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The aim of the present study was to elucidate the role of
matrix metalloproteinase-9 (MMP-9), and its main inhibitor tis-
sue inhibitor of metalloproteinases-1 (TIMP-1), in acute pyelo-
nephritis and the process of renal scarring. Urine samples from
40 children with acute pyelonephritis, 16 children at 6-wk fol-
low-up and 15 children with nonrenal fever were analyzed using
ELISA. MMP-9 and TIMP-1 levels were compared with the
outcome of pyelonephritis as measured by renal static scintigra-
phy. A mouse model of acute ascending pyelonephritis was used
to localize the sites of production and the kinetics of MMP-9 and
TIMP-1 using immunohistochemistry and ELISA. Human renal
epithelial A498 cells, primary mesangial cells and monocytic
THP-1 cells were stimulated by Escherichia coli. MMP-9 and
TIMP-1 mRNA was analyzed by reverse transcription-PCR (RT-
PCR) and protein production by ELISA. We demonstrate a
significant increase of MMP-9 and TIMP-1 in the urine of
children with acute pyelonephritis. Both proteins were produced

mainly by leukocytes, and TIMP-1 also by resident kidney cells.
Cells reacted differently after stimulation by bacteria. In mesan-
gial cells and monocytes a decreased constitutive TIMP-1 pro-
duction was found, which was in contrast to epithelial cells. Out
of 40 children with pyelonephritis, 23 had higher urinary TIMP-1
than MMP-9 levels. These children had significantly more severe
changes in both acute and follow-up scintigraphy scans indicat-
ing higher degree of acute tissue damage and renal scarring.
Thus, our findings suggest an association between TIMP-1 and
the process of renal scarring. (Pediatr Res 53: 698–705, 2003)

Abbreviations
MMP, matrix metalloproteinase
TIMP, tissue inhibitor of metalloproteinases
ECM, extracellular matrix
DMSA, 99mTc-dimercaptosuccinic acid

Interstitial fibrosis is the final common end-point of progres-
sive renal diseases. Despite its clinical significance, the mech-
anisms of scar formation in the kidney are still not fully
understood. Generally, it is thought that the renal fibrogenesis
is induced by the release of chemokines and growth factors by
a number of resident cells. Their concentration gradient results
in an influx of leukocytes and an increase in the number of
interstitial fibroblasts. The induction phase is followed by an
increased matrix production and reduced matrix degradation,

which add up to a deposition of extracellular matrix (ECM)
components (1). However, ECM component deposition does
not seem to be the only mechanism in the pathogenesis of
scarring. After direct inoculation of Escherichia coli into the
kidneys of rats, contraction and collapse of the tubulointersti-
tial parenchyma had a greater influence than new collagen
production on final fibrosis (2). In line with that, we have
previously shown that mouse kidneys after experimental acute
pyelonephritis were smaller compared with those from unin-
fected animals (3). Likewise, it seems that the end-stage kidney
is rather shrunken, not enlarged or full of collagen (4).

The current hypothesis suggests that the normal remodeling
and healing is a result of the balance between ECM protein
synthesis and degradation (5). Out of a number of matrix-
degrading enzymes, gelatinases, matrix metalloproteinase-2
and 9 (MMP-2 and MMP-9) seem to play an important role
during inflammation in parenchymal organs. They are specific
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mainly for collagen IV, which is the most abundant extracel-
lular matrix component of these organs. Moreover, MMP-9 is
produced by neutrophils and macrophages after different stim-
uli, like LPS (6). Also glomerular epithelial cells, mesangial
cells, tubular cells, and fibroblasts have been shown to produce
MMP-9 after stimulation by cytokines and growth factors
(7–11).

There is an association between MMP production and tissue
damage during and after inflammation (12–15). Leukocytes
need MMP-s to reach the site of inflammation (16) and mes-
enchymal cells use MMPs to reorganize and replace wounds in
different tissues (17).

It has been suggested that increased production or activity of
MMPs is associated with higher tissue degradation and re-
placement by collagen. Disruption of collagen IV, the main
basement membrane component, has also been shown to stim-
ulate epithelial-mesenchymal transformation of renal epithelial
cells (1, 18), a proposed mechanism of renal scarring. On the
other hand, decreased MMP production or activity can lead to
decreased collagen degradation with net accumulation of ECM
proteins in the tissue. Finally, MMPs might also play a role in
reorganization of primary scar and tissue contraction.

The aim of the present study was to elucidate the role of
MMP-9 and its main inhibitor, tissue inhibitor of metallopro-
teinases (TIMP-1), in acute pyelonephritis and the renal scar-
ring process. To evaluate the role of the MMP-9/TIMP-1
balance in postinfective healing, we have examined urine
samples from children with acute pyelonephritis and compared
them to the outcome of pyelonephritis measured by renal static
scintigraphy. We also wanted to find the sites of production
and study the kinetics of MMP-9 and TIMP-1 during acute
pyelonephritis using a mouse model and cell culture
experiments.

METHODS

Patients. The study has been approved by the ethics com-
mittee of the Karolinska Hospital and informed consent has
been obtained from parents of the children. Urine was collected
from 40 infants and children presenting in an emergency room
with a clinical picture of acute first-time pyelonephritis without
symptoms or signs of any other infection. Urine samples were
also collected from 16 of the same children at 6-wk follow up
and 15 children with nonrenal fever. The median ages (and
ranges) in the pyelonephritic group were 6 mo (0–113), fol-
low-up group 13.5 mo (3–118), and nonrenal fever group 8.5
mo (1–38). Routine examinations with blood count, C-reactive
protein (CRP), and plasma creatinine were done. Erythrocytu-
ria and leukocyturia were tested semiquantitatively, using
Ecur-Test (Boehringer Mannheim, Mannheim, Germany) and
recorded as grades 0–3, corresponding to 0, 10–25, 75, and
500 � 106 leukocytes/mL and 0, 10, 50, and 250 � 106

erythrocytes/mL, respectively.
The diagnostic criteria of acute pyelonephritis in our study

were: � 105 bacteria/mL urine, body temperature � 38°C and
CRP � 20 mg/L, in children older than 6 wk. All urinary tract
infections were caused by E. coli.

99mTc-dimercaptosuccinic acid scintigraphy (DMSA) was
performed within 10 d after admission and 1 y after the acute
infection. This method has been shown to detect renal scarring
with high sensitivity and specificity (19). 99mTc-dimercapto-
succinic acid (0.5 MBq/kg body weight, not less than 15 MBq)
was given i.v. Static images were recorded in the posterior-
anterior and anterior-posterior projections, using a gamma
camera (General Electric 400AT, Milwaukee, WI, U.S.A.).
Each kidney was divided into three segments (upper pole,
middle part, and lower pole). Normal uptake in a segment was
given the value 0, and decreased uptake was graded 1–3. From
the size and degree of a defect in DMSA uptake, a DMSA
score was calculated (20).

Animals. The animal experiments were approved by the
ethics committee of the Karolinska Hospital. Bki NMRI female
mice were used, 8–10 wk old, weight 20–30 g (Charles River,
Uppsala, Sweden), caged 3–7 mice in each group with food
and water ad libitum. Each mouse was under anesthesia tran-
surethrally catheterized using a soft sterile polyethylene cath-
eter (outer diameter 0.61 mm, inner diameter 0.28 mm, Clay
Adams, Becton Dickinson, U.S.A.) with lubricant Glidslem®
(Apoteket, Umeå, Sweden). 50 �L of bacterial suspension (108

of bacteria/100 �L) or PBS was injected into the bladder. The
catheter was immediately removed and the external urethral
meatus was coated by collodium (sves 46, Swedish Pharma-
copeia). After 6 h collodium was softened and removed using
acetone. The mouse kidneys were removed aseptically under
anesthesia at 24 h, 48 h, and 6 d, and the mice were then killed
by carbon dioxide. After homogenization in mortar homoge-
nizer with PBS the kidneys were centrifuged at 350 � g for 10
min. Supernatants were collected and stored at �20°C. Before
ELISA analysis the supernatant was centrifuged at 1500 � g
for 10 min and passed through a 0.45 �m filter (Pal Gelman
Sciences, Ann Arbor, MI, U.S.A.).

For histologic evaluation the kidneys were embedded in
paraffin blocks after fixation in 4% buffered paraformaldehyde.
From the tissue blocks, 4 �m thick sections were cut. Two
animal experiments with 3–5 mice in each group were carried
out.

Cells. Human renal epithelial cell line (A498), human mono-
cytic cell line (THP-1) (American Type Culture Collection,
Rockville, MD, U.S.A.) and primary human mesangial cells
(NHMC) (Clonetics, BioWhittaker, Walkersville, MD, U.S.A.)
were used.

A498 were grown in Eagle’s minimal essential medium
(Sigma Chemical Co., St. Louis, MO, U.S.A.) supplemented
by 200 mM glutamine (Sigma Chemical Co.), 1.0 mM sodium
pyruvate (Invitrogen Life Technologies, U.S.A.), 0.1 mM non-
essential amino acids (Life Technologies), and 10% fetal bo-
vine serum Myoclone (Life Technologies). THP-1 monocytes
were grown in RPMI 1640 (Sigma Chemical Co.) supple-
mented by 5 mM mercaptoethanol, 200 mM glutamine, and
10% fetal bovine serum Myoclone. NHMC were grown in
RPMI 1640 supplemented by 200 mM glutamine, insulin-
transferrin-selenium (Life Technologies), and 10% of fetal
bovine serum Myoclone. NHMC were used between passages
5 and 10.
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A498 and NHMC were used for the experiments when they
formed a confluent layer, while 106 of THP-1 cells were added
into 1 mL of medium. The experiments were performed with
serum-free medium supplemented with gentamicin (40 mg/
mL) (21). Three independent cell experiments were done and
each sample was analyzed in duplicate or quadruplicate. 108

bacteria were added into each well. Cells incubated with
medium only served as controls. After incubation in 37°C, 5%
CO2, 95% O2, and 80% humidity for 0, 6, 24 h the medium was
centrifuged (350 � g, 10 min) and supernatants were frozen
(�20°C) for the ELISA analysis. The cells were then lysed
with RNAzolTM (Biotecx Laboratories, Houston, TX, U.S.A.)
(200 �L for each well) for the total RNA extraction and the cell
suspension stored at �70°C.

Bacteria. E. coli CFT O73 was isolated from a patient with
pyelonephritis. It expresses type 1, P and S fimbriae and
hemolysin, and it induces pyelonephritis in experimentally
challenged normal mice (22). The bacteria were grown over-
night on cystine lactose electrolyte deficient (CLED) agar at
37°C and in Luria-Bertani broth for 5 h, to reach logarithmic
phase of growth, then washed twice in PBS. The bacterial
concentration was measured by spectrophotometry at a wave-
length of 600 nm and confirmed by viable count on blood agar
plates. The same bacterial strain was used in both the animal
model and the cell experiments.

Measurement of MMP-9 and TIMP-1 levels. ELISA kits
for total human MMP-9 and TIMP-1 were obtained from R&D
systems (Abingdon, UK). The detection limits were 0.36
ng/mL for MMP-9 and 0.12 ng/mL for TIMP-1. The levels of
total and active MMP-9 in supernatants from renal tissue were
measured by MMP-9 activity assay, specific for mouse (Am-
ersham Pharmacia Biotech, Uppsala, Sweden). The detection
limit for MMP-9 was 0.23 ng/mL. MMP-9 and TIMP-1 levels
were determined according manufacturer’s instructions. The
urinary levels of creatinine were analyzed by Jaffé’s method.
Urinary levels of measured proteins were expressed as protein-
creatinine ratios.

Immunohistochemistry. The paraffin embedded sections
were first deparaffinized with Bio-Clear (Bio-Optica, Milan,
Italy) and rehydrated in graded ethanol. The sections were
transferred to 0.01 mol/L citrate buffer (pH 6.0) and heated in
a microwave oven for 10 min at 700 W and then allowed to
cool for 20 min. After incubation with 2% BSA for 1 h and for
10 min in 3% H2O2 in methanol for quenching of endogenous
peroxidase activity, the slides were blocked with avidin and
biotin blocking solutions (Vector Laboratories, Burlingame,
U.S.A.) and incubated overnight at 4°C with the primary
antibody solution. Rabbit anti-mouse MMP-9 and anti-TIMP-1
antibody (Santa Cruz Biotechnology, Santa Cruz, U.S.A.) were
used and normal rabbit immunoglobulin (Dako, Glostrup, Den-
mark) served as a negative control. After incubation with goat
anti-rabbit biotinylated secondary antibody solution (Vector
Laboratories) in a 2% normal goat serum, the slides were
incubated for 30 min with Vectastatin® ABC reagent (Vector
Laboratories). Between each step the slides were washed in
0.01 M PBS, pH 7.4. After developing with diaminobenzidine
tetrahydrochloride (DAB)(Dako) solution for 2 min the sec-
tions were washed in double-distilled water and counterstained

in hematoxylin. The slides were then rewashed in water,
dehydrated by graded ethanol, cleared with Bio-Clear, and
mounted using Pertex mounting medium (Histolab Products,
Göteborg, Sweden). Using the above-described method
MMP-9 and TIMP-1 protein stained brown and the cell nuclei
blue. The same slides were also stained with the standard
hematoxylin-eosin method where the cell nuclei stained blue
and the cell cytoplasm pink or red.

RT-PCR. Total RNA was isolated by the guanidine/phenol
method using RNAzol™ B (Biotecx Laboratories) according
to the manufacturer’s instructions. Reverse transcription of 1
�g RNA was performed using 100 pmol random hexamer
primers pd(N)6 (Amersham Pharmacia Biotech, Uppsala, Swe-
den) and 300U SuperScript RNAse H� (Life Technologies)
with the mixture of 5 � buffer, 10 �mol dNTP, 0.1 mmol DTT,
and 60 U RNAsin (Boehringer Mannheim, Mannheim, Ger-
many) in a volume of 20 �L at 45°C for 2 h. cDNA was stored
at -70°C until used. Following primers have been used: 5'-
MMP-9 AGACCTGAGAACCAATCTCAC, 3'-MMP-9
GGCACTGAGGAATGATCTAA (7), 5'-TIMP-1 GCG-
GATCCAGCGCCCAGAGGACACC, 3'-TIMP-1 TTAAGCT-
TCCACTCCGGGCAGGATT (23), 5'-G3PDH TGAAG-
GTCGGAGTCAACGGATTTGGTC, 3'-G3PDH ATGTGGG-
CCATGAGGTCCACCAC (24). MMP-9 and TIMP-1 primers
were obtained from Innovagen (Lund, Sweden) and the primer
for the “housekeeping” gene human glyceraldehyde-3-
phosphate dehydrogenase (G3PDH) was from CyberGene AB
(Huddinge, Sweden). PCR of 2 �L of the cDNA was per-
formed with 0.025 U/�l Taq polymerase (Life Technologies),
2 mM MgCl2, 0.2 mM dNTP, PCR buffer, and 0.5�M of each
primer in a final volume of 25 �L in PTC-200 Peltier Thermal
Cycler (MJ Research, Waltham, MA, U.S.A.). Numbers of
PCR cycles were set after pilot experiments to be in a linear
range of the PCR reaction. After 1 min for 95°C, PCR was
conducted for 30 (MMP-9), 21 (TIMP-1), and 28 (G3PDH)
cycles using the following conditions: 1 min of denaturation at
94°C, 1 min of annealing at 54, 65, and 60°C, respectively, and
1 min of extension at 72°C, followed by a final extension for 5
min at 72°C and cooling to 4°C.

The PCR products (1146 bp, 684 bp and 983 bp long for
MMP-9, TIMP-1 and G3PDH, respectively) were separated by
electrophoresis on a 1.5% agarose gel (Life Technologies).
Following staining with ethidium bromide, the gels were pho-
tographed under UV-light using Gel Doc 2000 (BioRad, Her-
cules, CA, U.S.A.).

Data analysis. The Mann-Whitney U test and Spearman’s
rank correlation test were used. Differences with p level less
than 0.05 were considered as statistically significant.

RESULTS

Significant increase of MMP-9 and TIMP-1 in the urine of
children with acute pyelonephritis. Association between
TIMP-1 and renal damage and scarring. The urinary MMP-
9/creatinine and TIMP-1/creatinine ratios were significantly
higher in children with acute pyelonephritis compared with
ratios from the same children at 6 wk follow-up (p � 0.01,
respectively) and also to children with nonrenal fever (p �
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0.05 for MMP-9, p � 0.01 for TIMP-1) (Fig. 1A). Out of 40
children with pyelonephritis, 23 had urinary TIMP-1 levels
higher than MMP-9 levels with a difference of more than 0.1
ng/mmol (Fig. 1B). These children had significantly more

severe changes in both the acute and follow-up DMSA scans,
indicating a higher degree of acute tissue damage and renal
scarring (p � 0.05, respectively) (Fig. 1C).

A correlation between MMP-9/creatinine ratios and leuko-
cyturia (R 0.55, p � 0.01) was seen, likewise there was a
correlation between TIMP-1/creatinine ratios and maximal
serum CRP (R 0.75, p � 0.01), and leukocyturia (R 0.67, p �
0.01).

MMP-9 and TIMP-1 produced mainly by leukocytes.
TIMP-1 produced also by tubular cells. The total MMP-9
levels in renal tissue homogenates from infected mice were
significantly higher in comparison to those from uninfected
mice (p � 0.01) (Fig. 2). The maximal levels of MMP-9 were
found on the 2nd d from inoculation of bacteria with decrease
on the 6th d thereafter. Immunohistochemically, both MMP-9
and TIMP-1 were present mainly in the cytoplasm of leuko-
cytes. Moreover, TIMP-1 could be seen also in the cytoplasm
of proximal tubular cells of infected kidneys (Fig. 3).

Increased MMP-9/TIMP-1 ratio in mesangial cells and
monocytes but not in epithelial cells in response to E. coli.
Human THP-1 monocytes produced significantly higher
amount of MMP-9 after stimulation with E. coli compared with
nonstimulated cells (p � 0.05). On the other hand TIMP-1
production by the cells was suppressed by E. coli (p � 0.05),
which resulted in a significant net increase of the MMP-9/
TIMP-1 ratio (p � 0.05) (Fig. 4). Neither mesangial nor
epithelial cells produced MMP-9. The TIMP-1 production was
suppressed by the E. coli stimulation in mesangial (p � 0.05)
while maintained in epithelial cells. For all the analyzed cells,
MMP-9/TIMP-1 mRNA changes had the same pattern as the
protein levels.

DISCUSSION

In the present study we demonstrate for the first time an
increase of MMP-9 and TIMP-1 in the urine of children with
acute pyelonephritis. Using our animal model and cell culture
experiments, we show that during pyelonephritis both of these
proteins were produced mainly by leukocytes. Resident renal
cells reacted differently after stimulation with bacteria. In

Figure 1. (A) MMP-9/creatinine (open box) and TIMP-1/creatinine (hatched
box) ratios in the urine of children with acute pyelonephritis (APN) (n � 40),
at 6 wk follow-up (n � 16), and children with nonrenal fever (n � 15). Both
MMP-9/creatinine and TIMP-1/creatinine ratios were higher in children with
acute pyelonephritis compared with the other two groups of children. Data
presented as median, box (25% to 75%), and whiskers (nonoutlier minimum
and maximum). Circles indicate outliers. (B) Individual levels of MMP-9/
creatinine (open circles) and TIMP-1/creatinine (filled squares) ratios in the
urine of children with pyelonephritis. (C) DMSA scores of acute DMSA scans
(DMSA1, open boxes) and DMSA scans performed 1 y after acute pyelone-
phritis (DMSA2, hatched boxes) in children with urinary levels of MMP-9 �

TIMP-1 and MMP-9� TIMP-1. Children with MMP-9� TIMP-1 had signif-
icantly higher both acute and follow-up DMSA scores. Data presented as
median, box (25% to 75%), and whiskers (nonoutlier minimum and maxi-
mum). Circles indicate outliers.

Figure 2. MMP-9 levels in kidney homogenates from infected (Inf) and
saline injected uninfected mice (Contr) at 0, 24, 48 h, and 6 d (3–5 mice in each
group). Data presented as median, box (25% to 75%), and whiskers (nonoutlier
minimum and maximum). The circle indicates an outlier.
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Figure 3. Mouse kidney sections from infected (A, B, C, D, E, F) and uninfected mice (G, H). Cortical areas of the kidney with the destruction of normal
parenchyma and accumulation of leukocytes (A 1.), intercellular bleeding (A 2.), accumulation of bacteria (A 3.), and dilated tubuli full of leukocytes, leukocyte
casts (A 4.). Detail of a leukocyte cast (B) with polymorphonuclear leukocytes (B 1.) and edematous proximal tubular cells (B 2.). Both MMP-9 (C) and TIMP-1
(D) are expressed mainly in the cytoplasm of polymorphonuclear leukocytes and extracellularly (arrows) in the areas with leukocyte casts. TIMP-1 could be seen
also in the cytoplasm of tubular cells (F, arrows). E shows a corresponding area of the kidney to clarify the morphology of cells and to show the absence of
leukocytes in the area. Hematoxylin-eosin staining (A, B, E, nuclei stained blue, cytoplasm pink, erythrocytes red) and immunohistochemical staining of MMP-9
(C, G, brown) and TIMP-1 (D, F, H, brown) with hematoxylin contrastaining (nuclei stained blue). Magnification 100� (A),; 200� (B, C, D, G, H) and 400�
(E, F). There was no staining in control slides with normal rabbit immunoglobulin instead of primary antibody (not shown).
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mesenchymal cells, TIMP-1 production was decreased while
maintained in tubular cells, probably as a protective mecha-
nism during inflammation. Moreover, significantly more se-
vere acute tissue damage and renal scarring was found in
children with urinary levels of TIMP-1 higher than MMP-9.

Acute pyelonephritis is one of the most common serious
infections in infancy and early childhood. Without prompt and
accurate treatment, it may lead to permanent damage to the
kidneys. Postinfective renal scarring can lead to loss of renal
function and is still a worldwide major cause of end-stage renal
failure (25). An imbalance between MMP-9 and TIMP-1 has
been suggested to be important in the pathogenesis of a number
of diseases (15, 26–29). Up-regulation of MMP/TIMP expres-
sion in renal tubular epithelial cells and renal fibroblasts has
been demonstrated in both human and murine polycystic kid-
ney disease (30–32), diabetic nephropathy (26), and membra-
nous nephropathy (27). On the contrary, MMP-9/TIMP-1
down-regulation has been shown in rat models of streptozocin-
induced diabetic nephropathy (28) and bromethylamine-
induced nephropathy (33), and in a mouse model of renal
scarring due to overload proteinuria (34). Increased urinary
levels of MMP-9 and TIMP-1 in our study suggest that these
proteins play a role also in acute pyelonephritis.

Out of 40 children with pyelonephritis, 23 had urinary
TIMP-1 levels higher than the corresponding MMP-9 levels.
These children had significantly more severe changes in both
acute and follow-up DMSA scans indicating higher degree of
acute tissue damage and renal scarring. This result seems to be
contradictory to the hypothesis about an association between
MMP-9 and a large destruction of the tissue as the prerequisite
of replacement by collagen and subsequent scar development.
One possible explanation of our findings can be that the
measured levels did not reflect the “induction phase” of renal
scarring but the “phase of matrix synthesis” which is charac-
terized by decreased gelatinolytic activity with accumulation of
collagen. Another speculation might be that urinary levels
might not always correspond to renal levels of the protein.
Similarly urinary leukocyte levels do not always reflect tissue
concentration of leukocytes. Leukocyte “entrapment” in renal
tissue, not high urinary leukocyte levels, was associated with
renal scarring (35, 36). And finally, it cannot be ruled out that
“low-grade” prolonged inflammation, probably accompanied
by lower MMP-9/TIMP-1 ratio, is a greater risk for renal
scarring than “high-grade” shorter inflammation. MMP-9 is
known to be able to digest the precursors of IL-1� and TNF-�
so it could be speculated that low levels of MMP-9 might
promote the persistence of inflammation.

On the other hand, our findings support the hypothesis about
an association between TIMP-1 and renal fibrosis. TGF-�, a
pro-fibrotic agent, has been shown to induce TIMP-1 expres-
sion. These results imply that a link between TGF-� and
TIMP-1 might be of importance in the pathogenesis of renal
scarring (33, 37, 38).

Both MMP-9/creatinine ratios and TIMP-1/creatinine ratios
in our study correlated with the degree of leukocyturia. Any-
way, the MMP-9/TIMP-1 ratio does not seem to be a mere
reflection of the leukocyte load since TIMP-1/creatinine ratios
correlated with DMSA changes, which was not the case of
leukocyturia. TIMP-1 in the urine may thus originate also from
epithelial cells and leukocytes in renal tissue and not only from
cells present in the urine.

In the present study, using an animal model and cell exper-
iments we show that the main producers of MMP-9 and
TIMP-1 during pyelonephritis are leukocytes, while TIMP-1
can be produced also by renal tubular and mesenchymal cells.
MMP-9 was found in the kidneys of infected mice but not in
kidneys from uninfected short time obstructed ones. The max-
imal levels of MMP-9 were found on the 2nd d from inocula-
tion of bacteria with decrease on the 6th d thereafter.

Previously in the same experimental model, we have shown
prolonged increase of TGF-� mRNA as well as pro-
inflammatory cytokines after short time obstruction only (22).
However, others have demonstrated that longer time of ob-
struction was needed to induce renal fibrosis (39). MMP-9 and
TIMP-1 are known to be produced by leukocytes and also by
a number of resident kidney cells stimulated with cytokines
and growth factors (7–11, 22). In a rat model of unilateral
ureteral obstruction, MMP-9 was detected mainly in the cyto-
plasm of tubular cells (29). We found a correlation between
urinary MMP-9 and TIMP-1 levels and leukocyturia in chil-
dren with acute pyelonephritis. These results are in line with

Figure 4. THP-1 human monocytes, normal human mesangial cells (NHMC),
and human renal epithelial cells (A498) stimulated by E. coli CFTO73 for 24 h.
MMP-9 (left) and TIMP-1 production (right). Open bars show protein levels
from unstimulated cells (Contr), hatched bars from cells after stimulation (Inf).
Incubation by E. coli caused increased expression of MMP-9 and decreased
expression of TIMP-1 in monocytes. No MMP-9 protein production was
observed in either mesangial or epithelial cells (data not shown). Stimulation
by E. coli suppressed constitutive production of TIMP-1 by mesangial cells
with no significant change on epithelial cells. Protein levels are expressed as
median and range from three experiments.
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our cell experiments and immunohistochemistry where leuko-
cytes seem to be the main source of MMP-9 and TIMP-1
during pyelonephritis.

Monocytes stimulated with E. coli showed increased
MMP-9 and decreased TIMP-1 production. To our knowledge
this is the first evidence suggesting that bacteria suppress
TIMP-1 production. We have found a similar pattern of
TIMP-1 production in mesangial cells but conversely renal
tubular cells maintained production of TIMP-1. MMP-9 was
detected neither in epithelial nor mesangial cells. All observed
events after stimulation with bacteria seem to result in in-
creased MMP-9/TIMP-1 ratio in monocytes and mesangial
cells but not in epithelial cells.

For the cell experiments, we used only 24-h incubation with
bacteria due to decreased cell viability after longer stimulation
(data not shown). It has been shown previously that prolonged
stimulation of mesangial cells and epithelial cells by cytokines
and growth factors was needed to induce MMP-9 production
(9, 10, 40). However, our findings are in line with the immu-
nohistochemistry results where MMP-9 was seen only in the
cytoplasm of leukocytes.

Renal tubular cells have important functions in the metabo-
lism and homeostasis. Therefore TIMP-1 production may be a
protection against digestion by leukocytes and mesenchymal
cells during inflammation. Similarly, greater amounts of
TIMP-1 mRNA were found in mouse corneas after Pseudo-
monas aeruginosa infection. Moreover, anti TIMP-1 treatment
was associated with loss of epithelium within the central
cornea (41).

CONCLUSIONS

We conclude that MMP-9 and TIMP-1 are produced during
acute pyelonephritis. They are both expressed in professional
immune cells as well as in resident renal cells, although
apparently different kidney cells play different roles in the
process of inflammation and healing. Interestingly, it seems
that increased MMP-9/TIMP-1 is not a factor inducing renal
scarring. Therefore possible treatment attempts trying to inhibit
MMP-9 activity may not be beneficial for the patient. On the
contrary, scarring was associated with decreased MMP-9/
TIMP-1 ratio, which may favor an accumulation of collagen.
Further understanding of the protease/antiprotease system in
the kidney is needed to allow us to influence the outcome of
renal diseases.
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