In other studies, patients
with atherothrombotic stroke (ATS) and ischemic heart
disease (IHD) were reported to have significantly higher
ChT activities than the control group [6]. However, ATS
subjects had higher ChT activity than IHD subjects, sug-
gesting that in the subjects with ATS the atherosclerosis
process is wider than in the subjects with IHD, whose
atherosclerosis is localized more specifically in the coro-
nary vessels. This was confirmed by the observation that,
in the ATS group, ChT activity was related to carotid ste-
nosis, in accordance with a clinical picture featured by
a more widespread atherosclerosis [6]. Interestingly, no
detectable serum ChT activity was found in the subjects
homozygous for the defective allele. ChT activity was
significantly higher in homozygous subjects for the ma-
jor allele than in heterozygous subjects for the defective
allele [7]. In addition, the increase in serum ChT activity
was found to be age dependent. This phenomenon could
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be explained by the ongoing accumulation of lipid-laden
macrophages during the gradual progression of athero-
sclerosis in relation to age. A similar relationship with
age for ChT activity was previously described in subjects
with different lysosomal disorders and in the general
population [4, 5].

A large body of clinical and experimental evidence in-
dicates that inflammation plays a central role in the be-
ginning of the atherosclerosis process and in the mecha-
nism underlying the development and progression of the
atherosclerosis complications, plaque rupture and sub-
sequent thrombosis [72—74]. Macrophages are present in
all phases of atherogenesis, and are markers of athero-
sclerotic plaques formation [75]. Proceeding inflamma-
tion results in an increase in numbers of macrophages
and lymphocytes, both markers of the ongoing inflam-
mation. Macrophage accumulation localized in the supra-
aortic and coronary vessels is associated with increased
serum ChT activity, which reflects the state of activation
of macrophages within atherosclerotic lesions, suggest-
ing that ChT augmentation could influence the synthesis
of crucial components of the extracellular matrix in the
vessel wall [5].

It should be emphasized that the average ChT activity in
serum remained constant after 6 months of lipid-lower-
ing treatment with either atorvastatin or bezafibrate, sug-
gesting that LDL-cholesterol and triglyceride reduction
obtained with both drugs did not modify the macrophage
ChT expression in these subjects [7]. Therefore, plasma
lipid correction does not seem to interfere in the ChT
expression level in vivo, supporting the idea that ChT
activity cannot be used as a biological marker of athero-
sclerotic plaque modification related to hypolipidemic
treatment [7].

ChT and neurodegenerative disorders

Recent investigations suggest that ChT could play a cru-
cial role also in pathological conditions such as cerebro-
vascular dementias in which the inflammatory process is
activated.

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder resulting in the loss of higher cognitive
function. Senile plaque is a key pathological feature of
AD and it is composed of insoluble B-amyloid (Ap) fibril
deposits, astrocytes, and degenerating neurons. A feature
in the brain of AD patients is the presence of activated
microglia and astroglia, releasing pro-inflammatory cy-
tokines and chemokines [76]. In addition, the increased
production of reactive oxygen (ROS) and nitrogen spe-
cies, such as superoxide anion (O,") and nitric oxide (NO)
generate peroxynitrite, leading to a condition commonly
referred to as ‘oxidative stress’ [77, 78]. Therefore, the
presence of inflammatory mediators highly expressed in
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the vicinity of A deposits in the brain of AD patients,
strongly indicate the contribution of inflammation in the
pathogenesis of AD [79]. As well as AD, the pathophysi-
ological events involved in ischemic cerebrovascular de-
mentia (CvD) in the development of brain ischemia and
multi-infarct cognitive impairment appear due to second-
ary mechanisms substantially mediated by inflammation
[80]. A large body of evidence implicates impaired energy
metabolism and oxidative damage in the pathogenesis of
both AD and CvD [76]. The oxidative damage observed
in CvDs is identical to that seen in lipid-associated dis-
orders. In fact, in the pathogenesis of AD the oxidative
damage to lipids preceded Af deposition in a transgenic
mouse model of AD [81]. Similarly, in CvD, cessation of
blood flow in cerebral stroke triggers an oxidative stress
resulting in a massive production of ROS, which induces
increased levels of lipid peroxidation. Therefore, the re-
sult of the augmentation of ChT levels also in AD and
CvD is not surprising.

The analysis of the levels of the expression of several
cytokines (IL-16, IL-18, TGF-B1) revealed that: (i) IL-
16 was markedly elevated in CvD compared with AD
patients and was significantly and positively correlated
with ChT, suggesting that IL-16 could influence ChT ex-
pression. The evidence that IL-16 plays a chemoattractant
and immunomodulatory role in chronic inflammatory
disorders in the brain [82], could explain why chemoat-
tracted macrophages activate their gene to produce ChT.
(i1) The production of IL-18 resulted increased, and posi-
tively correlated with ChT, in both AD and CvD patients,
suggesting that the high levels of pro-inflammatory me-
diators including ChT and O, enhance cytokine release
from brain resident cells, aggravating the inflammatory
response.(iii) The expression of TGF-f1 in AD patients
was inversely correlated with the expressions of ChT,
suggesting that the action of TGF-f1 counteracts the ef-
fects of pro-inflammatory mediators, further confirming
that ChT reflects the severity of inflammation [15]. In-
terestingly, an increased activity of ChT has been shown
in patients with ischemic stroke [83], which directly cor-
relates with stroke severity [84]. Conversely, other inves-
tigators have observed that, in most advanced clinical
stages of AD, the levels of ChT activity did not present
any statistically significant differences with respect to the
controls [85]. These contradictory data may be related to
the different stage of the disease. One interesting thought
for the future could be to find out if ChT is only a marker
or whether it contributes to the progression of cerebro-
vascular disorders.

ChT and non-alcoholic steatohepatitis

Recently, evidence has been presented that ChT increases
significantly in non-alcoholic steatohepatitis (NASH)
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Figure 3. Mechanism by which ChT could be involved in the induc-
tion of fibrogenesis. ChT released by activated Kupffer cells could
activate HSCs to synthesize collagen whose overproduction leads
to hepatic fibrosis and cirrhosis.

and Kupffer cells are the only hepatic source responsible
for ChT mRNA expression [13, 14].

NASH is a clinico-pathological condition characterized
by a necroinflammatory disorder with fatty infiltration
of hepatocytes. This disorder can occur in association
with the use of numerous drugs, parenteral nutrition,
gastric bypass surgery, and inherited metabolic disor-
ders including obesity, dyslipidemias, type 2 diabetes
and other forms of the insulin-resistance syndrome [86,
87]. A crucial event in the initiation of NASH involves
lipid accumulation and lipid peroxidation in the hepato-
cytes, followed by Kupffer cells and hepatic stellate cells
(HSCs) activation. Since Kupffer cells possess scavenger
receptors they can be activated by exposure to products of
lipid peroxidation [88, 89]. The increased levels of ChT
expression in Kupffer cells were related with O; produc-
tion and lipid peroxides levels. An added factor in the pro-
gression of NASH could involve the release of cytokines
by hepatocytes and Kupffer cells. In response to liver cell
injury/inflammation, activated Kupffer cells are a
source of proinflammatory cytokines, which
could induce ChT production. Therefore, a
contribution of ChT release to the activa-
tion by non-parenchymal cells cannot
be excluded, particularly as the bio-
logical effects of ChT are regulated
by the release of cytokines [11, 12].
However, ROS formation, lipid per-
oxidation and cytokines production do
not appear to be sufficient for affecting
changes in ChT levels. In fact, the highest
levels of ChT were observed in patients with
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the highest degree of hepatic iron accumulation [13]. It is
noteworthy that iron is a potent catalyst for lipid peroxi-
dation and, thus, participates in hyperlipidemia. It appears
that the increase of ChT in Kupffer cells might reflect an
iron-mediated damage of lysosomes, suggesting that the
physiological function of ChT probably contributes in
regulating the acute-phase response as an adaptive meta-
bolic response to iron.
ChT levels were correlated with a-SMA expression,
strongly suggesting that ChT could be involved in the
modulation of the extracellular matrix in hepatic tissue,
affecting cell adhesion and chemotaxis during the tissue
remodeling processes that take place during fibrogenesis
(Fig. 3) [14]. These data are consistent with in vitro stud-
ies showing that Kupffer cell medium stimulates collagen
production and proliferation by isolated HSCs and elicits
an activated morphology [90]. This activation is associated
with increased synthesis and secretion of several extracel-
lular matrix components, including type I collagen [91],
laminin [92], fibronectin [93] and proteoglycans [94]. In
most types of liver disease encountered in clinical practice,
HSC proliferation/activation and subsequent fibrogenesis
is considered to constitute part of the expected healing
response to hepatocyte necrosis and inflammation. ChT
released by activated Kupffer cells could activate HSCs
to synthesize collagen, the overproduction of which leads
to hepatic fibrosis and cirrhosis. The parallel increases of
ChT levels in Kupffer cells and o-SMA in HCSs strongly
suggest that this enzyme can be regarded as a mediator
of HSC activation in the liver of NASH patients. Further-
more, exposure to pro-oxidants or end products of lipid
peroxidation activates the transcription of collagen genes
[95]. Recently, a vertebrate chitin synthase has been iden-
tified, which is supposed to create short chitin stretches
that are essential to initiate hyaluronan synthesis [96, 97].
The glucosaminoglycan hyaluronan level is higher in the
liver of NASH patients, and seems associated with liver
fibrosis [98]. It has been hypothesized that ChT recog-
nizes hyaluronan ( precursor) as a substrate and interferes
with its synthesis, which could affect local hyaluronan
concentrations and consequently influence the ex-
tent of cell migration in the injured hepatic
tissue. These data further reinforce the
idea that ChT can also be regarded as
an important player during inflamma-
tion [12]. Nevertheless, additional
studies should be directed to deter-
mine whether ChT can be proposed
as mediator of fibrogenesis capable
of directly activating quiescent cells
or whether it requires the presence
of other as yet unidentified ‘activating’
stimuli before exerting its effects. It is con-

Figure 4. Yin—Yang balance: implications of ChT synthesis in different contexts.
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ceivable that the activity of this enzyme also enhances in
other liver diseases, in which stimulation of Kupffer cells
by portal vein endotoxin may cause the release of cyto-
kines and chemokines, hepatocyte hyper-metabolism, and
activation of HSCs [99].

Open questions

Although we do not yet fully understand the implications
of ChT synthesis in response to chitinous pathogens, the
recent concept of its function as ‘more than just anti-
fungicidal’ seems justified. Synthesis of ChT probably
occurs in most innate immune responses against fungi,
bacteria and other non-viral pathogens. In the context of
infectious diseases, it is likely that ChT activity can be
both harmful and advantageous for the host organism. In
addition, it cannot be excluded that ChT augmentation
could also have detrimental consequences in those condi-
tion in which it is regarded as a biochemical marker of
macrophage activation (Fig. 4). In support of this view
are the recent investigations confirming that ChT can be
regarded as a mediator of the inflammatory response and
could be involved in the progression of fibrosis in several
degenerative disorders (Fig. 4). The general concept of
the multiplicity of ChT involvement in human diseases
discussed in this review may stimulate the development
of new ideas and experiments leading to a deeper under-
standing, not only on the biochemical mechanisms induc-
ing ChT regulation, but also on the consequences of the
increases in ChT levels and on the impact of the homo-
zygous wild-type allele condition in different contexts.
In conclusion, the factors that tip this Yin—Yang balance
require further study possibly using selective and specific
chitinase inhibitors.
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