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Abstract
Background: Transforming growth factor-β (TGF-β)/Smad signaling is well known to play a critical role in the
pathogenesis of systemic sclerosis (SSc). We previously developed an artificial molecule, the histidine-pyridinehistidine ligand derivative HPH-15, which may have an antifibrotic effect. The purpose of the present study was to
clarify the effects of this drug in human skin fibroblasts and in a preclinical model of SSc.
Methods: The effects of HPH-15 on expression of extracellular matrix components and TGF-β signaling in human
dermal fibroblasts were analyzed. The antifibrotic properties of HPH-15 and its mechanisms were also examined in
a bleomycin-induced skin fibrosis mouse model.
Results: HPH-15 suppressed the TGF-β-induced phosphorylation of Smad3 and inhibited the expression of collagen
I, fibronectin 1, connective tissue growth factor, and α-smooth muscle actin induced by TGF-β in cultured human
skin fibroblasts. In the bleomycin-induced skin fibrosis model, oral administration of HPH-15 protected against the
development of skin fibrosis and ameliorated established skin fibrosis. Additionally, HPH-15 suppressed the
phosphorylation of Smad3 in various cells, including macrophages in the bleomycin-injected skin. Further, in the
treated mice, dermal infiltration of proinflammatory macrophages (CD11b+Ly6Chi) and M2 profibrotic macrophages
(CD11b+CD204+ or CD11b+CD206+) was significantly decreased during the early and late stages, respectively. HPH15 treatment resulted in decreased messenger RNA (mRNA) expression of the M2 macrophage markers arginase 1
and Ym-1 in the skin, whereas it inversely augmented expression of Friend leukemia integration 1 and Krüppel-like
factor 5 mRNAs, the transcription factors that repress collagen synthesis. No apparent adverse effects of HPH-15
were found during the treatment.
Conclusions: HPH-15 may inhibit skin fibrosis by inhibiting the phosphorylation of Smad3 in dermal fibroblasts and
possibly in macrophages. Our results demonstrate several positive qualities of HPH-15, including oral bioavailability,
a good safety profile, and therapeutic effectiveness. Thus, this TGF-β/Smad inhibitor is a potential candidate
therapeutic for SSc clinical trials.
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Background
Systemic sclerosis (SSc), or scleroderma, is a systemic
autoimmune disease of unknown etiology characterized
by early inflammation and vascular injury followed by
fibrosis of the skin and visceral organs [1, 2]. Excessive
deposition of collagen and other extracellular matrix
(ECM) components in the affected organs is the pathophysiological hallmark of SSc. Activated fibroblasts and
α-smooth muscle actin (α-SMA)-positive myofibroblasts
are largely responsible for excessive matrix synthesis and
tissue deposition [3]. Fibroblast activation and myofibroblast transformation result from a complex series of
events initiated by a number of profibrotic molecules,
including transforming growth factor-β (TGF-β); connective tissue growth factor (CTGF); platelet-derived
growth factor; interleukin (IL)-4, IL-6, and IL-13; and
endothelin-1.
One set of the main inducers and producers of these
mediators is macrophages. Mouse circulating monocytes
can be divided into Ly6Chi (classical or inflammatory
monocytes) and Ly6Clo (nonclassical or anti-inflammatory
monocytes) [4]. After infiltrating the tissue, these monocytes can differentiate into macrophages in response to
various stimuli dependent on the tissue microenvironment. The differentiated macrophages can be classified as
classically activated inflammatory macrophages (M1) and
alternatively activated tissue profibrotic macrophages
(M2) [5]. M2 macrophages can induce and/or maintain
tissue fibrosis by producing profibrotic cytokines, including IL-4, IL-13, and TGF-β. Among these, TGF-β is
considered one of the most potent inducers of fibroblast
activation and tissue fibrosis [6–8]. Binding of TGF-β to
its cell surface receptors triggers intracellular signal
transduction of Smad-dependent or Smad-independent
pathways. In the Smad-dependent pathway, activation of
TGF-β receptor type I leads to phosphorylation of Smad2
and Smad3, allowing these molecules to complex with
Smad4 and translocate from the cytoplasm into the
nucleus, where they bind to a consensus Smad-binding
element within the 5′-flanking region of the targeted
genes (or DNA). Upon binding to this element, activated
Smad proteins recruit transcriptional cofactors to the targeted DNA, resulting in transcription of several key
fibrotic genes, such as those encoding collagens and
fibronectin [8, 9]. Sustained activation of TGF-β/Smad3
signaling has been detected in the skin fibroblasts of a
bleomycin-induced SSc model, one of the most popular
SSc models [10], and targeted disruption of this pathway
inhibits bleomycin-induced skin fibrosis [11]. In addition,
blockade of TGF-β signaling has been shown to reduce
the development of skin fibrosis in several other experimental models [12–15]. However, molecular-based
approaches targeting the TGF-β cascade have not been
established for the treatment of patients with SSc. For this
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reason, we sought to identify novel therapeutic modalities
for SSc. We previously reported a series of symmetrically
substituted 2,6-pyridine derivatives, histidine-pyridinehistidine ligand (HPH), possessing varied biological
activities dependent on the structure of the 2,6-substituents. These activities include antitumor activity [16, 17],
inhibition of zinc finger proteins [18], and inhibition of
nuclear factor-κB [19]. Among these, HPH-15, which was
formerly named HPH-8, is an HPH derivative that has
S-tert-butylcysteamine substituents (Additional file 1:
Figure S1). We previously reported that HPH-15 has antiviral activities against herpes simplex virus 1, although the
exact mechanism remains unknown [20]. In a preliminary
study, we found novel antifibrotic activity of HPH-15 in
several cell lines (Ogura D and Niwa S 2017, unpublished
data).
In this study, we demonstrated that HPH-15 has antifibrotic effects in both a mouse model and cultured
human dermal fibroblasts. Our findings indicate that
HPH-15 inhibits fibrosis, at least partially, by antagonizing
the phosphorylation of Smad3 in skin fibroblasts. Interestingly, HPH-15 reduces the infiltration of both inflammatory
and profibrotic macrophages in bleomycin-injected skin.

Methods
Cell culture

Normal human dermal fibroblasts derived from neonatal
foreskin were purchased (Kurabo Industries, Osaka,
Japan) and grown in DMEM (Nacalai Tesque, Kyoto,
Japan) containing 10% FBS, 100 U/ml penicillin, and 100
μg/ml streptomycin (Nacalai Tesque) at 37 °C in a
humidified 5% CO2 atmosphere. When cells reached ~
70% confluency, they were starved in DMEM containing
0.1% FBS for 24 h and then pretreated with 0.05%
dimethyl sulfoxide (DMSO) as a control or various concentrations of DMSO-diluted HPH-15. One hour later,
cells were stimulated with 10 ng/ml human recombinant
TGF-β1 (PeproTech, Rocky Hill, NJ, USA) and were
used for the indicated experiments. All experiments used
fibroblasts of passages between 8 and 13.
Animal studies

Female C57BL/6 mice ages 8–10 weeks (CLEA Japan,
Tokyo, Japan) were used in two different animal trials for
skin fibrosis according to a previous study with minor
modification [21]. The preventive model (n = 4–6) was
performed by daily subcutaneous injections of bleomycin (1 mg/ml in saline) into the shaved back of the
mice (150 μl), concurrent with daily oral gavage of
HPH-15 (100 mg/kg in sterilized olive oil) or vehicle
alone (sterilized olive oil) for 1, 2, 3, or 4 weeks.
Subcutaneous injections of 0.9% NaCl served as a
control. In the curative model (n = 5), either bleomycin or saline was administered on alternate days
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for 6 weeks. Two weeks after the first injection, mice
were given a daily dose of HPH-15 (100 mg/kg) or
vehicle for the remaining 4 weeks. The HPH-15 doses
were optimized on the basis of sequential pilot experiments (data not shown).
Histologic analysis

Mouse skin was fixed in 10% formalin and then embedded in paraffin. Sections (6 μm in thickness) were
subjected to H&E and Masson’s trichrome staining. For
evaluation of skin fibrosis, dermal thickness was defined
computationally as the thickness of the skin from the
top of the granular layers to the junction between the
dermis and subcutaneous fat [22] in five distinct fields at
an equal magnification (×40) using a light microscope,
and results were expressed as mean ± SEM. Collagen
deposition was quantified on Masson’s trichrome-stained
sections as the ratio of blue-stained area to total stained
area using Photoshop Elements version 12 software
(Adobe Systems, San Jose, CA, USA).
Sircol Soluble Collagen Assay

Collagen deposition and fibrosis were quantified as total
soluble collagen using the Sircol Soluble Collagen Assay
(Biocolor, Carrickfergus, UK). Briefly, full-thickness 4mm punch biopsy samples of mouse back skin (n = 5–6)
were homogenized in acid-pepsin solution (0.5 M acetic
acid containing 1 mg/ml pepsin) for 48 h at 4 °C. After
centrifugation, 1 ml of Sircol dye reagent was added to
100 μl of supernatant and incubated for 30 minutes.
After the suspension was removed, droplets were
dissolved in 1 ml of Sircol alkali reagent, and relative absorbance was measured at 555 nm.
Western blot analysis

Total protein was extracted from human dermal fibroblasts using a total protein extraction kit (101Bio,
Mountain View, CA, USA). Protein concentration was
assessed using a spectrophotometer and a bicinchoninic
acid protein assay kit (TaKaRa Bio, Shiga, Japan). Equal
amounts of protein from each sample (40 μg) were
subjected to SDS-PAGE on a Mini-PROTEAN TGX
Precast gel and transferred to a nitrocellulose membrane
(Bio-Rad Laboratories, Hercules, CA, USA). The blotted
membrane was blocked for 30 minutes at room
temperature with 5% skim milk/Tris-buffered saline with
Tween 20 (TBS-T), followed by incubation with antiphosphorylated Smad3, anti-Smad3 (Cell Signaling Technology, Danvers, MA, USA), anti-collagen type I, alpha 2
(Col1a2; Abcam, Cambridge, UK), anti-fibronectin 1 (antiFN1) (LSBio, Seattle, WA, USA), anti-CTGF (Santa Cruz
Biotechnology, Dallas, TX, USA), or anti-glyceraldehyde
3-phosphate dehydrogenase (anti-GAPDH) (Thermo
Fisher Scientific, Waltham, MA, USA) antibodies
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overnight at 4 °C. After being washed with TBS-T three
times, the membrane was incubated for 1 h at room
temperature with horseradish peroxidase-conjugated secondary antibody. The membrane was exposed to an enhanced chemiluminescence reagent, Chemi-Lumi One
Super solution (Nacalai Tesque). Protein bands were
quantified using ImageQuant TL software (version 7.0;
GE Healthcare Life Sciences, Pittsburgh, PA, USA) and
normalized against the loading control, GAPDH.
Immunofluorescence staining of cultured mouse
fibroblasts

After stimulation with recombinant TGF-β1 for 2 h (for
detecting p-Smad3) or 24 h (for detecting α-SMA), cells
were washed twice in ice-cold PBS. Then cells were fixed
for 10 minutes at room temperature in 100% ethanol or
4% paraformaldehyde phosphate buffer for staining of
p-Smad3 or α-SMA, respectively. Next, cells were
permeabilized with 0.1% Triton X-100 in PBS for 3
minutes. Cells were blocked with 2% FBS for 30 minutes,
incubated with anti-p-Smad3 antibody (1:50 in 2% FBS;
Cell Signaling Technology) or anti-α-SMA antibody
(1:300 in 2% FBS; Abcam) for 60 minutes at room
temperature, and then with Alexa Fluor 488-conjugated
goat antirabbit antibody for 40 minutes. Coverslips were
mounted by using VECTASHIELD mounting medium
with 4′,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, Burlingame, CA, USA).
Immunohistochemical staining of mouse skin

Sections (6 μm in thickness) from paraffin-embedded
mouse skin were incubated for 120 minutes at room
temperature with monoclonal antibodies (mAbs) to CD3
(1:200; Nichirei Biosciences, Tokyo, Japan), F4/80 (1:1600;
Abcam), and p-Smad3 (1:50; Santa Cruz Biotechnology),
then with peroxidase-labeled secondary antibody (Nichirei
Biosciences), followed by color development with the aminoethylcarbazole system (Nichirei Biosciences). CD3+
cells, F4/80+ cells, and p-Smad3-positive cells were
counted under a high-power microscopic field (the Hall
section for CD3+ cells and distinct fields for the F4/80+
cells and p-Smad3-positive cells). Each section was examined independently by two investigators (TC and NO) in a
blinded manner.
Immunofluorescence staining of mouse skin

The 4-μm cryosections from bleomycin-injected mouse
skin were incubated at 4 °C overnight with the primary
antibodies p-Smad3 (1:50; Santa Cruz Biotechnology)
and F4/80 (1:200; Abcam). Antibodies conjugated with
Alexa Fluor 488 or Alexa Fluor 594 (Thermo Fisher
Scientific) were used as secondary antibodies of p-Smad3
or F4/80, respectively. Coverslips were mounted by using
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VECTASHIELD mounting medium with DAPI (Vector
Laboratories).
Preparation of skin cell suspension

A 2 × 2.5-cm piece of depilated back skin was minced
and then digested in 7 ml of RPMI 1640 medium
containing 10% FBS and 2 mg/ml crude collagenase
(Sigma-Aldrich, St. Louis, MO, USA), 1.5 mg/ml hyaluronidase (Sigma-Aldrich), and 0.03 mg/ml DNase I
(Roche Applied Science, Indianapolis, IN, USA) at 37 °C
for 90 minutes [23]. Samples were passed through a
70-μm Falcon cell strainer (Fisher Scientific/BD Biosciences, Pittsburgh, PA, USA) to obtain single-cell suspensions. After centrifugation at 1500 rpm for 5 minutes,
the cell pellet was resuspended in a 70% Percoll solution
(GE Healthcare Life Sciences) and then overlaid with a
37% Percoll solution, followed by centrifugation at 1800
rpm for 20 minutes. The cells were aspirated from the
Percoll interface and passed through a 70-μm Falcon cell
strainer. The harvested cells were washed with ice-cold
PBS and used for flow cytometric analysis.
Flow cytometry

mAbs against the following mouse antigens were used:
Alexa Fluor 488-conjugated anti-CD45, allophycocyanin
(APC)-conjugated anti-Ly6G, Pacific Blue-conjugated
anti-CD11b, peridinin-chlorophyll-conjugated anti-Ly6C,
phycoerythrin-cyanine 7-conjugated anti-CD206 (all
from BioLegend, San Diego, CA, USA), and APCconjugated anti-CD204 (R&D Systems, Minneapolis,
MN, USA). To distinguish dead cells from live cells, the
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo
Fisher Scientific) was used.
The single-cell suspensions obtained as described above
were stained for 20 minutes at 4 °C using the indicated
mAbs at predetermined optimal concentrations for sixcolor immunofluorescence analysis. Stained samples were
analyzed using the FACSCanto II system (BD Biosciences,
San Jose, CA, USA). Data were analyzed using FlowJo
software version 7 (FlowJo, Ashland, OR, USA).
RT-PCR

Total RNA was isolated from the skin or cultured fibroblasts using RNeasy spin columns (Qiagen, Valencia, CA,
USA) and digested with DNase I (Qiagen) to remove
chromosomal DNA. Total RNA was reverse-transcribed
to a complementary DNA using a reverse transcription
system with random hexamers (TaKaRa Bio). Real-time
RT-PCR was performed using the StepOnePlus Real-Time
PCR System (Thermo Fisher Scientific). All data were normalized against GAPDH messenger RNA (mRNA) and
quantified as relative expression.
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Statistical analysis

All data are shown as the mean ± SEM and were analyzed using Prism software version 7 (GraphPad Software, La Jolla, CA, USA). The significance of differences
between samples was determined by Student’s two-tailed
t test. p Values ≤ 0.05 were considered statistically
significant.

Results
HPH-15 inhibits TGF-β-induced fibrotic responses in cultured
human dermal fibroblasts

Fibroblasts are the main source of collagen and other
ECM components in fibrotic skin. We first examined
the biological effects of HPH-15 on in vitro ECM synthesis (relevant to the fibroblastic activity) using human
dermal fibroblasts. As shown in Fig. 1a, recombinant
TGF-β1 stimulated baseline expression of Col1a2 and
FN1 mRNAs by 24 h of treatment. A 1-h pretreatment
with 3 or 10 μM of HPH-15 significantly suppressed the
TGF-β1-dependent induction of both mRNAs, although
1 μM HPH-15 had no effect. The suppression reached a
sustained maximal level with 3 μM HPH-15. Moreover,
the TGF-β1-dependent increase of Col1a2 mRNA was
decreased almost to the steady-state level at this dose.
Therefore, we confirmed the effect of 3 μM HPH-15
for protein expression of Col1a2, FN1, and CTGF, a representative TGF-β1-responsive profibrotic mediator,
using Western blotting (Fig. 1b and c). TGF-β1-induced
protein expression of Col1a2, FN1, and CTGF on human
dermal fibroblasts was significantly inhibited by HPH-15
treatment. Additionally, immunofluorescent cell staining
demonstrated that preincubation with HPH-15 inhibited
the TGF-β1-induced α-SMA expression on dermal fibroblasts (Fig. 1d). The administration of HPH-15 did not
significantly affect the expression of these proteins in the
unstimulated fibroblasts. These data suggest that pretreatment with HPH-15 efficiently inhibits the fibrogenic
activity induced by TGF-β1 in dermal fibroblasts.
HPH-15 antagonizes phosphorylation of Smad3 in
cultured human dermal fibroblasts

The Smad signaling pathways mediate the transcriptional regulation of genes induced by TGF-β superfamily
members. To investigate the antifibrotic effects of HPH15 on the Smad-dependent pathway, we evaluated the
expression of p-Smad3 in TGF-β1-treated human dermal fibroblasts.
Western blot assays demonstrated that HPH-15
significantly attenuates the TGF-β1-induced phosphorylation of Smad3 without affecting total Smad expression
in cultured human fibroblasts (Fig. 2a). Immunocytochemistry revealed that preincubation with HPH-15 efficiently abrogated the TGF-β1-dependent increase of
Smad3 phosphorylation in cultured human dermal

Luong et al. Arthritis Research & Therapy (2018) 20:46

Page 5 of 13

a

b

c

d

Fig. 1 The antifibrotic role of the histidine-pyridine-histidine ligand derivative HPH-15 in cultured human dermal fibroblasts stimulated with transforming
growth factor-β1 (TGF-β1). Normal human dermal fibroblasts were pretreated with dimethyl sulfoxide (DMSO) or various concentrations of DMSO-diluted
HPH-15 for 1 h. Then, cells were stimulated with 10 ng/ml human TGF-β1 for the next 24 h. a Messenger RNA (mRNA) expression of collagen type I, alpha
2 (Col1a2), and fibronectin 1 (FN1) in fibroblasts was measured by real-time RT-PCR. n = 3 per group. b–d HPH-15 at a dose of 3 μM was used on the basis
of results shown in (a). b and c Total cell lysates were subjected to Western blotting of Col1a2, FN1, and connective tissue growth factor (CTGF). n = 4 per
group. Values are normalized relative to control. d Normal human fibroblasts were stained with α-smooth muscle actin by immunofluorescent staining,
and representative pictures are shown. Scale bar = 30 μm. n = 3 per group. All values represent mean ± SEM. * p ≤ 0.05. GAPDH Glyceraldehyde
3-phosphate dehydrogenase

fibroblasts (Fig. 2b). HPH-15 did not significantly affect
the phosphorylation of Smad3 in human dermal fibroblasts not stimulated with TGF-β1.
HPH-15 ameliorates bleomycin-induced skin fibrosis in
mice

Using a bleomycin-induced skin fibrosis mouse model,
we attempted to examine the in vivo antifibrotic effects
of HPH-15 at two different treatment onsets, one in a
preventive model (ongoing) and the other in a curative
model (postonset). In the preventive experiment, the
local bleomycin injection and oral HPH-15 were coadministered daily for 4 weeks. Histology of the
bleomycin-injected skin sites revealed a marked decrease
in the dermal thickness (89% decrease) and collagen
deposition compared with mice coadministered

sterilized olive oil as a control (Fig. 3a and b). In
addition, the soluble collagen fraction in the bleomycininjected skin was significantly reduced following the coadministration of HPH-15 (Fig. 3c). HPH-15 treatment
did not affect the dermal thickness in the saline-injected
skin (Fig. 3a and b). These data suggest that the coadministration of HPH-15 can counteract the fibrogenic
activity of bleomycin in vivo.
To evaluate the effects of HPH-15 on established
fibrosis, bleomycin or a saline control was administered
to mice every other day. Two weeks after the first injection of bleomycin, significant skin fibrosis was detected
(Additional file 2: Figure S2). At this point, mice were
given a daily dose of HPH-15 or vehicle control for the
remaining 4 weeks while the bleomycin injection was
continued on alternate days. Treatment with HPH-15
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Fig. 2 The histidine-pyridine-histidine ligand derivative HPH-15 antagonizes the phosphorylation of Smad3 in cultured human dermal fibroblasts.
a and b Normal human fibroblasts were pretreated with dimethyl sulfoxide (DMSO) or DMSO-diluted HPH-15 (3 μM) for 1 h. Then, cells were
stimulated with 10 ng/ml human transforming growth factor-β1 (TGF-β1) for the next 3 h. a Phosphorylation of Smad3 in the cultured human
dermal fibroblasts was assessed by Western blot analysis. n = 4 per group. Values are normalized relative to control. All values represent mean ±
SEM. ** p ≤ 0.01. b Human fibroblasts were immunostained for p-Smad3 (green). Nuclei (blue) was stained with 4′,6-diamidino-2-phenylindole.
Scale bar = 100 μm. n = 3 per group. GAPDH Glyceraldehyde 3-phosphate dehydrogenase

resulted in significantly decreased dermal thickness (71%
decrease) in the lesional skin compared with the vehicletreated mice. Moreover, the Masson’s trichrome-stained
area was significantly reduced in the HPH-15-treated
mice (Fig. 3d and e). HPH-15 was well tolerated
throughout all experiments, and no significant effects on
body weight loss (Additional file 3: Figure S3) or other
signs of toxicity were noted.
HPH-15 inhibits inflammatory cell infiltration during early
stage of bleomycin injection

It is known that injection of bleomycin induces an early
and transient inflammatory response in the dermis.
Among the infiltrating cells, macrophages are the most
prominent [10]. Consistent with this, local injection of
bleomycin, but not control saline, induced the infiltration of F4/80-positive macrophages into the middle dermis at day 14 (Fig. 4a). This increased infiltration of
macrophages was significantly blocked by concurrent
administration of HPH-15 (p < 0.05). Similar inhibitory
effects of HPH-15 were observed on the local infiltration
of CD3-positive T lymphocytes in bleomycin-treated
skin (Fig. 4b). These results show the in vivo preventive
effects of HPH-15 during the early inflammatory response of bleomycin-induced skin fibrosis.
HPH-15 suppresses phosphorylation of Smad3 in various
cells, including macrophages, in bleomycin-injected skin

In bleomycin-injected mouse skin, immunohistochemical
staining revealed a downregulated expression of p-Smad3
in the epidermis, dermis, and subcutaneous tissues of
HPH-15-treated mice. The number of p-Smad3-positive
cells in the dermis and subcutaneous tissues (suggestive of
fibroblasts and leukocytes) was significantly decreased in
the HPH-15-treated mice compared with control mice

(Fig. 4c). In addition, immunofluorescence staining indicated that most infiltrating p-Smad3-positive cells were
F4/80-positive macrophages in the bleomycin-injected
skin (Fig. 4d).
HPH-15 reduces infiltration of inflammatory CD11b+Ly6Chi
monocytes during early-stage fibrosis and profibrotic M2
macrophages during late-stage fibrosis

As described above, the main infiltrating cell population
in bleomycin-injected skin is macrophages (Fig. 4). To
further investigate the effects of HPH-15 on subsets of
macrophages, we isolated leukocytes from lesional skin
at two different time points—the inflammatory stage
(day 7) and the fibrotic stage (day 21)—and stained for
monocyte/macrophage surface markers. The infiltration
of CD11b+Ly6Chi monocytes was remarkably increased
after 7 days of bleomycin injections. Moreover, HPH-15
treatment significantly decreased the percentage of
CD11b+Ly6Chi monocytes in the skin (Fig. 5b).
M2 macrophages are well known to play a central role
in the pathologic fibrotic response [24]. Therefore, we
next evaluated the impact of HPH-15 on the M2 macrophage population using the M2 macrophage cell surface
markers CD204 and CD206. On day 21, mice treated
with bleomycin exhibited an increase in the proportion
of CD11b+CD204+ and CD11b+CD206+ cells in the skin.
HPH-15 administration significantly reduced these subsets (Fig. 5c) as well as the expression of Arg1 and Ym1
mRNAs, established markers of M2 macrophages, in the
skin lesions of bleomycin-treated mice (Fig. 6a).
HPH-15 restores mRNA expression of Fli1 and KLF5 in
bleomycin-injected skin

Friend leukemia integration 1 (Fli1) and Krüppel-like
factor 5 (KLF5) are transcription factors that repress
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Fig. 3 Histidine-pyridine-histidine ligand derivative HPH-15 treatment ameliorates bleomycin (BLM)-induced skin fibrosis in mice. The antifibrotic effects
of HPH-15 were analyzed at the endpoint of the preventive model (a–c) and curative model (d and e). The preventive model was performed by daily
subcutaneous injections of BLM into the back skin of the mice concurrently with daily oral gavage of HPH-15 or vehicle (sterilized olive oil) for 4 weeks.
In the curative model, BLM was administered on alternate days for 6 weeks. Two weeks after the first injection, mice were given a daily dose of HPH15 or vehicle for the remaining 4 weeks. Representative images of H&E-stained (upper pictures) and Masson’s trichrome-stained (lower pictures) tissue.
Arrows indicate dermal thickness. Scale bar = 100 μm. Skin fibrosis was compared by determining dermal thickness, ratio of trichrome area/total area,
and soluble collagen content. All values represent mean ± SEM; n = 4–6 per group. * p ≤ 0.05; ** p ≤ 0.01

expression of the collagen gene [25, 26]. Researchers in
previous studies reported decreased mRNA levels of
these transcription factors in murine skin fibrosis models

[27]. We found that bleomycin injection caused remarkably decreased mRNA expression of Fli1 and KLF5, and,
as we expected, expression of Fli1 and KLF5 mRNAs
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Fig. 4 The histidine-pyridine-histidine ligand derivative HPH-15 inhibits leukocyte infiltration and suppresses Smad3 phosphorylation in bleomycin
(BLM)-injected skin. a–d Back skin samples of mice treated with HPH-15 or vehicle were harvested after 14 days of daily BLM injections. Skin sections
were incubated with anti-F4/80 antibody (a) and anti-CD3 antibody (b). Representative images are shown on the left. Scale bar = 50 μm. Quantitative
analysis is shown in the bar graph on the right. c Skin sections were stained for p-Smad3. Scale bar = 50 μm. Quantitative analysis of p-Smad3-positive
cells in the dermis is shown in the bar graph. d Cryosections of the skin were subjected to immunofluorescent staining for 4′,6-diamidino-2-phenylindole
(DAPI) (nuclear, blue), p-Smad3 (nuclear, green), and F4/80 (cell surface, red). Dashed box inset indicates the location of zoomed image.
Scale bar = 30 μm. All values represent mean ± SEM; n = 5 per group. * p ≤ 0.05. HPF High-power field

were significantly recovered by HPH-15 treatment of
bleomycin-injected mice (Fig. 6b).

Discussion
We developed an orally active agent, HPH-15, and investigated its effects on fibrosis both in vivo and in vitro.
HPH-15 disrupted the phosphorylation of Smad3 in
human skin fibroblasts stimulated with TGF-β and
effectively inhibited the expression of α-SMA, Col1a2,
FN1, and CTGF. Furthermore, HPH-15 not only prevented skin fibrosis but also was effective against established skin fibrosis in the bleomycin-induced model.
Treatment with HPH-15 inhibited the phosphorylation
of Smad3 in keratinocytes, fibroblasts, and leukocytes
(most of them being macrophages) in fibrotic skin and

reduced the accumulation of inflammatory macrophages
and profibrotic M2 macrophages in the early and late
phases, respectively.
We previously synthesized a series of pyridine-based
symmetrical molecules. Among these, HPH-15 showed
promise as an antifibrotic agent in our preliminary cellular experiments (Ogura D and Niwa S 2017, unpublished
data). In the present study, we confirmed that HPH-15
blocks Smad3 phosphorylation in human skin fibroblasts
stimulated with TGF-β1. Furthermore, HPH-15 suppresses the TGF-β1-dependent expression of α-SMA,
ECM components, and CTGF, a representative TGF-β1responsive mediator, on human skin fibroblasts. These
findings suggest that HPH-15 inhibits skin fibrosis via
suppression of TGF-β/Smad signaling of fibroblasts.
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Fig. 5 The histidine-pyridine-histidine ligand derivative HPH-15 reduces the infiltration of inflammatory CD11b+Ly6Chi monocytes in the early stage of
fibrosis and profibrotic M2 macrophages during the late stage. Skin samples from normal, vehicle-treated, and HPH-15-treated mice were harvested 7
or 21 days after bleomycin (BLM) injection. a CD45+CD11b+ cells were gated for analysis of the subsets of macrophages. Representative images (left)
and bar graphs (right) of Ly6Chi macrophages on day 7 (b) and CD204+ and CD206+ M2 macrophages on day 21 (c) analyzed by flow cytometry. All
values represent mean ± SEM; n = 3 per group. * p ≤ 0.05. FSC-A Forward scatter area

Recently, fresolimumab, a human immunoglobulin G4κ
mAb that neutralizes all three TGF-β isoforms, was used
in an open-label trial in patients with early diffuse SSc
[28]. Interestingly, fresolimumab exhibited a tendency to
decrease expression of macrophage/monocyte-associated
genes in the skin. In our mouse experiments, macrophage accumulation was inhibited by HPH-15 in a manner similar to that of the antihuman TGF-β mAb.
Although TGF-β is well known for its anti-inflammatory
functions, it can also directly induce monocyte migration
in vitro [29]. Furthermore, recombinant TGF-β injection
induces macrophage infiltration in addition to fibrosis in

mouse skin [30]. Although mice with the stiff skin syndrome mutation, a genetic mouse model of SSc, show
the presence of increased proinflammatory cells, including plasmacytoid dendritic cells, T-helper cells, and
plasma cells in the skin, TGF-β-neutralizing antibody
inhibited the inflammation and reversed the established
skin fibrosis [31]. Therefore, blockade of TGF-β signaling may directly inhibit the early inflammation that leads
to fibrosis.
The presence of immunocyte infiltrate is usually
detected in the skin of patients with early SSc [32].
Similar inflammatory cell infiltration is also found in the
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a

b

Fig. 6 The effect of the histidine-pyridine-histidine ligand HPH-15 on the messenger RNA (mRNA) expression of macrophage markers and transcription
factors. Skin samples from normal, vehicle-treated, and HPH-15-treated mice were harvested 14 days after bleomycin (BLM) injection. Total RNA was
extracted, and expression of arginase 1 (Arg1), Ym1, inducible NO synthase (iNOS) (a), Friend leukemia integration 1 (Fli1), and Krüppel-like factor 5
(KLF5) (b) mRNAs were quantitatively analyzed by real-time RT-PCR. Each sample was repeated in duplicate. All values represent mean ± SEM; n = 4–5
per group. * p ≤ 0.05

skin of the bleomycin-induced skin fibrosis model
[33, 34]. Macrophages are an important source of
fibrotic cytokines, including TGF-β, and have been
considered to play a central role in the pathogenesis
of fibrotic disorders, including SSc [35, 36]. Specifically, M2 macrophages have been implicated as critical
mediators in various tissue fibrosis models, including
bleomycin-induced skin fibrosis [5, 24, 37]. Importantly, gene expression analysis demonstrated augmentation of the M2 macrophage signature in the skin of
patients with SSc, which was suppressed by anti-IL6R mAb (tocilizumab) therapy associated with an improvement of fibrosis [38]. In bleomycin-injected skin,
the majority of immune cells were macrophages, and
HPH-15 markedly inhibited this accumulation. In
addition, most p-Smad3-positive infiltrating cells were
F4/80-positive macrophages in the bleomycin-injected
skin, and those cells were dramatically decreased by
HPH-15 treatment. Therefore, HPH-15 may directly
affect macrophages in addition to fibroblasts in
bleomycin-injected fibrotic skin.
Circulating monocytes can be classified into Ly6Chi
and Ly6Clow monocytes [4]. Ly6Chi or inflammatory
monocytes respond to inflammatory signals and leave
the circulation by extravasation, whereas Ly6Clow monocytes patrol the luminal side of the vasculature [39, 40].
Recent studies demonstrated that Ly6Chi inflammatory
monocytes are increased in the tissues of mouse models,
including lung fibrosis and unilateral ureteral

obstruction-induced fibrosis, during the progressive
fibrotic phase [41, 42]. Depending on the specific cytokines to which they are exposed, tissue Ly6Chi macrophages will polarize into inflammatory macrophages or
downregulate Ly6C and polarize cells into tissueremodeling/profibrotic (M2) macrophages [4, 39, 43]. In
our experiments, following 7 days of bleomycin injections, there was a remarkable increase in the Ly6Chi
macrophage population in the skin, an effect that was
significantly inhibited by administration of HPH-15.
During the fibrotic stage (day 21), HPH-15 treatment
inhibited the expansion of the M2 macrophage population and specifically caused a reduction of the CD11b
+
CD204+ and CD11b+CD206+ subsets. Although it
would be ideal to compare numbers of infiltrating
Ly6Chi and M2 macrophages rather than just their frequencies, this proved to be technically difficult owing to
the challenge of cell isolation from the skin. However,
considering the immunohistochemical findings regarding
total macrophages, the effect of HPH-15 on the reduction of these macrophage subsets is likely dramatic.
Furthermore, HPH-15 inhibited expression of arginase 1
and Ym1 mRNAs, markers of M2 macrophages, in
bleomycin-treated skin. M2 macrophages likely appear
during the fibrotic stage, either via differentiation of
newly recruited infiltrating macrophages or by in situ
transition of previously differentiated infiltrating M1
macrophages or Ly6Chi inflammatory macrophages in
the presence of Th2 cytokines such as IL-4 [24, 42, 44].
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Additionally, a recent study demonstrated that TGF-β
skews macrophage polarization toward an M2-like
phenotype in human THP-1 macrophages [45]. Interestingly, TGF-β1/Smad3 signaling was critical for the transition of bone marrow-derived macrophages into
collagen-producing myofibroblasts in a renal fibrosis
mouse model of unilateral ureteric obstruction [46]. In
that study, the macrophage myofibroblast transition was
induced more predominantly in M2 macrophages.
In our study, the prevalence of Ly6Chi monocytes was
remarkably decreased in the skin of wild-type mice
following bleomycin injection (from 49.6% on day 7 to
21.3% on day 21). Inversely, CD206+ M2 macrophages
increased from 18.2% on day 7 to 40.5% on day 21
(Additional file 4: Figure S4). Although the detailed
mechanisms regarding how HPH-15 reduces M2 macrophages in the skin remain unknown, the reduction of
Ly6Chi inflammatory macrophages during the inflammatory stage by HPH-15 treatment may partially explain
this effect. In addition, inhibition of TGF-β function by
HPH-15 might attenuate M2-polarized differentiation.
Further studies are needed to confirm whether HPH-15
or the blockade of TGF-β/Smad signaling via other
mechanisms inhibits the differentiation of Ly6Chi macrophages into M2 macrophages.
Fli1 and KLF5 are transcription factors that repress
collagen gene expression. The expression of both Fli1
and KLF5 were found to be decreased in SSc dermal fibroblasts [27, 47]. Importantly, heterozygous deficiency
of both Fli1 and KLF5 results in the development of all
three features of SSc, including autoimmunity, vasculopathy, and fibrosis [27]. More severe skin fibrosis and
increased numbers of M2 macrophages were detected in
Fli1-haploinsufficient mice by bleomycin injection [48].
Interestingly, Fli1 deficiency in epithelial cells spontaneously induces the fibrosis of skin, esophagus, and lungs
as well as autoimmunity [49]. Consistent with these
recent findings, our study demonstrates that Fli1 and
KLF5 are downregulated in bleomycin-injected skin
compared with normal skin. Moreover, these transcription factors were recovered with a concomitant amelioration of skin fibrosis in HPH-15-treated mice.
TGF-β has been considered to play a pivotal role in
initiating and sustaining the fibrotic process in SSc, a
function that is mediated via both canonical (Smaddependent) and noncanonical (Smad-independent)
pathways [2]. Fibroblasts from patients with SSc show
constitutive Smad2/3 phosphorylation and nuclear
localization, and various levels of abnormal Smad signaling have been detected. Therefore, targeting TGFβ/Smad signaling is an attractive strategy for treatment of SSc. Our data in vivo and in vitro showed
that HPH-15 inhibits the phosphorylation of Smad3
protein in human dermal fibroblasts. The inhibition
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of Smad3 phosphorylation, thereby interfering with its
binding to Smad-binding elements, likely results in
the reduction of transcription of fibrotic genes such
as Col1a2 and FN1, as seen in cultured fibroblasts.
Additionally, our limited data suggest that HPH-15
suppresses the Smad3 phosphorylation of dermal
macrophages in bleomycin-injected skin.
Several points remain unclear, and future studies are required to address these. First, the effective concentration
of HPH-15 should be improved if possible, such as by
application of a drug delivery system or through structural
optimization of HPH-15 before a clinical trial is conducted. Second, the effect of HPH-15 was investigated in
only one mouse model of SSc. It has been suggested that
the antifibrotic effects of specific molecules for SSc trials
should be confirmed in at least two complementary animal models of SSc [50]. Therefore, further studies using
other SSc models are required to clarify the utility of
HPH-15. Third, the detailed mechanism of action of
HPH-15, especially for macrophages and keratinocytes,
should be determined in addition to fibroblasts.

Conclusions
Our study shows that HPH-15 inhibits TGF-β/Smad
signaling and fibrogenic activity of human skin fibroblasts
in vitro and attenuates skin inflammation and subsequent
fibrosis in a mouse model of SSc. Because the findings of
this early preclinical study demonstrate several advantages
of HPH-15, including the fact that it is an orally active
agent with an excellent safety profile, HPH-15 shows
potential as a candidate for SSc clinical trials.
Additional files
Additional file 1: Figure S1. The molecular structure of HPH-15. (PDF 7 kb)
Additional file 2: Figure S2. HPH-15 treatment did not affect the growing of the mice. The body weight changes of mice treated with vehicle
or HPH-15 were assessed every 3 days. All values represent mean ± SEM;
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Additional file 3: Figure S3. Every-other-day injection of bleomycin for 2
weeks induced significant skin fibrosis. Back skin of NaCl- or bleomycininjected mice was harvested on day 14 and stained with H&E. Scale bar =
100 μm. n = 3 in each group. (PDF 80 kb)
Additional file 4: Figure S4. The inverse proportional change of Ly6Chi
macrophages and CD206+ M2 macrophages from the inflammation stage
(day 7) to the fibrotic stage (day 21). The single-cell suspension obtained
from the back skin of bleomycin-injected C57BL/6 mice on day 7 and day
21 was stained with the mAbs against CD45, CD11b, Ly6C, and CD206.
Stained samples were analyzed using the FACSCanto II system. Data were
analyzed using FlowJo software version 7. All values represent mean ± SEM.
n = 3 at each time point. ** p ≤ 0.01. (PDF 49 kb)
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