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Article history: Background: Nanoparticle-loaded delivery systems have attracted much attention recently. Poly(lactic-
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applications. There are only a few studies on the treatment of dermal fibrosis with sustained-release
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drugs. Peroxisome proliferator-activated receptor-y (PPAR-v) plays an important role in endogenous
anti-fibrotic defense mechanisms. Recent studies have suggested that pioglitazone, a synthetic PPAR-y
activator, has effects beyond reducing blood sugar and it can reduce fibrosis and inflammation when used
systemically.

Objective: We aimed to assess the effects of local injections of pioglitazone-loaded PLGA nanoparticles
(PGN-NP) on an experimental sclerosis and to demonstrate the in vivo pharmacokinetics of
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receptor-y subcutaneously administered PLGA nanoparticles.
Pioglitazone Methods: Locally injectable PGN-NP were prepared and subcutaneously administered to bleomycin
Fibrosis (BLM)-induced scleroderma model mice. The effect of pioglitazone was also evaluated with cultured

fibroblasts. Coumarin-6-loaded fluorescent PLGA nanoparticles (FL-NP) and silicon naphthalocyanine-
loaded near-infrared PLGA nanoparticles (NIR-NP) were used to demonstrate in vitro cellular uptake by
cultured fibroblasts and the in vivo pharmacokinetics of subcutaneously administered nanoparticles.
Results: Weekly subcutaneous injections of PGN-NP attenuated skin fibrosis in BLM-induced scleroderma
model mice. Pioglitazone significantly suppressed migration ability and TGF-p-mediated myofibroblast
differentiation in cultured fibroblasts. FL-NP were internalized into cultured fibroblasts within 60 min,
and PGN-NP-primed fibroblasts expressed anti-fibrotic phenotypes. Subcutaneously injected NIR-NP
remained in the vicinity of the injection site more than non-particulate silicon naphthalocyanine.
Conclusion: These results provide a basis for the development of new treatments for dermal fibrosis and a
better understanding of the potential of PLGA nanoparticles in dermatology.

© 2018 Japanese Society for Investigative Dermatology. Published by Elsevier B.V. All rights reserved.

1. Introduction (lactic-co-glycolic acid) (PLGA) is one of the most successful
biodegradable polymers to be developed. Among the different

Nano-sized drug carriers have attracted considerable attention polymers developed to formulate polymeric nanoparticles, PLGA
recently. In the field of dermatology, various nanomaterials are has attracted considerable attention due to its attractive proper-

used for topical drug delivery, dressings, and cosmetics [1,2]. Poly ties, including its (i) biodegradability and biocompatibility, (ii)
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Food and Drug Administration (FDA) and European Medicine
Agency approval as a drug delivery system for parenteral
administration, (iii) well described formulations and methods of
production adapted to various types of drugs, e.g. hydrophilic or
hydrophobic small molecules or macromolecules, (iv) ability to
protect against drug degradation, and (v) potential for sustained
release [3]. PLGA has been used in sutures, drug delivery devices
such as depot formulations of drugs, and tissue engineering
scaffolds [4-6].

Scleroderma refers to a heterogeneous group of autoimmune
fibrosing disorders, including localized scleroderma, limited
cutaneous systemic sclerosis (SSc), and diffuse cutaneous SSc
[7]. Vascular activation in SSc leads to the infiltration of
inflammatory cells, endothelial to mesenchymal transition
(EndoMT), and impaired coagulation/fibrinolysis [8]. Currently,
there is no single drug used to treat SSc, with pharmacological
approaches based on a combination of drugs that may be effective
in treating organ damage or in relieving symptoms associated with
visceral involvement [9]. Although there is no specific therapy for
localized scleroderma either, a variety of therapeutic options,
including topical corticosteroids and intralesional steroid therapy,
are available [7].

An animal model of scleroderma has been established by
repeated intradermal or subcutaneous injections of bleomycin
(BLM) into the shaved back skins of mice [10,11]. In the model,
cutaneous sclerosis is observed in the area surrounding the
injection site [11]. Increasing evidence suggests that transforming
growth factor-g (TGF-B) is a key mediator of tissue fibrosis in SSc as
a consequence of extracellular matrix (ECM) accumulation. Many
of the characteristics of SSc fibroblasts resemble those of normal
fibroblasts stimulated by TGF-p, such as the elevated expression of
collagen and a-smooth muscle actin («-SMA). Moreover, connec-
tive tissue growth factor (CTGF) is induced by TGF-g and modulates
fibroblast cell growth and ECM secretion [12].

Peroxisome proliferator-activated receptor-y (PPAR-y) is a
nuclear orphan receptor and ligand-inducible transcription factor.
Initially identified in adipocytes, PPAR-vy is widely expressed in
mammalian tissues and regulates genes involved in not only lipid
uptake, synthesis, and storage but also glucose metabolism; cell
differentiation, survival, and proliferation; and immune and
inflammatory responses. Prior studies have identified PPAR-y as
an important factor in endogenous anti-fibrotic defense mecha-
nisms [13]. Pioglitazone (molecular weight, 356 Da) is a synthetic
antidiabetic drug belonging to thiazolidinedione class that
activates PPAR-y. Like other PPAR-y agonists, the anti-fibrotic
and anti-inflammatory effects of pioglitazone have been reported
[14,15].

The objective of this study was to establish a locally injectable,
controlled-release matrix of pioglitazone for the treatment of skin
fibrosis. PLGA was formed into nanoparticles containing pioglita-
zone, and these nanoparticles were used to establish an aqueous
dispersion vehicle for the local delivery of pioglitazone. We
hypothesized that the controlled release of pioglitazone from the
subcutaneously administered nanoparticles would reduce skin
fibrosis in BLM-induced scleroderma model mice. In addition, we
sought to characterize the in vitro cellular uptake of fluorescent
nanoparticles by cultured fibroblasts and the in vivo pharmacoki-
netics of subcutaneously administered near-infrared fluorescent
nanoparticles.

2. Materials and methods
2.1. Preparation of nanoparticles and the in vitro drug release profile

Pioglitazone-loaded PLGA nanoparticles (PGN-NP), drug-
free PLGA nanoparticles (Mock-NP, as a control), coumarin-6-

loaded fluorescent PLGA nanoparticles (FL-NP), and silicon
naphthalocyanine-loaded near-infrared fluorescent nanopar-
ticles (NIR-NP) were prepared by an emulsion solvent evapora-
tion method. The PGN-NP pioglitazone-release profile was
determined in vitro in a tube containing phosphate-buffered
saline (PBS) with 0.1% polysorbate-80 buffer at a constant rotation
of 18 rpm and 37°C.

2.2. BLM-induced scleroderma murine model

Balb/c mice were purchased from CLEA Japan, Inc. (Tokyo,
Japan) and maintained under special pathogen-free conditions.
Eight- to nine-week-old mice were used at the initial treatment. All
animal protocols were approved by the Animal Care and Use
Committee of Kyoto Prefectural University of Medicine.

Dermal fibrosis was induced by repeated subcutaneous
injections of bleomycin sulfate (BLM; Adooq Bioscience, Irvine,
CA, USA). BLM (100 pg/mouse, 0.5 mg/ml in PBS) was injected
subcutaneously into the shaved dorsal skins of Balb/c mice with a
29-gauge needle (BLM mice). PBS instead of BLM was injected into
the control mice. The injections were carried out four times per
week for 3 weeks. During the 3 weeks of BLM injections, mice were
treated in parallel by injection of PGN-NP (100 .g/mouse), Mock-
NP (100 pg/mouse), or vehicle (PBS) once per week on days 1, 8,
and 15. PGN-NP and Mock-NP were dispersed in PBS before
injection. On day 22, mice were sacrificed and affected skin tissue
was obtained. Blood glucose levels were measured with the
Glucose PILOT Blood Glucose Monitoring System (Aventir Biotech,
Carlsbad, CA, USA). Four to six animals were analyzed per
experimental group.

2.3. In vitro cell migration assay

An in vitro cell migration assay was performed by scratching a
cultured monolayer of human dermal fibroblasts (purchased from
PromoCell GmbH, Heidelberg, Germany).

2.4. Myofibroblast differentiation

To induce myofibroblast differentiation, human dermal fibro-
blasts were stimulated with TGF-p1 (Thermo Fisher Scientific, Inc.)
with or without pioglitazone treatment. For quantitative real-time
reverse-transcription polymerase chain reaction (qQRT-PCR) analy-
sis, human dermal fibroblasts were grown to 75% confluence and
transferred to reduced-serum medium (1% FBS). The cells were
cultured in this medium for 15 h, followed by treatment with the
indicated concentrations of pioglitazone or equal amounts of
dimethyl sulfoxide (DMSO) for 30 min. Cells were then stimulated
with TGF-1 (10 ng/ml) for an additional 5 h. For western blotting
analysis, human dermal fibroblasts in reduced-serum medium (1%
FBS) were treated with the indicated concentrations of pioglita-
zone or equal amounts of DMSO for 15 h and stimulated with TGF-
p1 (10 ng/ml) for an additional 24 h.

2.5. In vitro cellular uptake of nanoparticles

In vitro cellular uptake of nanoparticles by human dermal
fibroblasts was visualized using FL-NP. Mock-NP were used as a
negative control. Cells were incubated with 100 pg/ml of FL-NP or
Mock-NP for up to 1h and counter-stained with Hoechst 33258
(Polysciences, Inc., Warrington, PA, USA). The images were
captured using a fluorescence microscope (BZ-X710, Keyence)
with a 20x objective.

For qRT-PCR analysis, human dermal fibroblasts were treated
with 100 pg/ml of PGN-NP or Mock-NP for 1h, washed with PBS,
and transferred to reduced-serum medium (1% FBS) free of
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nanoparticles. Cells were cultured in the medium for 48 h, followed
by stimulation with TGF-p1 (10 ng/ml) for an additional 5 h.

For immunocytochemistry, human dermal fibroblasts in
reduced-serum medium (1% FBS) were treated with or without
PGN-NP (100 pg/ml, without DMSO), Mock-NP (100 pg/ml) plus
equivalent amounts of pioglitazone to that in PGN-NP (9.5 uM,
with DMSO), or vehicle (DMSO) for 48 h, followed by stimulation
with TGF-1 (10 ng/ml) for an additional 48 h. Cells were then fixed
in 4% paraformaldehyde. Three independent cultures were
assessed for each condition.

2.6. In vivo pharmacokinetics of subcutaneously administered
nanoparticles

The in vivo pharmacokinetics of the subcutaneously adminis-
tered nanoparticles were assessed using NIR-NP with an IVIS
Lumina III imaging system (PerkinElmer, Waltham, MA, USA).
Balb/c mice were injected subcutaneously with NIR-NP (250 g/
mouse in 50 w1 PBS). As a control, silicon 2,3-naphthalocyanine bis
(trihexylsilyloxide) in acetone and PBS at a volume ratio of 1:9 or
PBS alone was injected. The mice were imaged under anesthesia
with an 845-nm emission filter after excitation with 780 nm for
20s. Images were taken at several different time points after
injection for up to 7 days. Organs (dorsal skin, ventral skin,
inguinal lymph nodes, liver, spleen, heart, lung, and kidney) were
collected 2h and 7 days after injection and were also imaged
after excitation for 10s. Fluorescent signals were quantified
using Living Image software (PerkinElmer). The total radiant
efficiency (photons/s)/(wW/cm?) of the mouse body image at
each time point was measured, and the value at 0h was set at
100%.

The materials and methods are explained in further detail in the
Supplementary material.

3. Results

3.1. Characterization and in vitro pioglitazone-release profile of
nanoparticles

The average diameters (4= SD) of PGN-NP, FL-NP, NIR-NP, and Mock-
NP were 305 + 145 nm, 288 + 143 nm, 283 + 82 nm, and 285 + 110 nm,
respectively. All types of nanoparticles were negatively charged. HPLC
study of FL-NP revealed a peak at 5.3 min, in the same location as the
pure pioglitazone peak. The pioglitazone-loading content in the PGN-
NP was 3.4+ 0.07%. Fig. 1 shows the in vitro pioglitazone-release
profile of PGN-NP. PGN-NP released 22.7 + 3.5% of the incorporated
pioglitazone within 24 h, and 52.0 + 1.6% within 7 days, indicating
sustained release of pioglitazone in vitro.

801
60

40-

Cumulative release of
pioglitazone (%)

Days

Fig. 1. In vitro pioglitazone-release profile of PGN-NP. Data are expressed as
means + SD (n=4).

3.2. Anti-fibrotic effects of PGN-NP on BLM-induced skin sclerosis

Dermal thickness was examined in the images of HE-stained
skin tissues collected from experimental mice (Fig. 2A and B).
Collagen deposition was examined in the fluorescent images of
Picrosirius red staining (Fig. 2C and D). Cells and elastic fibers were
represented by green fluorescence under Picrosirius red staining.
Both the dermal thickness and Picrosirius red-stained area
increased in vehicle-treated BLM mice compared to those in
vehicle-treated control mice (P< 0.01), indicating that BLM
induced skin sclerosis in mice. The dermal thickness and
Picrosirius red-stained area decreased in PGN-NP-treated BLM
mice compared to those in vehicle- or Mock-NP-treated BLM mice
(P< 0.05), indicating the anti-fibrotic effects of PGN-NP on BLM-
induced skin sclerosis.

In the immunofluorescence staining images, the number of o-
SMA-positive spindle-shaped cells was elevated in vehicle-
treated BLM mice compared to that in vehicle-treated control
mice (P< 0.01), indicating that BLM induced myofibroblast
accumulation in the skin. The number of o-SMA-positive
spindle-shaped cells was reduced in PGN-NP-treated BLM mice
in comparison with numbers in Mock-NP-treated BLM mice (P <
0.05; Fig. 3A and B).

Fig. 3C and D show the relative expression levels of type I
collagen (Collal) and TGF-p1 (Tgfb1) mRNA in the skin. Collal
expression in vehicle-treated BLM mice increased compared to
that in vehicle-treated control mice (P< 0.05), while Collal
expression in PGN-NP-treated BLM mice decreased compared to
that in vehicle-treated BLM mice (P< 0.05). Similarly, Tgfb1
expression in PGN-NP-treated BLM mice tended to be lower than
that in vehicle-treated BLM mice, but this difference was not
significant.

We observed no obvious adverse events in Mock-NP- or PGN-
NP-treated mice during the experiment, and there was no
significant difference in blood glucose levels between PGN-NP-
treated mice and the other groups at the end of the experiment
(data not shown).

3.3. Effects of pioglitazone on migration ability and myofibroblast
differentiation in cultured human dermal fibroblasts

Fig. 4A shows bright-field images taken at the beginning and
end of an 8-h incubation period after the introduction of a scratch
in the in vitro migration assay. The results showed that 50 uM
pioglitazone treatment suppressed the migration ability of human
dermal fibroblasts (P< 0.01; Fig. 4B). Fig. 4C shows the relative
expression of CTGF mRNA in human dermal fibroblasts. TGF-p1
stimulation increased CTGF expression in DMSO-treated human
dermal fibroblasts (P < 0.01), and this response was attenuated by
pioglitazone treatment (P< 0.05 for 10 and 25 wM pioglitazone,
P< 0.01 for 50 WM pioglitazone). Fig. 4D shows the results of the
western blotting analysis of human dermal fibroblasts. TGF-p1
stimulation increased a-SMA protein expression in DMSO-treated
human dermal fibroblasts, and this response was abrogated by
50 wM pioglitazone treatment. p-actin was used as an internal
control.

3.4. In vitro cellular uptake of nanoparticles by cultured human
dermal fibroblasts

The in vitro cellular uptake of FL-NP by human dermal
fibroblasts was observed with fluorescent microscopy. As shown
in Fig. 5A, cells incubated with 100 ng/ml FL-NP expressed green
fluorescence in a granular form at 20 min after incubation. At
60 min after incubation, diffuse green fluorescence was observed
in the cytoplasm.
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Fig. 2. Anti-fibrotic effects of PGN-NP on BLM-induced skin sclerosis. (A) HE-staining images of skin collected from mice. Bars = 300 um. (B) Dermal thickness of BLM-induced
scleroderma model mice. (C) Fluorescent images of Picrosirius red staining. Cells and elastic fibers are represented by green fluorescence. (D) Quantification of Picrosirius red-
stained areas in BLM-induced scleroderma model mice. *P< 0.05, **P< 0.01 according to Tukey-Kramer multiple comparison test with n = 5-6 (B, D).

According to the results of qRT-PCR analysis, TGF-1 stimula-
tion increased CTGF expression in vehicle-treated human dermal
fibroblasts (P< 0.01), and this response was attenuated by 1-h
pretreatment with 100 pg/ml PGN-NP (P < 0.01). In addition, there
was a significant difference in CTGF expression between Mock-NP-
pretreated and PGN-NP-pretreated fibroblasts before TGF-p1
stimulation (P< 0.05; Fig. 5B). Similarly, a-SMA (ACTA2) expres-
sion tended to decrease in PGN-NP-pretreated fibroblasts com-
pared to levels in vehicle- or Mock-NP-pretreated fibroblasts, but
this difference was not significant (Fig. 5C). According to the
immunocytochemical assay, a-SMA was present in the cytosol of
TGF-B1-stimulated cells, and treatment with PGN-NP or Mock-NP
plus equivalent amounts of pioglitazone to that contained in PGN-
NP attenuated this response to the same extent (Fig. 5D). These
data were confirmed in three experiments.

3.5. In vivo pharmacokinetics of subcutaneously administered
nanoparticles

As shown in Fig. 6A, subcutaneously administered NIR-NP
spread to the skin in the vicinity of the injection site. In contrast,

non-particulate silicon naphthalocyanine fluoresced at the
injection site only. Half (50 +10%) of the fluorescent signal was
observed in the skin in NIR-NP-injected mice after 1 week, and
this proportion was higher than that observed in the non-
particulate silicon naphthalocyanine-injected mice (Fig. 6B, P<
0.05). Fig. 6C shows the ex vivo fluorescent images of the organs
(dorsal skin, ventral skin, inguinal lymph nodes, liver, spleen,
heart, lung, and kidney) collected at 2h and 7 d after injection.
Fluorescent signals were not detected in other organ other than
the skin.

4. Discussion

Biomaterial-based drug delivery systems have been widely
used to enhance local treatment effects and to reduce the
frequency of administration. However, there are only a few studies
on the treatment of dermal fibrosis with sustained-release drugs.
For example, Ma et al. recently demonstrated that controlled
delivery of a focal adhesion kinase inhibitor via pullulan collagen-
based hydrogels accelerated the wound healing of excisional and
burn wounds and reduced scar formation [16].
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Fig. 3. Effects of PGN-NP on myofibroblast accumulation in BLM-induced skin sclerosis. (A, B) Immunofluorescence with antibodies against a-SMA (red fluorescence),
counterstained with DAPIL. a-SMA-positive spindle-shaped cells (yellow arrows) were counted. Bars = 100 wm. (C, D) Relative expression of Collal and Tgfb1 mRNA in skin.
Results were normalized to Gapdh expression, and the value in vehicle-treated control mice was set to 1.0. Data are expressed as means + SD. *P < 0.05, **P < 0.01 according to

Tukey-Kramer multiple comparison test with n = 5-6 (B) or n = 4-5 (C, D).

The activation of PPAR-y by both natural and synthetic
agonists can effectively inhibit pro-fibrotic tissue reactions, cell
migration, and inflammation in many organs [17] and inhibit
collagen synthesis in human keloid fibroblasts [18]. Systemic
administration of the synthetic PPAR-y agonist rosiglitazone has
been shown to attenuate lung fibrosis in a BLM-induced
pulmonary fibrosis model [19] and skin fibrosis in a BLM-
induced scleroderma model [20]. In addition, rosiglitazone
attenuates mononuclear cell activation [20]. PPAR-vy levels have
been reported to be diminished in skin and lung tissues and in
fibroblasts explanted from the lesional skin of SSc patients [13].
In normal fibroblasts, treatment with TGF-p downregulates
PPAR-vy expression, and synthetic PPAR-vy agonists are capable of
abrogating the pro-fibrotic responses of TGF-p, even in the
presence of low PPAR-y abundance [13]. However, systemic
administration of thiazolidinediones is associated with fluid
retention, which sometimes leads to congestive heart failure [21]
and has a hypoglycemic effect. To avoid these systemic reactions,
the topical use of pioglitazone with penetration enhancers has
been investigated [22]; however, because of the hydrophobic
property of pioglitazone, it is difficult to target the dermal layer
through topical application and local injection.

Taking advantage of the anti-fibrotic effects of pioglitazone
and the potential of PLGA as a sustained-release carrier of
hydrophobic small molecules, we established locally injectable
pioglitazone-loaded PLGA nanoparticles to treat an experi-
mental dermal fibrosis. In this study, we confirmed the
suppressive effects of pioglitazone on the migration ability
and TGF-p-mediated myofibroblast differentiation of cultured

fibroblasts, consistent with former reports on thiazolidine-
diones [14,20]. In BLM-induced scleroderma model mice,
weekly subcutaneous injections of PGN-NP, but not Mock-NP,
attenuated collagen deposition and myofibroblast accumula-
tion without obvious adverse events relating to the application
of nanoparticles or pioglitazone. Former studies have revealed
the upregulation of TGF-f1 in the skins of BLM-induced
scleroderma model mice [10] and the anti-inflammatory effects
of thiazolidinediones [20]. In our study, changes in Tgfb1 mRNA
expression were not significant, but PGN-NP tended to decrease
Tgfb1 expression in the skins of BLM-induced scleroderma model
mice.

Particle size is an important factor in the development of
nanoparticles. We targeted the particle size 200-400nm,
hoping to enable both the cellular uptake of the particles and
retention at the lesion site as a depot drug. Generally, cells
internalize particles of 100-200nm via receptor-mediated
endocytosis and larger particles via phagocytosis [23]. Non-
professional phagocytes may exhibit some phagocytic activity, but
to a lower extent [24]. We visualized the cellular uptake of FL-NP
by cultured human dermal fibroblasts using fluorescent imaging.
In general, following the internalization of nanoparticles by
pinocytosis, phagocytosis, or endocytosis, they were transported
in vesicles from early endosomes to late endosomes and
eventually to lysosomes. Alternatively, they escaped endo-
lysosomes and diffused throughout the cytoplasm [3,25]. The
release of drugs from the endosomes to the cytosol may occur due
to osmotic swelling, direct membrane rupture, or other mecha-
nisms [25]. In the present study, cells incubated with FL-NP
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expressed green fluorescence in a granular form 20 min after
incubation, and diffuse green fluorescence was observed in the
cytoplasm 60 min after incubation. This phenomenon may be
explained by the localization of the nanoparticles in endo-
lysosomes (at 20 min), followed by the intracellular release of
coumarin-6 into the cytosol (at 60 min). A similar phenomenon
has been reported with smaller sized nanoparticles and occurred
even more rapidly [26]. Fluorescent PLGA nanoparticles with a
diameter of 69+4nm were observed in the endo-lysosomal
compartments of cultured human arterial smooth muscle cells
within 2 min of incubation and in the cytoplasmic compartments
at >10min post-incubation. The number of nanoparticles in the
cytoplasm increased with increasing incubation time, indicating
that following their uptake, the nanoparticles likely escaped
rapidly from the endo-lysosomal compartments and entered the
cytoplasm [26]. Furthermore, in the current study, 1-h incubation
of the human dermal fibroblasts with PGN-NP attenuated the
response of the fibroblasts to pro-fibrotic TGF-p1 stimulation in
vitro, indicating the possibility of the intracellular degradation of
nanoparticles and intracellular drug release. Cells treated for a
longer duration with PGN-NP also expressed fewer fibrotic
characters upon TGF-p1 stimulation, similarly to those treated
with the equivalent amount of pioglitazone and Mock-NP.
Considering that the amount of pioglitazone released from
PGN-NP into the medium was less than 50%, cellular uptake of
the nanoparticles may have increased the effect.

In addition to the cellular uptake, the distribution of nano-
particles in the body after administration also depends on the
nanoparticle size [23]. In general, small drug molecules (<1 kDa)
are thought to be preferentially absorbed by the blood capillaries
after subcutaneous injection. In contrast, the absorption of small
particles and macromolecules into the blood circulation is

restricted. The lymphatics provide an alternative absorption
pathway from the interstitial space for small particles (generally
less than about 100nm), but for larger colloidal materials
(>100nm), facile lymphatic access is lacking [27]. We evaluated
the in vivo pharmacokinetics of NIR-NP by loading a hydrophobic
near-infrared fluorescent material with a diameter of 283 4+ 82 nm,
imitating the size of PGN-NP. As a result, aqueous dispersion of the
nanoparticles allowed them to spread to the skin in the vicinity of
the injection site, and they remained in the area without
accumulating in other organs.

It should be noted that there are some limitations of this
study. First, we used normal human dermal fibroblasts in all in
vitro experiments, rather than scleroderma fibroblasts. Second,
due to the poor water solubility of pioglitazone, we were unable to
compare the effect of PGN-NP injection in BLM-induced sclero-
derma model mice with that of free pioglitazone injection.
However, one of the advantages to the incorporation of
pioglitazone into nanoparticles is that it allows for dispersal in
water.

Miller et al. demonstrated that tumor-associated macrophages
serve as “drug depots” for the local delivery of nanotherapeutics to
neighboring tumor cells [28]. Furthermore, since monocytes
possess a unique ability to target and penetrate sites of
inflammation, an approach to take advantage of the ability of
monocytes to target and deliver polymeric particles to inflamed
tissues has been reported [29]. Recently, more and more
researchers have begun investigating new drug delivery systems
utilizing cells such as antigen-specific T-cells, macrophages, and
mesenchymal stem cells as cellular drug carriers [30]. Although in
the present study we could not determine whether the target cells
of PGN-NP were fibroblasts or included inflammatory cells as well,
the communication between nanoparticles and the cells is of
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fibroblasts at 20 min and 60 min after incubation. Cells were counter-stained with Hoechst 33,258. (B, C) Relative expression of CTGF and ACTA2 mRNA in human dermal
fibroblasts. Results were normalized to 18S rRNA expression, and the value in DMSO-treated controls was set to 1.0. Data are expressed as means =+ SD. *P< 0.05, **P< 0.01
according to Tukey-Kramer multiple comparison test with n = 3. (D) Immunofluorescence with antibodies against a-SMA (red fluorescence), counterstained with DAPIL
Human dermal fibroblasts were treated with or without PGN-NP, Mock-NP plus equivalent amounts of pioglitazone, or vehicle (DMSO) for 48 h, followed by stimulation with

TGF-p1 (10 ng/ml) for an additional 48 h.

considerable interest. Further studies involving the in vivo imaging
of fluorescent, luminescent, magnetic, or radioisotope nano-
particles are therefore required.

In conclusion, this study demonstrates that PLGA nanoparti-
cle-mediated local delivery of pioglitazone attenuates skin
fibrosis in BLM-induced scleroderma model mice by affecting
the migration ability and TGF-B-mediated myofibroblast differ-
entiation of fibroblasts. This drug delivery system is promising for
the treatment of scleroderma, especially of the localized or

limited types. Furthermore, thiazolidinediones are also promising
for the treatment of other skin diseases, such as keloids [18] and
scarring alopecia [15], and this technique of combining piogli-
tazone and PLGA might be useful in treating these as well. Since
PLGA can be shaped into various formes, it can be applied either as
a drug depot for systemic treatment or as a drug-eluting material
for local treatment, such as in drug-eluting dressings, scaffolds,
and sutures. Further applications in clinical settings are therefore
expected.
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subcutaneous injection into the dorsal skin. (B) Quantification of fluorescence signal relative to that obtained at 0 h. Data are expressed as means =+ SD. *P < 0.05 according to
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ventral skin; LN, lymph nodes; Li, liver; Sp, spleen; H, heart; Lu, lung; K, kidney.
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