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Abstract

In man, lipid-laden macrophages over-produce and secrete a chitinase named 
chitotriosidase. Plasma chitotriosidase levels are about thousand fold elevated 
in patients with Gaucher disease showing massive amounts of characteristic 
lipid-laden macrophages in several organs. Increased expression of chitotriosi-
dase in macrophages in atherosclerotic plaques has been observed, however 
this only results in a modest increase in plasma enzyme levels. The value of chi-
totriosidase as marker for atherosclerosis was studied in three mouse models: 
APOE3*Leiden, LDLR (-/-) and APOE (-/-) mice. In situ hybridization of the aortic 
sinus revealed expression of chitotriosidase in lesion macrophages in all mod-
els. Determination of plasma chitotriosidase revealed that enzyme activity was 
higher in all models than in wild type mice. In APOE3*Leiden mice, plasma lev-
els correlated with lesion size at the aortic sinus. In the two other models no 
strict correlation was detected. The latter may be caused by the presence of 
lipid-laden macrophages in other sites of the vasculature and the presence in 
mouse plasma of another chitinase, acidic mammalian chitinase. In conclusion, 
chitotriosidase is expressed in lesion macrophages in three mouse models for 
atherosclerosis. Plasma chitinase levels are no reliable surrogate measure for 
the extent of atherosclerosis at the aortic sinus in all models. 
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Introduction

Chitinases are glycohydrolases degrading chitin, a linear polymer of beta-1,4 N-
acetyl-glucosamine moieties that are structural components of cell walls and 
coatings of a variety of non-mammalian organisms [1]. In mammals no endog-
enous chitin is thought to exist and until two decades ago it was general pre-
sumed that mammals do not produce endogenous chitinases. This view com-
pletely changed after the discovery of a markedly elevated enzyme activity in 
plasma samples of patients with Gaucher disease [2, 3]. The corresponding en-
zyme was named chitotriosidase after the substrate 4-methylumbelliferyl sub-
strate used in the enzymatic assay. Subsequent research revealed that mam-
mals have an extended chitinase protein family, (GH family 18), consisting of two 
active enzymes, chitotriosidase and the acidic mammalian chitinase (AMCase) 
and various so-called neolectins with a crucial amino acid substitution in the 
catalytic pocket abolishing hydrolytic activity and favoring binding of chitinous 
substrates [4-11]. The role of chitinases is likely laid in defense against chitin-
containing pathogens and food processing [2, 12]. More recent studies suggest 
that members of the chitinase protein family also play part in inflammation and 
tissue injury responses, and pathologies like asthma [13, 14]. Of interest, investi-
gations on chitotriosidase in relation to Gaucher disease have revealed that the 
enzyme is massively overproduced and secreted by tissue macrophages follow-
ing accumulation of glucosylceramide and other lipids as a consequence of the 
deficiency in the lysosomal enzyme glucocerebrosidase [15, 16]. The circulat-
ing chitotriosidase in plasma of Gaucher patients can act as a surrogate marker 
for the body burden of lipid-laden macrophages (so-called Gaucher cells) [17, 
18]. Further investigations have shown that plasma chitotriosidase levels are el-
evated in a variety of conditions in which macrophages are implicated, including 
several inherited lysosomal storage disorders, infectious diseases like visceral 
Leishmaniasis, fungal infections and leprosy, arthritis, sarcoidosis, pulmonary 
diseases like chronic obstructive pulmonary
disease (COPD), nonalcoholic steatohepatitis , and neurodegenerative diseases 
like multiple sclerosis, Alzheimer disease and ischemic cerebrovascular demen-
tia [2, 3, 19-28]. 
The marked expression of chitotriosidase in macrophages prompted an inves-
tigation on the enzyme in atherosclerosis, a condition where infiltrating mono-
cytes in the arterial vasculature transform to lipid-laden macrophages. A study 
by Boot and co-workers revealed that chitotriosidase is indeed produced by mac-
rophages in atherosclerotic lesions [29]. In this study only a modestly increased 
plasma chitinase activity was detected in individuals with atherosclerosis [29]. 
Subsequent investigations have addressed the value of elevated plasma chitot-
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riosidase as a marker for atherosclerosis and cardiovascular disease. Artieda and 
colleagues reported that plasma chitotriosidase activity is increased in patients 
with coronary artery disease (CAD) and that enzyme levels can predict the risk 
of new adverse cardiovascular events [30]. Canudas and co-workers did not de-
tect a correlation between plasma chitotriosidase activity and cholesterol levels 
before and after treatment with statins [31]. Karadag et al. reported for 200 
subjects undergoing coronary angiography that their serum chitotriosidase was 
significantly higher than in normal control subjects and significantly associated 
with the extent of CAD as defined by the number of stenosed vessels [32]. These 
discrepant findings illustrate the present lack of clarity about the value of plasma 
chitotriosidase as marker for atherosclerosis. 
Translating plasma chitinase activity levels to the body’s content of lipid-laden 
macrophages is not very straight-forward. There are several complicating fac-
tors in this respect. Firstly, abnormalities in the chitotriosidase gene (CHIT1) oc-
cur in high frequencies. For example a 24 bp duplication, for which almost 1 in 
6 individuals are carriers in most ethnic groups, prohibits formation of active 
enzyme, implying that about one third of individuals being carrier for this muta-
tion show half maximal enzyme levels [33]. Given the known gene-dose effect, 
knowledge of the chitotriosidase genotype is essential to interpret findings on 
enzyme activity [2, 34]. Another complicating factor forms the fact that plasma 
chitotriosidase tends to increase with age, particularly after the third decade 
of life. The reason for this is unknown, although it cannot be excluded that this 
phenomenon reflects to some extent gradual accumulation of lipid-laden mac-
rophages in the vasculature. A final complication is the existence of a second 
chitinase, the acidic mammalian chitinase (AMCase) [8]. In man, this chitinase is 
hardly secreted into the circulation and plasma enzymatic activity towards artifi-
cial fluorogenic chitin oligosaccharides can be largely ascribed to chitotriosidase 
[35]. However, this may not hold for mice since the promotor regions of chitot-
riosidase and AMCase are quite different in mouse and man [35]. 
Presently many fundamental studies on atherosclerosis are conducted in mouse 
models. The value of chitotriosidase as marker for foam cells and atherosclero-
sis in such models is largely unknown. Arbores-Mainar et al. reported a positive 
correlation between plasma chitotriosidase activity and atherosclerotic lesion 
in ApoE deficient mice [36]. In the present study we investigated the status of 
chitotriosidase in three commonly used mouse models for experimental athero-
sclerosis: APOE3*Leiden mice, a relatively mild model developing early stage le-
sions when fed a diet with a high cholesterol level [37]; Low Density Lipoprotein 
Receptor deficient, LDLR (-/-), mice, a more aggressive model developing severe 
fibrous plaques upon exposure to a cholesterol and fat rich Western type diet; 
and ApoE deficient, APOE (-/-), mice, another severe model developing plaques 
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even upon a normal diet [38]. We also examined mice which had been pharma-
cologically treated in order to ameliorate or enhance the amount of atheroscle-
rotic lesions. We both determined the expression of chitotriosidase and AMCase 
in lesions at the aortic sinus as well as the amount of circulating chitotriosidase 
in the plasma, as measured by an enzymatic assay. The outcome of these investi-
gations is here reported and the findings are discussed. It is concluded that mac-
rophages in murine atherosclerotic lesions do express chitotriosidase, similarly 
to the situation in man. Plasma chitotriosidase levels do not simply correlate 
with lesion size at the aortic sinus in various mouse models. 

Materials And Methods

Animal studies
The three mouse models for atherosclerosis were: APOE3*Leiden mice, LDLR 
(-/-) mice, and APOE (-/-) mice. To induce atherosclerosis, female APOE3*Leiden 
and LDLR (-/-) mice were fed a western type diet containing 1% cholesterol 
(w/w), for 18 and 12 weeks respectively. Some animals received the compound 
AMP-DNM (N-(5-adamantane-1-ylmethoxy-pentyl)-deoxynojirimycin) [39, 40], 
an inhibitor of glycosphingolipid biosynthesis preventing atherosclerosis) [41]. 
The compound was administered by food at the doses of 0, 50 and 100 mg/kg 
bodyweight/day. Male APOE (-/-) mice were fed chow and/or western type diet. 
Some APOE (-/-) mice were treated with angiotensin II, known to induce ad-
vanced atherosclerotic lesions [42]. Animals were housed at the Institute Animal 
Core Facility in a temperature- and humidity-controlled-room with a 12-h light/
dark cycle. Experiments were performed with the approval of the Ethical Com-
mittee for Animal Experiments. 

Plasma and tissue sampling
Small blood samples were collected via the tail vein or saphenous vein. At the 
end of the experiments, large blood samples were collected by abdominal 
aorta puncture and EDTA plasma samples were stored at -20°C. Hearts from 
APOE3*Leiden and LDLR (-/-) mice were flushed with PBS to remove excess of 
blood before fixation in formaldehyde 1% (formal-fixx, Thermo Electron Corpo-
ration, Pittsburgh, USA) for 24 h and stored at -80°C embedded in tissue medium 
(Tissue-Tek O.C.T, Sakura, Zoeterwoude, the Netherlands). APOE (-/-) aortic tis-
sue was perfused with saline and fixed in 4% paraformaldehyde just after collec-
tion and embedded in paraffin.
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Chitinase enzyme assay
Chitinase enzyme activity was determined with the fluorogenic substrates 
4-methylumbelliferyl-(4-deoxy)-chitobiose at pH 5.2 as previously described 
[34]. Briefly, 5 μl of plasma was incubated with the substrate for 1 hour at 37 
°C. The reaction was stopped with excess of 0.3M glycine-NaOH, pH 10.3 and 
formed fluorescent 4-metylumbelliferone was determined. To distinguish AM-
Case and chitotriosidase enzymatic assays were also performed at pH 2.5, a con-
dition at which AMCase is only active.

In situ hybridization
In situ hybridization (ISH) was performed as described previously (35). The APOE 
(-/-) mouse derived paraffin sections were previously de-parafinized in xylene 
and rehydrated via graded ethanol steps before to be incubated for 7 min with 
protease K, 20 μg/ml in PBS at 37°C whereas APOE3*Leiden and LDLR (-/-) mouse 
derived cryosections were incubated for 3 minutes with the protease K. Sections 
were then re-fixed in 4% formaldehyde/0.2% glutaraldehyde. RNA probes com-
plementary to the full-length mouse mRNA encoding chitotriosidase and AM-
Case were used as described [35]. As a positive control, stomach sections were 
used and incubated with the digoxigenin-labeled RNA probes. Chitotriosidase 
and AMCase are both produced in the stomach, albeit at different sites [35]. The 
aortic root sections were developed overnight for sufficient chitotriosidase and 
AMCase staining. The sections were embedded in gelatine and photographed 
with a Leica DFC 420 video camera.

Immunohistochemistry
To stain macrophages in cryosections of the aortic sinus of APOE3*Leiden and 
LDLR (-/-) mice, the MOMA-2 antibody (Abcam, Cambridge, UK), 1:50 diluted 
in phosphate buffered saline, was used. In the case of paraffin sections of aor-
tic sinus of APOE (-/-) mice, the anti MAC-3 antibody (M3/84, BD Pharmingen), 
diluted 1:30, was used. Sections were incubated with a horseradish peroxidase 
conjugated donkey anti-rat secondary antibody and detected with DAB (Immu-
nologic, Duiven, The Netherlands) as chromogen. Haematoxylin (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) was used to counterstain the nuclei. Primary an-
tibodies were omitted in negative control samples. Images were made with a 
Leica DFC 420 video camera.
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Results

APOE3*Leiden mice: expression of chitotriosidase in plaques at the 
aortic sinus and correlation of plasma chitinase activity with lesion 
area.
Female APOE3*Leiden mice were fed an atherogenic diet with high cholester-
ol content for 18 weeks and sacrificed. In two groups of animals, the diet was 
supplemented with two different doses of the iminosugar AMP-DNM, found to 
potently inhibit lesion formation [41]. In situ hybridization of the aortic sinus 
of the animals revealed that chitotriosidase is expressed in atherosclerotic le-
sion macrophages (figure 1A). We next determined the plasma chitinase activity 
in mice treated with or without AMP-DNM and compared activity levels to le-
sion size. Plasma chitinase activity in APOE3*Leiden mice on western type diet 
(mean: 108 nmol/h.ml) was increased above levels encountered in wild type 
mice (30-70 nmol/h.ml). The plasma enzyme levels in mice treated with or with-
out AMP-DNM correlated with the size of lesions in the aortic sinus (figure 1B). 

Figure 1. A, Micrograph of aortic sinus of APOE3*Leiden mice: Chitotriosidase mRNA expression, as visualized 
by non-radioactive in situ hybridization, (left panel) and macrophage immuno staining (right panel) in 
serial sections of the aortic sinus. B, Plasma chitinase activity of APOE3*Leiden mice fed different diets and 
concentrations AMP-DNM (left) and the correlation of plasma enzyme activity with atherosclerotic lesion area 
(right).
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LDLR (-/-) mice: expression of chitotriosidase in plaques at the aortic 
sinus and lack of correlation of plasma chitinase activity with lesion 
size.
LDLR (-/-) mice develop severe and advanced atherosclerotic plaques when fed 
a western type diet containing 0.25% cholesterol. In two groups of animals such 
diet was supplemented with a low and high dose of the iminosugar AMP-DNM, 
resulting in prevention of lesions. In situ hybridization of the aortic sinus of LDLR 
(-/-) mice revealed again that chitotriosidase is expressed by lesion macrophages 
(figure 2A). Although plasma chitinase activity was higher in LDLR (-/-) mice (ex-
ceeding 100 nmol/h.ml) than wild type animals (30-70 nmol/h.ml), a compari-
son of plasma chitinase activity and lesion size did not show a significant correla-
tion (figure 2B). 

Figure 2. A, Micrograph of aortic sinus of LDLR (-/-) mice: Chitotriosidase mRNA expression, as visualized 
by non-radioactive in situ hybridization, (left panel) and macrophage immuno staining (right panel) in serial 
sections of the aortic sinus. B, Plasma chitinase activity of LDLR (-/-) mice fed different diets and concentrations 
AMP-DNM (left) and the correlation of plasma enzyme activity with atherosclerotic lesion area (right).
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APOE (-/-) mice: expression of chitotriosidase in plaques at the aortic 
sinus and lack of correlation of plasma chitinase activity with lesion 
size. 
APOE (-/-) mice already develop atherosclerotic lesions on a chow diet. Athero-
sclerosis can be accelerated by administration of a western type diet and fur-
ther enhanced by administration of the pro-inflammatory peptide angiotensin 
II. In situ hybridization of the aortic sinus again showed that chitotriosidase is 
expressed by macrophages in the atherosclerotic plaque, (figure 3A). Plasma chi-
tinase activity was found to be markedly increased in animals receiving a west-
ern diet (figure 3B). Surprisingly, the plasma enzyme levels were lower in mice 
treated with angiotensin, contrasting with increased lesion size at the aortic si-
nus. No correlation between plasma chitinase activity and lesions in the aortic 
sinus was thus noted (figure 3B). 

Figure 3. A, Micrograph of aortic sinus of APOE (-/-) mice: Chitotriosidase mRNA expression, as visualized 
by non-radioactive in situ hybridization, (left panel) and macrophage immuno staining (right panel) in serial 
sections of the aortic sinus.  B, Plasma chitinase activity of APOE (-/-) mice fed different diets and angiotensin 
II (left) and the correlation of plasma enzyme activity with atherosclerotic lesion area (right).
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AMCase in mouse models for atherosclerosis
Given the marked differences between man and rodents in the promotor re-
gions of both the chitotriosidase and AMCase genes [35], we also investigated 
expression of AMCase in lesion present in the aortic sinus. Figure 4 shows that 
macrophages in the murine atherosclerotic lesions do not express AMCase. 
In plasma of mice, in contrast to the situation in man, AMCase contributes sig-
nificantly to the total chitinase activity measured with the 4-methylumbelliferyl-
deoxychitobiose substrate at pH 5.2. Both enzymes are active at this pH, how-
ever AMCase is the only chitinase active at pH 2.5. Measuring enzymatic activity 
at both pH 5.2 and 2.5, and knowing the ratio of enzymatic activity of AMCase at 
pH 2.5 to 5.2, one is able to estimate the contribution of AMCase to total plasma 
chitinase activity. In the case of plasma obtained from wild type mice AMCase is 
responsible for more than 30% of the total chitinase activity.

Figure 4. Micrograph of aortic sinus of LDLR (-/-) mice: AMCase mRNA expression, as visualized by non-
radioactive in situ hybridization, (left panel) and macrophage immuno staining (right panel) in serial sections 
of the aortic sinus.

Discussion

In our study we examined more closely chitotriosidase in relation to athero-
sclerosis in three commonly used mouse models, APOE3*Leiden, LDLR (-/-) and 
APOE (-/-) mice, differing in severity of atherosclerotic lesion development. In all 
three models, inspection of atherosclerotic plaques by in situ hybridization re-
vealed expression of chitotriosidase mRNA by lesion macrophages. In the mild-
est model, APOE3*Leiden mice, plasma chitinase activity correlated well with 
the area of the plaque in the aortic sinus. However, in more severe models of 
atherosclerosis this correlation did not prevail. LDLR (-/-) mice develop advanced 
lesions when fed a western type of diet. Although chitinase activity is increased 
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in plasma of LDLR (-/-) mice, we noted no strict correlation between plasma 
chitinase activity with different severity of atherosclerotic disease. A similar 
observation was made in APOE (-/-) mice, an even more aggressive model for 
atherosclerosis. Intriguingly, administration of angiotensin II, known to enhance 
atherosclerosis, was not reflected by plasma chitinase activity levels.
Comparable to the situation in man, macrophages in atherosclerotic lesions at 
the aortic sinus in various mouse models express chitotriosidase. Our finding 
that plasma of chitinase activity in these mice is not accurately reflecting the 
atherosclerotic process may have several explanations. It is known that in mice 
chitotriosidase is not the prominent chitinase but rather the Acidic Mammalian 
Chitinase (AMCase) [8, 35]. The latter enzyme contributes significantly to the to-
tal plasma chitinase activity in mice and thus may partly mask the elevated levels 
of chitotriosidase stemming from atherosclerotic lesions. In addition it is known 
that chitotriosidase is relatively rapidly cleared from the circulation in mice. Van 
Eijk and co-workers demonstrated that upon intravenous administration of re-
combinant human chitotriosidase, the enzyme is cleared from the circulation for 
about 90% within an hour [12]. It should be also kept in mind that it is entirely 
unclear whether secretion of chitotriosidase into the blood stream from early 
stage and advanced atherosclerotic lesions is comparable. Finally, the circulating 
chitinases in plasma may stem from various sources and not reflect exclusively 
lipid-laden macrophages in the aortic sinus.
In conclusion, we firstly report on the expression of chitotriosidase, but not AM-
Case in lipid-laden macrophages in murine atherosclerotic lesions. Interestingly, 
this is reflecting the human situation, since also in human lesions chitotriosidase 
is expressed by macrophages. Despite the abundance of chitotriosidase in the 
lesions, plasma chitotriosidase activity predicts the atherosclerotic burden only 
for one of the three animal models used. Considering the interference of AM-
Case when performing the enzyme activity assay, and the relative short life of 
the enzyme in plasma, its general use as biomarker for progression or regression 
of atherosclerotic disease is not recommended. 
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