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In patients with active brucellosis, the liver is frequently affected by histopathologic lesions, such as
granulomas, inflammatory infiltrations, and parenchymal necrosis. Herein, we examine some potential
mechanisms of liver damage in brucellosis. We demonstrate that Brucella abortus infection inhibits matrix
metalloproteinase-9 (MMP-9) secretion and induces collagen deposition and tissue inhibitor of matrix
metalloproteinase-1 secretion induced by hepatic stellate cells (LX-2). These phenomena depend on
transforming growth factor-b1 induction. In contrast, supernatants from B. abortuseinfected hepato-
cytes and monocytes induce MMP-9 secretion and inhibit collagen deposition in hepatic stellate cells. Yet,
if LX-2 cells are infected with B. abortus, the capacity of supernatants from B. abortuseinfected hepa-
tocytes and monocytes to induce MMP-9 secretion and inhibit collagen deposition is abrogated. These
results indicate that depending on the balance between interacting cells and cytokines of the surrounding
milieu, the response of LX-2 cells could be turned into an inflammatory or fibrogenic phenotype. Livers
from mice infected with B. abortus displayed a fibrogenic phenotype with patches of collagen deposition
and transforming growth factor-b1 induction. This study provides potential mechanisms of liver immune
response induced by B. abortuseinfected hepatic stellate cells. In addition, these results demonstrate
that the cross talk of these cells with hepatocytes and macrophages implements a series of interactions
that may contribute to explaining some of mechanisms of liver damage observed in human brucellosis.
(Am J Pathol 2013, 183: 1918e1927; http://dx.doi.org/10.1016/j.ajpath.2013.08.006)
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Human brucellosis is a protean disease with a diversity of
clinical signs and symptoms.1,2 It can affect almost any
organ or system, causing focal forms that account for 30%
of the reported cases.3

The liver is frequently affected in patients with active
brucellosis. Clinical and biochemical features of liver
involvement were found in up to 50% of patients with active
disease. Yet, the most usual clinical manifestation of hepatic
involvement is a mildly tender hepatomegaly.4 In a series of
histopathologic studies of patients with brucellosis in which
liver biopsy was performed, granulomas ranging from single
parenchymal granulomatas to multiple localizations in portal
space and parenchymal tissue were described. Most patients
stigative Pathology.
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presented with inflammatory infiltrations, and half of them
exhibited parenchymal necrosis.5 There also have been reports
about a possible causal relationship between Brucella abortus
infection and cirrhosis, which has not been definitively
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Brucella Modulates Stellate Cells
established.5 Although numerous studies have focused on
brucellar liver histopathology, the pathogenic mechanisms of
liver disease caused by Brucella have not been completely
investigated at the molecular and cellular levels.

The liver plays an important role in the innate immune
response, providing the first line of defense against microbes
and toxins crossing the intestinal barrier.6 Previously, we
demonstrated that B. abortuseinfected hepatocytes play a
role in recruiting monocytes and neutrophils at the site of
infection and in generating an inflammatory microenviron-
ment with production of cytokines and matrix metallopro-
teinases (MMPs), all of which may mediate liver injury.7

Resolution of inflammation of the liver tissues may pro-
ceed via the production of fibrogenic factors, such as
transforming growth factor-b1 (TGF-b1).8 The activation of
hepatic stellate cells is crucial in the healing of liver tissues
because they are considered to be the major cell population
that produces extracellular matrix components in the liver
and because they play a pivotal role in its remodeling.9

Therefore, we hypothesized that liver inflammation in-
duced by B. abortus infection5,7 may activate hepatic stel-
late cells to secrete type I collagen and profibrogenic
cytokines, such as TGF-b1 and IL-6, that would help in
resolving the inflammatory process. To investigate this hy-
pothesis, we used the human hepatic stellate cell line LX-2.
In addition, the interaction among stellate cells, hepatocytes,
and monocytes that could be attracted to the site of infection
was also examined to determine the effect of this interaction
on type I collagen deposition, MMP-9 production, and
proinflammatory cytokine secretion.

Materials and Methods

Bacterial Culture

B. abortus S2308 was grown overnight in 10 mL of tryptic
soy broth (Merck, Buenos Aires, Argentina) with constant
agitation at 37�C. Bacteria were harvested and the inocula
were prepared as described previously.10 All live Brucella
manipulations were performed in biosafety level 3 facilities
located at the Instituto de Investigaciones Biomédicas en
Retrovirus y SIDA (Buenos Aires, Argentina).

Cell Culture

The LX-2 cell line, a spontaneously immortalized human
hepatic stellate cell line, was a gift from Dr. Scott L.
Friedman (Mount Sinai School of Medicine, New York,
NY). LX-2 cells were maintained in Dulbecco’s modified
Eagle’s medium (Life TechnologieseInvitrogen, Carlsbad,
CA) and supplemented with 2 mmol/L L-glutamine, 100
U/mL of penicillin, 100 mg/mL of streptomycin, and 2% (v/
v) fetal bovine serum (GibcoeInvitrogen, Carlsbad, CA).
The human hepatoma cell line HepG2 and the human
monocytic cell line THP-1 were obtained from the ATCC
(Manassas, VA) and were cultured as previously described.7
The American Journal of Pathology - ajp.amjpathol.org
To induce THP-1 maturation, cells were cultured in the
presence of 0.05 mmol/L 1, 25-dihydroxyvitamin D3 (Cal-
biochem-Nova Biochem International, La Jolla, CA) for 72
hours. All the cultures were grown at 37�C and 5% CO2.

Cellular Infection

LX-2 cells were infected with B. abortus at different mul-
tiplicities of infection (MOIs), HepG2 cells at MOI 1000,
and THP-1 cells at MOI 100. After the bacterial suspension
was dispensed, the plates were centrifuged for 10 minutes at
2000 rpm and then were incubated for 2 hours at 37�C in a
5% CO2 atmosphere. Cells were extensively washed with
Dulbecco’s modified Eagle’s medium to remove extracel-
lular bacteria and were incubated in medium supplemented
with 100 mg/mL of gentamicin and 50 mg/mL of strepto-
mycin to kill extracellular bacteria. LX-2 cells were har-
vested at different times to determine cytokine production,
MMP secretion, a-smooth muscle actin (a-SMA) expres-
sion, and collagen deposition. Supernatants from HepG2
and THP-1 cells were harvested 24 hours after tinfection to
be used as conditioned medium.

Apoptosis Assays

LX-2 cells were infected at different MOIs, and 24 hours
after infection, cells were washed, and the percentage of
apoptotic cells was assessed by the annexin Vefluorescein
isothiocyanate assay (Sigma-Aldrich de Argentina SA,
Buenos Aires, Argentina) using fluorescence-activated cell
sorting. The percentage of apoptotic cells was also assessed
by fluorescence microscopy after staining with Hoechst
33342 dye. As a positive control, cells were treated with 4%
paraformaldehyde.

Stimulation with Conditioned Media

Culture supernatants from B. abortuseinfected THP-1
monocytes and HepG2 hepatocytes were harvested 24 hours
after infection, sterilized by filtration through a 0.22-mm
nitrocellulose filter, and used to stimulate infected and
noninfected LX-2 cells. Supernatants were used diluted 1:2,
1:5, or 1:10 in completemedium.After 24 hours, the cells were
harvested to determineMMPs and cytokine production or at 7,
14, or 30 days were assayed to determine collagen deposition
by Sirius red staining.

Zymography

Gelatinase activity was assayed by the method of Hibbs
et al10 with modifications, as described.11,12

Measurement of Cytokine Concentrations

Secretion of TGF-b1, IL-6, IL-8, tumor necrosis factor a,
and monocyte chemotactic protein-1 in the supernatants was
1919
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quantified by enzyme-linked immunosorbent assay (ELISA;
BD Biosciences, San Jose, CA) in culture supernatants.

Assessment of Collagen Deposition by Sirius Red
Staining

Collagen deposition was quantified using Sirius red (Sigma-
Aldrich de Argentina SA), a strong anionic dye that binds
strongly to collagen molecules.13 Sirius red was dissolved in
saturated aqueous picric acid at a concentration of 0.1%.
Bouin fluid (for cell fixation) was prepared by mixing 15
mL of saturated aqueous picric acid with 5 mL of 35%
formaldehyde and 1 mL of glacial acetic acid.

Cell layers were extensively washed with PBS before they
were fixed with 1 mL of Bouin fluid for 1 hour. The fixation
fluid was removed, and the culture plates were washed three
times with deionizated water. The culture dishes were air-
dried before adding 1 mL of Sirius red dye reagent. The cells
were stained for 18 hours under mild shaking. The stained cell
layers were extensively washedwith 0.01N hydrochloric acid
to remove all nonbound dye. After rinsing, coverslips were
mounted in PBS-glycerine (9:1 [v/v]) and were analyzed by
light microscopy. For quantitative analysis, the stained ma-
terial was dissolved in 0.2 mL of 0.1N sodium hydroxide by
shaking for 30 minutes. The dye solution was transferred
to microtiter plates, and the OD was measured using a
microplate reader (Metertech Inc., Taipei, Taiwan) at 550 nm
against 0.1N sodium hydroxide as a blank.
Figure 1 B. abortus invades and multiplies in LX-2 hepatic stellate cells, ind
B. abortus (MOI 100), and replication in each cell type was assessed by determini
with B. abortus was performed at different MOIs, and CFUs were determined 24 and
TGF-b1 (C) and IL-6 (D) and the chemokines monocyte chemotactic protein-1 (MCP
G: a-SMA expression revealed by immunofluorescence with a specific antibody, Es
phorbol myristate acetate. Data are given as the means � SEM of duplicates. Data
**P < 0.01, and ***P < 0.001 versus noninfected (N.I.).

1920
Immunofluorescence

Infected LX-2 cells were fixed in 3% paraformaldehyde for
10 minutes at room temperature and were permeabilized
with 0.3% Triton X-100 (Roche Diagnostics GmbH, Man-
nheim, Germany) for 10 minutes. Cells were first incubated
with rabbit antiea-SMA (Thermo Fisher Scientific Inc.,
Waltham, MA) diluted in PBSeTween 0.1% for 30 minutes
at room temperature, and then with rhodamine-conjugated
anti-rabbit antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA). For collagen a1 (I) deposition, B. abortuse
infected cells were fixed 7 days after infection and were
subsequently incubated with mouse antiecollagen a1 (I)
(Thermo Fisher Scientific Inc.) diluted in PBSeTween 0.1%
for 30 minutes at room temperature, and then with Alexa
Fluor 488 anti-mouse antibodies (Invitrogen). DAPI was
used for nuclear staining for 30 minutes at room tempera-
ture. After washing in PBS, cells were mounted and then
were analyzed by fluorescence microscopy.

Neutralization of TGF-b1

Neutralization experiments were performed with an anti-
body against human TGF-b1 (IgG, rabbit polyclonal;
Abcam Inc., Cambridge, MA) or its isotype control (rabbit
IgG). To perform neutralizing experiments, antieTGF-b1
antibody was included during the infection at a final con-
centration of 20 mg/mL.
ucing profibrogenic activation. A: LX-2 and THP-1 cells were infected with
ng colony forming units (CFUs) after 2, 4, 6, 24, and 48 hours. B: Infection
48 hours after infection in LX-2 cells. ELISA determination of the cytokines
-1) (E) and IL-8 (F) in culture supernatants of 24 houreinfected LX-2 cells.
cherichia coli lipopolysaccharide (LPS), was used as a positive control. PMA,
shown are from a representative experiment of three performed. *P < 0.1,
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Figure 2 B. abortus infection inhibits MMP-9 secretion and induces
TIMP-1 production. LX-2 hepatic stellate cells were infected with B. abor-
tus, and 24 hours after infection, supernatants were harvested to analyze
MMP-9 production by zymography (A) and ELISA (B) and TIMP-1 production
by ELISA (C). PMA, phorbol myristate acetate. Data are given as the means
� SEM of duplicates. Data shown are from a representative experiment of
three performed. **P < 0.01, ***P < 0.001 versus noninfected (N.I.).

Brucella Modulates Stellate Cells
Evaluation of Hepatic Fibrosis in a Mouse Model of
Infection

Six- to 8-week-old female BALB/c mice were infected
through the i.p. route with 5 � 105 colony-forming units of
B. abortus S2308 or vehicle (PBS). Mice were sacrificed 1,
4, 8, and 12 weeks after tinfection. To determine TGF-b1
levels and collagen production in mouse livers, a liver lobe
from each mouse was excised and placed immediately into 1
mL of cold PBS. Liver extractions were performed by using
a tissue homogenizer. Homogenates were centrifuged at
2000 � g for 20 minutes at 4�C, and supernatants were
stored at �70�C until TGF-b1 and collagen measurements
were performed. In another group of mice, histologic ex-
amination of liver was performed 12 weeks after infection
after routine fixation and paraffin embedding. Sections
(5 mm thick) were cut and stained with H&E, Masson tri-
chrome, and Sirius red stain. Masson trichrome staining was
conducted according to the manufacturer’s instructions.
Briefly, sections were fixed in Bouin solution. After incu-
bation in Weigert iron hematoxylin solution, the slides were
stained with Biebrich scarlet-acid fuchsin and aniline blue
and were dehydrated in ethanol and xylene. Extensive
washes were done between each staining. Collagen fibers
stain green or blue. Muscle and keratin are red. Cytoplasm is
pink to red. Nuclei stain black. The Sirius red staining
method was used to specifically stain fibrous tissue com-
ponents. For Sirius red staining, sections were incubated for
30 minutes in 0.1% Sirius red f3b containing saturated picric
acid and 0.1% fast green (Sigma-Aldrich de Argentina
SA). After rinsing twice with distilled water, sections were
briefly dehydrated using anhydrous alcohol and were
coverslipped.

Immunohistochemical Detection of TGF-b1

Immunohistochemical reactions were performed on sections
of liver specimens prepared as described previously herein
using monoclonal rabbit anti-mouse TGF-b1 (Santa Cruz
Biotechnology) diluted 1:200. After inhibition of the
endogenous peroxidase with hydrogen peroxide in methanol
and blockage of nonspecific binding, overnight incubation
with the primary antibodies at 4�C in a humid chamber was
performed. The next day, reactions were amplified using an
EnVisionþ dual link system horseradish peroxidase kit
(Dako, Carpinteria, CA) and were developed using 3,30-
diaminobenzidine and hydrogen peroxide (Sigma-Aldrich
de Argentina SA). Nuclear counterstaining was performed
using hematoxylin.

Statistical Analysis

Statistical analysis was performed using one-way analysis
of variance, followed by post hoc Tukey testing using
GraphPad Prism version 4.0 software (GraphPad Software
Inc., San Diego, CA). Data are presented as means � SEM.
The American Journal of Pathology - ajp.amjpathol.org
Results

B. abortus Invades and Multiplies in LX-2 Cells,
Inducing Profibrogenic Activation

Hepatic stellate cells clearly have a necessary and funda-
mental role in tissue homeostasis and normal wound repair
through the production of extracellular matrix proteins.14

The persistence of an infectious stimulus might drive liver
fibrosis because its presence could induce marked alter-
ations in a variety of immune and structural cells.

To begin to substantiate the hypothesis, LX-2 cells were
infected with B. abortus. The bacterium invades and repli-
cates in LX-2 cells, and the magnitude of the infection
(intracellular colony-forming units) was directly related to
the MOI used (Figure 1, A and B). As a control, THP-1
cells, a monocytic/macrophage cell line that was consis-
tently reported to support Brucella infection and growth,
were infected in parallel. At any time tested, the number of
bacteria was higher in THP-1 cells than in LX-2 cells
(Figure 1A). This is a consistent result because it has been
1921
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Figure 3 LX-2 hepatic stellate cells infected with B. abortus induce collagen deposition. A: At 7, 14, and 30 days of LX-2 cell cultures, collagen deposition
was revealed by Sirius red staining. B: Quantification of Sirius red was determined by OD readings at 550 nm. C: Collagen deposition was revealed by
immunofluorescence with a specific antibody. PMA, phorbol myristate acetate. Data are given as the means � SEM of duplicates. Data shown are from a
representative experiment of three performed. **P < 0.01, ***P < 0.001 versus noninfected (N.I.).

Arriola Benitez et al
reported that macrophages are the preferential cells that
support Brucella replication.15

To determine whether B. abortus infection affects the
viability of LX-2 cells, these cellswere infectedwithB. abortus
for 2 hours and then were washed to remove uninternalized
bacteria; after 24hours, nucleiwere stainedwithHoechst 33342
and were analyzed by microscopy, or cells were stained with
annexin Vephosphatidylinositol and were analyzed by flow
cytometry. Paraformaldehyde at 4% was used as a positive
control of apoptosis. B. abortus infection did not induce
apoptosis of LX-2 cells at any MOI tested as measured by
Hoechst staining or by annexin Vephosphatidylinositol stain-
ing (data not shown). These results are consistentwith aputative
fibrotic phenotype induced by LX-2 cells because their death
would impede the healing of hepatic tissues, modulating the
hepatic microenvironment toward an antifibrogenic balance.16
1922
Infection also resulted in significant secretion of the
profibrogenic cytokines TGF-b1 and IL-6 and the chemo-
kines monocyte chemotactic protein-1 and IL-8 in an MOI-
dependent manner but not tumor necrosis factor a (Figure 1,
CeF, and data not shown).
Because B. abortus induced the secretion of profibro-

genic cytokines (TGF-b and IL-6), experiments were con-
ducted to determine whether B. abortus infection could also
induce an increase in a-SMA expression, another marker of
myofibroblast differentiation and activation of fibrogenesis.
To this end, LX-2 cells were infected with B. abortus, and
after 72 hours, a-SMA production was detected using a
specific antibody. Lipopolysaccharide from Escherichia
coli was used as a positive control. B. abortus infection
induced an a-SMA increase in an MOI-dependent manner
(Figure 1G).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 B. abortus inhibition of MMP-9 activity depends on TGF-b1
secretion. Inhibition of MMP-9 secretion by B. abortuseinfected LX-2 he-
patic stellate cells in the presence of an antieTGF-b1 neutralizing antibody
or its isotype control. Data shown are from a representative experiment of
three performed.

Figure 5 Supernatants from B. abortuseinfected hepatocytes (HepG2)
and monocytes (THP-1) induce MMP-9 secretion and inhibit collagen
deposition by LX-2 hepatic stellate cells. MMP-9 production by noninfected
(N.I.) LX-2 cells stimulated with supernatants from B. abortuseinfected
monocytes or hepatocytes (added at a 1:2, 1:5, or 1:10 proportion) or from
noninfected monocytes or hepatocytes was determined by zymography (A
and B) and ELISA (C and D). E and F: Collagen production by N.I. LX-2 cells
stimulated with supernatants from B. abortuseinfected monocytes or he-
patocytes was determined by quantification of Sirius red 7 days after
stimulation. Data are given as the means � SEM of duplicates. Data shown
are from a representative experiment of three performed. **P < 0.01,
***P < 0.001 versus control (nonstimulated).

Brucella Modulates Stellate Cells
Taken together, these results indicate that B. abortus
infection induces LX-2 cell activation, which leads to
concomitant profibrogenic phenotype.

B. abortus Inhibits MMP-9 Secretion and
Concomitantly Induces TIMP-1 Secretion in LX-2 Cells

The participation of MMPs and their specific inhibitors, the
TIMPs, together with collagen deposition are implicated in
the formation and recovery processes of liver fibrosis and
granuloma formation.14 Therefore, experiments were con-
ducted to determine whetherB. abortus infection maymodify
the expression of these molecules. B. abortus infection
reduced the basal levels of MMP-9 secreted by LX-2 in an
MOI-dependent manner, as determined by gelatin zymog-
raphy (Figure 2A) and corroborated by ELISA (Figure 2B). In
contrast, significantly increased levels of TIMP-1 were
detected in supernatants from infected LX-2 cells (Figure 2C).
The magnitude of TIMP-1 release was directly related to the
MOI used.

LX-2 Cells Infected with B. abortus Induce Collagen
Deposition

Activated stellate cells could also display increased produc-
tion of extracellular matrix and profibrotic factors such as
collagen. Therefore, experiments were conducted to deter-
mine whether B. abortus infection induced collagen de-
position. Collagen was stained by adding Sirius red, a strong
anionic dye that binds strongly to collagen molecules.
B. abortuseinfected and noninfected LX-2 cells progres-
sively deposited more collagen with time, but infected cells
produced significantly (P < 0.01) more collagen than
The American Journal of Pathology - ajp.amjpathol.org
noninfected controls in anMOI-dependent manner on days 7,
14, and 30 (Figure 3, A and B), demonstrating the stimulation
of collagen deposition induced by B. abortus infection. To
corroborate whether B. abortus infection may induce an in-
crease of collagen I deposition, LX-2 cells were infected, and
after 7 days, collagen a1 (I) deposition was detected with a
specific antibody. Confirming the results obtained with Sirius
red, B. abortus infection increased collagen I deposition in an
MOI-dependent manner (Figure 3C). Taken together, these
results indicate that B. abortus infection activates hepatic
stellate cells, inducing collagen deposition. This deposition
could induce progressive changes in the surrounding extra-
cellular matrix, contributing to fibrogenesis.

B. abortus Inhibition of MMP-9 Activity Depends on
TGF-b1 Secretion

A key cytokine involved in the fibrotic phenotype from
paracrine and autocrine sources is TGF-b1,which is expressed
by several cell types, including hepatic stellate cells.17

B. abortus infection stimulated TGF-b1 secretion in LX-2
cells. Then, experiments were conducted to investigate
whether TGF-b1 was involved in MMP-9 regulation by B.
abortus infection. To address this issue, we evaluated the
1923
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Figure 6 B. abortus infection of LX-2 cells inhibits MMP-9 secretion
induced by supernatants from B. abortuseinfected hepatocytes (HepG2)
and monocytes (THP-1) while inducing collagen deposition. A and B:
MMP-9 production by B. abortuseinfected (MOI 100) LX-2 hepatic stellate
cells stimulated with supernatants from B. abortuseinfected hepatocytes or
monocytes (added at a 1:2, 1:5, or 1:10 proportion) or from noninfected
hepatocytes or monocytes was determined by zymography 24 hours after
stimulation. C and D: Collagen production was determined by quantification
of Sirius red 7 days after stimulation. E and F: TGF-b1 secretion was
measured by ELISA 24 hours after stimulation. G and H: Inhibition of the
stimulating effect of TGF-b1 by performing the experiments with an
antieTGF-b1 neutralizing antibody or an isotype control. Data are given as
the means � SEM of duplicates. Data shown are from a representative
experiment of three performed. *P < 0.1, **P < 0.01, and ***P < 0.001
versus noninfected (N.I.).

Arriola Benitez et al
effects of neutralizing the action of this cytokine by using a
TGF-b1 neutralizing antibody. As shown in Figure 4,
neutralization of TGF-b1 reduced the ability of B. abortus
to inhibit MMP-9 production in LX-2 cells. Isotype control
had no effect. These results indicate that TGF-b1 could be a
key cytokine involved in the fibrogenic phenotype triggered
by B. abortus infection.

Supernatants from B. abortuseInfected Hepatocytes
and Monocytes Induce MMP-9 Secretion and Inhibit
Collagen Deposition by LX-2 Cells

The liver is an intricate microenvironment in which diverse
cell types (resident and infiltrating) can interact in a complex
network. In view of the ability of Brucella-infected LX-2
cells to produce monocyte-attracting factors that could
potentially recruit monocytes to the site of infection, we
hypothesized that macrophages could be attracted to the site
of infection. Thus, we decided to investigate the effect of
cytokines present in supernatants from B. abortuseinfected
macrophages on MMP-9 production by LX-2 cells. The
addition of supernatants from B. abortuseinfected mono-
cytes at different proportions (1:2 to 1:10) to noninfected
LX-2 cells induced significant secretion of MMP-9 by the
latter cells compared with that in unstimulated cultures as
determined by zymography and corroborated by ELISA. In
contrast, MMP-9 secretion was not induced when LX-2
cells were stimulated with supernatants from noninfected
monocytes (Figure 5, A and C).

Because we previously demonstrated that hepatocytes
could be infected by B. abortus and that this infection elicited
the secretion of cytokines,7 we decided to investigate whether
supernatants from B. abortuseinfected hepatocytes induced
MMP-9 secretion by LX-2 cells. As shown in Figure 5, B and
D, supernatants from B. abortuseinfected hepatocytes
induced MMP-9 secretion by LX-2 cells in a dose-dependent
manner. Supernatants from noninfected hepatocytes had no
effect. In addition, the increase in MMP-9 secretion by LX-2
cells induced by supernatants from B. abortuseinfected he-
patocytes andmonocytes is in correlation with an inhibition in
collagen deposition as determined by Sirius red staining
(Figure 5, E and F). These results indicate that supernatants
from B. abortuseinfected monocytes and hepatocytes
induced MMP-9 secretion and inhibited collagen deposition
by LX-2 cells.

However, these results also indicated that B. abortus infec-
tion of LX-2 cells inhibits basal MMP-9 secretion and induces
collagen deposition. Thus, experiments were conducted to
determine whetherB. abortus infectionmay also inhibit MMP-
9 secretion induced by monocytes and hepatocytes, secreted
factors with concomitant collagen deposition induction. For
this, LX-2 cells were infected with B. abortus at differentMOIs
in the presence of supernatants from B. abortuseinfected
monocytes or hepatocytes. Supernatants from noninfected
monocytes and hepatocytes were used as control. B. abortus
infection of LX-2 cells inhibited MMP-9 secretion induced by
1924
supernatants from B. abortuseinfected monocytes or hepato-
cytes (Figure 6, A and B). Concomitantly, B. abortus infection
also induced collagen deposition induced in the presence of
supernatants from B. abortuseinfected monocytes or hepato-
cytes (Figure 6, C and D). These results indicate that depending
on the status of LX-2 cells (infected or not) and the interaction
with surrounding or attracted cells, it can induce a fibrotic or an
inflammatory phenotype.

LX-2 Cells Secrete TGF-b1 in Response to B. abortus
Infection and Stimulation with Supernatants from
B. abortuseInfected Monocytes and Hepatocytes

TGF-b1 plays a pivotal role in the development of fibrosis in
the liver and other organs.18e21 In addition, TGF-b1modulates
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Immunopathologic markers in livers
of mice infected with B. abortus. A: Collagen
production was determined by quantification of
Sirius red in liver extracts 1, 4, 8, and 12 weeks
after infection. B: TGF-b1 secretion was measured
by ELISA in liver extracts 1, 4, 8, and 12 weeks
after infection. C: Representative photomicro-
graphs of liver sections from noninfected (N.I.) or
B. abortuseinfected mice (n Z 6) stained with
H&E, Masson trichrome, Sirius red, and immuno-
histochemical staining for TGF-b1. **P < 0.01,
***P < 0.001 versus N.I.
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the expression of TIMPs, MMPs, and collagen, among
others.22 Then, experiments were conducted to determine
the role of this cytokine in the inhibition ofMMP-9 secretion in
B. abortuseinfected LX-2 cells treated with supernatants from
B. abortuse infected monocytes or hepatocytes. TGF-b1
secretion was detected in culture supernatants from B. abor-
tuseinfected LX-2 cells that were treated with supernatants
fromB. abortuseinfectedmonocytes or hepatocytes (Figure 6,
E and F). However, this cytokine was not detected in super-
natants from noninfected LX-2 cells treated with supernatants
from B. abortuseinfected monocytes or hepatocytes. To
determine whether TGF-b1 is involved in the inhibition of
MMP-9 secretion, we performed the same experiment but in
the presence of a neutralizing antibody antieTGF-b1. Inhibi-
tion of TGF-b1 reverses the inhibitory effect induced by B.
abortus infection; isotype control hadnoeffect (Figure 6,G and
H).

Altogether, these results indicate that B. abortus infection
prevents MMP-9 secretion induced by supernatants from
B. abortuseinfected monocytes and hepatocytes in a way in
which TGF-b1 is the key cytokine involved.

Immunopathologic Markers in Livers of Mice Infected
with B. abortus

The hypothesis is that B. abortus could induce and inhibit
MMP-9 secretion depending on cell-to-cell interaction
and whether they were previously infected. As shown in
Figure 7A, levels of collagen, measured by Sirius red
staining, were significantly increased in the livers of mice
infected with B. abortus compared with the livers of mice
inoculated with PBS (negative control). In addition, this
increase correlated with the increases in TGF-b1 secretion,
especially from week 8 on (Figure 7B). In addition, the
The American Journal of Pathology - ajp.amjpathol.org
histologic findings in liver sections after H&E staining
indicated that B. abortus infection induced an inflammatory
lymphocytic infiltrate. Also, Masson trichrome and Sirius
red staining revealed the presence of fibrotic patch and
collagen deposition, respectively, in livers from B. abortuse
infected mice (Figure 7C). Immunohistochemical analysis
revealed that TGF-b1 was mainly produced by hepatic
stellate cells (Figure 7C).

Discussion

In patients with active brucellosis, the liver is frequently
affected by histopathologic lesions, such as granulomas,
inflammatory infiltrations, and parenchymal necrosis.5 In
the present study, we examined some potential mechanisms
of liver damage in brucellosis. Although numerous studies
have focused on brucellar liver histopatology,5 consensus on
the nature of this involvement is missing.

Liver fibrosis is characterized by the deposition of
extracellular matrix. The persistence of an infectious stim-
ulus, such as B. abortus infection, and the sustained injury
might drive fibrosis because its presence induces marked
alterations in a variety of immune and structural cells.23

Many potentially fibrogenic cell populations in the liver
have been described, such as portal fibroblast, mesenchymal
cells derived from the bone marrow, and even hepatocytes
and biliary epithelial cells.24 However, hepatic stellate cells
are recognized as the major source of liver fibrosis.25

Collagen type I is the prototype constituent of the fibril-
forming matrix in fibrotic liver, and its expression is regu-
lated at the transcriptional and posttranscriptional levels, as
described.26e28 TGF-b1, derived from paracrine and auto-
crine sources, remains the classic fibrogenic cytokine.29,30

We demonstrated that hepatic stellate cells (LX-2) infected
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with B. abortus increased the expression of a-SMA, a key
marker of stellate cell activation, collagen, and TGF-b1
secretion. In correlation with these findings, B. abortus
infection inhibited the basal and induced secretion of
MMP-9 by hepatic stellate cells that was dependent on
TGF-b1 induction. The most frequent abnormalities in liver
brucellosis are raised aminotransferase and alkaline phos-
phatase levels.4 A significant correlation between aspartate
aminotransferase and alanine aminotransferase activity in
serum and increased levels of TGF-b1 has been previously
reported.31 On the other hand, elevated concentrations of
TGF-b1 correlated with the severity of liver diseases, sug-
gesting TGF-b1 as a marker of hepatic dysfunction32 and
possibly of hepatic fibrosis progression.33

In addition, we demonstrated that B. abortuseinfected
hepatic stellate cells not only contribute to collagen depo-
sition but also may mediate the recruitment of inflammatory
cells to the infectious focus. Consistent with this hypothesis,
we found that LX-2 cells respond to B. abortus infection
with significant production of IL-8 and monocyte chemo-
tactic protein-1, potent chemoattractants for neutrophils and
monocytes, respectively. This is particularly relevant
because monocytes/macrophages are the preferential niche
of replication of the bacterium.15 Therefore, macrophages
(the ones that dwell in the liver or the ones that could be
attracted to the site of infection) also could contribute to
liver abnormalities, not only providing a replicative niche
but also causing inflammation. Moreover, a recent study
shed light on the complexity and dynamics of the cellular
environment caused by this pathogen during the course of
liver infection and demonstrated that hepatic dendritic cells
are effectors and reservoir cells in chronicity of infection.34

However, although stellate cells could not be a replicative
niche or Brucella reservoir in the liver, these cells could be
infected transiently or stimulated by Brucella antigens or by
cytokines present in the inflammatory milieu generated by
the infection. Different studies35e37revealed the intracellular
signaling cascades involved in the Toll-like receptore
initiated immune response to Brucella spp. infection. A
recent study showed the role of noneToll-like receptors in
innate immunity in Brucella infection, which results in
activation of an acute inflammatory response that is partly
mediated by a cytosolic machinery termed inflammasome.36

This very acute inflammatory pathway is also vital for the
development of a full fibrogenic response in a variety of
organs, including the lungs, liver, and skin.38

Accordingly, we found that supernatants from B. abortuse
infected macrophages induced MMP-9 secretion and inhibi-
ted collagen deposition by LX-2 cells; however, these phe-
nomena were inhibited when LX-2 cells were infected with
B. abortus at the same time that they were treated with su-
pernatants from B. abortuseinfected macrophages. This also
correlated with an increase in TGF-b1 production. The same
phenomena were observed when we used supernatants from
B. abortuseinfected hepatocytes. These results and previous
findings7 correlated with the histologic findings from the liver
1926
of B. abortuseinfected mice, in which we observed inflam-
matory damage and fibrotic regions simultaneously. In
addition, in liver extracts from infected mice we observed a
significant increase in collagen deposition and TGF-b1
secretion in a time-dependent manner. Histologic analysis
revealed the presence of inflammatory infiltrate and patched
fibrosis.
In summary, the present study provides potential mecha-

nisms of liver fibrosis induced by B. abortuseinfected hepatic
stellate cells. In addition, the cross talk of these cells with
hepatocytes and macrophages would put into action a series of
interactions that may contribute to explaining some of mech-
anisms of liver damage observed in human brucellosis.
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