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In Vivo Effect of Selective Macrophage Suppression
on the Development of Intrahepatic Cholestasis in Mice
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We studied the role of selective suppression of liver Kupffer cells (gadolinium chloride,
14 mg/kg intravenously) in the development of intrahepatic cholestasis in CBA/C57Bl/6
mice after intraperitoneal injection of a-naphthylisothiocyanate in a single dose of 200
mg/kg. Pretreatment with gadolinium chloride increased the severity of cholestasis and
signs of liver damage. Gadolinium accumulation in the liver peaked after 24 h and was
accompanied by a decrease in activities of cathepsin D and cathepsin B and con-
centration of matrix metalloprotease-2. Our results confirm the hypothesis that normal
function of Kupffer cells and extracellular matrix plays an important role in cholestasis.
Administration of gadolinium chloride serves as a convenient model to study the side
effects, toxicity, and safety of lanthanides as nanoparticles.
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Biliary obstruction and cholestasis associated with
impairment of bile secretion are often observed in
patients with chronic liver diseases. Experimental
models of cholestasis in laboratory animals allow
us to evaluate the pathophysiological and molecu-
lar mechanisms of this disorder. Correlations were
revealed between experimental disturbances in ani-
mals and cholestasis in patients [5,8,12]. Experi-
mental cholestasis in rats and more rarely in mice
can be induced by not only common bile duct liga-
tion, but also treatment with estrogens, endotoxins,
and various medical products [6,15].

Intrahepatic cholestasis induced by o-naphthyl-
isothiocyanate (ANIT) is a convenient model for
studies of hepatocyte injury and compensatory me-
chanisms in spontaneous recovery of liver function
[10,13]. Changes in hepatocyte transport proteins
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and dysregulation of bile secretion were revealed
in mice with experimental cholestasis [8,10]. Cho-
lestasis in mice and rats was observed in the early
period after ANIT treatment (4-8 h). The severity
of cholestasis depended on the dose of ANIT, route
and regimen of treatment, and basal level of cyto-
kines (tumor necrosis factor-o,, TNF-o) [11,13,14].
Repeated administration of ANIT to mice is accom-
panied by the development of biliary cirrhosis; the
mechanism of this phenomenon xremains unclear
[3-5]. Little is known about the role of Kupffer cells
in the development of intrahepatic cholestasis. In
the present study, liver macrophage function in
mice was suppressed with gadolinium chloride (GC).
The role of liver macrophages in the development
of cholestasis was evaluated.

GC is used for selective suppression of liver
macrophages to study the role of these cells in
some disease [1,2]. Intravenous injection of GC to
animals is followed by selective elimination of large
Kupffer cells [1,9], inhibition of receptor-mediated
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endocytosis and phagocytosis of carbon particles
[1,2], and increase in the production of proinflam-
matory cytokines TNF-o. and interleukin-6 (IL-6)
[2,6,7].

Here we studied the role of liver macrophage
suppression in the development of experimental
intrahepatic cholestasis in mice.

MATERIALS AND METHODS

Experiments were performed on adult male CBA/
C57Bl/6 mice weighing 25.4+1.0 g and obtained
from the vivarium of the Institute of Physiology
(Siberian Division of the Russian Academy of Me-
dical Sciences) and Institute of Cytology and Gene-
tics (Siberian Division of the Russian Academy of
Sciences). Oil solution of ANIT (Aldrich) was in-
jected intraperitoneally in a single dose of 200 mg/kg
(n=10-12). The animals were euthanized 24 h after
ANIT injection. This compound did not cause death
of experimental animals.

GC (Prof. Hardonk, Netherlands) in a single
dose of 14 mg/kg was injected into the caudal vein
(n=10-12) [1,2]. During combined treatment (n=10-
12), GC was administered 24 h before ANIT in-
jection. The animals were euthanized 24 h after
ANIT injection. Intact animals served as the con-
trol. GC accumulation in the liver was studied after
de-ashing of the liver tissue by means of adsorption
spectroscopy on a Jober Ivon spectrometer [1].

Activities of alanine transaminase (ALT), aspar-
tate transaminase (AST), and alkaline phosphatase
and serum concentration of bilirubin were mea-
sured on a Cobas Mira biochemical analyzer (La
Roche) with Biocon Diagnostics and Biosystems
kits. Total cholesterol concentration in the serum
and bile of mice was measured enzymatically with
Novokhol kits (Vektor Best). The measurements
were performed on a semiautomatic photometer
5010 equipped with a temperature-controlled flow
cell (Robert Riele). Triglyceride concentration was
measured by the colorimetric method with Trigli-
tseridy-Novo kits (Vektor Best). y-Glutamyl trans-
peptidase activity in urine samples was measured
in a kinetic study with Biocon Diagnostics kits (ac-
tivity of this enzyme in the serum was not detected).
The measurements were performed on a semiautoma-
tic biochemical photometer equipped with a tem-
perature-controlled flow cell (Screen Master, Hos-
pitex Diagnostics).

Activities of cathepsin B (substrate Z-Arg-Arg-
MCA, carbobenzoxy-arginyl-arginine-methylcou-
marylamide, NPO Vektor), cathepsin L (substrate
Z-Phe-Arg-MCA, carbobenzoxy-phenylalanine-ar-
ginine-methylcoumarylamide, NPO Vektor), and
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cathepsin S (substrate Z-Val-Val-Arg-MCA, carbo-
benzoxy-valyl-valyl-arginine-methylcoumarylami-
de, Sigma) were measured fluorometrically [1,15].
The final concentration of a specific cathepsin B
inhibitor CA-74 was 10 uM. Fluorescence was mea-
sured on a Perkin-Elmer 650-10 S spectrofluorometer
at extinction and emission wavelengths of 355 and
460 nm, respectively. The results are expressed in
nmol methylcoumarylamide/mg protein/h.

Cathepsin D activity was measured spectro-
photometrically. The solution of azocasein (2%,
Fluka) in 6 M urea served as the substrate. The
concentration of specific cathepsin D inhibitor pep-
statin A was 10 uM [15]. Optical density was mea-
sured on a Spekol 20 spectrophotometer at 366 nm.
The results are expressed in arbitrary laboratory
units (U,,,) per mg protein/h.

Total metalloprotease-2 concentration (MMP-2,
gelatinase-2) in blood serum and liver homogenate
was estimated by enzyme-linked immunosorbent
assay (ELISA) with Quantikine R&D Systems kits
for quantitative study of the active enzyme and
MMP-2 proenzyme in human/mouse/rat biological
samples. The intensity of staining was evaluated on
a plate reader (Thermo Electron Corporation Multi-
scan EX) at 450 nm. The results were calculated
from the standard curve and expressed in nano-
grams MMP-2/ml serum and nanograms MMP-2/g
wet tissue. The concentration of tissue inhibitor of
metalloproteases-1 (TIMP-1) in blood serum and
liver homogenate was measured with commercial
EIA kits (Ray Biotech Mouse ELISA Kit) for a
quantitative study of TIMP-1 in the serum, plasma,
and supernatant of mouse cell cultures. The mea-
surements were performed on a plate reader (Ther-
mo Electron Corporation Multiscan EX) at 450 nm.
The results were calculated from the standard curve
and expressed in picograms TIMP-1/ml blood se-
rum, picograms TIMP-1/g wet tissue, and pico-
grams TIMP-1/g protein.

Electron microscopy of the liver was performed
by the standard method on a JEM-100 SX electron
microscope (JEOL). The numerical density of liver
macrophages was measured morphometrically.

The results were analyzed by the algorithm of
parallel series (variational statistics) with Student’s
t test. The differences were significant at p<0.05.
Nonparametric methods of statistical treatment
(Mann—Whitney U test) were used when the sam-
ples did not conform to normal distribution.

RESULTS

Administration of GC in single doses of 5.0-7.5 mg/
kg is followed by selective elimination of large Kup-
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ffer cells, but has no effect on functional activity of
macrophages in mouse lungs and spleen [1,2]. In-
creasing the dose of GC to 20 mg/kg is accompani-
ed by severe dysfunction of macrophages not only
in the liver, but also in the lungs and intestine [2].

Electron microscopy showed that injection of
GC (14 mg/kg) was followed by a significant de-
crease in the numerical density (788.0+69.1 vs.
1053.0+£60.5 per mm? in the control, p<0.01) and
size of liver macrophages. The relative volume of
primary lysosomes and, particularly, of secondary
lysosomes was lower than in the control (1.70+0.64
and 7.60+£1.08%, respectively, p<0.01).

High concentration of GC in the liver was as-
sociated with selective intralysosomal accumulation
in nonparenchymal liver cells (85% of the admini-
stered dose). Functional state of the liver (serum
ALT activity) remained unchanged under these
conditions (Table 1). The decrease in the number
of liver macrophages and lysosomes in these mice
was accompanied by a decrease in specific activity
of lysosomal enzymes cathepsin D and cathepsin
B in liver homogenates (Table 1). No changes were
found in activities of cathepsin S and macrophage-
specific cysteine protease. Total MMP-2 concen-
tration (proenzyme and active enzyme) decreased
in blood serum. TIMP-1 concentration (major endo-
genous MMP regulator) remained unchanged in
blood serum, but increased in liver homogenates
(Table 1). These changes are probably related to
interaction between Kupffer cells and stellate cells
in the liver, which serve as the main source of
MMP and TIMP-1. Our results indicate that single
injection of GC is followed by a decrease in acti-
vities of lysosomal cysteine and aspartyl proteases.
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The observed changes are associated with a de-
crease in the number and functional activity of
Kupffer cells. Special attention was paid to a de-
crease in activity of cathepsin B (probably secretion
of extracellular cathepsin B), which serves as a
lysosomal cysteine protease in macrophages. Ca-
thepsin B is involved in cascade activation of other
proteases that play a role in extracellular matrix
degradation and macrophage migration.

Single injection of ANIT was followed by se-
vere ultrastructural changes in liver cells and micro-
circulatory bed (Fig. 1). They included dilation of
sinusoids and intercellular space, widening of bile
capillaries (many capillaries of oval shape, Fig. 1),
and degeneration of some hepatocytes. Hepatocyte
cytoplasm contained numerous lipid inclusions.
These signs reflect the development of intrahepatic
cholestasis and degeneration of some hepatocytes.

Injection of ANIT to intact mice was followed
by an increase in AST activity (287.2+19.0 vs. 205.1+
7.4 Ulliter in the control, p=0.0001). The increase
in the concentration of total bilirubin (86.2+8.6 vs.
9.9+0.8 mmol/liter in the control, p<0.001) and
conjugated bilirubin (45.6+4.3 vs. 6.10+0.39 mmol/
liter in the control, p<0.001) in blood serum reflects
the development of cholestasis in mice. This con-
clusion was confirmed by a sharp increase in y-glu-
tamyl transpeptidase activity in urine samples
(135.8+30.7 vs. 7.2+1.0 U/liter in the control, p=0.02).
Our results indicate that hepatocyte injury and cho-
lestasis are observed 24 h after ANIT treatment.
Total cholesterol concentration increased in blood
serum (Fig. 2). Triglyceride level increased, while
cholesterol concentration decreased in the bile (Fig.
2). Cholesterol serves as a common precursor of

TABLE 1. Effect of GC on Activities of Cysteine and Aspartyl Proteases in the Liver and Serum Concentrations of MMP-2

and TIMP-1 in Mice

Group
Parameter

intact GC, 14 mg/kg, 24 h

(n=24) before ANIT (n=10)
ALT activity in blood serum, U/liter 54.20+1.55 44.616.1
Cathepsin B 0.27+0.02 0.20+0.02*
Cathepsin L 0.46+0.03 0.46+0.03
Cathepsin S 0.030+0.002 0.030+0.001
Cathepsin D 0.10+0.08 0.060+0.007*
Total MMP-2 concentration in the serum, ng/ml 201.50+4.66 181.70+4.64*
Serum TIMP-1 concentration, pg/ml 8000.0+1443.4 8450.0+£1472.2
TIMP-1 concentration in the liver homogenate, pg/ml 172 143+14 914 224 57112 750*

Note. Number of animals is shown in brackets. Activities of cathepsin B (substrate Z-Arg-Arg-MCA), cathepsin L (substrate Z-Phe-Arg-
MCA), and cathepsin S (substrate Z-Val-Val-Arg-MCA) in liver homogenates are expressed in nmol MCA/mg protein/min. Cathepsin D
activity is expressed in U, /mg protein/h. *p<0.05 and *p<0.01 compared to intact animals.
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Fig. 1. Electron diffraction pattern of the liver section from mice
after single treatment with ANIT. Dilated sinusoid (S) and bile
capillary (BC). Large lipid inclusions in hepatocytes, x16,000.

bile acids. The ANIT-induced increase in serum
cholesterol concentration reflects lipid metabolism
disorders, which is manifested in lipid infiltration
of the liver and cholestasis.

Pretreatment of ANIT-treated animals with GC
was followed by an increase in activities of ALT
(133.5£37.6 vs. 74.70+9.18 Ulliter in the ANIT
group, p=0.005), alkaline phosphatase (269.1+9.1
vs. 158.6x11.1 Ulliter in the ANIT group, p=0.0001),
and 7y-glutamyl transpeptidase in urine samples
(243.0£10.0 vs. 135.8+30.7 Ulliter in the ANIT
group, p<0.05). Hence, the severity of cholestasis
and hepatocyte injury increased after combined
treatment with these compounds. Aggravation of
cholestasis under conditions of macrophage sup-
pression in ANIT-treated animals was probably as-
sociated with the increased secretion of TNF-a.. GC
exposure is accompanied by changes in protease

mmol/liter
10
Intact x%  ANIT
T
8 —
6 —
*
4 —
*
| F_L '
0 . :
Serum Bile Serum Bile

Fig. 2. Total cholesterol concentration and triglyceride level in blood
serum and bile from ANIT-treated mice. Light bars, cholesterol;
dark bars, triglycerides. *p<0.05 and **p<0.001 compared to intact
animals.
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secretion from Kupffer cells and stellate cells, re-
modeling of the extracellular matrix, and repopula-
tion of liver macrophages.

Cholestasis and hyperbilirubinemia in ANIT-
treated rats are similar, but more pronounced than
the signs observed in patients with cholestasis due
to medical treatment (phenothiazine derivatives,
methyltestosterone, estrogens, oral contraceptives,
etc.) [10,14,15]. Hence, this model was used in
several experimental studies. It was hypothesized
that the development of cholestasis in ANIT-treated
rats is associated with direct damage to the bile
canaliculi and probably results from parenchymal
cell injury and infiltration with polymorphonuclear
leukocytes [8,10,11]. Morphological signs of liver
cells were similar after ANIT treatment and bile
duct ligation [6]. Bile duct cannulation before ANIT
administration prevented the development of hyper-
bilirubinemia and cholestasis. These data indicate
that metabolic disorders play an important role
after ANIT treatment [10]. Previous studies showed
that toxic hydrophobic metabolites of bile acids
have surface-active properties and cause hepato-
cyte membrane injury. Cholestasis is accompanied
by severe oxidative stress due to the increased pro-
duction of lipid peroxides and mitochondrial dys-
function [4,8]. The increase in the production and
secretion of proinflammatory cytokines (TNF-c,
IL-6, etc.) are accompanied by GC-induced varia-
tions in proteases. These changes probably con-
tribute to aggravation of cholestasis in ANIT-trea-
ted mice. Administration of GC serves as a con-
venient model of macrophage suppression to study
the side effects, toxicity, and safety of lanthanides
as nanoparticles. Our results confirm the hypothesis
that normal function of Kupffer cells and extra-
cellular matrix plays an important role in chole-
stasis. Much recent attention is paid to the possi-
bility of treatment with gadolinium compounds
during liver transplantation, prevention of anaphy-
lactic shock [2], and immunomodulation in the
early stage of sepsis [2,10]. The mechanisms of
protective activity of these compounds require fur-
ther investigations.

We are grateful to V. 1. Kaledin (Senior Resear-
cher, Institute of Cytology and Genetics) for his
help in this study.
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