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1. Introduction

Pseudomonas aeruginosa is an opportunistic pathogen
responsible for acute as well as chronic wound infec-
tions in immunocompromised hosts. While acute infec-
tions often spread rapidly and cause sepsis leading to
high mortality rates, chronic infections in wounds lead
to delay in healing 1,2). Management of infections
caused by P. aeruginosa is difficult due to the rapid

emergence of multi-antibiotic resistant strains. Further,
the toxins and cell components of these bacteria such
as lipopolysaccharide (LPS) can induce overproduction
of local proinflammatory mediators, casue cell death 3-
9). Proteases produced by these bacteria also degrade
host matrix proteins, thereby impairing host tissue
integrity 10-12). Although conventional treatments
reduce bacterial load, they are unable to act on the
virulent factors released by these bacteria 13, 14).
Therefore, management of infections caused by these
bacteria needs approaches which will not only kill bac-
teria but also inactivate the virulent factors of bacteria. 
       Antimicrobial photodynamic therapy (APDT) has
been suggested as an alternative treatment approach
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for treating localized wound infection 15-19). APDT
involves killing of target cells via formation of reactive
oxygen species produced by interaction of photosensi-
tizing compound with light of appropriate wavelength.
As the mechanism of action of microbial killing is non-
specific and multiple sites are affected, it is less likely
that bacteria develop resistance to APDT. Additionally,
the biological activities of virulent factors produced by
Gram-negative bacteria have been shown to be
reduced by photodynamic action in cell free systems
20). 
       Recent studies carried out by us have shown that
PDT also reduces inflammation in wounds infected
with P. aeruginosa by down regulating proinflammato-
ry cytokines Tumor Necrosis Factor-α, and Interleukin
(IL)-6 21). However, these observations are in contrast
to the activated immune response observed in tumors
in response to PDT, which involves activation of the
ubiquitous transcriptional activator, Nuclear Factor
kappa-B 22). The NF-kB family is composed of five
mammalian members: RelA/p65, RelB, c-Rel, NF-kB1
p105/p50, and NF-kB2 p100/p52. Active form of NF-kB
subunit p50 is produced by ubiquitin-dependent prote-
olytic process of the COOH-terminal domains of NF-
kB1 p105. Activation of NF-kB in response to microbial
pathogens, oxidative stress results in nuclear transloca-
tion of the dimmers, primarily, the p65/p50 dimer
(classical pathway), which then bind to regulate
expression of genes involved in inflammation, apopto-
sis, cell proliferation and angiogenesis 23, 24). However
it is not clear how NF-kB will influence the APDT
induced healing in bacteria infected wounds. To
understand this, we investigated the expression of NF-
kB p105/p50 and some of targets of NF-kB (IL-1α, IL-
1ß, IL-2), in P.aeruginosa infected wounds subjected to
APDT mediated by poly-L-lysin conjugate of chlorine
p6 (p1-cp6). We have also studied the effect of APDT
on level of Toll like receptor-4 (TLR-4), as binding
of lipopolysaccharide from Gram-negative bacteria to
TLR-4 leads to NF-kB activation, which in turn also
contributes to higher inflammation and tissue degrada-
tion in bacteria infected tissue 25, 26). 

2. Materials and methods 

2.1 Bacteria strain 

Pseudomonas aeruginosa PAO1 (MTCC 3541, IMTECH,
Chandigarh, India) used in this study was cultured in
tryptone soya broth (TSB, Himedia, Mumbai, India)
routinely. For experiments, a colony was inoculated
into TSB and was grown for 18 h at 37°C using a shak-

er incubator. For wound infections studies, we used
exponentially growing bacteria which was obtained by
growing overnight culture in fresh TSB medium to an
optical density (OD) of 0.4 at 600 nm. This corre-
sponded to ~107 Colony Forming Unit (CFU)/ml. 

2.2 Antibodies 

Primary mouse anti-NFkBp50 (sc-1190), anti-TLR-4 (sc-
12511), anti-FGF-2 (sc-1884) were procured from Santa
Cruz Biotechnology Inc (Santa Cruz, CA,USA) and Anti-
GAPDH-HRP conjugate was procured from Cell
Signaling Technology, USA. 

2.3 Ethics statement 

All the experimental procedures involving animals
were approved by the Institutional Animal Ethics
Committee, in accordance with the guidelines of the
Committee for Purpose of Care and Supervision of
Experimental Animals, Department of Environment and
Forests, Government of India. The animals were
housed individually in cages with free access to food,
water and maintained on a 12 h light/dark cycle at
22°C (± 2°C). All the animal manipulations involving
wounds were carried out in anesthetized conditions
and animals were kept on warm cotton pads for recov-
ery from anesthesia. Animals were euthanized by cervi-
cal dislocation. All efforts have been made to minimize
the animal suffering and the number of animals sacri-
ficed.

2.4 P. aeruginosa infection and photodynamic
treatment of wounds 

Swiss albino female mice (12-week-old) have been
used for experiments. In mice anesthetized by
intraperitoneal injection of Ketamine (80 mg/kg) and
Xylazine (10 mg/kg) cocktail, the dorsal skin was
shaved with help of an electric razor, treated with a
depilatory cream, and then cleaned with povidone-
iodine solution followed by 70 % alcohol wipe.
Excisional wounds of ~1.2 x 1 cm (L X W) were creat-
ed on the back of mice by excising the skin down to
panniculus carnosus, using sterile surgical scissors and
forceps. Mice with wounds were divided into following
groups: (1) Uninfected (2) Untreated infected (no light,
no pl-cp6) and (3) Infected PDT group (pl-cp6 and
light). For establishing infection, immediately after
wound creation (day 0), 20 µl of bacterial suspension
containing ~ 107 CFU bacteria was applied onto each
wound. For carrying out APDT, on day 1 p.w., 200 µM
pl-cp6, prepared using the protocol as described in our
earlier publication, was applied onto the infected
wounds in dark 21). After 30 minutes of pl-cp6 applica-
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tion, wounds were exposed to red light (660 ± 25 nm)
using a commercial light source LC-122A (LumaCare,
Citek, USA) at a power density of ~100 mW/cm2, for
10 minutes to achieve light fluence of ~ 60 J/cm2, as
described in 21)

2.5 Assessment of bacterial load 

On day 1,2,3 and 5 p.w., bacteria load of photodynam-
ically treated and untreated infected wounds was
assessed by performing colony forming units assay in
tissue swabs 21, 27). 

2.6 Western blotting and densitometry 

On day 2 and 5 p.w., wounds containing the scab and
the granulation tissue were excised, snap frozen in liq-
uid nitrogen, weighed and transferred to -80°C. The
wound tissue homogenates were prepared according
to the protocol described in 18, 21).Briefly, the tissue
were first pulverized in liquid nitrogen with help of
mortar/ pestle.Approximately 100 mg of tissue powder
was suspended in 500 µl of lysis buffer (pH 7.4) con-
taining 20 mM Tris Hcl buffer, 150 mM Nacl, 1 mM
EDTA and a protease inhibitors cocktail[ ( INHIB1-1 KT
Sigma Aldrich,USA)], kept on ice for 30 minutes fol-
lowed by sonication (20 kHZ, 10 s, for 4 times) and
centrifugation (5000 rpm, 10 minutes). Protein content
in the supernatant was determined using the
Bicinchoninic acid assay 28). Equal amount (~50 µg) of
protein from each group, was separated by SDS-PAGE
and electro blotted to nitrocellulose membrane. Along
with the samples, pre-stained colored molecular weight
markers (Chemichrome™ Western Control, Sigma-
Aldrich) were also separated and electro blotted to
ensure optimal sample transfer. The western blots were
developed according to the protocol described in
an enhanced chemiluminescence western blotting
detection kit (Amersham, GE Healthcare, USA).
Chemiluminescence imaging of the western blots was
carried out using a chemiluminescence imaging system
(Chemi-HR-16, Syngene, UK). Ten serial images of
each immunoblot were captured at 30 s exposure
intervals using GENESNAP software (Syngene, UK).
Densitometric band analysis of the blots was carried
out using the GENETOOL software (Syngene, UK). All
experiments were repeated thrice. Glyceral dehyde-3-
phosphate dehydrogenase (GAPDH) was used as a
loading control. Blot intensities of NF-kB, TLR-4 and
FGF-2 of each goup were normalized with the GAPDH
blot intensity of the corresponding group. To quantify
effect of infection and APDT, the normalized intensity
of each protein bands from these two groups, were
divided with that of uninfected wounds. 

2.7 Cytokine ELISA

The levels of inflammatory cytokines IL-1α, IL-1ß, and
IL-2 in wound tissues of different groups excised on
day 5 p.w. were measured using a mouse inflammato-
ry cytokines and chemokines multi analyteTM ELISA
array kit (SA Biosciences Corp, USA). In the tissue
supernatant prepared (section 2.6), the assay was car-
ried out according to the protocol described in the kit
and the colored product formed was quantified by
reading absorbance at 450 nm and reference at 570 nm
using a mircoplate reader. The results were expressed
as absorbance values (optical density) per mg protein
21, 29). 

2.8 Alkaline phosphatase assay

Alkaline phosphatase (ALP) activity in homogenates of
wound tissue excised on day 2 and 5 p.w. was mea-
sured using p-nitrophenyl phosphate (p-NPP) as a sub-
strate, according to the method described in 30). Briefly,
50 µL of the tissue supernatant was incubated with 50
µL of 0.5M N-methyl-D-glucamine buffer (pH 10.5) con-
taining 0.5 mM magnesium acetate, 110 mM NaCl, and
0.2 % Triton X-100, for 30 minutes at 37°C. Twenty mM
p-NPP; (Himedia, Mumbai, India) was added and the
reaction was incubated at 37°C for 30 minutes. The
amount of p-NPP liberated was measured at 405 nm in
a mircoplate reader. The level of ALP is expressed as
value of optical density (OD) per mg protein. 

2.9 Statistical analysis

Data were presented as mean ± SD. For assessment of
treatment effects, comparisons between the means of
different groups were carried out by one-way analysis
of variance (ANOVA). A value of p < 0.05 was consid-
ered statistically significant. 

3. Results 

3.1 Effect of PDT on TLR-4, NF-kB levels 

In Fig. 1 (a-c) we show the expression of TLR-4, NF-
kB p50 and NF-kB p105, in uninfected, infected and
photodynamically treated infected wounds on day 2
and 5 p.w. As can be observed from the figure, on day
2 p.w, compared to uninfected wounds, levels of NF-
kB p105, p50 and TLR-4 were higher in the untreated
infected wounds. As expected the level of the precur-
sor NF-kB p105 was lower than the p50 level in
wounds. With increase in post infection time (day 5
p.w), NF-kB (p105/p50) and TLR-4 levels increased
further by ~4 fold and ~2 fold, respectively in these
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wounds, although the bacteria number decreased (Fig.
1 c, inset). In the infected wounds subjected to PDT
fluence ~60 J/cm2, as compared to their untreated con-
trols, the levels of TLR-4, reduced significantly, on day
2 and day 5 p.w. In contrast, the level of NF-κB p50 in
the photodynamically treated wounds, compared to
the untreated wounds, increased on day 2 p.w.
However, with increase in post wounding time (day 5
p.w.), a substantial decrease in NF-kB p50 was
observed and the levels were equal to that of uninfect-
ed wounds although the bacteria number in both treat-
ed and untreated wounds were similar at this time
point.

3.2 Effect of APDT on inflammatory cytokine lev-
els 

Levels of IL-1α, IL-1ß, and IL-2 were measured on day
5 p.w. in the wound tissue homogenates. As compared
to the uninfected group, in infected group, all the
cytokines measured were elevated significantly (Fig.
2). In contrast, wounds of photodynamically treated
groups showed comparatively low levels of these
cytokines as against untreated infected wounds.

3.3 Effect of PDT on ALP and FGF-2 levels 

Fig.  3 shows ALP activity on day 2 and 5 in
homogenates of uninfected, untreated infected and
photodynamically treated infected wounds. Compared
to uninfected wounds, in infected wounds, ALP activity
was reduced by ~1.5 and ~4.5 fold on day 2 and 5 p.w
respectively. In wounds subjected to PDT, with respect
to the untreated groups, the levels of ALP were signifi-
cantly higher, on both the time points. In Fig. 4,
immunoblot of FGF-2 of uninfected, untreated infected
and photodynamically treated infected wounds on day
5 p.w. is shown. The level of FGF-2 in photodynami-
cally treated infected wounds was also observed to be
higher (p< 0.05) than that of untreated infected
wounds.

4. Discussion 

The primary objective of this study was to understand
the role of NF-kB in APDT induced healing of P.
aeruginosa infected wounds of mice. The transcription
factor NF-kB is a key regulator of the immune
response and also controls cell survival and prolifera-
tion. It is activated by various stimuli, including bacteri-
al components, inflammatory cytokines as well as
oxidative stress 23,24). Therefore it is important to
assess its activation status and its impact on the target
genes involved in inflammatory response, to under-

Sahu K et al

Fig. 1: (a) Immunoblot for expression profile of TLR-4,
NF-kB p105 and p50, and GAPDH measured in
wound tissues day 2 and day 5 p.w. (b),(c)
Mean values of densitometric quantification of
TLR-4, NF-kB, respectively. (c, inset) Bacterial
load of wounds. (U): Uninfected, (I): Untreated
infected and (P): Infected wounds treated with
pl-cp6 and exposed to red light (660 ± 25 nm)
fluence of ~60 J/cm2 , as described in section
2.4. 

(a)

(b)

(c)

Focus-on-India 2



205

available at www.jstage.jst.go.jp/browse/islsm ORIGINAL ARTICLES

stand the response of APDT on wound healing. 
       The TLR-4 plays an important role in innate host
defense especially in the infections caused by Gram
negative bacteria. In fact, it has been shown that NF-
kB is activated as soon as LPS of Gram negative bacte-
ria binds to TLR-4 gets translocated to nucleus for tran-
scription activity 25). Our results show that, compared
to uninfected wounds, TLR-4 and NF-kB were upregu-
lated in infected wounds on day 2 p.w. Levels of these
markers increased further with increase in post infec-
tion time (day 5 p.w.) although bacterial load
decreased. A further comparative analysis of the band
intensities of the immunoblots show that the magni-

tude of upregulation was much higher for NF-kB than
TLR-4. This suggests that besides LPS, other virulent
factors such as pyocyanin, proteases, flagella released
to the wound milieu are also involved in activation of
NF-kB on day 2 and 5 p.w. These virulent factors
might be released by the bacteria themselves or due to
the lysis of bacteria by immune cells recruited to the
wound site and delay resolution of tissue inflammation
in individuals 31,32). As transcriptional activation of IL-
1α, IL-1ß, IL-2 are under control of NF-kB, in the infect-
ed wounds, compared to the uninfected counterparts,
we also observed overexpression of these interleukins
24). 
       Results presented in this study show that TLR-4
level reduces significantly in infected wounds follow-

APDT modulates inflammation of wounds

Fig. 2: Effect of PDT on expression of proinflammatory
cytokines measured in wound tissue
homogenates day 5 p.w.by ELISA. (U):
Uninfected, (I): Untreated infected and (P):
Infected wounds treated with pl-cp6 and then
exposed to red light (660 ± 25 nm) (660 nm
fluence of ~60 J/cm2, as described in section 2.4. 

Fig. 3: Time dependent alkaline phosphatase (ALP)
activity in homogenates of wound excised on
day 2 and 5 p.w. (U); uninfected wounds, (I);
infected untreated wounds, (P); infected
wounds treated with pl-cp6 and exposed to red
light (660 ± 25 nm) fluence ~ 60 J/cm2 (P) , as
described in section 2.4. 

Fig. 4: (a) Expression profile of FGF-
2 and GAPDH measured in
wound tissues on day 5 p.w.
Mean values of densitometric
quantification of each of the
band of different groups with
respect to uninfected wounds
of day 5 p.w are shown below
the blots. (U);Uninfected, (I);
Untreated infected, and (P);
Infected wounds treated with
pl-cp6 and then exposed to
red light (660 ± 25 nm) flu-
ence of ~60 J/cm2 , as
described in section 2.4. 
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ing PDT which could have been due to damage/ inac-
tivation of the LPS. Previous studies have shown that
ability of cell free LPS to stimulate proinflammatory
cytokines from peripheral blood mononuclear cells
was reduced when irradiated with light in presence of
TBO 33). In addition, studies carried out by us previ-
ously and others have shown that proteases activity of
P.aeruginosa culture supernatants reduces after photo-
dynamic treatment 20, 21, 33). NF-kB level in photody-
namically treated wounds compared to untreated
wounds, was observed to be higher initially (day 2).
This might have occurred due to oxidative stress
induced by the treatment as well as accumulation of
inflammatory cells 22,34,35). However, with increase in
wound healing time point, loss of viability of P.aerugi-
nosa, and inactivation of its virulent factors possibly
led to significant down regulation of NF-kB and inflam-
matory cytokines. 
       It has been shown that virulent factors secreted
by P.aeruginosa such as LPS, phospholipase, proteolyt-
ic enzymes and pyocyanin induce damage to fibrob-
last, endothelial cells in the wound milieu and delay
the wound healing 4-6, 31). Also, a prolonged inflamma-
tory phase induced by infection, causes increased lev-
els of proteases which destroy components of the
extracellular matrix and damage the growth factors 31).

In our previous study, we also observed that P.aeru-
gionsa infection leads to overexpression of MMPs in
wounds 18). These reasons could have contributed for
the decrease in levels of ALP and FGF-2, which are the
markers of cell proliferation and wound healing, in the
untreated infected wounds. In fact, ALP activity is max-
imum during cell migration, granulation tissue deposi-
tion, but its expression is reduced considerably in
severe inflammation, tissue damage and chronic non
healing wounds 36-39). At the same time, FGF-2 level is
known to be lowered in wounds due to high inflam-
mation and high proteases levels 40). Therefore,
enhancement of both ALP and FGF-2 observed in the
photodynamically treated infected wounds, compared
to their untreated controls, suggests that the reduction
in inflammation due to APDT accelerates cell prolifera-
tion and thereby healing of wounds. 

5. Conclusion 

Results of the current study suggest involvement of the
TLR-4, NF-kB induced inflammation response in APDT
induced enhanced healing. Further, the increased FGF-
2 and ALP levels suggest APDT may contribute to
increased cell proliferation and healing of wounds. 
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