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F344 rats chronically infected with Ureaplasma parvum develop two distinct profiles: asymptomatic urinary
tract infection (UTI) and UTI complicated by struvite urolithiasis. To identify factors that affect disease
outcome, we characterized the temporal host immune response during infection by histopathologic analysis
and in situ localization of U. parvum. We also used differential quantitative proteomics to identify distinguish-
ing host cellular responses associated with complicated UTI. In animals in which microbial colonization was
limited to the mucosal surface, inflammation was indistinguishable from that which occurred in sham-
inoculated controls, and the inflammation resolved by 72 h postinoculation (p.i.) in both groups. However,
inflammation persisted in animals with microbial colonization that extended into the deeper layers of the
submucosa. Proteome profiling showed that bladder tissues from animals with complicated UTIs had signif-
icant increases (P < 0.01) in proteins involved in apoptosis, oxidative stress, and inflammation. Animals with
complicated UTIs (2 weeks p.i.) had the highest concentrations of the proinflammatory protein S100A8 (P <
0.005) in bladder tissues, and the levels of S100A8 positively correlated with those of proinflammatory
cytokines GRO/KC (P < 0.003) and interleukin-1� (P < 0.03) in urine. The bladder uroepithelium was a
prominent cell source of S100A8-S100A9 in animals with complicated UTIs (2 weeks p.i.), which was not
detected in animals with asymptomatic UTIs (2 weeks p.i.) or in any bladder tissues harvested at earlier p.i.
time points. Based on these results, we surmise that invasive colonization of the bladder triggers chronic
inflammation and immune dysregulation, which may be critical to struvite formation.

Struvite or infection stones form as a result of complicated
urinary tract infections (UTI) caused by urease-producing bac-
teria such as Proteus, Klebsiella, Serratia, and Ureaplasma spe-
cies (5, 8, 9, 17). Bacterial urease breaks down urea into am-
monia, resulting in urine’s becoming supersaturated with
ammonia. When this occurs, the urine pH rises and the solu-
bility of magnesium ammonium phosphate decreases, leading
to crystal deposition and stone formation. Infection is always
an underlying cause of struvite urolithiasis (5, 9). Therefore, it
is not surprising that known predisposing factors such as renal
tubular acidosis, neurogenic bladder, urinary tract obstruc-
tions, and chronic use of indwelling catheters (5, 9) are related
to elements that increase patient susceptibility to UTI. Although
infections usually induce an inflammatory response in the host,
to our knowledge, the role of the host immune response as a
potential predisposing factor in struvite urolithiasis has not
been evaluated or considered to be important in disease patho-
genesis. We present data suggesting that the host immune
response plays a critical role in the development of struvite
stones and that the proinflammatory protein S100A8–S100A9

may play a critical role in the chronic inflammation and im-
mune dysregulation that ultimately result in struvite formation.

The genetically inbred Fischer (F344) rat is susceptible to
UTI induced by the obligate urease producer Ureaplasma par-
vum (21). F344 rats experimentally inoculated with the same
doses and strains of U. parvum develop two clinical profiles in
response to infection: asymptomatic UTI and UTI complicated
by chronic active inflammation and struvite stone formation.
Asymptomatic UTI is characterized by a minimal immune re-
sponse and the ascension of infection to the kidney. In con-
trast, rats with complicated UTI typically have elevated levels
of proinflammatory cytokines such as interleukin-1� (IL-1�),
IL-1�, IL-6, GRO/KC, and tumor necrosis factor alpha in their
urine, and this condition is accompanied by edema, with areas
of uroepithelial erosion and/or proliferation, and extensive leu-
kocyte infiltration into the renal pelvis and bladder. The initial
dose of U. parvum does not seem to influence which clinical
profile of UTI develops but does determine if an animal is
successfully colonized by the microbe (20). In order to identify
factors that affect disease outcome, we characterized the tem-
poral host immune response during infection by histopatho-
logic analysis and in situ localization of U. parvum. We also
used differential quantitative proteomics to identify distinguishing
host cellular responses associated with complicated UTI.

MATERIALS AND METHODS

Sample selection and protein extraction for rat bladder proteome studies.
Archived bladder tissues obtained from F344 rats in a previous study were used
for these experiments (20). All procedures were performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee. Sterile 10B
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broth or a rat-adapted strain of U. parvum (21) was inoculated directly into the
bladders of rats, and tissues were harvested at 1, 2, and 3 days and 2 weeks
postinoculation (p.i.). Tissues were cultured for the presence of U. parvum, and
bladders were evaluated by histopathologic analyses. For proteome studies, an-
imals infected for 2 weeks and the corresponding bladder tissues were assigned
to the asymptomatic UTI or struvite group based on culture status, the urine
cytokine profile, histology, and the presence of struvite uroliths (21). Animals
within the UTI group were culture positive at the time of necropsy and had
minimal histologic lesions, low urine cytokine levels, and no evidence of struvite
uroliths. Animals within the struvite group were culture positive at the time of
necropsy, had extensive histologic changes in bladder tissues, were positive for
struvites, and had marked elevations in urine proinflammatory cytokine levels. In
order to minimize the variability of the U. parvum protein load between groups,
only tissues that had similar log numbers of CFU (2.4 to 2.7) at the time of
necropsy were chosen for these experiments. Protein from tissues was extracted
with Trizol according to the protocol of the manufacturer (Invitrogen Corp.,
Carlsbad, CA). Pelleted protein extracts were allowed to air dry and stored at
�20°C before analysis.

Quantitative proteomics using peptide labeling and two-dimensional (2D)
liquid chromatography-tandem mass spectrometry (LC-MS/MS). Protein ex-
tracts from two rats in the asymptomatic UTI group and two rats in the struvite
group were prepared. Rat bladder protein extracts were processed and labeled
with the amine-specific peptide-based labeling system iTRAQ according to the
instructions of the manufacturer (Applied Biosystems, Foster City, CA). Briefly,
a 60-�g aliquot of each sample was dissolved in 20 �l of dissolution buffer (0.5
M triethylammonium bicarbonate) and reduced with reducing agent (50 mM
Tris-2-carboxyethyl phosphine) at 60°C for 1 h. After reduction, cysteines were
blocked with 200 mM methyl methanethiosulfonate for 10 min at room temper-
ature. Ten microliters of a trypsin solution (Promega Corporation, Madison, WI)
was added to each sample, and samples were incubated overnight at 37°C. After
digestion, bladder protein extracts from the asymptomatic UTI group were
labeled with reagent 116 and bladder protein extracts from the struvite group
were labeled with reagent 117. One sample from the asymptomatic UTI group
and one sample from the struvite group were combined. Two biological repli-
cates were processed in the same way. Pooled samples were desalted by using a
macrospin Vyadac silica C18 column (The Nest Group Inc., Southboro, MA)
prior to the strong cation exchange procedure.

Strong cation exchange fractionation of desalted iTRAQ-labeled peptides was
performed with a PolySULFOETHYL A column (length by internal diameter,
100 by 2.1 mm; particle size, 5 �m; pore size, 300 Å). Peptides resuspended in
buffer A (75% 0.01 M ammonium formate, 25% ACN) were eluted over a linear
gradient of 0 to 20% buffer B (75% 0.5 M ammonium formate, 25% ACN) and
detected at an absorbance of 280 nm. Eluted fractions were further separated by
capillary reverse-phase high-performance LC using an LC Packings C18 PepMap
column (DIONEX, Sunnyvale, CA). Mass spectrometric analysis of the column
eluate was performed in-line with a QSTAR hybrid quadrupole time of flight
mass spectrometer (Applied Biosystems Inc.). The focusing potential and ion
spray voltage were set to 275 V and 2,600 V, respectively. The information-
dependent acquisition mode of operation was employed for the acquisition of a
survey scan from m/z 400 to 1,200, followed by collision-induced dissociation of
the three most intense ions.

Tandem mass spectra were extracted by Analyst (v 1.1.; Applied Biosystems
Inc.). The International Protein Index rat database v 3.32 (12) (concatenation of
the forward and random sequences) was used for protein identification. Searches
were performed using MS/MS data interpretation algorithms from Protein Pilot
(Paragon algorithm, v 2.0; Applied Biosystems Inc.) and Mascot (v 2.2; Matrix
Science, London, United Kingdom). The Paragon algorithm from Protein Pilot
was set up to search iTRAQ 4-plex samples as variable modifications with methyl
methanethiosulfonate as a fixed modification. The Protein Pilot algorithm was
selected to search automatically for biological modifications such as the presence
of homocysteines. Additional information on this algorithm is found in reference
23. The confidence level for protein identification was set up to 1.3 (95%), which
is the default for the detected protein threshold in the Paragon method. A
false-discovery rate was calculated at 0.4% as the percentage of progroups which
matched randomized accessions in the concatenated database. The differential
expression ratios for protein quantitation were obtained from Protein Pilot,
which calculates protein ratios using only ratios from the spectra that are dis-
tinctive to each protein, excluding the shared peptides of protein isoforms.
Peptides with low spectral counts were also excluded from the calculation of
averages by setting the intensity threshold for the sum of the signal-to-noise
ratios for all the peak pairs at �9. All the quantitative ratios were then corrected
for bias automatically by Protein Pilot when the data were processed to create
the Pro Group algorithm results. The bias factor calculated for the iTRAQ

reagent 116/ reagent 117 ratio was 0.93. Each protein that was quantified was
identified by a minimum of three spectra, with an error factor of �2. The error
factor is a measure of the variation among the different iTRAQ ratios (the
greater the variation, the greater the uncertainty) and represents the 95% un-
certainty range for a reported ratio. The P value is calculated based on the 95%
confidence interval.

Proteome profiling of bladder tissues by 2D differential gel electrophoresis.
Protein extracts from five rats in the asymptomatic UTI group and three rats in
the struvite group were used for 2D gel electrophoresis. Protein pellets were
dissolved in buffer containing 8 M urea, 2 M thiourea, 4% CHAPS {3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, and 10 mM Tris, pH
8.5. The total protein content of each sample was determined by the Lowry assay.
Samples from each group of animals contained pooled protein extracts from
three biological replicates, and the concentration of protein pools was adjusted
so that the samples from the two groups contained the same total concentrations.
Protein from the bladders of struvite-positive rats was labeled with Cy5 fluores-
cent dye, and protein from the bladders of struvite-negative rats was labeled with
Cy3 fluorescent dye. Aliquots of 50 �g from each sample were mixed, and
isoelectric focusing was done with a pH 3 to 11 immobilized pH gradient strip
exposed to 8,000 V for 54.5 kV · h. Separation by molecular weight was done with
an 8 to 16% Tris-glycine sodium dodecyl sulfate-polyacrylamide gel.

Protein spots within the gel were scanned with a Typhoon 8600 variable-mode
imager (Amersham Biosciences, Piscataway, NJ). Data processing and spot
quantification were performed with Phoretix software (Nonlinear USA Inc.,
Durham, NC). Filtering of background noise and normalization of the gel image
were performed prior to analysis. A reference value (normalized volume) was
created for each spot on the gel.

Protein spots unique to either treatment group were manually excised from the
gel for identification by mass spectrometry. For each spot, a corresponding
negative control was created that consisted of an equivalent-size gel that stained
negative for protein with Coomassie blue. Protein destaining and enzymatic
digestion were performed as described previously (27). Briefly, gel spots were
destained, washed in 50% acetonitrile in 25 mM ammonium bicarbonate buffer,
and dehydrated in a SpeedVac centrifuge for 15 min. Protein was reduced and
alkylated by incubation with 45 mM dithiothreitol for 30 min at room temper-
ature followed by incubation with 100 mM iodoacetamide for 30 min in darkness.
Gel pieces were then washed in 50% acetonitrile in 50 mM ammonium bicar-
bonate and dehydrated in the SpeedVac for 15 min prior to digestion with a
trypsin enzyme cocktail (12.5 ng/�l of trypsin in 50 mM ammonium bicarbonate,
pH 8.4, 5 mM CaCl2). The enzyme cocktail was added to the sample at a ratio
of 1:20, enzyme to protein.

Digested protein samples extracted from the gel were separated and identified
using LC-MS/MS as described above for the iTRAQ fractions. MS/MS data were
compared against the NCBInr sequence database by using the Mascot (Matrix
Science, Boston, MA) database search engine. Peptide sequences with probabil-
ity-based molecular weight search scores above the default significance value
(P � 0.05) were used for protein identification. All protein identifications were
validated by manual inspection of the MS/MS data.

Detection of S100A8 in urine and bladder tissues by ELISA. A minimum of
five bladder tissue samples each from sham-inoculated controls, infected stru-
vite-negative animals, and infected struvite-positive animals were selected for
detection of S100A8 protein by capture enzyme-linked immunosorbent assay
(ELISA). Bladder tissue samples were homogenized in cold sterile saline and
stored frozen at �80°C until use. The OptEIA ELISA reagent kit B (BD
Biosciences, San Diego, CA) was used to perform the assay. Mouse monoclonal
anticalprotectin, ab50143 (Abcam Inc., Cambridge, MA), was used as the cap-
ture antibody at a concentration of 5 �g/ml. Wells designated negative controls
were incubated with plain diluent buffer. Wells designated positive controls were
loaded with homogenized rat spleen tissue. Samples were loaded onto ELISA
plates in duplicate, and the plates were incubated for 18 h at 4°C. Biotin-
conjugated anti-mouse S100A8 (R & D Systems, Minneapolis, MN) was pre-
pared at a concentration of 0.2 �g/ml, and ELISA plates were incubated at 37°C
for 4 h. Avidin-horseradish peroxidase conjugate was used at a dilution of 1:1,000
and applied to each well for 30 min. After the plates were washed, 3,3�,5,5�-
tetramethylbenzidine (TMB) substrate (BD Biosciences) was used to measure
horseradish peroxidase activity, and the substrate reaction was stopped with BD
OptEIA stop solution. Absorbance values were measured at a 450-nm wave-
length with an ELx808 ultra-microplate reader (Bio-Tek Instruments, Inc., Wi-
nooski, VT).

For normalization purposes, the total protein concentration in each sample
was determined by using a micro-bicinchoninic acid protein assay kit (Pierce
Chemicals, Rockwood, MD). Absorbance values obtained by ELISA were di-
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vided by the total protein concentration so that values are reported as the
absorbance value per microgram.

Immunohistochemical detection of U. parvum and the heterodimer complex
S100A8-S100A9 in bladder tissue. Primary antibodies were anti-U. parvum rabbit
polyclonal antibody (a gift from Janet Robertson, Medical Microbiology and
Immunology, University of Alberta), anti-S100A8-S100A9 mouse monoclonal
MAC387 (Thermo Scientific, Fremont, CA), and mouse immunoglobulin G
(IgG) clone NCG01 and rabbit IgG isotype controls (Thermo Scientific, Fre-
mont, CA). MAC387 antibody recognizes the S100A8-S100A9 heterodimer com-
plex (7). Secondary antibodies were Alexa Fluor-660 goat anti-mouse IgG and
Alexa Fluor-594 (Invitrogen Corp., Carlsbad, CA). Nuclei were stained with
DAPI (4�,6-diamidino-2-phenylindole) or Sytox (Invitrogen Corp., Carlsbad, CA).

Five-micrometer-thick sections were made from archived paraffin-embedded
periodate-lysine-paraformaldehyde-fixed bladder tissues (33). Tissues were
deparaffinized through a series of washes: two washes in xylene, followed by a
series of graded ethanol (100, 95, 75, and 50%) washes of 10 min each. Slides
soaked in 50% ethanol were allowed to equilibrate in phosphate-buffered saline
(PBS) for 10 min. For antigen retrieval, tissues were incubated in 1% trypsin for
5 min at room temperature, washed in PBS, and permeabilized with 0.1% Triton
X for 3 min at room temperature. After being washed in PBS, tissue sections
were incubated in a blocking solution (2% goat serum, 1% bovine serum albu-
min, 0.1% Triton X-100, 0.05% Tween 20, and 0.05% sodium azide in 0.01 M
PBS) for 30 min at room temperature. Tissue sections were incubated overnight
at 4°C with primary antibodies diluted 1:200 in blocking buffer. After being
washed with PBS, tissue sections were treated with Image-iT FX signal enhancer
(Invitrogen Corp., Carlsbad, CA) for 30 min and washed again with PBS. Mi-
croscope slides were then incubated with the secondary antibody, diluted 1:2,000
in blocking buffer, for 30 min at room temperature. After the slides were washed,
nuclei were stained with Sytox green (1 �M concentration) or DAPI. Unbound
Sytox green was removed by washing slides in 0.9% saline. Slides were air dried,
and coverslips were secured with ProLong Gold mounting reagent (Invitrogen
Corp., Carlsbad, CA).

Confocal microscopy. Images were captured with an Olympus IX81-DSU
spinning-disk confocal microscope using Slidebook software (Olympus, Center
Valley, PA). During image capture, camera settings were optimized using the
tissue section with the highest degree of fluorescent signaling. Once the image
capture settings were established, the same settings were used for all the tissues
within the specific labeling experiment.

Statistical data analysis. Data from multiple experiments were grouped to-
gether in order to make statistical analysis possible. Data were analyzed by
one-way analysis of variance (ANOVA). Fisher’s multiple-comparison test was
used when the ANOVA indicated a significant difference among group means.
Regression analysis was used to determine if there was a correlation between
S100A8 and urine cytokine concentrations. For all analyses, a probability P of
�0.05 was considered significant.

RESULTS

Inflammatory response to U. parvum is influenced by the
location of the organism in bladder tissue. The inflammatory
responses of sham-inoculated control animals and of animals
inoculated with U. parvum were indistinguishable until 48 h p.i.
The early immune response (before 48 h) consisted of various
degrees of uroepithelial desquamation with hemorrhaging,
edema, and leukocyte infiltration. The infiltrating leukocytes
consisted of neutrophils, macrophages, and lymphocytes (data
not shown). At 48 h p.i., inflammatory lesions in sham-inocu-
lated controls were resolving. The uroepithelium was mostly
intact, hemorrhaging had stopped, and any leukocytes that
were present were mononuclear (data not shown). Infected
animals showed various degrees of inflammation. In some an-
imals, the inflammation was restricted to small, scant areas
within the superficial layers of the submucosa (data not
shown). In others, it continued to be extensive and involved the
muscularis layers as well as the submucosa and uroepithelium.
By 72 h, all sham-inoculated controls had resolved inflamma-
tion (Fig. 1A). At 72 h p.i., there was a marked divergence in
the inflammatory responses in infected animals. Fifty percent

of animals showed resolution of inflammation, which was char-
acterized by an intact uroepithelium, a normal muscularis
layer, and scant foci of submucosal edema, at 72 h p.i. (Fig.
1B). The few leukocytes that could be identified were predom-
inantly mononuclear. Active inflammation, characterized by
multiple foci of uroepithelial erosion and extensive edema of
the submucosa, was observed in the remaining 50% of infected
animals at 72 h p.i. An interesting feature in the animals with
active inflammation was the influx of eosinophils intermixed
with neutrophils into the edematous tissue. In these animals,
necrosis and proliferation of fibroblasts occurred in the deep
submucosa and penetrated into the muscularis layer of the
bladder (Fig. 1C). Similarly, animals with complicated UTI
also showed infiltration of eosinophils intermixed with neutro-
phils and fibroblast proliferation in the submucosa of the blad-
der (Fig. 2C).

In situ detection of U. parvum in tissue sections harvested
from animals infected for 72 h also showed divergent patterns
of tissue colonization. In animals with resolving inflammation,
U. parvum was found primarily attached to the uroepithelium
and concentrated along the luminal surface of the mucosa (Fig.
1E). Animals with active inflammation also had colonization of
the mucosal surface. However, in these animals, U. parvum was
also found to be associated with white cells and fibroblasts
within the edematous areas in the submucosal layer of the
bladder (Fig. 1F). U. parvum was not detected in the muscu-
laris layers in any of the infected animals.

U. parvum could also be identified in the bladder tissues of
animals at 2 weeks p.i. (Fig. 2). Animals with asymptomatic
UTI and animals with resolving inflammation showed similar
patterns of colonization. In both these groups, U. parvum was
identified primarily in the uroepithelial layer (Fig. 2E). Some
organisms could also be found in the superficial layers of the
submucosa, but there was no evidence of inflammation at these
sites of colonization. Animals with complicated UTI also
showed microbial colonization within the hyperplastic uroepi-
thelium without leukocyte infiltration (data not shown). How-
ever, in these animals, U. parvum was also located within active
sites of inflammation that were present in the deep layers of
the submucosa (Fig. 2F).

Proteomics approaches show that uroepithelial biological
processes in animals with struvites markedly differ from
those in animals with asymptomatic UTI. Reverse-phase
LC-MS/MS analyses of rat bladder tissues identified 336 pro-
teins with 95% confidence. Protein lists can be viewed in Ta-
bles S1 to S3 in the supplemental material. One hundred ten
proteins were present in significantly higher concentrations in
animals with complicated UTI/struvites (see Table S1 in the
supplemental material) than in animals with asymptomatic
UTI, while 108 proteins were present in significantly higher
concentrations in animals with asymptomatic UTI (see Table
S2 in the supplemental material). One hundred eighteen pro-
teins were found to have equivalent concentrations in the two
clinical groups (see Table S3 in the supplemental material).
Figure 3 shows the frequency distribution of proteins that
significantly differed in concentration or were equivalent among
the clinical profiles. Gene ontology information was used to group
proteins according to their general biological function. Animals
with struvites had a unique emphasis on proteins that are upregu-
lated during stress (Fig. 3A), for example, 10-kDa heat shock
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protein, �-crystallin �-chain, peroxiredoxins 5 and 6, glutathione
peroxidase 3, and carbonic anhydrase 3. Rats with struvites also
showed a significant emphasis on proteins that regulate apoptosis,
such as PYCARD apoptosis-associated speck-like protein, an-
nexin A1, mitochondrial fission 1 protein, heat shock protein
beta-1, isoform 4 of reticulon-4, and cystatin B. These animals
also exhibited a significant shift toward mitochondrial metabolic

processes that constitute the electron transport system and the
proton transport system, which was not evident in the asymptom-
atic UTI group (see Table S1 in the supplemental material).

Animals in the asymptomatic UTI group showed significant
increases in proteins that regulate cell adhesion, maintain tight
cell junctions, and maintain the extracellular matrix (Fig. 3B;
see also Table S2 in the supplemental material). This group

FIG. 1. Histopathologic profiles and in situ location of U. parvum in the bladder tissues of F344 rats experimentally infected for 72 h. (A to C)
Images of hematoxylin-eosin-stained sections of bladder tissues from control animals (A), infected animals with resolving inflammation (B), and
infected animals with active inflammation (C) were taken at a magnification of 	200. The yellow arrows are placed in the area that would represent
the bladder lumen. (D to F) Immunofluorescent images of isotype control tissues (D) and tissues from infected animals with resolving inflammation
(E) and infected animals with active inflammation (F) were taken at a magnification of 	600; images are 2D projections of image stacks. U. parvum
(UP) was labeled with Alexa Fluor-594 (red), and nuclei were stained with DAPI (blue). Panel D shows a U. parvum-positive bladder section
stained with isotype antibody, therefore demonstrating the degrees of nonspecific binding and tissue autofluorescence. s, submucosa; u, uroepi-
thelium; rbc, red blood cell.
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also showed a greater concentration of proteins that regulate
and maintain the cell cytoskeleton and cytoskeleton-dependent
functions. Unlike the struvite group, these animals exhibited
an increase in enzymes that regulate carbohydrate metabolism.

There were qualitative differences in the profiles of proteins
that were grouped into the inflammation and immunity cate-
gory. For example, the struvite group had significant increases

in proinflammatory proteins such as S100A8, S100A9, ga-
lectin-3, c-type lectin, and macrophage inhibitory protein.
Proteins that participate in antigen presentation (�2-micro-
globulin and Psme 1) were also significantly increased in
struvite-positive animals. Animals in the asymptomatic UTI
group did not display a panel of proteins that convey a distinct
immune function (see Table S2 in the supplemental material).

FIG. 2. Histopathologic profiles and in situ location of U. parvum in the bladder tissues of F344 rats experimentally infected for 2 weeks. (A
to C) Images of hematoxylin-eosin-stained sections of bladder tissues from control animals (A) and animals with asymptomatic UTI (B) and
complicated UTI (C) were taken at a magnification of 	200. The yellow arrow is placed in the area that would represent the bladder lumen. (D
to F) Immunofluorescent images of tissues from uninfected control animals (D) and animals with asymptomatic UTI (E) and complicated UTI
(F) were taken at a magnification of 	600; images are 2D projections of image stacks. U. parvum (UP) was labeled with Alexa Fluor-594 (red),
and nuclei were stained with DAPI (blue). Panel D shows a U. parvum-positive bladder section stained with isotype antibody, therefore
demonstrating the degrees of nonspecific binding and tissue autofluorescence. s, submucosa; u, uroepithelium; rbc, red blood cell.
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Most of the proteins that were elevated in this group (apoli-
poprotein H, plasminogen precursor, C9 protein, and �-2-HS-
glycoprotein precursor) may actually be the by-products of
immune activation or of inflammation instead of modulators of
that activity.

S100A8 concentrations in bladder tissues correlate with uri-
nary IL-1� and GRO/KC. Quantitative proteomics using
iTRAQ analysis showed elevated ratios of protein concentra-
tions (those in the struvite group to those in the asymptomatic
UTI group) of 8.7199 for S100A8 and 8.9710 for S100A9 (see
Table S2 in the supplemental material). Differential 2D gel
electrophoresis showed a similar pattern in that S100A8 could
be detected in animals with struvites but not in animals in the
asymptomatic UTI group (see Table S4 in the supplemental
material).

In order to correlate urine cytokine concentrations with
S100A8, an ELISA method was developed. Sham-inoculated
control animals were included in this analysis. The detection of
S100A8 in urine was inconsistent in that it did not correlate
with levels obtained in bladder homogenates (data not shown).
Only animals in the struvite group had detectable S100A8 in
their urine; however, not all animals with elevated levels of
S100A8 in bladder tissue homogenates had concomitant de-
tectable levels of this protein in their urine. Regardless, the
animals with detectable levels of S100A8 in urine had the most
pronounced inflammatory lesions in their bladder tissues. Fig-
ure 4A shows concentrations of S100A8 in the bladder tissue
homogenates from control and infected animals. Animals in
the struvite group had significantly higher concentrations of
S100A8 than animals in the control group (P � 0.005) and the
asymptomatic UTI group (P � 0.0001). There was a significant
positive correlation between the amount of S100A8 present in
bladder tissue homogenates and the concentrations of
GRO/KC and IL-1� in urine (Fig. 4B).

Animals with complicated UTI exhibit uroepithelial expres-
sion of S100A8-S100A9. In animal tissues obtained at 48 and
72 h and 2 weeks p.i., S100A8-S100A9 was detected only in the
cytoplasm of neutrophils that were infiltrating the bladder tis-
sues from animals exhibiting inflammation (data not shown).
The bladder tissues from animals infected for 2 weeks showed
a unique pattern of S100A8-S100A9 expression. The het-
erodimer complex was not detected in animals with asymptom-
atic UTI (Fig. 5C), which is not surprising since these animals
were no longer exhibiting an inflammatory response. However,
animals with complicated UTI showed extensive expression of
S100A8-S100A9 in the uroepithelium (Fig. 5E) and endothe-
lium within the submucosal layer of the bladder (Fig. 5G).

FIG. 3. Overall biological activity in bladder tissues of animals with
UTI. Values are percentages of proteins within each biological func-
tion group according to gene ontology designations for each protein as
listed in the Rat Genome Database or the PANTHER classification

database. Proteins were identified and relative concentrations were
determined by using the Pro Group algorithm. Graph A shows the
percent distribution of proteins with significantly greater levels in an-
imals with complicated UTI than in animals with asymptomatic UTI
(P � 0.01). Graph B shows the percent distribution of proteins with
significantly greater levels in animals with asymptomatic UTI (P �
0.01), and graph C shows the percent distribution of proteins that were
equivalent among animals in the two groups.

4270 REYES ET AL. INFECT. IMMUN.



DISCUSSION

The uroepithelium plays a primary role in innate defense
against microbial invasion. Under normal conditions, the blad-
der epithelium is quiescent, with low cell turnover (10, 25).
Following exposure to bacteria, the uroepithelium shifts from
a quiescent state to active production of proinflammatory cy-
tokines/chemokines such as IL-1, IL-8, and tumor necrosis
factor alpha. The cells also undergo necrosis or apoptosis and
slough off from the basement membrane as a means of erad-
icating bacteria from the urinary tract (14). In response to
uroepithelial signaling, neutrophils invade bladder tissue
within 1 to 4 h of the initiating event and begin secreting
proinflammatory cytokines, chemokines, and proteases (11) to
kill the invading pathogen. This proinflammatory response can
also damage the surrounding tissue, including the muscularis
layer of the bladder (6). As the immune response progresses,
invading macrophages engulf degraded cellular components
and secrete IL-1 inhibitors, which reduce inflammation and
facilitate the return to homeostasis (11). As bacteria are killed
and removed, the remaining uroepithelium proliferates until
the mucosal barrier is restored, at which time the uroepithe-
lium reverts to a well-differentiated quiescent phenotype.

In our study, sham-inoculated controls showed an initial
inflammatory response profile that was similar to that which
occurred during infection and early UTI. The initial responses
of all animals were characterized by uroepithelial desquama-
tion, hemorrhage, edema, and leukocyte infiltration. In the
sham-inoculated controls, these lesions completely resolved by
72 h p.i. Since these animals were confirmed to be free of
infection at the time of necropsy, we can only conclude that the
lesions were caused by the trauma of the inoculation proce-
dure.

Infected animals with microbial colonization limited to the
uroepithelium responded similarly to sham-inoculated controls
in that bladder inflammation was nearly resolved by 72 h p.i.,
despite active bacterial colonization. This finding would sug-
gest that the inflammatory events that occurred in the early
phase of infection in these animals may actually have been
triggered by the traumatic procedure rather than U. parvum. In
animals with persistent inflammation at 72 h p.i., the distin-
guishing features were the extensive involvement of the sub-
mucosa and muscularis layers and the presence of eosinophils
within sites of edema. Interestingly, the uroepithelial barrier in
this group of animals was almost restored despite the edema
and leukocyte infiltration that were still present in the deeper
tissue layers of the bladder.

Animals with complicated UTI (infected for 2 weeks) had an
inflammatory profile similar to that of animals with persistent
inflammation at 72 h p.i. In both groups, U. parvum was located
in the submucosal sites, with edema and leukocyte infiltration.
Further, we could identify aggregates of U. parvum attached to
submucosal fibroblasts in animals with complicated UTI.
Therefore, we suggest that the interaction between U. parvum
and cells such as fibroblasts and eosinophils that reside within
the deeper tissues may be the trigger that leads to chronic
active inflammation and a disease phenotype. In vitro studies
have confirmed that ureaplasmas can directly induce IL-6 and
IL-8 secretion in human pulmonary fibroblasts (26), thus pro-
viding support for this argument.

Pairwise proteome profiling of bladder tissues showed that
animals with complicated UTI had evidence of oxidative stress
as well as an increase in various proteins, including S100A8,
that are involved in immune regulation. We focused our atten-
tion on S100A8 because of its pleiotropic effects on immune
regulation (13, 15, 28). Neutrophil functions such as chemo-
taxis and induction of the respiratory burst are dependent on
S100A8 (22). In addition to having potent chemotactic ability
for granulocytes, S100A8 can potentiate cytokine expression
through NF-
� activation and nitric oxide production, which in
turn increases cellular oxidative stress and the extent of tissue
damage (3, 18). On the other hand, S100A8-S100A9 can also
downregulate immune responses by inhibiting immunoglobu-
lin production by lymphocytes and by inducing apoptosis of
cells that regulate the inflammatory cascade (31, 34). There-
fore, it was not surprising that animals with complicated UTI
had significant increases in S100A8 and S100A9 expression,
given the degree of neutrophilic infiltration into bladder tis-
sues. The expression of S100A8-S100A9 by endothelial cells
present within inflammatory foci (32) was also predictable.
However, the predominant expression of S100A8-S100A9 by
uroepithelial cells was an unexpected finding. Typically, these
cells do not express this heterodimer complex, and its presence
in the uroepithelium is normally considered to be a biomarker
of immune dysregulation or neoplastic transformation (29, 30).
We did not detect S100A8-S100A9 expression in the uroepi-
thelia of animals from 48 and 72 h p.i., but neutrophils were
positive for S100A8-S100A9, which confirmed the efficacy of
the assay. Therefore, the induction of S100A8-S100A9 in the
uroepithelia of animals with complicated UTI was a late event
in the disease process. Further, induction of S100A8-S100A9 is
likely not to be a direct effect of U. parvum colonization, since
not all infected animals showed uroepithelial expression of

FIG. 4. Concentrations of S100A8 in bladder tissue homogenates
from F344 rats. Values in panel A are mean S100A8 concentrations �
standard deviations, expressed as the absorbance value (abs) obtained
by ELISA divided by the total protein concentration in micrograms.
The P value listed in the graph was obtained by ANOVA (n � 5 for all
groups). Animals in the struvite group had significantly higher concen-
trations of S100A8 than other animals, as determined by Fisher’s
protected least significant difference test (P � 0.005). Pearson corre-
lation values for S100A8 concentrations in bladder tissue homogenates
(absorbance value per microgram of total protein) and the correspond-
ing urine cytokine concentrations are listed in panel B. Urine and
bladder tissues were collected at the same time point, at 2 weeks p.i.
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S100A8-S100A9. Instead, the expression of S100A8-S100A9 in
animals with complicated UTI was more likely driven by a
paracrine cytokine loop involving IL-1 and GRO/KC (13).
IL-1� is known to induce the expression of S100A8 and

S100A9 in epithelial cells (2, 19), and in turn, S100A8-S100A9
can induce the expression of GRO-� and GRO-� (32). We saw
a positive correlation between S100A8 and GRO/KC in urine
and a weaker association between S100A8 and IL-1� in urine

FIG. 5. Immunohistochemical detection of S100A8-S100A9 in the bladder tissues of F344 rats. Representative bladder tissue sections from
control animals (A and B), animals with asymptomatic UTI (C and D), and animals in the struvite group (E to H) are shown. Images in panels
A to F were taken at a magnification of 	600. Images in panels G and H were taken at a magnification of 	400. S100A8-S100A9 is labeled red,
and nuclei are labeled green. Red arrowheads are pointing to the uroepithelium. Yellow arrowheads are pointing to neutrophils, and the long red
arrow in panel G is pointing to endothelial cells expressing S100A8.
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from animals with UTI. These findings provide additional sup-
port for a paracrine cytokine loop driving S100A8 and S100A9
expression in the bladder uroepithelium.

The results of our study provide new insights into the patho-
genesis of struvite (magnesium ammonium phosphate) uroli-
thiasis. To date, there are no published reports of studies
examining the inflammatory response in struvite producers,
despite the fact that UTI is considered a predisposing factor in
struvite production (5, 9, 17). The current dogma only ac-
knowledges the role of urease-producing bacteria in altering
urine composition (5, 9). Specifically, urease from bacteria
supersaturates urine with ammonia, which promotes magne-
sium ammonium phosphate crystallization in urine. Typically,
struvite stones can develop as early as 4 to 6 six weeks after the
initiating UTI. Although UTI typically induce a host inflam-
matory response, this aspect has never been considered to be
important in disease pathogenesis. Ironically, since S100A8 is a
principle component of the struvite stone matrix, it was
thought that it may have a protective role by inhibiting calcu-
logenesis (1, 4). Its role as a biomarker of chronic inflamma-
tion or immune dysregulation was not considered.

In our studies, genetically inbred F344 rats that were ex-
posed to the same strains, culture stocks, and concentrations of
U. parvum developed two distinct profiles: asymptomatic UTI
or complicated UTI with struvite formation. Although we did
not assess urine pH at the time of collection, it is reasonable to
assume that urine supersaturation with ammonia occurred in
all animals with UTI since U. parvum uses urease to produce
95% of its ATP (16, 24). Further, the organism could be lo-
cated in the mucosal surface in all infected animals, thereby
demonstrating ample opportunity for U. parvum to alter the
ammonia concentration of the urine. The only distinctive fea-
ture differentiating the infection outcomes was the presence of
chronic active inflammation in animals with UTI. The devel-
opment of active inflammation preceded the expression of
S100A8-S100A9 by the uroepithelium and the production of
stones by 2 weeks. We suggest that a similar phenomenon may
be occurring in humans, since struvite calculi also develop
several weeks after the initial UTI event. Based on the results
of these studies, the host immune response is a critical com-
ponent in the pathogenesis of struvite urolithiasis.
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