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Regardless of their primary causes, progressive renal
fibrosis and tubular atrophy are the main predictors
of progression to end-stage renal disease. Basigin/
CD147 is a multifunctional molecule–it induces matrix
metalloproteinases and hyaluronan, for example–and
has been implicated in organ fibrosis. However, the
relationship between basigin and organ fibrosis has
been poorly studied. We investigated basigin’s role in
renal fibrosis using a unilateral ureteral obstruction
model. Basigin-deficient mice (Bsg�/�) demonstrated
significantly less fibrosis after surgery than Bsg�/�

mice. Fewer macrophages had infiltrated in Bsg�/�

kidneys. Consistent with these in vivo data, primary
cultured tubular epithelial cells from Bsg�/� mice
produced less matrix metalloproteinase and exhib-
ited less motility on stimulation with transforming
growth factor �. Furthermore, Bsg�/� embryonic fi-
bro blasts produced less hyaluronan and �-smooth
muscle actin after transforming growth factor � stim-
ulation. Together, these results demonstrate for the
first time that basigin is a key regulator of renal fibro-
sis. Basigin could be a candidate target molecule for
the prevention of organ fibrosis. (Am J Pathol 2011,

178:572–579; DOI: 10.1016/j.ajpath.2010.10.009)

Regardless of the primary disease process, renal interstitial
fibrosis is the key determinant of chronically diseased kid-
ney and the main prognostic predictor of renal function.1

Excessive accumulation of extracellular matrix (ECM) leads
to dysfunction of the organ and state of fibrosis.2 ECM
turnover is regulated by the activity of matrix metalloprotein-
ases (MMPs). Although transforming growth factor �

(TGF-�) stimulates �-SMA expression as well as ECM pro-

572
duction by fibroblasts, it also regulates the expression of
MMPs.3,4 Conversely, some MMPs, such as MMP-2,
MMP-9, and MT1-MMP, activate latent TGF-�.5,6 Therefore,
ECM synthesis and degradation are intricately regulated by
TGF-�, MMPs, and others. In this context, it should also be
noted that hyaluronan plays a crucial role in the TGF-�–
driven differentiation of fibroblasts into myofibroblasts.7–10

Endogenous hyaluronan is necessary for fibroblast differ-
entiation and maintenance of the myofibroblast phenotype
through autocrine TGF-� action.11

Basigin (Bsg)/CD147 (Bsg is the name of the mouse
gene) is a glycosylated transmembrane protein that be-
longs to the immunoglobulin superfamily. It is expressed
by many types of cells, including hematopoietic, epithe-
lial, endothelial, and tumor cells.12,13 It is well docu-
mented that Bsg induces MMPs, so it is also known
as an extracellular matrix metalloproteinase inducer
(EMMPRIN).14 It is highly up-regulated in many malignant
cancer cells and is thought to contribute to cell survival,
invasion, metastasis, and multidrug resistance.15 Studies
targeting Bsg to prevent tumor growth using RNAi tech-
niques have achieved successful outcomes.16–19 Along
with MMPs, Bsg is also involved in the production of
vascular endothelial growth factor and hyaluronan.20–24

Bsg interacts with a wide range of binding partners.25 For
example, it binds to caveolin, cyclophilin, monocarboxylate
transporter, and Bsg itself.26–29 Through the interaction with
monocarboxylate transporter, Bsg plays a role in lactate
metabolism. Furthermore, Bsg promotes the differentiation
of fibroblasts into myofibroblasts by inducing �-SMA ex-
pression in corneal fibroblasts.30

We previously generated Bsg-deficient mice (Bsg�/�)
and reported several abnormalities, including male and fe-
male sterility, progressive retinal degeneration, increased
cell proliferation on mixed lymphocyte culture, decreased
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memory function, and abnormal sensory function.31–33 Most
recently, we also found that Bsg is an E-selectin ligand and
is involved in renal ischemia/reperfusion injury.34

In this study, we focused on Bsg functions in renal
fibrosis induced by unilateral ureteral obstruction (UUO).
Bsg orchestrates renal fibrosis formation through MMPs,
hyaluronan production, and macrophage infiltration. To
the best of our knowledge, this is the first report on the
critical role of Bsg in renal fibrosis.

Materials and Methods

Animals and Experimental Design

Mice deficient in Bsg were generated as described
previously.35 Because Bsg�/� mice were hardly born
through ordinary mating, we established the following
protocol. Bsg�/� mice with 129/SV background were
backcrossed with C57BL/6J mice to produce F1 hybrid
offspring (reverse F1 hybrid). By intercrossing these
mice, mixed reverse F2 mice were generated, and were
used in this study. All experiments were performed with
Bsg�/� and Bsg�/� littermates. We used 96 mice (48
mice in each genotype, respectively), which were 8- to
12-week-old males weighing 20 to 25 g. These mice were
divided into seven groups at each time point (n � 8/each
group on day 0, 7, and 14; n � 6/each group on day 1, 2,
3, and 5, respectively). The mice were housed under
controlled environmental conditions and maintained with
standard food and water.

In Bsg�/� and Bsg�/� mice sedated by general anes-
thesia, an incision was made in the right side of the back,
and complete ureteral obstruction was performed by
double-ligating the right ureter using 4-0 silk. Sham-op-
erated mice had their ureters exposed but not ligated.
Mice were sacrificed at different time points as indicated
after surgery. Kidneys were removed for examination.
Blood and urine samples were collected on the day of
sacrifice. Kidney tissues were processed for histology
and protein extraction. All of the animal experiments were
performed in accordance with the animal experimenta-
tion guidelines of Nagoya University School of Medicine.

Histology

The removed kidneys were fixed in 4% paraformaldehyde,
embedded in paraffin, and then cut into 4-�m sections. The
sections were stained with polyclonal goat anti-human type
III collagen (Southern Biotech, Birmingham, AL) and poly-
clonal goat anti-mouse Bsg (R&D Systems, Minneapolis,
MN) followed by detection with biotin-conjugated rabbit
anti-goat IgG (Nichirei, Tokyo, Japan). Immunostaining
was performed by the streptavidin (Chemicon Interna-
tional, Temecula, CA) -biotin immunoperoxidase method.
The staining was visualized with 3,3=-diaminobenzidine
(Dako, Carpinteria, CA), a brown color being produced.
Negative controls involved replacement of the primary
antibodies with species-matched antibodies.

The sections were stained with periodic acid-Schiff re-
agent (PAS). Tubular dilation was assessed by counting the

number of dilated tubules in the cortex of each section.36
They were also stained with a terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) as-
say kit according to the manufacturer’s instructions (Roche
Applied Science, Indianapolis, IN). The number of apop-
totic cells was examined in the cortex of each section.

Parts of the kidney tissues were snap-frozen in liquid
nitrogen. Sections (2-�m thick) were cut with a cryostat
and then fixed in acetone. The cryosections were stained
with rat anti-mouse monocyte-macrophage marker F4/80
(Serotec, Oxford, UK) followed by detection with fluores-
cein isothiocyanate rabbit anti-rat IgG (Zymed Laborato-
ries, San Francisco, CA). Macrophages positive for F4/80
were counted by examining 10 fields of the cortex under
a microscope at �200 magnification in a blind manner.

Real-Time PCR

Mouse kidney tissues were snap-frozen in liquid nitro-
gen for total mRNA isolation. To perform mRNA extrac-
tion and cDNA synthesis, we used the RNeasy Mini Kit
and QuantiTect Reverse Transcriptional Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s in-
structions. Real-time PCR analysis was performed with an
Applied Biosystems Prism 7500HT sequence detection
system using TaqMan gene expression assays accord-
ing to the manufacturer’s specifications (Applied Biosys-
tems, Foster City, CA). TaqMan probes and primers for
type III collagen (Col3a1; Mm00802331_m1), TGF-�1

(Tgfb1; Mm00441724_m1), hyaluronan synthase 2 (Has2;
Mm00515089_m1), �-SMA (Acta2; Mm01546133_m1),
�-actin (Actb; Mm00607939_s1), and glyceraldehyde-3-
phosphate dehydrogenase (Gapdh; Mm99999915_g1)
were used. Amplification data were analyzed with Applied
Biosystems Sequence Detection software version 1.3.1.

Western Blot Analysis

Mouse kidney tissues were snap-frozen in liquid nitrogen
for protein isolation and then lysed in radio-immunopre-
cipitation assay buffer (50 mmol/L Tris-HCl, 150 mmol/L
NaCl, 1% Nonidet P, 1% deoxycolic acid, and 0.05%
SDS). Western blot analysis was performed as described
previously.37

Briefly, we separated the samples by 10% SDS-PAGE
and then transferred them to a nitrocellulose membrane
(Whatman, Florham Park, NJ). We blocked the mem-
branes with 5% (w/v) dry fat-free milk in PBS with 0.1%
Tween for 60 minutes at room temperature. The blots
were subsequently incubated with goat anti-mouse Bsg
antibody (R&D Systems), monoclonal anti-� actin anti-
body (Sigma Aldrich, St. Louis, MO), or rat anti-mouse
E-selectin antibody (R&D Systems), followed by incuba-
tion with peroxidase-conjugated anti-goat IgG, rat IgG,
and mouse IgG (Jackson Immunoresearch Laboratories,
West Grove, PA). Proteins were visualized with an en-
hanced chemiluminescence detection system (Amer-
sham Pharmacia, Amersham Biosciences, Piscataway,
NJ). The density of each band was measured using the
public domain National Institutes of Health image pro-

gram.
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Gelatin Zymography

Kidney tissue homogenates and cultured media of TECs
were subjected to gelatin zymography of the MMP proteo-
lytic activity. Gelatin zymography was performed using
commercial kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Briefly, the homogenates were
loaded into 7.5% SDS-polyacrylamide gel containing 1
mg/ml gelatin. After electrophoresis, the gel was incubated
in 2.5% Triton X-100 at room temperature for 30 minutes
with gentle shaking and then at 37°C for 24 hours in a
developing buffer containing CaCl2 Tris-HCl. The gel was
stained with Coomassie blue. Proteinase activity was
detected as unstained bands on a blue background,
representing areas of gelatin digestion. The density of
each band was measured using the public-domain
National Institutes of Health image program.

Cell Culture

Tubular epithelial cells (TECs) were isolated from the
kidneys of adult Bsg�/� or Bsg�/� mice, as described
previously.38 Briefly, the renal cortex divided from the
medulla was resolved with collagenase (Wako Chemi-
cals, Miyazaki, Japan) and the lysate was then filtered
through 38-�m strainer, using a mesh sieving method.
The fluid was centrifuged to pellet the various renal cells,
which were plated with cultured media for 1 hour of
incubation. To avoid the contamination of mesangial cells
and various cells, adherent cells were removed, and a
supernatant solution including numerous TECs was incu-
bated to another plate for 72 hours in K1 medium [224.25
ml Ham’s F12; 226.25 ml Dulbecco’s modified Eagle’s
medium (DMEM); and 12.5 ml HEPES] containing 10%
fetal bovine serum (GIBCO BRL, Gaithersburg, MD) and
hormones [epidermal growth factor (50 pg/ml); insulin-
transferrin-sodium selenite media supplement (0.12 IU/
ml), prostaglandin E1 (1.25 ng/ml), hydrocortisone (18
ng/ml); T3 (34 pg/ml)]. The fourth and fifth passages were
used for experiments. These cells isolated from the kid-
neys were determined to be of proximal tubular origin by
means of immunofluorescence histochemistry; cells were
stained positively for cytokeratin (ENZO Diagnostics,
Farmingdale, NY); brush border vesicle (BBV; gift from
Dr. G. Andres)39; desmin (Progen, Heidelberg, Ger-
many), and Phalloidin (Invitrogen). These staining pat-
terns were the same as those previously reported.40

Subconfluent tubular epithelial cells were incubated in
serum-free medium for 24 hours to arrest and synchro-
nize cell growth. After that, the medium was changed to
fresh serum-free DMEM containing 5 ng/ml recombinant
TGF-� (R&D Systems) for 0, 1, 3, 6, 12, and 24 hours in
the time-course study. The culture medium was subjected
to gelatin zymography.

Mouse embryonic fibroblast (MEF) was established
from the embryos of Bsg�/� and Bsg�/� mice and then
cultured in DMEM containing 10% fetal bovine serum.41

After the cells were starved for 24 hours, the medium was
changed to fresh serum-free DMEM containing 5 ng/ml

recombinant TGF-� (R&D Systems). Cells were then used
for the collection of mRNA, and culture medium was used
for hyaluronan ELISA.

Cell Invasion Assay

To compare cell migration capacity between Bsg�/�

TECs and Bsg�/�, we used the Cultrex Cell Invasion/
Migration Assay according to the manufacturer’s instruc-
tions (Trevigen, Gaithersburg, MD) to mimic in vivo the
tubular basement membrane microenvironment and the
renal interstitium and to screen compounds that influence
cellular digestion and migration across ECM. This assay
used a simplified Boyden chamber design with an 8-mi-
cron polyethylene terephthalate membrane coated with
basement membrane extract. The bottom wells of a 96-
well Boyden chamber were filled with DMEM containing 5
ng/ml TGF-� (R&D Systems). Bsg�/� and Bsg�/� TECs
were labeled with calcein-AM beforehand, and then 5.0 �
104 cells/well were added to the upper chamber. The Boy-
den chamber was incubated for 24 hours at 37°C to allow
the possible migration of cells into the lower chamber. The
number of migrated cells was estimated as fluorescence
using Fluoroskan AscentCF (Labsystems, Helsinki, Fin-
land).

Statistical Analysis

All values are expressed as means � SD. Statistical
analysis was performed with the unpaired, two-tailed Stu-
dent’s t-test for single comparisons. Values of P � 0.05
were considered to indicate statistically significant differ-
ences.

Results

Bsg�/� Mice Have Less Tubulointerstitial
Fibrosis

To determine the role of Bsg in renal fibrosis, we sub-
jected Bsg�/� and Bsg�/� mice to UUO surgery and
compared the degrees of type III collagen deposition
in the tubulointerstitium. At 7 days after UUO operation,
both genotypes exhibited increased expression of type
III collagen on immunohistochemistry (Figure 1A). This
deposition became more diffuse and remarkable at 14
days in the interstitium of Bsg�/� mice, whereas
Bsg�/� mice showed only a little more fibrosis. Consis-
tent with the immunohistochemical findings, type III
collagen mRNA expression also increased at 14 days
in Bsg�/� mice compared with Bsg�/� mice, which was
revealed by quantitative RT-PCR (Figure 1B).

PAS staining revealed marked tubular dilation and
atrophy in both genotypes at 14 days (Figure 1C). It is
likely that the infiltration of inflammatory cells was
prominent in Bsg�/� mice. To verify the tubular dam-
age, we assessed the number of dilated tubules at 7
and 14 days. There was no significant difference be-
tween the two genotypes (Figure 1D), suggesting that

both groups operated on had the same extent of renal



Basigin in Renal Fibrosis Pathogenesis 575
AJP February 2011, Vol. 178, No. 2
damage. We further performed TUNEL assay to exam-
ine the effect of Bsg on apoptosis of tubular injuries.
But, no obvious difference was observed between the
two genotypes (Figure 1E).

Figure 2. Macrophage infiltration in Bsg�/� and Bsg�/� mouse kidneys
after UUO. A: The numbers of macrophages that had infiltrated into the
tubulointerstitium at 3, 7, and 14 days were counted. Data are means �
SD; white bar, Bsg�/�; black bar, Bsg�/�; *P � 0.05; n � 6. B: Immuno-
fluorescence staining with F4/80 antibody at 7 days. Scale bar � 50 �m.
C: Western blotting of E-selectin expression in the kidney after UUO. D:
TGF-� mRNA, determined by real-time PCR. Each value was standardized

Figure 1. Histological evaluation of the kidneys of Bsg�/� and Bsg�/�

mice after UUO. A: Type III collagen expression in the tubulointerstitium
at 0, 7, and 14 days after UUO operation. Scale bar � 50 �m. B: Type III
collagen mRNA expression, determined by quantitative reverse transcriptase
PCR. Each value was standardized by GAPDH mRNA content as an internal
control. Data are means (columns) � SD (bars); white bar, Bsg�/�; black bar,
Bsg�/�; **P � 0.01; n � 6. C: The tubulointerstitium at 14 days is shown by
PAS staining. Scale bar � 50 �m. D: The number of dilated tubules (counts/
mm2). Data are means � SD; white bar, Bsg�/�; black bar, Bsg�/�; N.S., not
significant; n � 8. E: The number of apoptotic cells (counts/mm2), assessed
by TUNEL assay. Data are means � SD; white bar, Bsg�/�; black bar,
Bsg�/�; n � 8.
by GAPDH mRNA content as an internal control. Data are means � SD;
white bar, Bsg�/�; black bar, Bsg�/�; *P � 0.05; n � 6.
Macrophage Infiltration Is Lower in Bsg�/� Mice

Macrophage infiltration is a key event for the pathogen-
esis of renal fibrosis.42,43 Both Bsg�/� and Bsg�/� mice
exhibited only slight macrophage infiltration at day 3 (Fig-
ure 2A). Macrophage infiltration into the interstitium be-
came prominent at day 7, and increased more at day 14
(Figure 2, A and B). The infiltrating macrophage number
was significantly higher in the Bsg�/� kidneys (Figure 2A).

Macrophage infiltration in the post-obstructed kidney
requires adhesion molecules.44 However, little informa-
tion about E-selectin is available. Because Bsg acts as an
E-selectin ligand on inflammatory cells,34 we next exam-
ined E-selectin expression in the kidney. We found that
E-selectin expression was upregulated in the kidney after
UUO surgery, but the expression levels were comparable
between the genotypes (Figure 2C).

TGF-� serves as a profibrogenic cytokine by directly
stimulating the synthesis of extracellular matrix compo-
nents and indirectly stimulating other profibrogenic fac-
tors such as connective tissue growth factor.45 TGF-� is
produced by many types of cells in the UUO model, and

Figure 3. Induction of renal MMPs in the Bsg�/� and Bsg�/� mouse kidneys
after UUO. A: Zymographic analysis of whole kidney lysates indicating
MMP-2 induction. B: The intensity of active-MMP-2 bands. Data are means �
SD; white bar, Bsg�/�; black bar, Bsg�/�; *P � 0.05; n � 6. C: A represen-
tative photo of MMP-9 activation in gelatin zymography. D: The intensity of

�/�
active-MMP-9 bands. Data are means � SD; white bar, Bsg ; black bar,
Bsg�/�; *P � 0.05; n � 6.
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macrophage is one of the major sources.42,45 We found
that TGF-� was equally up-regulated in both genotypes
until 7 days after UUO surgery (Figure 2D). Then TGF-�
expression in Bsg�/� exceeded that in Bsg�/� mice at
day 14 (Figure 2D).

MMP-2 and MMP-9 Activities Are Suppressed
in Bsg�/� Mice

Bsg is known as an inducer of MMP-2 and MMP-9, and
they play a key role in maintaining a balance between
ECM deposition and degradation. In addition, the increased
synthesis of MMPs has been shown to increase in various
kidney diseases.46,47 Therefore, we next investigated MMP
activity in the kidney after UUO. Gelatin zymography dem-
onstrated that the activity of MMP-2 was gradually in-
creased, but was always less in Bsg�/� mice: the difference
between the genotypes became apparent 3 days after sur-
gery (Figure 3, A and B). On the other hand, the activation
of MMP-9 strikingly increased at 3 days after UUO operation
in both genotypes, but to lower extents in Bsg�/� mice at 3

Figure 4. Basigin expression in the UUO model. A: Immunohistochem-
ical staining of Bsg in the kidney. Scale bar � 50 �m. B: Time course of
basigin expression in the UUO model. Bsg protein was determined by

Western blotting. C: The intensity of Bsg bands was normalized as to
�-actin. Data are means � SD; *P � 0.05; n � 6.
days and 14 days (Figure 3, C and D). Their induction
remained higher until 14 days in both groups.

Bsg Expression Is Transiently Upregulated
During Acute Phase of Tubulointerstitial Injury

We next examined Bsg expression during the pathogen-
esis of renal fibrosis. Bsg expression was detected on the
basolateral side of the proximal and distal tubules in
Bsg�/� mice before UUO operation (Figure 4A), consis-
tent with a previous report.48 UUO operation transiently
and slightly enhanced Bsg expression, reaching the
maximum level at day 1 (Figure 4A). However, Bsg ex-
pression decreased thereafter, and became very low at
day 14 (Figure 4A). Bsg expression was detected in
tubular epithelial cells and infiltrating inflammatory cells.
The expression reduction was probably attributable to a
loss of tubular epithelial cells due to cell death induced
by UUO. Western blot data confirmed this observation
(Figure 4, B and C). We did not observe any Bsg expres-
sion in the kidney of Bsg�/� mice (Figure 4A).

TGF-� Response Is Lower in Primary
Bsg�/� TECs

Our in vivo data showed an apparent association between
Bsg and renal fibrosis induced by UUO. To understand
the underlying mechanism, we performed in vitro experi-
ments. Based on the results shown in Figures 2 and 3, we
addressed the effects of Bsg of TECs on MMP-2 produc-
tion under TGF-� stimulation in vitro. When subjected to
gelatin zymography, culture media showed that MMP-2
production was indeed induced on TGF-� administration,
but the extent of the induction was much lower in Bsg�/�

TECs (Figure 5A).
We also examined the invasive capacity of Bsg�/� and

Figure 5. Bsg on TECs contributed to MMP-2 induction and upregulated
migration capacity under TGF-� stimuli. A: Zymographic analysis indicates
MMP-2 production in the culture medium of tubular epithelial cells after
TGF-� stimulation. B: Migration of tubular epithelial cells was evaluated by
cell invasion assay. The number of tubular epithelial cells that had migrated
into the lower chamber through basement extract-extracts coated membrane
by TGF-� stimulation is indicated. Data are means � SD; **P � 0.01; n � 30.
Bsg�/� TECs. In the upper chamber, transwell mem-
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branes were coated with basement membrane extract,
and then TECs were seeded on the membrane. TGF-�
was added in the lower chamber. As shown in Figure 5B,
Bsg�/� TECs exhibited a lower ability to transmigrate.

Bsg Contributes to Hyaluronan Synthesis on
TGF-� Stimulation

Because it has been reported that Bsg promotes hyalu-
ronan production in tumor cells and fibroblasts,23–25,49

we asked whether or not Bsg deficiency would affect
hyaluronan production by MEF. We found that the expres-
sion of hyaluronic acid synthase 2, which biosynthesizes
hyaluronan, was lower in Bsg�/� MEF even in the steady

Figure 6. Bsg promoted hyaluronan synthesis and was related to �-SMA
induction. A: Hyaluronic acid synthase 2 (HAS2) mRNA determined by
real-time PCR in MEF under TGF-� stimulation. Each value was standardized
by �-actin mRNA content as an internal control. Data are means � SD; white
bar, Bsg�/�; black bar, Bsg�/�; *P � 0.05; **P � 0.01; n � 3. B: Hyaluronan
(HA) production in MEF under TGF-� stimulation. White bar, Bsg�/�; black
bar, Bsg�/�; **P � 0.01. C: �-SMA mRNA determined by real-time PCR in
MEF under TGF-� stimuli. Each value was standardized by �-actin mRNA
content as an internal control. Data are means � SD; white bar, Bsg�/�; black
bar, Bsg�/�; **P � 0.01; N.S., not significant; n � 3.
state (Figure 6A). Furthermore, TGF-� enhanced hyaluronic
acid synthase 2 expression in Bsg�/� MEF, but not in
Bsg�/� MEF (Figure 6A). We also found the �-SMA mRNA
level was elevated 24 hours after TGF-� stimulation in
Bsg�/� MEF, but not in Bsg�/� MEF (Figure 6C). This result
was in line with recent reports that endogenous hyaluronan
promotes �-SMA expression in fibroblast.10,11

Discussion

Our in vivo data showed that Bsg�/� mice had much less
fibrosis, and the difference between the genotypes be-
came apparent 14 days after UUO surgery. MMP-2 and
MMP-9 activations were enhanced in both genotypes,
but the extent was significantly less in Bsg�/� mice—the
difference became apparent as early as 3 days after
UUO operation. In vitro experiments demonstrated that
Bsg on TECs promoted active MMP-2 production in re-
sponse to TGF-�, and that Bsg on fibroblasts played a
critic al role in hyaluronan production in response to
TGF-�. Because TGF-� expression was upregulated after
UUO to similar extents in Bsg�/� and Bsg�/� mice up to
day 7, it is conceivable that the responsiveness to TGF-�
is linked to the difference in renal fibrosis in Bsg�/� and
Bsg�/� mice. In this context, it is noteworthy that both
MMP-2 and MMP-9 are an activator of TGF-�,4,5 and that
Bsg is a strong inducer of MMP family. Thus, there may
be a molecular circuit between Bsg, MMPs, and TGF-�
(Figure 7). Taken together, our results established that
Bsg is an important regulator of renal fibrosis.

UUO is a well-characterized model of renal injury lead-
ing to renal fibrosis.43,50 A number of studies have re-
vealed major pathways leading to the development of
renal fibrosis after UUO surgery: the initial event is inter-
stitial infiltration of macrophages that produce cytokines
responsible for fibroblast proliferation and activation. Af-
ter UUO operation, macrophages infiltrate the tubuloin-
terstitial space from blood vessels and become a major
source of cytokines, such as TGF-�. Macrophage infiltra-
tion was more prominent in Bsg�/� kidneys, and its time
course was consistent with the pathogenesis profile of
renal fibrosis. It is known that macrophages express Bsg,
and that Bsg could be a ligand for E-selectin.27,34 We
also confirmed that Bsg on THP-1, the human monocytic
cell line, bound to E-selectin (data not shown). Consider-
Figure 7. Schematic diagram showing the possible contribution of Bsg to
renal fibrosis after UUO.
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ing that E-selectin expression was induced to similar
degrees in both genotypes, it is likely that the difference
in macrophage infiltration between Bsg�/� and Bsg�/�

mice is due to the presence of Bsg on macrophages.
Indeed, it was reported that mice with triple knockout of
E-, P-, and L-selectin show a marked reduction in mac-
rophage infiltration into the obstructed kidney, and are
protected from fibrosis in UUO.51 Thus, macrophage in-
filtration could be the primary cause of renal fibrosis after
UUO, and could cause the difference between Bsg�/�

and Bsg�/� mice. In the current study, however, macro-
phage infiltration began 7 days after surgery, when
MMP-2 expression had already been induced (starting
from day 3, when TGF-� expression induction was also
observed). Therefore, macrophage infiltration cannot fully
explain the Bsg involvement with renal fibrosis. Moreover,
TGF-� expression was induced to similar extents until 7
days in both genotypes. Our in vitro study demonstrated
the genotype-dependent responsiveness to TGF-� in
TECs and fibroblasts. Together, it is likely that both the
Bsg-mediated migration of macrophages and the geno-
type-dependent responsiveness to TGF-� could be im-
portant to the formation of the genotype-dependent dif-
ference of renal fibrosis after UUO.

Phenotypic transition of resident renal cells into myofi-
broblasts is observed in a UUO model. TECs are one of
them. Currently, the degree to which this process con-
tributes to kidney fibrosis remains a matter of intense
debate.52,53 Tubular basement membrane regulates nu-
merous cell-matrix interactions that are pivotal to the
maintenance of the epithelial phenotype. In the process
of renal fibrosis, MMPs are an important factor for the
disruption of tubular basement membrane.54,55 As a re-
sult, TECs lose their polarity and acquire contractile mo-
tility.55 Considering that TECs have a TGF-� receptor and
produce MMP-2 and MMP-9 on TGF-� stimulation,56 our
data suggest that Bsg on TECs (an inducer of both
MMP-2 and MMP-9) is at least partly responsible for
disrupting tubular basement membrane and matrix re-
modeling by MMP induction.

Resident fibroblasts could also be the source of myo-
fibroblasts.42 Generally, the wound repair process is
characterized by the activation of quiescent fibroblasts
and their differentiation into myofibroblasts.30 Hyaluronan
promotes �-SMA expression in fibroblasts and orches-
trates TGF-�-dependent maintenance of the myofibro-
blast phenotype.10,11 Little is known about the precise
mechanism underlying how hyaluronan induces �-SMA
in fibroblasts, but it is assumed that the hyaluronan mac-
romolecular assembly in the pericellular environment
contributes to mediate various signaling.10 Previous re-
ports and the present study have demonstrated that Bsg
promotes hyaluronan production and subsequent �-SMA
expression in fibroblasts.25,49

In summary, Bsg is a multifunctional molecule en-
gaged in hyaluronan production, MMP production, cell
adhesion, and �-SMA induction in renal fibrosis. Interven-
tion targeting Bsg would have multiple effects on the

prevention of renal fibrosis.
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