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Background: Premature rupture of membranes and 
preterm delivery are associated with Ureaplasma infection. 
We hypothesized that Ureaplasma induced extracellular col-
lagen fragmentation results in production of the tripeptide 
PGP (proline-glycine-proline), a neutrophil chemoattractant. 
PGP release from collagen requires matrix metalloproteases 
(MMP-8/MMP-9) along with a serine protease, prolyl endopep-
tidase (PE).
Methods: Ureaplasma culture negative amniotic fluid (indi-
cated preterm birth, n = 8; spontaneous preterm birth, n = 8) 
and Ureaplasma positive amniotic fluid (spontaneous preterm 
birth, n = 8) were analyzed by electro-spray ionization-liquid 
chromatography tandem mass spectrometry for PGP, and for 
MMP-9 by zymography. PE was evaluated in lysates of U. par-
vum serovar 3 (Up3) and U. urealyticum serovar 10 (Uu10) by 
western blotting and activity assay.
results: PGP and MMP-9 were increased in amniotic fluid 
from spontaneous preterm birth with positive Ureaplasma 
cultures, but not with indicated preterm birth or spontaneous 
preterm birth with negative Ureaplasma cultures. Human neu-
trophils cocultured with Ureaplasma strains showed increased 
MMP-9 activity. PE presence and activity were noted with both 
Ureaplasma strains.
conclusion: Ureaplasma spp. carry the protease necessary 
for PGP release, and PGP and MMP-9 are increased in amni-
otic fluid during Ureaplasma infection, suggesting Ureaplasma 
spp. induced collagen fragmentation contributes to pre-
term rupture of membranes and neutrophil influx causing 
chorioamnionitis.

Preterm delivery is an important health care concern, 
accounting for more than half of perinatal mortality and 

long-term morbidity (1). Intrauterine infection is often asso-
ciated with preterm delivery (1) and combined clinical and 
histologic chorioamnionitis is noted in 40–70% of preterm 
births with either preterm premature rupture of membranes 

(PPROM) or spontaneous preterm labor (2,3). While chorio-
amnionitis is often polymicrobial, the genital mycoplasmas 
Ureaplasma parvum (Up) or Ureaplasma urealyticum (Uu) are 
the most frequently isolated microbes occurring in almost half 
the cases of culture-confirmed chorioamnionitis (2,4), and are 
strongly associated with PPROM and prematurity (5,6). In a 
non-human primate model, it has been shown that Up as the 
sole pathogen elicits a robust proinflammatory response and 
leads to preterm labor (7). A critical barrier to the field is that 
it is not clear how Ureaplasma spp. (Up/Uu) induce chorio-
amnionitis and initiate PPROM or spontaneous preterm labor. 
Previous studies evaluating variation of the MB antigen (8), 
hemolysins (4) urease (9), IgA1 protease (4) or phospholipases 
A and C (4) have not led to major insights into pathophysiol-
ogy, and the use of antimicrobial agents has not reduced pre-
term birth (2,10,11).

Ureaplasma spp. infections associated with spontaneous pre-
term labor are characterized by neutrophil influx, with remod-
eling of extracellular matrix (especially type IV collagen) in the 
fetal membranes. Recent evidence from our group has demon-
strated a novel mechanism of neutrophil influx through extra-
cellular fragmentation of collagen, producing the tripeptide 
PGP that induces chemotaxis of polymorphonuclear leuko-
cytes (PMNs) (12). PGP activates CXC receptors on PMNs due 
to a structural homology with ELR+ chemokines, such as IL-8. 
Using electro-spray ionization-liquid chromatography tandem 
mass spectrometry (ESI-LC MS/MS), we have detected PGP 
in human diseases such as chronic obstructive pulmonary dis-
ease and cystic fibrosis (CF) (10,13,14). The mechanism for 
PGP release from collagen involves the coordinated efforts of 
MMPs (specifically, MMP-8 and MMP-9) along with a ser-
ine protease, prolyl endopeptidase (PE). In addition, human 
neutrophils contain PE, which is constitutively active, and can 
generate PGP de novo from collagen after activation with LPS 
(12). It has been shown that neutrophils activated by cigarette 
smoke extract can breakdown collagen into acetylated PGP 
(N-ac-PGP) and that this collagen fragment itself can activate 
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neutrophils, which may lead in vivo to a self-propagating cycle 
of neutrophil infiltration, chronic inflammation and lung 
emphysema (15). More recently, it has also been found that 
the loss of the PGP degrading enzyme—leukotriene A4 hydro-
lase (LTA4H), leads to sustained and pronounced pulmonary 
inflammation due to acute infection (16).

We tested the hypothesis that Ureaplasma spp. (Up/Uu) 
infection leads to release of PGP and MMP-9, which would 
potentially lead to neutrophil accumulation and be asso-
ciated with an increased risk of PROM, due to collagen 
fragmentation.

RESULTS
Analysis of PGP
PGP was elevated only in amniotic fluid of spontaneous pre-
term labor with ureaplasma infection, but not in amniotic 
fluid of spontaneous preterm labor without ureaplasma infec-
tion, or in amniotic fluid of induced preterm birth that was 
Ureaplasma spp. (Up/Uu) negative (Figure 1).

Analysis of MMP-9
As PGP was evident in amniotic fluid from individuals with 
Ureaplasma infection, we evaluated whether MMP-9 activity 
might also be elevated in these samples. As shown (Figures 2 
and 3), gelatinase activity was elevated in amniotic fluid from 
spontaneous preterm labor patients with Ureaplasma infection, 
and was correlated with PGP (r = 0.53, P = 0.01). Since PMNs 
are a major cell type responsible for production of MMP-9, 
which is required for the generation of PGP, the potential role 
of Ureaplasma in a feed-forward cycle of MMP-9 production 
was investigated by examining whether Ureaplasma induces 
MMP-9 release in neutrophils in vitro. Freshly isolated human 
PMNs were stimulated with Ureaplasma and 1.0 μg/ml IL-8 
as shown in (Figure 4). This concentration was selected as 
they reflect the relative potency for neutrophil chemotaxis for 
IL-8 (17). In fact, when both Up3 and Uu10 were incubated 
with PMNs, there was a notable increase in MMP-9 release 
(Figure 4) demonstrating a host–pathogen interaction leading 
to protease release.

Figure 1. PGP activity in amniotic fluid. ESI-LC MS/MS of AF demon-
strates increased PGP in amniotic fluid if Ureaplasma culture is positive 
with spontaneous preterm birth (SPTB), but not with indicated preterm 
birth or SPTB with negative Ureaplasma and bacterial cultures (n = 8 
per group, *P < 0.05 vs. other groups, gray bar indicates Ureaplasma 
culture negative, black bar indicates Ureaplasma culture positive). PGB, 
proline-glycine-proline.
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Figure 2. Densitometric estimation of MMP-9 activity in amniotic fluid: 
MMP-9 was increased in amniotic fluid if Ureaplasma culture is positive 
with spontaneous preterm birth (SPTB), but not with indicated preterm 
birth or SPTB with negative Ureaplasma cultures (n = 8/group, *P < 0.05 
vs. other groups, gray bar indicates Ureaplasma culture negative, black bar 
indicates Ureaplasma culture positive).
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Figure 3. Gelatin zymography showing MMP-9 activity is increased in AF of Ureaplasma (+) pregnancies. MMP-9 was increased in amniotic fluid if 
Ureaplasma culture is positive with spontaneous preterm birth (SPTB—red triangles), but not with indicated preterm birth (blue triangles) or SPTB with 
negative Ureaplasma cultures (yellow triangles).
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Analysis of PE
PE presence and activity were detected in both Up3 and 
U. urealyticum serovar (Uu10) lysates (Figure 5), indicat-
ing that Up/Uu have the critical enzyme necessary for PGP 
generation.

DISCUSSION
Intrauterine infection is often associated with preterm deliv-
ery (1) and in a non-human primate model, Ureaplasma as 
the sole pathogen elicits a robust proinflammatory response 
and leads to preterm labor (7). A critical barrier to preven-
tion of Ureaplasma spp. (Up/Uu) induced premature delivery 
is a current lack of knowledge as to how the organisms ini-
tiate preterm premature rupture of membranes or spontane-
ous preterm labor. The widespread prevalence (35–60%) of 
Ureaplasma spp. in women of childbearing age (4,18–20) and 
the potential for rising antibiotic resistance (21–23) increases 
the importance of characterizing the process of pathogenesis 
so that targets for therapeutic strategies can be devised.

In this study, PGP was increased in amniotic fluid during 
Ureaplasma infection. In addition, these microbes were deter-
mined to have the critical prolyl endopeptidase (PE) prote-
ase necessary for PGP release from collagen. The increase in 
gelatinase activity from the amniotic fluid, but not from the 
Ureaplasma spp., strongly suggests a novel bacteria–host inter-
action whereby Ureaplasma spp. might induce the release 
of MMP-9 from host neutrophils and critical interplay of 
Ureaplasma regulating host protease release. These findings 

indicate a mechanism whereby Ureaplasma infection leads 
to collagen fragmentation (which may predispose to preterm 
rupture of membranes) and PMN influx (leading to chorio-
amnionitis and additional protease release resulting in more 
collagen fragmentation). These observations are clinically rel-
evant, as they suggest a potential therapeutic strategy of inhib-
iting PGP production, which may attenuate chorioamnionitis 
and delay preterm delivery.

We have previously reported that mid-trimester elevated 
amniotic fluid MMP-8 is a marker for subsequent PPROM 
(24). MMP-8, in combination with MMP-9, is one of the 
metalloproteases that generates PGP from collagen. We found 
that MMP-9 activity was also increased in amniotic fluid dur-
ing Ureaplasma infection and is correlated with increased PGP. 
In addition, PE was present and quantified from Up3, which 
suggests that the generation of PGP could possibly involve a 

Figure 4. MMP-9 activity in human polymorphonuclear leukocytes 
(PMN): MMP-9 was increased in PMNs co cultured with Ureaplasma strains 
compared to PBS control. The effect was similar to PMN co cultured 
with IL-8. Figure Key - 4 and 4’: PMN + IL-8 (30 min), 5 and 5’: PMN + IL-8 
(45 min), 6 and 6’: PMN + Up3 (30 min), 7 and 7’: PMN + Up3 (45 min), 8 and 
8’: PMN + Uu10 (30 min), 9 and 9’: PMN + Uu10 (45 min), 10 and 10’: PMN 
+ PBS/20% FCS + 0.1%HBSS (10 min), 11 and 11’: PMN + PBS/20%FCS + 
0.1%HBSS (30 min), 12 and 12’: PMN + PBS/20%FCS + 0.1%HBSS (45 min); 
1: PC-PMA (3h), 2: NC-PBS/20%FCS (3h), 3: Up3 (3h), 9: PMA + Up3 (3h), 11: 
PMA + Up3 + actin (3h); 4: Uu10 (3h), 10: PMA + Uu10 (3h), 12: PMA + Uu10 
+ actin (3h). FCS, fetal calf serum; HBSS, hank’s balanced salt solution; NC, 
negative control; PC, positive control; PMA, phorbol myristate acetate; PBS, 
phosphate-buffered saline.
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Figure 5. Activity of Prolyl endopeptidase. Prolyl endopeptidase (PE) 
presence and activity in Ureaplasma lysate: Both PE presence (a) and PE 
activity (b) were noted in both Ureaplasma strains examined.
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Figure 6. Schematic showing the proposed mechanism of proline-
glycine-proline–mediated premature rupture of membranes and 
chorioamnionitis.
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critical host–pathogen interaction (MMPs from neutrophils in 
combination with PE from Ureaplasma).

One of the weaknesses of our study is that we employed only 
culture-based methods for Ureaplasma detection. With the 
advent of genomic methods like 16S sequencing, it has now 
become possible to detect the microbiome composition of 
any body organ or fluid. Consistent with other reports about a 
resident “fetal and placental microbiome” (25–28), we specu-
late that the amniotic fluid may harbor other microbes, which 
could play a role in preterm labor, preterm rupture of mem-
branes, chorioamionitis, and diseases of prematurity such as 
bronchopulmonary dysplasia.

Our study identifies an important alteration in host response 
due to pertubation in microbial homeostasis leading to pre-
term rupture of membranes (Figure 6). Further studies involv-
ing novel diagnostic and prognostic tools (e.g., Chip-based 
assays for detection and quantitation of PGP in amniotic or 
vaginal pool fluid) and novel therapeutic strategies (involving 
PGP blockade) are warranted.

METHODS
Patient Samples and Ureaplasma Cultures
Amniotic fluid samples were collected at birth as a part of a prospec-
tive cohort study of 457 consecutive singleton deliveries of infants 
born between 23 and 32 wk gestation, conducted at the University of 
Alabama at Birmingham, Birmingham, AL, between December 1996 
and June 2001 (29). Approval was obtained from the Institutional 
Review board at University of Alabama at Birmingham, with a 
waiver of informed consent requirement. Amniotic fluid samples 
were collected processed and cultured as described previously (26). 
Ureaplasma cultures enabled the identification of organisms to the 
genus level based on colonial morphology and urease production on 
A8 agar (ATCC type strains for U. parvum serovar 3 and U. urea-
lyticum serovar 10). Further identification of Ureaplasma to species 
level was not possible since no polymerase chain reaction testing 
was performed on the isolates, but there is no reason to believe this 
information would have affected the interpretation of the results. 
Spontaneous preterm birth was defined as delivery after either spon-
taneous preterm labor or spontaneous preterm premature rupture of 
membranes (PROM). Indicated preterm birth was defined as deliv-
ery effected for maternal or fetal indications. A total of 24 random 
amniotic fluid samples were analyzed, 16 of which were Ureaplasma 
culture negative (indicated preterm birth, n = 8; spontaneous pre-
term birth, n = 8) and 8 of which were Ureaplasma culture positive 
(spontaneous preterm birth, n = 8). The clinical characteristics and 
demographics of the study population have been described in previ-
ous publications (29,30).

Analysis
PGP measurement. PGP, was measured using a MDS Sciex API-
4000 spectrometer (Applied Biosystems, Foster City, CA) equipped 
with HPLC (Shimadzu, Kyoto, Japan). HPLC was performed using 
a 2.1 × 150 mm Develosi C30 column. Background was removed by 
flushing with 100% isopropanol/0.1% formic acid. Positive electro-
spray mass transitions are at 270-70 and 270-116 for PGP.

Gelatin zymography. 10 μl of specimen was mixed with 5 μl of 
sample loading buffer, loaded and run on a 10% polyacrylamide gel 
with gelatin (Criterion zymogram pre-cast gel, Bio-Rad Life Science 
Research, Hercules, CA) followed by renaturation, development, and 
Coomassie Blue staining and destaining as per a standard protocol 
(Bio-Rad) as previously described (31). Bands were identified corre-
sponding to both active MMP-9 and MMP-2.
PE activity. 20 μl of specimen was incubated with 2 mmol/l Z-Gly-
Pro-pNa for 24 h at 37 °C and 5% CO2, and cleavage of para-nitroan-
iline (pNa) from the substrate is detected spectrophotometrically at 

410 nm and compared to a generated standard curve for PE activity. 
These methods have been previously described (13).

PE western blotting.
Ureaplasma lysate was separated by SDS-PAGE under reducing con-
ditions and transferred onto nitrocellulose membranes. Membranes 
were blocked in 5% dry non-fat milk for 1 h at room temperature and 
incubated with polyclonal, rabbit, anti-PE antibody (22.4 µg/ml) for 
1 h at room temperature. After incubation, membranes were washed 
and incubated with goat anti-rabbit secondary antibody conjugated 
with horseradish peroxidase (Southern Biotechnology, Birmingham, 
AL) for 1 h. Immunoblots were developed by chemiluminescence 
(Pierce, Rockford, IL).

Statistical analysis.
Results from multiple groups were analyzed by two-way ANOVA fol-
lowed by the Tukey multiple-comparison test if significant differences 
are found. The SigmaPlot v.12 statistical package (Systat Software, San 
Jose, CA) was used for analysis.
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