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Non-healing cutaneous wounds are commonly associated 
with dysregulation of the zinc-dependent matrix metal-
loproteinases (MMPs) (1). MMP-8 is the most efficient 
human collagenase and degrades collagens synergistically 
with MMP-9 (2, 3). Although MMP-8 and MMP-9 are 
necessary for normal wound healing, their excessive 
expression impairs experimental wound healing (3–6).

Elevated MMP-8 and MMP-9 levels were found in 
colonized venous leg ulcers (VLUs) compared with sterile 
split-thickness skin graft (STSG) donor sites in patients 
with VLUs. Polymorphonuclear leukocytes (PMNs) are 
the major sources of MMP-8 and MMP-9 in VLUs (7). 
These MMPs are pre-formed and stored in the secondary 
(8) and tertiary (9) granules of mature PMNs. It was 
hypothesized that the presence of bacteria results in a 
species-specific increase in MMP-8 and MMP-9 levels 
by stimulating degranulation of PMNs and promoting the 
conversion of catalytically inactive MMPs to their active 
forms via bacterial-derived proteinases. Staphylococcus 
aureus and Pseudomonas aeruginosa were studied here 
as prototypic wound pathogens (10).

MATERIALS AND METHODS (see Appendix S11)

RESULTS
Human PMNs were exposed to sterile-filtered supernatants from 
S. aureus and P. aeruginosa grown under static biofilm condi-
tions. The PMN viability (> 70%) was similar in the control and 
treatment groups, and the mean ± standard deviation [SD] total 
MMP-8 content in 106 PMNs from the 4 donors was 39 ± 2.4 ng 
(8). S. aureus supernatants increased (p < 0.00050) the release of 
MMP-8 from the PMNs (Fig. 1a); the release with the highest titre 
was 62 ± 5.5%, which was higher than the middle titre (30 ± 9.9%, 
p = 0.0010) and the control (17 ± 6.9%, p < 0.00050). P. aeruginosa 
supernatants had a modest effect (p = 0.041) with an increased 
MMP-8 release with the highest titre (20 ± 8.1%) compared 
with the control (8.9 ± 4.6%, p = 0.040), but not compared with 
the middle titre (12 ± 2.5%, p = 0.75). The secretagogue phorbol 
12-myristate 13-acetate (100 ng/ml) caused a release of 81 ± 2.6% 
compared with 3.8 ± 1.0% for the Krebs-Ringer balanced salt solu-
tion with 10 mM glucose control (8). No MMP-8 was detected 
in the bacterial supernatants with the ELISA assay. To ascertain 
whether the bacteria were capable of activating MMP-8, PMN 
media and cell lysates were analysed with Western blot. Prominent 
bands corresponding to active PMN-derived MMP-8 were obser-

ved in the media from S. aureus-treated PMNs (Fig. 1b, c) and in 
VLU wound fluids (lane 5, Fig. 1c).  In contrast, minimal active 
MMP-8 was observed in sterile STSG donor site wound fluids (lane 
6, Fig. 1c). S. aureus alone produced a protein (~65 kDa) that was 
recognized by the monoclonal antibody at the position of human 
active PMN-derived MMP-8 and remained unaltered by reduction 
(lanes 2, 7 and 8, Fig. 1c). Staphylococcus aureus strains can make 
7 serine proteinases (SspA and SplA-F), 2 cysteine proteinases 
(ScpA and SspB), and a single metalloproteinase (Aur) (13). This 
protein was unlikely to be a metalloproteinase (Fig. 1d). Thus, we 
were unable to conclude whether S. aureus products activate latent 
PMN-derived MMP-8. 

In accordance with the MMP-8 findings, S. aureus products sti-
mulated the exocytosis of MMP-9, while P. aeruginosa mitigated 
the MMP-9 levels in media. Judged by the zymographic analysis, 
MMP-9 released from the PMNs was latent. The 2 gelatinolytic 
bands only observed in lanes 6 and 7 in Fig. 1e presumably cor-
respond to the action of LasB complex and AprA metalloprotei-
nases produced by P. aeruginosa (14). 

DISCUSSION

This study demonstrated that bacterial products exert a 
major impact on the release of MMP-8 and MMP-9 from 
immune cells present in wounds. These effects appear to 
be species-dependent, and S. aureus biofilm supernatants 
increased MMP-8 and MMP-9 release from human PMNs, 
while P. aeruginosa appeared to decrease the medium 
levels of these MMPs. This study was unable to explain 
the discrepancy between the ELISA and the Western blot 
measurements of MMP-8. Nevertheless, the increased de-
granulation of PMNs may contribute to the elevated MMP-
8 and MMP-9 levels in wounds with bacterial biofilms.

For our initial important findings to be translated to the 
microenvironment of wounds, they should be expanded 
by including a wide range of different clinical isolates. 
Furthermore, because the wound microbiota is commonly 
polymicrobial, the combined effect of different bacterial 
cell types should be evaluated (10). In these experiments, 
the effects of products produced by bacteria grown under 
various conditions and modes (planktonic growth vs bio-
film formation) ought to be assessed. Supernatants from 
PAO1 grown in a TSB medium with agitation activated 
latent MMP-9 produced by epithelial cells (15).

The results of this study suggest that the interpatient 
variations in MMP-8 and MMP-9 levels and the degree of 
activation can, at least in part, be ascribed to differences 
in the microbiota of wounds.
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Fig. 1. Effect of supernatants from Staphylococcus aureus and Pseudomonas aeruginosa biofilms on polymorphonuclear leukocytes (PMNs) 
release of matrix metalloproteinase (MMP)-8 and MMP-9. (a) MMP-8 in PMN media measured by enzyme-linked immunoassay (ELISA) in % of 
the total MMP-8 content from 4 healthy donors. Horizontal bars indicate median values. (b) Western blot MMP-8 analysis of 8 µl media (M: 4, 6, 8, 10, 
12, 14) and 8 µl cell lysate (C: 5, 7, 9, 11, 13, 15) of PMNs (1 donor) treated with S. aureus (lanes 4–9) or P. aeruginosa (lanes 10–15) supernatants. 
Standards: 5 ng rhMMP-8 (908-MP; R&D Systems, Minneapolis, MN, USA) activated with 1 mM 4-aminophenylmercuric acetate (APMA) for 1 h at 37°C 
(lane 2) or not (lane 1); spontaneously activated human PMN-derived MMP-8 (lane 3). (c) Western blot MMP-8 analysis. Lanes 1 and 3, media of PMNs 
treated with S. aureus (SA) supernatant (50×106 colony-forming units (CFU)/ml) activated with APMA (lane 3) or not (lane 1); 2, S. aureus supernatant 
(50×106 CFU/ml); 4, spontaneously activated human PMN-derived MMP-8; 5, 125 nl VLU wound fluid; 6, 250 nl split-thickness skin graft (STSG) donor 
site wound fluid (11); 7 and 8, S. aureus (SA) supernatant (250×106 CFU/ml) treated with dithiothreitol (DTT) for 5 min at 95°C (lane 8) or not (lane 
7); lane 9, 2 ng rhMMP-8 (RayBiotech). (d) Casein zymographic analysis (inverse image) of S. aureus (SA) supernatant (amount loaded corresponded to 
1×107 CFU) in lane 3. Standards: 10 ng rhMMP-1 (12) in lane 1 and 100 ng APMA-activated rhMMP-8 in lane 2. (e) Gelatin zymography (inverse image) 
of 4 µl media as analysed in (b). NGAL (neutrophil gelatinase-associated lipocalin)/MMP-9 complex. Standard: 1 µg rhMMP-9 (lane 1). (b–e) Positions 
of molecular weight standards, in kDa, are indicated to the left.


