
369

0007 -4888/09/1483�0369  © 2009  Springer Science+Business Media, Inc.

Effect of Atorvastatin on Activities of Matrix 
Metalloproteinases and Chitotriosidase in Male 
and Female Mice with Experimental Hyperlipidemia
T. A. Korolenko, M. S. Cherkanova, and E. C. Korolenko

Translated from Byulleten’ Eksperimental’noi Biologii i Meditsiny, Vol. 148, No. 9, pp. 257-261, September, 2009
Original article submitted October 28, 2008

Activities of matrix metalloproteinases and chitotriosidase were measured in blood serum 
from male and female ICR mice with moderate hyperlipidemia receiving atorvastatin (75 
mg/kg). Hyperlipidemia in male and female mice was characterized by increased serum 
concentration of cholesterol and, especially, triglycerides. The observed changes were more 
pronounced in female mice. Administration of atorvastatin decreased cholesterol (but not 
triglyceride) level in intact males, but had no effect on these parameters in females; chitotrio-
sidase activity increased in male and female mice, while activity of matrix metalloproteinases 
increased only in males. Administration of atorvastatin produced similar effects in male and 
female mice with moderate hyperlipidemia: decrease in the concentration of cholesterol and, 
particularly, of triglycerides. Activities of matrix metalloproteinases and chitotriosidase in-
creased in males and females, this increase being more pronounced in males. The existence 
of a negative correlation between cholesterol and triglyceride concentrations and activities of 
matrix metalloproteinases and chitotriosidase in males suggests that these enzymes can serve 
as a therapeutic target during hyperlipidemia.
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Hyperlipidemia is one of the most important risk fac-
tors for atherosclerosis, some cardiovascular diseases, 
and cerebrovascular disorders. Little is known about 
early effects of hyperlipidemia on various types of 
cells [13,14]. The development of hyperlipidemia is 
accompanied by lipid loading of macrophages, which 
results in activation of these cells and increase in se-
cretory activity. These changes are followed by the 
formation of atherosclerotic plaques [6,9]. Previous 
experiments were performed to study the consequen-
ces of feeding atherogenic diet and plaque formation 
in animals. Lipid-loaded cells were shown to originate 
from blood monocytes that undergo local differentia-
tion into macrophages [6]. The model of Triton WR 

1339-induced hyperlipidemia in experimental animals 
is used to study the mechanisms for action of several 
hypolipidemic drugs [7,12]. This model is easily re-
produced and relatively well studied. Triton is charac-
terized by low toxicity [7,10]. Moreover, the detergent 
has a dose-dependent effect in inducing hyperlipidemia 
of different severity. Much recent attention was paid to 
a new enzyme of human macrophages, chitotriosidase 
(CT). Enhanced expression and high activity of this 
enzyme are observed at the site of plaque formation 
[2,4]. Matrix metalloproteinases (MMP) are involved 
in various stages of vascular wall remodeling and cap-
sular formation or rupture in the atherosclerotic plaque. 
It is accompanied by migration and transformation of 
macrophages into foam cells [1,11,15]. The role of 
various types of MMP and macrophage activation in 
the development of hyperlipidemia at various stages 
of atherosclerosis remains unclear.
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Here we studied the early effect of hyperlipidemia 
on activities of MMP and CT in mice (criteria for lipid 
loading of macrophages) and evaluated the effect of 
hypolipidemic compounds (atorvastatin) on activities 
of these enzymes.

MATERIALS AND METHODS

Experiments were performed on male and female 
ICR mice weighing 25-30 g and obtained from the 
vivarium of the Institute of Cytology and Genetics 
(Siberian Division of the Russian Academy of Sci-
ences). Triton WR 1339 (Ruger Chemical Co) in a 
single dose of 500 mg/kg was injected intraperitone-
ally to induce moderate hyperlipidemia in animals 
[2,7,10]. The suspension of atorvastatin (75 mg/kg; 
Atoris, KRKA) in 3% starch gel was administered 
intragastrically through a probe. Atorvastatin was 
given two times (24 and 3 h before Triton injection) 
according to the previously proposed scheme [4]. 
Previous studies showed that atorvastatin in this dose 
and regimen of treatment signifi cantly decreased se-
rum concentrations of cholesterol (CH) and triglyc-
erides (TG), i.e. produced a hypolipidemic effect. 
The hypolipidemic effect was not observed when 
atorvastatin was administered in other doses or accor-
ding to other schemes. The mice were euthanized 
24 h after detergent administration. Intact animals 
received  atorvastatin in the same dose; a special 
group of intact animals received an equivalent vo-
lume of starch gel (solvent).

Triton in a higher dose of 850 mg/kg was injected 
one time to induce severe hyperlipidemia [2,4,7,10]. 
Atorvastatin in a dose of 75 mg/kg was administered 
three times (24 and 3 h before Triton injection; and 24 
h after detergent administration) [2,4]. The mice were 
deprived of food, but had free access to water for 15 h 
before euthanasia. Intact males and females served as 
the control. The serum was obtained by centrifugation 
on an Eppendorf 5415 R centrifuge at 3000g and 4oC 
for 20 min.

Activities of alanine transaminase (ALT) and as-
partate transaminase (AST) in blood serum (markers of 
he patocyte cytolysis) were measured colorimetrically 
with the corresponding kits (ALT-Novo and AST-No-
vo). The concentrations of TG and CH were measured 
using Triglycerides-Novo and Novochol kits (Vector-
Best). Photometry of the samples was performed on a 
5010 semiautomatic photometer with a Robert Riele 
temperature-controlled fl ow cuvette.

CT activity was evaluated by the fluorescent 
me thod using 4-methylumbelliferyl-β-D-N,N’,N”-
triacetylchitotrioside as the substrate (Sigma) at pH 
5.2 [2,5]. Fluorescence was recorded at 360 nm (ex-
tinction) and 445 nm (emission). The results were ex-

pressed in nmol cleaved methylumbelliferone (MUF) 
per 1 ml over 1 h.

MMP activity was measured against the substrate 
MCA-Pro-Leu-Gly-Leu-DpA-Ala-Arg-NH2 (American 
Peptide Co.) at pH 7.5 [11,15]. The use of this peptide 
substrate with a fl uorescence quencher allowed us to 
evaluate primarily activities of MMP-2 (gelatinase A) 
and MMP-7 (stromelysin) [11,15]. Fluorescence was 
recorded on a Shimadzu RF-530101 (PC)S spectro-
fl uorometer at 320 nm (extinction) and 390 nm (emis-
sion). Methylcoumarylamide (MCA, Sigma) served 
as the standard. The results were expressed in μmol 
MCA/liter/h.

The results were analyzed statistically by the par-
allel-series method (variational statistics) with SPSS 
9.0 software and Student’s t test. The differences be-
tween mean values were signifi cant at p<0.05. The 
Spearman correlation coeffi cient was calculated.

The mean values for male and females of various 
experimental groups were compared to evaluate pos-
sible sex differences. The confi dence interval was cal-
culated by the Welch—Satter—Thwaite approximation 
using the effective number of degrees of freedom and 
effective mean-square deviation [5]. The symmetric 
confi dence interval with a probability of 0.95 (p=0.05) 
was calculated to evaluate the signifi cance of differ-
ences. The effect can be considered to be signifi cant 
with a probability of more than 0.975 (p≤0.025) when 
the confi dence interval is above or below zero.

RESULTS

The concentrations of CH and TG in blood serum 
were similar in intact male and female mice (ICR; 
Fig. 1). It should be emphasized that TG level was 
higher in females than in males. By contrast, AST 
activity in males surpassed that in females (Table 1). 
The solvent (starch gel) had little effect on these pa-
rameters (Fig. 1).

Administration of atorvastatin to intact males de-
creased CH (but not TG) content (Fig. 1) and had no 
effect of these parameters in females (Fig. 1, Table 
1). Activities of ALT and AST were elevated in male 
and female mice (Fig. 3). AST activity in females was 
higher than in males (Table 1). We revealed an in-
crease in CT activity in male and female mice (Fig. 2). 
Activity of MMP was elevated in males, but decreased 
in females (Fig, 2, Table 1).

Administration of atorvastatin to male and female 
mice with moderate hyperlipidemia was accompanied 
by a decrease in the concentration of CH and, particu-
larly, of TG (Fig. 1). Atorvastatin had no hypolipi-
demic effect in animals with severe hyperlipidemia: 
CH level increased to 7.80±0.45 and 9.40±0.50 mmol/
liter and TG concentration increased to 31.30±1.13 
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and 34.20±1.01 mmol/liter in animals receiving Triton 
and Triton+atorvastatin, respectively (n=10). There-
fore, further studies were performed to evaluate ac-
tivities of MMP and CT only in animals with mode-
rate hyperlipidemia that exhibited a strong response 
to atorvastatin.

Serum concentration of CH and, particularly, of 
TG increased signifi cantly (Fig. 1). These changes 
were more pronounced in females (Table 1). It should 
be emphasized that the concentrations of CH and TG 
in these animals were much lower than in specimens 
with severe hyperlipidemia. Sharp increase in TG level 
suggests that administration of Triton serves as the 
model of hypertriglyceridemia (but not only as the 
model of hypercholesterolemia). This state is of con-
siderable importance in studying the pathogenesis of 
atherosclerosis [7,10,12]. ALT activity was elevated 
in females and, particularly, in males (Fig. 3, Table 
1).The observed changes refl ect cytolysis of hepato-
cytes during lipid accumulation in liver cells (steato-
sis). CT activity was reduced (Fig. 2, Table 1), while 
MMP activity remained unchanged in males and fe-
males (Fig. 2).

Administration of atorvastatin to male and female 
mice with moderate hyperlipidemia was accompanied 
by an increase in activities of MMP and CT (Fig. 2, 
Table 1). Similar changes were observed in intact mice 
receiving atorvastatin (except for the decrease in MMP 
activity in intact females). An increase in activities of 
ALT and AST was revealed in females and males (Fig. 
3, Table 1), which refl ects abnormality of liver func-
tional tests. The increase in AST activity in females 
was similar to that in Triton-treated animals (Fig. 3). 
Increased cytolysis of hepatocyte was observed in 
males (Fig. 3). Comparative study of cytolysis in fe-
males and males showed that variations in ALT activ-
ity were more pronounced in males (Table 1).

Triton has an inhibitory effect on plasma lipopro-
tein lipase, which is followed by the development of 

hyperlipidemia and sharp increase in CH synthesis in 
liver cells of various animals (rats, mice, rabbits, and 
dogs) [10,12]. Accumulation of Triton in lysosomes of 
nonparenchymal and parenchymal liver cells occurs 
over a long period of time (more than 60 days). The 
detergent is slowly excreted by exocytosis (probably 
with the bile) [10]. Hyperlipidemia caused by injec-
tion of Triton in various doses is extensively used as 
the model to study the mechanism for hypolipidemic 
activity of statins, fi brates, and other drugs. Much at-
tention is paid to studying the pleiotropic effect of sta-
tins [8]. The specifi c effects of statins were evaluated 
in male and female patients [3]. Our results indicate 
that ICR mice are characterized by sex-related varia-
tions in activities of CT and MMP. They are observed 
after administration of atorvastatin to intact animals 

TABLE 1. Differences in the Parameters of Male and Female Mice with Moderate Hyperlipidemia after Administration of 
Atorvastatin

Groups
(Δ males, females)

CH, 
mol/liter

TG, 
mol/liter

MMP, μmol 
MCA/liter/h

CT, nmol 
MUF/ml/h

ALT, 
U/liter

AST, 
U/liter

Intact -0.03±0.30 +0.15±0.14* 96±111 17±77 1.2±2.2 -8.9±5.8*

Starch -0.06±0.16 0.15±0.07* 116±156 5±51 -1.32±1.32* -1.2±5.1

Atorvastatin 0.27±0.15* 0.0±0.02 -345±137* 41±68 11.0±7.7* +24.0±14.0*

Triton WR 1339 0.39±0.36* 3.46±3.17* 57±107 -15±41 -7.8±1.7* 5.5±8.8

Atorvastatin+Triton 0.01±0.87 -0.2±0.30 -157±193 16±81 -2.0±6.6* -12.0±16.0

Note. Sex differences were evaluated by the Welch—Satter—Thwaite approximation [5]. *p<0.05, differences between females and 
males.

Fig. 1. Concentrations of CH and TG in blood serum from male and 
female mice after administration of atorvastatin and Triton WR 1339. 
Here and in Figs. 2 and 3: intact mice (1); administration of starch 
gel (n=10, 2); administration of atorvastatin in starch gel (n=8, 3); 
administration of Triton WR 1339 (500 mg/kg, 4); administration of 
atorvastatin and Triton WR 1339 (500 mg/kg, 5). *p<0.05, **p<0.01, 
and ***p<0.001 compared to intact animals of the same sex; +p<0.05 
and ++p<0.01 compared to animals receiving Triton WR 1339.
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and mice with moderate hyperlipidemia. A correla-
tion was found between activities of CT and ALT in 
intact mice (positive correlation in males, r=0.877; 
and negative correlation in females, r=-0.694). These 
data illustrate the relationship between the increase in 
CT activity and liver dysfunction in males (but not in 
females). After administration of atorvastatin to males 
with moderated hyperlipidemia (but not to females), 
the concentration of CH correlated negatively with 
activities of MMP (r=-0.632) and CT (r=-0.597). A 
negative correlation was found between the concentra-
tion of TG and activities of MMP (r=-0.780) and CT 
in male animals (r=  -0.818). A positive correlation was 
revealed between the concentrations of CH and TG 
and activity of ALT in females (r=0.820 and r=0.866, 
respectively).

We conclude that the early stage of hyperlipi-
demia in mice is accompanied by lipid loading of 
liver macrophages and increased secretion of proin-
fl ammatory agents by macrophages (various types of 
MMP, but not CT). These changes were particularly 
pronounced in males. Recent studies showed that CT 
of mice is located in cells of the gastrointestinal tract. 
This enzyme in humans is located in macrophages 
[2]. Enzyme functions in mice are poorly understood. 
Functional activity of this enzyme is believed to be 
associated with innate immunity. Decreased serum CT 
activity in mice with moderate hyperlipidemia refl ects 
abnormality of liver functional tests during Triton-
induced lipidosis [1].

It should be emphasized that administration of 
Triton was followed by a higher increase in the con-
centration of TG in blood plasma (compared to the 
level of CH). Treatment with the detergent may be 
used as a model of hypertriglyceridemia, which has an 
important role in the pathogenesis of atherosclerosis 
[12]. The concentration of TG increased more signifi -
cantly than the level of CH in animals with moderate 
(Fig. 1) and severe hyperlipidemia. Atorvastatin had 
a stronger hypolipidemic effect on TG than on CH 
in specimens with moderate hyperlipidemia. This ap-
proach and experimental model hold much promise 
to study the mechanisms for correction of hypertri-
glyceridemia.

Statins act as inhibitors of 3-hydroxy-3-methylgl-
utaryl-coenzyme A reductase. They not only produce 
the hypolipidemic effect, but also possess pleiotro-
pic properties [8,15]. Much recent attention is paid to 
these properties of statins. They include inhibition of 
vascular wall infl ammation, decrease in the degree of 
oxidative stress, recovery of endothelial function, and 
reduction of platelet aggregation and parietal throm-
bus formation [8]. We showed that administration of 
atorvastatin decreases serum MMP activity in intact 
females. 

These changes refl ect the anti-infl ammatory ef-
fect of atorvastatin in female animals. The opposite 
effect of atorvastatin in intact males requires further 
investigations. Atherosclerosis is a chronic infl amma-
tory process, which involves the immune system [15]. 
MMP and infl ammation have an important role in the 
formation and resistance of atherosclerotic plaques 
[12,13]. Therefore, various classes of MMP may serve 
as a target in several cardiovascular diseases and, 
primarily, in atherosclerosis. The specifi c effects of 
atorvastatin in female and male mice should be taken 
into account in studying the sex differences in statin 
activity in humans.

We are grateful to V. I. Kaledin (Senior Research-
er, Institute of Cytology and Genetics) for the help in 
this experiment.

Fig. 2. Activities of MMP and CT in blood serum from male and 
female mice after administration of atorvastatin and Triton WR 1339. 
MMP activity, μmol MCA/liter/h; CT activity, nmol MUF/ml/h.

Fig. 3. Activities of ALT and AST in blood serum from male and 
female mice after administration of atorvastatin and Triton WR 
1339.

Bulletin of Experimental Biology and Medicine, Vol. 148, No. 3, 2009 GENERAL PATHOLOGY AND PATHOPHYSIOLOGY



373

REFERENCES

 1. T. A. Korolenko, T. G. Filatova, N. G. Savchenko, et al., Byull. 
Eksp. Biol. Med., 143, No. 3, 280-284 (2007).

 2. R. G. Boot, A. P. Bussink, M. Verhoek, et al., J. Histochem. 
Cytochem., 53, No. 10, 1283-1292 (2005).

 3. M. P. Czubryt, L. Espira, L. Lamoureux, and B. Abrenica, Can. 
J. Physiol. Pharmacol., 84, No. 1, 93-109 (2006).

 4. L. A. Eliot and F. Jamali, J. Pharmacol. Exp. Ther., 291, No. 
1, 188-193 (1999).

 5. J. Fowler, L. Cohen, and P. Jarvis, Practical Statistics for Field 
Biology, Wiley (1998).

 6. V. Lahera, M. Goicoechea, S. G. de Vinuesa, et al., Curr. Med. 
Chem., 14, No. 2, 243-248 (2007).

 7. I. A. Lee, J. H. Lee, N. I. Baek, and D. H. Kim, Biol. Pharm. 
Bull., 28, No. 11, 2106-2110 (2005).

 8. J. K. Liao and U. Laufs, Annu. Rev. Pharmacol. Toxicol., 45, 
89-118 (2005).

 9. F. de Lorenzo, M. Feher, J. Martin, et al., Cur. Med. Chem., 
13, No. 28, 3385-3393 (2006).

10. J. S. Millar, D. A. Cromley, M. G. McCoy, et al., J. Lipid Res., 
46, No. 9, 2023-2028 (2005).

11. H. Ozaki, Y. Miyashita, H. Watanabe, and K. Shirai, J. Athero-
scler. Thromb., 12, No. 6, 308-314 (2005).

12. S. Y. Pan, R. Yang, Y. F. Han, et al., Acta Pharmacol. Sin., 27, 
No. 6, 673-678 (2006).

13. Y. Seyama and H. Wachi, J. Atheroscler. Thromb., 11, No. 5, 
236-245 (2004).

14. N. Shibata, K. Jishage, M. Arita, et al., FASEB J., 20, No. 14, 
2642-2644 (2006).

15. M. J. Sierevogel, G. Pasterkamp, D. P. de Kleijn, and B. H. 
Strauss, Cur. Pharm. Des., 9, No. 13, 1033-1040 (2003).

T. A. Korolenko, M. S. Cherkanova, and E. C. Korolenko


