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content, and the number of interstitial fields with increasedInterstitial fibrosis in mice with overload proteinuria: Defi-
fibronectin staining.ciency of TIMP-1 is not protective.

Conclusions. Results of the present study indicate that TIMP-1Background. Progressive renal interstitial fibrosis is charac-
deficiency does not alter the degree of interstitial fibrosis interized by up-regulated expression of the gene that encodes
the murine overload proteinuria model. Potential explanationsthe tissue inhibitor of metalloproteinases-1 (TIMP-1), a regula-
include Timp-1 genetic redundancy, as suggested by the obser-tor of extracellular matrix remodeling, suggesting that impaired
vation that, despite significant intrarenal induction of the Timp-1matrix turnover contributes to the fibrogenic process. The pres-
gene expression, net renal metalloproteinase-9 (MMP-9) activ-ent study was designed to develop a murine model of renal
ity was not significantly altered. TIMP-1 is a multifunctionalinterstitial fibrosis, and to determine the functional significance
protein that may play a metalloproteinase-independent role inof up-regulated Timp-1 expression by comparing the severity
response to renal injury.of this renal disease in wild-type mice and mice genetically

deficient in Timp-1.
Methods. Initial pilot studies developed and characterized

a murine model of bovine serum albumin (BSA)-induced pro- Progressive renal disease is characterized histologi-
tein-overload proteinuria with respect to the degree of protein- cally by interstitial fibrosis, tubular atrophy, and the dis-uria, severity of interstitial fibrosis, and renal mRNA levels for

appearance of peritubular capillaries. The process of in-genes encoding matrix proteins, transforming growth factor-b1
terstitial fibrogenesis is currently considered to be the(TGF-b1), and TIMP-1, -2, -3, and -4. In the final study, the

severity of interstitial fibrosis was compared in wild-type and primary final common pathway that leads to progressive
Timp-1–deficient mice after six weeks of proteinuria. renal insufficiency [1]. The specific molecular pathways

Results. Mice injected with large daily intraperitoneal doses that initiate fibrosis are currently under intensive investi-
of BSA developed proteinuria, interstitial inflammation, and

gation. Within the tubulointerstitial compartment of theprogressive interstitial fibrosis. A time course study based on
kidney, transforming growth factor-b1 (TGF-b1), con-measurements after one, two, and six weeks of BSA injections

showed increased renal mRNA levels for the matrix genes pro- nective tissue growth factor, endothelin-1, and angioten-
collagens a1(I), a1(III), and a2(IV) and TGF-b1 and Timp-1. sin II appear to play important initiating roles. These
Timp-2 and Timp-3 genes were constitutively expressed at high fibrogenic molecules activate several genetic programs
levels in the normal kidneys and showed little change in the

that cause scarring caused by both increased rates ofproteinuric kidneys. Timp-4 transcripts were not detected in any
matrix protein synthesis and perturbations in matrix re-of the kidneys. After six weeks of BSA overload-proteinuria,
modeling and turnover. The relative importance of thethe groups (N 5 8 per group) of wild-type and Timp-1–deficient

mice developed significant interstitial fibrosis compared with synthesis and turnover pathways is currently unknown.
the control saline-injected groups. The severity of the intersti- Although it seems clear that increased rates of matrix
tial fibrosis was similar in both proteinuric groups based on an protein synthesis make an important contribution to re-assessment of the final kidney weight, total kidney collagen

nal interstitial fibrosis, there is increasing evidence that
impaired degradation of interstitial matrix proteins also
plays a significant role. The importance of the latter path-Key words: tissue inhibitor of metalloproteinase, fibrosis, murine

model, renoprotection, proteinuria. way was first highlighted by the studies of González-Avila,
Vadillo-Ortega, and Pérez-Tamayo [2]. They ligated theReceived for publication October 29, 1999
renal vein or one ureter of rats to cause severe renal fibrosis.and in revised form February 18, 2000

Accepted for publication March 12, 2000 Their studies did not find increased collagen synthesis rates;
they documented impressive 30-fold and 10-fold reduc- 2000 by the International Society of Nephrology
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tions, respectively, in renal collagenolytic activity. Nor- after a single intraperitoneal injection of a large dose
of BSA, but chronic studies have not been reportedmal kidneys produce a number of proteases that have

specificity for matrix proteins, including several enzymes previously [20].
that belong to the metalloproteinase family [3, 4]. Several
studies on the pathogenesis of renal interstitial fibrosis

METHODS
have found no significant differences in renal mRNA

Murine protein-overload proteinuria: Development oflevels for the metalloproteinases [5, 6]. In contrast, sig-
the modelnificantly increased expression of the inducible inhibitor

tissue inhibitor of metalloproteinases-1 (in this article, B6SJL mice weighing approximately 20 g were pur-
chased from the Jackson Laboratory (Bar Harbor, ME,the following abbreviations are used for the tissue inhibi-

tor of metalloproteinases: TIMP-1, the protein; Timp-1, USA). TIMP-1–deficient mice and wild-type controls on
the 129SvJae background are described elsewhere [21].murine normal gene or mRNA; and timp-1, mutant mu-

rine allele) has been reported in most of the experimental Since the Timp-1 gene is located on the X chromosome
[22], we chose to perform all studies in male mice. Themodels of chronic renal disease that have been investi-

gated. For example, Timp-1 mRNA levels are increased genotype of each male was determined by polymerase
chain reaction analyses of tail vein DNA using fourin association with interstitial fibrosis in antitubular base-

ment membrane nephritis [7], cyclosporine nephropathy primer sequences that amplified the neomycin gene in-
sert in the mutant mice to give a 477 nucleotide product[8], diabetic nephropathy [9], hypercholesterolemia [10],

murine lupus nephritis [11], obstructive uropathy [12–14], and a 394 nucleotide product of the wild-type allele.
All mice were uninephrectomized under general anes-polycystic kidney disease [15], protein overload protein-

uria [6], and puromycin aminonucleoside nephrosis [5, 16]. thesia five days before the BSA injections began. The
first group of animals received daily injections of BSAAvailable data from in situ hybridization studies suggest

that both tubular epithelial cells and interstitial cells pro- (Sigma A-7906; Sigma Chemical Company, St. Louis,
MO, USA) at a dose of 10 mg/g body weight until theduce TIMP-1 in the renal tubulointerstitium [17].

The goal of the present study was to determine the animals were killed. The BSA was dissolved in saline (0.33
mg/mL) and injected into the peritoneal cavity, a dosefunctional significance of TIMP-1 overexpression by

comparing the severity of interstitial fibrosis in mice ge- that we used previously in the rat model of BSA-induced
overload proteinuria [6]. A small number of animals innetically deficient in TIMP-1 to renal disease severity in

wild-type mice from the same genetic background. To the first pilot study developed pulmonary edema. Two
modifications in the BSA injection protocol preventedperform these studies, it was first necessary to develop

a reliable murine model of renal interstitial fibrosis. De- this complication and were implemented in all subse-
quent studies. First, the BSA preparation was changedspite the availability of several potentially interesting

transgenic mice, renal research has been hampered by to low endotoxin BSA (Sigma A-9430). Second, the in-
traperitoneal injections were given five rather than seventhe lack of appropriate murine renal disease models.

The best characterized mouse models are genetic renal days each week until the animals were killed. The final
dose of 10 mg BSA/g body weight was reached by incre-diseases such as murine lupus nephritis and polycystic

kidney disease. Studies based on these genetic models mental increases in the dose over the first week, begin-
ning with 2 mg/g body weight. All control animals re-introduce the need for complex cross-breeding strategies

in order to use the genetic manipulations that have been ceived intraperitoneal injections of an equal volume of
saline on an identical schedule.introduced into transgenic mice. Immunologic models of

renal disease show tremendous strain-dependent disease For the first pilot study, groups of mice were sacrificed
on day 10 (N 5 8 BSA-injected and 4 saline-injectedsusceptibility. For example, the C57BL/6 strain that is

commonly used to generate transgenic mice is resistant controls) and day 24 (N 5 4 BSA-injected and 4 saline-
injected controls). Between days 8 and 10, individualto autoimmune antitubular basement membrane disease

[18]. Drugs such as the aminonucleoside of puromycin mice were placed in metabolic cages, and all urine that
was spontaneously voided over a 48-hour period was col-do not have nephrotoxic effects in mice. The model of

unilateral ureteral obstruction is associated with severe lected for determination of urinary protein:creatinine ra-
tios. Animals were killed by exsanguination under generalinterstitial fibrosis [19], but the relevance of this model

to human disease is unclear, as postnatal ureteral ob- anesthesia. Pieces of the renal cortex were snap frozen in
2-methylbutane that was precooled in liquid nitrogen,struction in humans does not have such short-term devas-

tating effects. Based on our previous experience with and the tissue was stored at 2808C for subsequent immu-
nofluorescence staining. Small cortical pieces were alsothe rat model of bovine serum albumin (BSA)-induced

overload proteinuria, the present study reports the re- fixed in 4% paraformaldehyde/1% gluteraldehyde dis-
solved in 0.1 mol/L phosphate-buffered saline and wereproducibility of this model in mice. One previous study

reported the presence of transient proteinuria in mice processed for electron microscopy.
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Renal gene expression time course study in Measurement of renal gelatinase activity
Timp-1–deficient and wild-type mice Groups of six male wild-type and six male Timp-1–

deficient mice were given seven daily injections of BSA.Male Timp-1–deficient and wild-type mice were al-
These mice were not uninephrectomized. Urinary pro-lowed to reach 20 g body weight before the study began.
tein excretion rates were measured on day 6. All animalsBSA-overload proteinuria was induced in six Timp-1–
were killed on day 8, and the kidneys were harvested todeficient and six wild-type uninephrectomized male mice
measure total renal gelatinase activity by gel zymog-using the protocol that was developed and described
raphy.previously in this article. Two animals from each group

All animal experimentation described was conductedwere sacrificed at one, two, and six weeks, respectively.
according to the guidelines established by the CanadianThese time points were selected to evaluate early renal
Council on Animal Care and the National Research Coun-events because of our concern that significant changes
cil. All animals were fed standard mouse chow and werein gene expression patterns may not be sustained during
given water ad libitum.the course of the disease, and at a late time point when

we expected significant interstitial fibrosis to be present Biochemical studies
histologically (week 6). One saline-injected control from

Total urinary protein was measured in the 48-houreach group was sacrificed at each time point (except
urine collections using the Bio-Rad protein assay (Bio-the 6-week mutant TIMP group). This sample size was
Rad Laboratories Canada Ltd., Mississauga, Ontario, Can-chosen for the pilot study in order that samples of renal
ada). Results were expressed as mg protein per mmol orRNA from each individual animal (total 5 17) could be
mg urinary creatinine. Plasma and urinary creatinineloaded into a single gel for comparison of the temporal
levels were measured using the Kodak Ektachem Clini-pattern of gene expression. All animals were sacrificed
cal Chemistry slide technique in the Hospital for Sickby exsanguination under general anesthesia. The single
Children Clinical Biochemistry Department. Urinary

kidney was frozen in liquid nitrogen and stored at 2808C
BSA levels were measured by radial immounodiffusion

for subsequent RNA extraction.
using a rabbit antibovine albumin antibody (Cappel Divi-
sion, Organon Tehnika Corp., West Chester, PA, USA).Severity of interstitial fibrosis in Timp-1 wild-type and

The total kidney collagen was calculated as previouslydeficient mice with overload proteinuria
described [6] based on measurements of the hydroxypro-

Male Timp-1–deficient and wild-type mice began the line concentration in kidney homogenates, according to
study weighing an average of 20 g. At the termination the technique of Kivirikko, Laitinen, and Prockop [23].
of the study, the average weight of both groups of mice Collagen was assumed to contain 12.7% hydroxyproline
was 22 g. Prior to the initiation of this study, we deter- by weight. The final results, based on the wet weight of
mined that interstitial fibrosis developed in mice with two the kidney, were expressed as milligrams of collagen per
kidneys, and the uninephrectomy step was eliminated in kidney.
this final protocol. [In the pilot study, the mean total
kidney collagen content in wild-type mice was 0.42 mg Renal immunofluorescence studies
(saline injected), 0.75 mg (single kidney BSA-injected), The accumulation of interstitial matrix proteins in the
and 0.67 mg (two kidney BSA-injected)]. The availability renal interstitium was assessed semiquantitatively using
of two kidneys made it possible to perform immunostain- a slight modification of our previously described method
ing and total kidney collagen assays in all animals. Four [5]. In brief, random cortical interstitial fields contained
groups of animals were studied: BSA-overload protein- within a 10 3 10 mm eyepiece grid (magnification 3300)
uria (N 5 8) and saline controls (N 5 4) in wild-type were each assigned an arbitrary staining score of normal
mice and BSA-overload proteinuria (N 5 8) and saline or increased based on the area of positive staining. All
controls (N 5 4) in Timp-1–deficient mice. Each animal equivocal scoring patterns were assigned a normal score.
received an intraperitoneal injection of BSA in saline or The investigator (A.A.E.) was blinded to the animal
saline alone five days each week for a total of six weeks. group at the time of the analysis. The results were ex-
Prior to sacrifice, each individual animal was placed in pressed as the percentage interstitial fields with a definite
a metabolic cage for 48 hours to collect spontaneously increase in interstitial staining. The primary antibodies
voided urine. All animals were killed after six weeks of used were sheep antihuman collagen I, goat antihuman
injections by exsanguination under general anesthesia. collagen III (Southern Biotechnology Associates, Bir-
Both kidneys were snap frozen and stored at 2808C. The mingham, AL, USA), and goat antihuman fibronectin
total collagen content of the left kidney was determined. (Dimension Laboratories, Inc., Mississauga, Ontario,
Immunohistochemical studies were performed on the Canada). Selected tissue sections were also stained with

a murine monoclonal antibody to bovine dental pulpright kidney.
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Table 1. Urinary protein levels on day 10TIMP-1 (Oncogene Research Products, Cambridge, MA,
USA) or rabbit antihuman TIMP-2 (Chemicon Interna- BSA overload Controls
tional Inc., Temecula, CA, USA). The secondary anti- Urinary total protein

(mg/mmol creatinine) 3 1023 87630a 1061sera were fluorescein isothiocyanate (FITC)-conjugated
Urinary BSA levelsrabbit anti-sheep IgG, FITC-conjugated rabbit antigoat

(mg/mmol creatinine) 3 1023 1.360.6a 060
IgG (Organon Technika Corp.), and FITC-conjugated

Results are mean 6 1 SD.goat anti-mouse IgG (Zymed Laboratories, San Fran- aP , 0.05 compared with saline-injected controls
cisco, CA, USA). All FITC-conjugated antisera were
preabsorbed with normal mouse plasma and were shown
to be nonreactive with control kidney sections.

units standardized to a mean value of 1.0 unit for theFor the initial study when the murine protein-overload
control group.model was being developed and characterized, additional

The cDNA probes used were murine TIMP-1 [26]immunohistochemical studies were performed. The num-
and murine TIMP-3 [27] (supplied by Dr. R. Khokha,bers of interstitial macrophages were counted after stain-
Ontario Cancer Institute, University of Toronto, Toronto,ing with a rat monoclonal antibody directed against the
Ontario, Canada), murine TIMP-2 [28] and TIMP-4 [29]mouse Mac-1 antigen (Sera-Lab Division, Dimension
(supplied by Dr. Kevin Leco, Department of MedicalLaboratories, Inc., Mississauga, Ontario, Canada) using
Biochemistry, University of Calgary, Alta, Canada), ratthe dual fluorchrome labeling and enumeration tech-
TGF-b1 (supplied by Dr. S.W. Qian, National Cancernique that we have described elsewhere [24]. FITC-con-
Institute, Bethesda, MD, USA) [30], rat a1(I) procolla-jugated antibodies used were rabbit antirat lgG F(ab9)2

gen (supplied by Dr. S. Thorgeirsson, National Cancer(Cappel Division, Organon Technika Corp.) and goat
Institute, Bethesda, MD, USA) [31], murine a1(III) pro-antirabbit lgG F(ab9)2 (Zymed Laboratories Inc.). The
collagen (supplied by Dr. B. deCrombrugghe, Andersondegree of glomerulosclerosis was determined by calculat-
Cancer Center, The University of Texas, Houston, TX,ing the percentage of glomeruli (from an average of 50
USA) [32], and murine a2(IV) procollagen (supplied byglomeruli evaluated per animal) that showed increased
Dr. M. Kurkinen, Rutgers Medical School, Universitystaining for collagen I, collagen III, and fibronectin. The
of New Jersey, Piscataway, NJ, USA) [33].patterns of deposition of BSA, the murine third compo-

nent of complement (C3) and mouse immunoglobulins
Gelatin zymographywere evaluated after staining cryosections with FITC-

Gelatin zymography was performed according to theconjugated rabbit anti-bovine albumin, FITC-conjugated
method reported by Kenagy et al [34]. In brief, a piecegoat anti-mouse C3, or FITC-conjugated goat-anti-mouse
of renal cortex was snap frozen in liquid nitrogen andimmunoglobulins IgA 1 IgG 1 IgM (Cappel Division,
stored at 2708C prior to analysis. The frozen kidneyOrganon Technika Corp.).
pieces were individually ground into a fine powder using

Ultrastructural studies a mortar and pestle that had been prechilled with dry
ice. The samples were extracted with 0.05 mol/L TrisPieces of renal cortex from the animals in the first
buffer, pH 7.5, containing 0.01 mol/L CaCl2, 2.0 mol/Lstudy were processed for electron microscopy. Following
guanidine, and 0.2% Triton-X 100, and dialyzed againstparaformaldehyde/gluteraldehyde fixation, the tissues
0.05 mol/L Tris, pH 7.5, 0.2% Triton-X 100 for 48 hourswere postfixed in 1% osmium tetroxide, dehydrated in
at 48C. The samples were centrifuged for five minutesgraded acetone, and embedded in an Epon-Araldite mix-
(14,000 3 g). The supernatant was removed, and theture. Sections were cut at 50 nm, stained with uranyl
protein concentration was determined using the Bioradacetate and lead citrate, and examined with a Philips 400
protein assay. The protein extracts (10 mg/kidney sample)electron microscope.
were loaded into individual wells of a 10% sodium

Northern blot analysis dodecyl sulfate-polyacrylamide gel (SDS-PAGE) con-
taining 1 mg/mL porcine skin gelatin (Sigma ChemicalTotal kidney RNA was isolated according to the gua-
Company) as the substrate. The outer wells of each gelnidinium-isothiocyanate cesium chloride method of Chirg-
were loaded with human MMP-2 and MMP-9 standardswin et al, and Northern blotting was performed according
(Chemicon International Inc.). Electrophoresis was per-to standard methods [25]. We obtained autoradiographs
formed under nonreducing conditions. The gel wasand quantitated the bands by laser densitometry. The
rinsed with 2.5% Triton X-100 at room temperature fordensity reading of each band on the autoradiograph was
30 minutes to removed the SDS. After incubation foradjusted for any RNA loading inequality, as we have
17 to 20 hours at 378C in a solution containing 50 mmol/Lpreviously described, based on the density reading of
Tris, pH 7.8, and 10 mmol/L CaCl2, the gel was stainedthe closest ethidium bromide-stained ribosomal band [5].

The results were expressed in arbitrary densitometric with Coomassie blue (0.002%). The stained gel was pho-
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Fig. 1. Electron photomicrographs of a mouse kidney after 10 days of overload proteinuria. (A) Proteinaceous material is deposited within the
endothelial space of some capillary loops (star). At a higher magnification (data not shown), many prominent vacuoles are seen in glomerular
epithelial cells. (B) Proximal tubular cells appear normal. No electron dense deposits were observed. Numerous microvilli in cross-section are
appreciated in the upper region of the photomicrograph. Similar findings were noted on day 24 (magnification 34900).

tographed, and the density of the lytic bands was quanti-
tated using the NIH image analysis program.

Statistical analysis

Statistical analyses were performed with the Mann
Whitney U-test. Probability values , 0.05 were consid-
ered significant.

RESULTS

Characterization of murine protein-overload
proteinuria model

Fig. 2. Interstitial inflammation in mice with overload proteinuria. The
To produce a murine model of proteinuria and kidney graph illustrates the mean number of Mac-11 renal interstitial macro-

phages after 10 days of intraperitoneal injections of saline or BSA (N 5fibrosis, the model of protein-overload proteinuria pre-
2 mice per group).viously developed in rats was adapted for mice. Repeated

intraperitoneal injections of BSA (10 mg/g body weight),
given five days weekly until the mice were sacrificed at
six weeks, caused significant renal pathologic changes. staining for BSA in the proteinuric but not control ani-
The mice developed significant proteinuria, a component mals. Occasional tubular protein reabsorption droplets
of which was the injected BSA (Table 1). Ultrastructural were seen, particularly after staining for C3 or immuno-
examination of the proteinuric kidneys corroborated the globulins. The tubulointerstitial disease was characterized
finding of immunofluorescence microscopy with no evi- by an interstitial infiltrate of macrophages (Fig. 2). A few
dence of electron dense deposits within the kidney to interstitial cells also expressed surface immunoglobulins.
suggest renal immune complex deposition (Fig. 1). Immu- The proteinuric animals developed renal fibrosis, as evi-
nofluorescence staining showed large glomerular depos- denced by the accumulation of matrix proteins in the
its resembling protein reabsorption droplets that stained interstitium (Fig. 3) and glomerulosclerosis (Fig. 4).
for BSA, C3, and immunoglobulins. The tubular and These pathologic changes are similar to the findings in

rats with BSA-induced overload proteinuria [6].glomerular basement membranes showed faint linear
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Fig. 3. Interstitial fibrosis in mice with overload proteinuria. The graph
illustrates the average number of interstitial fields with increased stain-
ing for collagen I, collagen III, and fibronectin after 10 (N 5 8) and 24
(N 5 4) days of BSA injections. This assessment was performed by
assigning a value of 0 to the percentage of fields with increased intersti-
tial staining in the saline-injected controls (N 5 7). *P , 0.05 compared
with saline-injected control mice.

Fig. 5. Time-course study of renal Timp-1 mRNA (0.9 kb) steady-
state levels in mice with overload proteinuria. The autoradiograph of
the Northern blot is shown above where the asterisk indicates BSA-
injected mice and C indicates saline-injected controls. The graph sum-
marizes the densitometric results (mean of 2 animals) expressed in
arbitrary units where 1.0 unit is the mean densitometric value obtained
from the five saline-injected controls. Timp-1 indicates wild-type mice,
and timp-1 indicates deficient mice.

Fig. 4. Glomerulosclerosis in mice with overload proteinuria. The
graph illustrates the average number of glomerular cross sections with
increased staining for collagen I, collagen III, and fibronectin after 10
(N 5 8) and 24 (N 5 4) days of BSA injections. This assessment was
performed by assigning a value of 0 to the percentage of glomerular
cross sections with increased staining in the saline-injected controls
(N 5 7). *P , 0.05 compared to saline-injected control mice.

Renal gene expression time course study

Renal Timp-1 mRNA levels were increased in the
wild-type mice with overload proteinuria, ranging from
four- to tenfold relative to control levels (Fig. 5). The
constitutive Timp-2 gene is abundantly expressed in nor-
mal mouse kidneys (wild-type and Timp-1 deficient), and
the levels changed little from control values during the
course of BSA-induced overload proteinuria (Fig. 6).
Timp-3 gene transcripts are also abundant in normal
mouse kidneys. In proteinuric mice, renal Timp-3 mRNA
levels were twice control levels on day 7, but were similar Fig. 6. Time-course study of renal Timp-2 steady-state mRNA (3.5

kb) levels in mice with overload proteinuria. The autoradiograph ofto control levels on days 14 and 42 (Fig. 7). Timp-4
the Northern blot is shown above where the asterisk indicates BSA-mRNA transcripts were not detected by Northern blot- injected mice and C indicates saline-injected controls. The graph sum-

ting in any of the renal RNA samples (not shown). A marizes the densitometric results (mean of 2 animals) expressed in
arbitrary units where 1.0 unit is the mean densitometric value obtainedpositive band was identified when the Timp-4 probe was
from the five saline-injected controls. A weaker second band visualizedhybridized with murine heart RNA, verifying that appro- at 1.0 kb showed a similar expression profile (data not shown). Timp-
1 indicates wild-type mice, and timp-1 indicates deficient mice.priate hybridization conditions had been used. The pat-
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Table 2. Murine protein-overload kidney mRNA levels

Timp-1 timp-1
BSA overload BSA overload Saline controls

(N 5 2) (N 5 2) (N 5 5)

Procollagen a1(I)
Week 1 1.660.8 2.560.4
Week 2 3.260.1 1.760.8 1.060.1
Week 6 2.660.3 2.160.1

Procollagen a1(III)
Week 1 3.061.8 3.262.1
Week 2 2.360.6 1.960.6 1.060.5
Week 6 1.860.1 1.560.6

Procollagen a2(IV)
Week 1 1.861.2 1.860.5
Week 2 0.760.4 1.060.4 1.060.4
Week 6 1.260.2 1.260.2

TGF-b1
Week 1 1.860.6 1.360.2
Week 2 1.460.4 1.060.2 1.060.3
Week 6 1.160.1 1.560.3

Results are densitometric results in arbitrary units presented as mean for
protein-overload; mean 6 1 SD for saline controls. Timp-1 refers to wild-typeFig. 7. Time-course study of renal Timp-3 steady-state mRNA (4.5 kb)
mice, and timp-1 refers to mutant mice.levels in mice with overload proteinuria. The autoradiograph of the

Northern blot is shown above where the asterisk indicates BSA-injected
mice and C indicates saline-injected controls. The graph summarizes
the densitometric results (mean of 2 animals) expressed in arbitrary
units where 1.0 unit is the mean densitometric value obtained from the

the wild-type and Timp-1–deficient mice, respectively.five saline-injected controls. Timp-1 indicates wild-type mice, and
timp-1 indicates deficient mice. Values for control mice in our laboratory were consis-

tently less than 0.1 mg/mg creatinine. In preparation
for gelatin zymography, we first determined that the
quantity of protein loaded into each well (10 mg) was in

terns of expression of genes encoding a1(I), a1(III), and the linear range of the assay. Shown in Figure 11, protein
a2(IV) procollagens and TGF-b1 are summarized in Ta- concentrations between 2 and 32 mg were found to pro-
ble 2. Apart from Timp-1, the pattern of renal gene expres- duce linear results (r 5 0.98 to 0.99). After seven days
sion was very similar in both wild-type and Timp-1– of overload proteinuria, the mean renal MMP-9 (gela-
deficient mice with overload proteinuria. TIMP-1 and tinase B) activity was slightly increased in the Timp-1–
TIMP-2 protein could not be identified in frozen kidney deficient animals, but this difference was not statistically
sections by immunofluorescence microscopy using the significant (Fig. 12). The mean MMP-9 activity expressed
primary antibodies used in this study. in arbitrary densitometric units was 1.0 6 0.1 compared

with 1.3 6 0.2 units for the wild-type and Timp-1–Severity of interstitial fibrosis in Timp-1 wild-type and
deficient proteinuric groups, respectively (P 5 0.053). Indeficient mice with overload proteinuria
comparison to MMP-9 activity, MMP-2 activity was weak

After six weeks of BSA-induced overload proteinuria, and similar in all kidneys.
the severity of the renal interstitial fibrosis was similar
in the wild-type and Timp-1–deficient mice. Both BSA-

DISCUSSIONtreated groups had similar degrees of significant protein-
uria compared with the saline-injected animals (Table 3). The murine model of BSA-induced overload protein-
The severity of the interstitial fibrosis was similar in uria is an experimental model of renal disease character-
both proteinuric groups based on the increase in kidney ized by mild glomerulosclerosis, interstitial inflamma-
weight (Table 3), total kidney collagen content (Fig. 8), tion, and interstitial fibrosis. These histologic features
and percentage of interstitial fields with an increased and the absence of renal immune deposits suggest that
area of staining for fibronectin (Figs. 9 and 10). the pathogenesis of the renal injury is similar to that

of the rat model of protein-overload proteinuria, with
Renal gelatinase activity in mice with proteinuria itself contributing to tubulointerstitial dam-
overload proteinuria age [6, 35]. Changes in the pattern of renal gene expres-

sion initially suggested that both increased rates of matrixThe day prior to sacrifice (that is, day 7), the two
experimental groups used for the zymographic studies protein synthesis and TIMP-1–mediated inhibition of

matrix remodeling by metalloproteinases could contrib-were confirmed to have significant proteinuria that was
similar in quantity in both experimental groups: 0.7 6 ute to the genesis of renal interstitial scarring.

Our finding that the severity of interstitial fibrosis was0.6 mg/mg creatinine and 0.6 6 0.7 mg/mg creatinine for
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Table 3. Overload proteinuria in Timp-1 and timp-1 mice: Results at six weeks

Timp-1 mice timp-1 mice

BSA overload Saline controls BSA overload Saline controls
(N 5 8) (N 5 4) (N 5 8) (N 5 4)

Urinary protein (mg/mmol creatinine) 16.3619.7a 0.360.1 16.267.8b 0.360.1
Plasma creatinine (mmol/L) 32619 2267 2765b 2161
Final kidney weight (mg) 211625a 167614 21464b 149611

Timp-1 refers to wild-type mice, and timp-1 refers to mutant mice.
aP , 0.05 BSA compared with saline-injected wild-type mice
bP , 0.05 BSA compared with saline-injected Timp-1–deficient mice

Fig. 9. Interstitial fibrosis after six weeks of overload proteinuria. The
graph illustrates the mean number of interstitial fields with increased
staining for fibronectin in wild-type mice (Timp-1) and deficient miceFig. 8. Mean total kidney collagen content. After six weeks of BSA
(timp-1). *P , 0.05 BSA compared with saline-injected wild-type mice;injections, the total kidney collagen content is significantly increased
**P , 0.05 BSA compared with saline-injected deficient timp-1 mice.compared with saline-injected controls. The increase in the kidney colla-

gen content is similar in wild-type mice (Timp-1) and deficient mice
(timp-1). *P , 0.05 BSA compared with saline-injected wild-type mice;
**P , 0.05 BSA compared with saline-injected deficient timp-1 mice.

deficient group, but this difference was not statistically
significant. We cannot rule out the possibility that a sig-
nificant difference in net renal metalloproteinase activity

not altered by genetic deficiency of TIMP-1 was some- was present at other critical time points, but it is notewor-
what surprising based on evidence from numerous stud- thy that Timp-1 mRNA levels were already increased
ies that increased renal TIMP-1 production characterizes fourfold above control levels at the time that MMP-9
most progressive renal diseases [36]. One likely explana- activity was measured. We have recently found similar
tion is that renal expression of Timp-1 is genetically results of renal MMP-9 activity in a murine model of
redundant in mice. In the present study, renal mRNA unilateral ureteral obstruction with increased activity in
levels for Timp-2 and Timp-3 were constitutively high, the TIMP-1–deficient mice, to a degree that is borderline
and they may have compensated for the deficiency in significant. In that study, the severity of interstitial fibro-
Timp-1. Other metalloproteinase inhibitors, both known sis was also not attenuated by TIMP-1 deficiency (Kim
(such as a2-macroglobulin) and unknown, may also play et al, manuscript in preparation). In addition to the gela-
a compensatory role. Indeed, our failure to document a tinases, members of the stromelysin and interstitial colla-
significant difference in renal gelatinase activity between genase families of metalloproteinase may also be inhib-
proteinuric mice in the presence and absence of TIMP-1 ited by TIMP-1, and these proteases are also likely to
supports the existence of a compensatory response in contribute to matrix remodeling during interstitial fi-
the face of Timp-1 deficiency. Future studies in mice brogenesis. However, we were unable to detect sufficient
genetically deficient in two or more metalloproteinase casein-degrading activity in the kidney homogenates to
inhibitors should be able to test this hypothesis. make meaningful comparisons between the two experi-

TIMP-1 is an efficient inhibitor of MMP-9 (gelatinase mental groups (data not shown). It is worth comment
B) because of its ability to bind to both the proenzme that these zymography results, which reflect total renal
as well as its active form. The results of our zymographic MMP-9 activity, do not exclude that possibility of biolog-
studies of renal MMP-9 activity after seven days of pro- ically significant regional variation in MMP-9 activity

within selected compartments within the kidney.teinuria showed increased activity in the TIMP-1–
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Fig. 10. Immunofluorescence photomicrographs illustrating renal interstitial fibrosis in mice with overload proteinuria for six weeks. (A) Collagen
III staining in a control wild-type mouse and (B) collagen III staining in a proteinuric wild-type mouse. A similar pattern was observed in the
Timp-1 deficient mice. (C) Fibronectin staining in a control Timp-1 deficient mouse and (D) fibronectin staining in a proteinuric Timp-1 deficient
mouse. A similar pattern was found in the wild-type mice (magnification 3240).

Fig. 12. Gelatin zymography illustrating MMP-9 and MMP-2 activity
in kidney homogenates prepared from wild-type mice (Timp-1) andFig. 11. Gelatin zymography illustrating MMP-9 and MMP-2 activity
deficient mice (timp-1) after seven days of BSA-induced overload pro-in homogenates of renal tissue after seven days of overload proteinuria.
teinuria. Each lane represents a sample (10 mg protein) from individualLane 1, MMP standards; lanes 2 through 6 were loaded with increasing
mice.concentrations of kidney homogenates (2 to 32 mg protein) from a

Timp-1 mouse; lanes 7 through 11 were loaded with increasing concen-
trations (2 to 32 mg protein) from a timp-1 mouse. The results show
that the gelatinase activity is linearly related to the protein concentration
in this range (r 5 0.99).

mental protocol. In the rat model, TIMP-1 protein was
found in the interstitial space, suggesting that is had been
secreted by adjacent cells [6]. In situ hybridization studies
in the rat model identified transcripts in both tubularWe can only speculate on the cellular origin of the
and interstitial cells [17].TIMP-1 protein in the murine protein-overload model,

Traditional thinking suggests that decreased renalas we have been unable to localize it by immunostaining
metalloproteinase activity should worsen fibrosis be-using the antibodies that are currently available. How-
cause of reduced rates of degradation of matrix proteins.ever, this murine model appears very reminiscent of the

rat model that has been induced using a similar experi- In support of this viewpoint, Sebekova et al found that
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treatment with a protease cocktail (phlogenzyme) for duction, most progressive renal diseases are character-
ized by increased Timp-1 expression. This response issix to seven weeks decreased renal fibrosis in the rat

remnant kidney model and the Goldblatt-hypertension not unique to the kidney but also characterizes fibrosis
in other organs such as the liver [44]. Indeed, TIMP-1model [37, 38]. However, fibrogenesis, particularly at

some extrarenal sites, has been associated with a net is already known to have many other effects that are not
dependent on its ability to inhibit metalloproteinases.increase in metalloproteinase activity. For example, in

a study of cardiac fibrosis in humans with idiopathic Some of these effects include growth factor activity, inhi-
bition of apoptosis, inhibition of angiogenesis, changesdilated cardiomyopathy, Gunja-Smith et al found a 30-

fold increase in the net collagenase and gelatinase activ- in cell morphology, and stimulation of gonadal steroido-
genesis [45, 46]. Further studies are indicated to exploreity associated with a significant increase in total collagen

[39]. They also noted a decrease in the formation of a role for TIMP-1 in renal disease that is independent
of its MMP-inhibitory activities.mature pyridinoline cross-links, the major mature colla-

gen cross-link in the heart. These investigators suggested In summary, the experimental model of BSA-induced
overload proteinuria in mice should be a useful modelthat an increase in cardiac metalloproteinase activity in

the face of increased collagen synthesis is harmful be- for investigating the molecular basis of renal fibrosis
in genetically engineered mice. Genetic deficiency ofcause of the ability of metalloproteinases to degrade

collagen fibrils into poorly cross-linked, immature, and TIMP-1 does not appear to affect the severity of intersti-
tial fibrosis at six weeks in mice with protein-overloadunstable fibrils. The final predicted outcome would then

be a vicious cycle of collagen synthesis and destruction proteinuria. Whether these findings are unique to this
renal disease model deserves further investigation. Ourwith misdirected deposition of unstable collagen [40].

Thus, depending on the specific sequence of fibrogenic findings indicate that TIMP-1 deficiency results in a small
but statistically insignificant increase in total renalevents, metalloproteinase activity may have protective

or damaging consequences. MMP-9 activity, raising the possibility of genetic redun-
dancy of Timp-1, possibly because of the high renal con-Metalloproteinases and their inhibitors have other ac-

tivities beyond their role in matrix remodeling. For ex- stitutive levels of Timp-2 and/or Timp-3. Future studies
need to consider the multifunctionality of TIMP-1 andample, there is increasing evidence that members of the

metalloproteinase family may have proinflammatory ef- the possibility that its induced expression in renal disease
might modulate the renal response to injury via one offects. Using anti-metalloproteinase-2 (MMP-2) ribo-

zymes, Turck et al reported significant changes in cul- its metalloproteinase-independent effects.
tured glomerular mesangial cells [41]. When MMP-2
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