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Abstract: Aim: Geniposide is an iridoid glycoside isolated from the gardenia plant. It has multiple biological activi-
ties. The roles of geniposide in systemic sclerosis (SSc) and in endothelial-to-mesenchymal transition (EndMT) are
unclear. We investigated the protective effects of geniposide in a bleomycin-induced SSc mouse model, and its
potential mechanisms. Methods: The effects of geniposide were evaluated as follows: (1) histological and immuno-
chemical changes in mouse skin tissue; (2) changes in cellular morphology of human umbilical vein endothelial cells
(HUVECS); (3) expression of endothelial cell biomarkers (E-Cadherin, CD31, and CD34), mesenchymal cell markers
(FSP1, Collagen, and a-SMA), and key factors of EndMT (Slug, Snail, and Twist) using real time PCR, Western blot,
and immunofluorescence; (4) tube formation in HUVECs; (5) mTOR signaling pathway transcription factors using
Western blot analysis. Results: Treatment with bleomycin induced up-regulation of mesenchymal cell biomarkers
and down-regulation of endothelial cell biomarkers in in vivo and in vitro bleomycin-induced scleroderma models.
Geniposide treatment suppressed these effects. Geniposide remedied bleomycin-induced dermal capillary loss
and fibrosis in mice. The expression of key EndMT factors (Slug, Snail, and Twist) and the mTOR signaling pathway
(mTOR and S6) were also attenuated by geniposide treatment. Conclusion: Geniposide had protective effects on
endothelial cells in the bleomycin-induced scleroderma mouse model. These effects may occur via inhibition of the
mTOR signaling pathway activation. The results suggested that geniposide could be a potential candidate drug for
treatment of vascular damage in SSc patients.
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Introduction

Systemic sclerosis (SSc) or scleroderma is a
chronic disease characterized by immune sys-
tem activation, vasculopathy, and tissue fibro-
sis [1]. The vascular abnormalities that cause
organ dysfunction, particularly in the lung, he-
art, and kidney [2] likely drive the Raynaud’s
phenomenon that is the first symptom of the
disease. Different mediators (e.g., endothelin-1
(ET-1) and transforming growth factor-g (TGF-
B)) have been identified as involved in the vas-
cular remodeling that occurs in SSc patients
[3]. However, the underlying mechanisms of
SSc vasculopathy and how damage results in

fibrosis are poorly understood. Studies have re-
vealed that perivascular myofibroblasts may
originate from the mesenchymal transition of
endothelial cells (ECs). This endothelial-to-mes-
enchymal transition (EndMT) is a possible path-
ogenic mechanism for diseases including diabe-
tic nephropathy, cardiac fibrosis, intestinal fib-
rosis, pulmonary hypertension, and SSc [4-9].

Bleomycin (BLM)-induced fibrosis mouse mod-
els are widely used to investigate pulmonary
fibrosis [10]. The SSc mouse model was first
used by Yamamoto; it was developed to repro-
duce dermal and lung fibrosis with pro-fibro-
tic inflammation, vascular wall thickness in the
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deep dermis, and serum autoantibody produc-
tion [10-12]. BLM can induce production of
reactive oxygen species, which damage the
surrounding cells and result in adverse con-
sequences such as up-regulation of adhesion
molecules, leukocyte infiltration, and resident
fibroblast activation [13]. Taken together, these
responses suggest that BLM can induce early
inflammation and late stages of fibrosis, simi-
lar to the responses that occur during SSc
pathogenesis [13].

The BLM-induced model has been used to
examine the EndMT [14-16]. The EndMT was
first revealed in 1975 by developmental stu-
dies of heart formation [17]. It is characteri-
zed by loss of cell-cell adhesion and changes
in cell polarity, which induce a spindle-shaped
morphology. These changes are accompanied
by reduced expression of endothelial markers
(e.g., vascular endothelial cadherin and CD31),
and increased mesenchymal marker expres-
sion (e.g., fibroblast-specific protein-1, a-smoo-
th muscle actin (a-SMA), neural cadherin, and
fibronectin) [18]. Loss of cell-cell adhesion
is mediated by transcription factors such as
Snail, Slug, zinc finger E-box-binding homeobox
1, SIP-1, Twist, and lymphoid enhancer-bind-
ing factor-1, which suppress the transcription
of genes encoding proteins involved in the for-
mation of both adherent junctions and tight
junctions [19-22].

Mammalian target of rapamycin (mTOR) has
broad anti-proliferative properties. mTOR sig-
naling affects major cellular functions; it has
a significant role in regulation of basic cell be-
haviors such as growth (mass accumulation)
and proliferation. mTOR deregulation occurs in
many human diseases, such as cancer, obesity,
type 2 diabetes, and neurodegeneration [23].
Significant pharmacological studies are target-
ing this pathway. The BLM-induced transfor-
mation may be regulated by the EndMT-rela-
ted transcription factor Slug in an Akt/mTOR
pathway-dependent manner [24].

Traditional herbal medicine has long been used
to relieve SSc symptoms in patients in China,
but the therapeutic mechanisms of action are
unclear. Our previous study revealed that one
substance from an herbal compound (Astraga-
loside 1V) claiming to “nourish the kidney and
strengthen the essence” exhibited anti-fibrotic
effects via the TGF-B/SMAD3 pathway [25].
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However, because any given Chinese herbal
compound usually consists of hundreds of
constituents, studies of therapeutic efficacy
should include a comprehensive analysis of
each component. In this study, we isolated one
of these important substances, geniposide,
which is derived from the Chinese herbal com-
pound Zhizi. Results using the BLM-induced
SSc model indicated that geniposide protects
ECs. The Chinese Pharmacopoeia describes
the herbal medicine Zhizi as the dried fruit of
Gardenia jasminoides and that it has “bitter-
ness and coldness” properties. According to
traditional Chinese medicine theory, a herbal
medicine with these properties could be con-
sidered for application in various inflammatory
conditions, including the early inflammation
experienced by SSc patients. The pharmaco-
logical activities of geniposide (an iridoid glyco-
side) include anti-oxidation, anti-tumor, anti-
asthma, and anti-diabetic effects [26-29]. An
increasing number of studies have examined
the therapeutic role of geniposide in brain dis-
eases, especially ischemic cerebral vascular
disease. Geniposide has a protective effect on
the granule cell layer and can reduce neuronal
cell death induced by oxygen and glucose de-
privation [30]. Yin et al. examined the cytopro-
tective effects of geniposide on hippocampal
neurons and found that it induces nuclear
translocation of nuclear factor-E2-related fac-
tor 2 (Nrf2) [31]. Park et al. found that genipo-
side suppresses liver fibrosis by targeting the
TGF-B/SMAD3 and ERK-MAPK pathways. This
mechanism of action may also be relevant for
treatment of fibrotic diseases (e.g., SSc) [32].

No studies have used a BLM-induced SSc
mouse model to examine the effects or un-
derlying mechanisms of geniposide treatment.
The objective of this study was to use a BLM-
induced SSc model to evaluate geniposide ef-
ficacy and effects on the EndMT and on the
mTOR signaling pathway.

Materials and methods
Ethics statement

The study protocol was approved by the ani-
mal ethics committee of the Guangzhou Uni-
versity of Chinese Medicine. The ethics com-
mittee of the First Affiliated Hospital, Guang
Zhou University of Chinese Medicine, approved
the collection of tissue samples for the study.
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Table 1. Primers used in the RT-PCR assay

Primers Sequences (5'—3’)
H-E-cadherin-F GAGAAACAGGATGGCTGAAGG
H-E-cadherin-R TGAGGATGGTGTAAGCGATGG
H-Snail-F ACCACTATGCCGCGCTCTT
H-Snail-R GGTCGTAGGGCTGCTGGAA
H-CD31-F AGGCATTTTGGACCAAGCAG
H-CD31-R GGCCGCAATGATCAAGAGAG
H-collagen | F GCCAAGACGAAGACATCCCA
H-collagen | R GGCAGTTCTTGGTCTCGTCA
H-a-SMA F TGCCTTGGTGTGTGACAATG
H-o-SMA R TCACCCACGTAGCTGTCTTT
H-CD34-F TAGCCTTGCAACATCTCCCA
H-CD34-R CTTAAACTCCGCACAGCTGG
H-Slug-F CAACGCCTCCAAAAAGCCAA
H-Slug-R ACTCACTCGCCCCAAAGATG
Mus-Slug-F GAACCCACACATTGCCTTGT
Mus-Slug-R GCAGAAGCGACATTCTGGAG
H-twist-F AGTCTTACGAGGAGCTGCAG
H-twist-R AGGAAGTCGATGTACCTGGC
Mus-twist-F CAGCGGGTCATGGCTAACG
Mus-twist-R TTGCTCAGCTTGTCCGAGG
H-FSP1-F TTGTCCCTGTTGCTGTCCAA
H-FSP1-R TTGTCCCTGTTGCTGTCCAA
Mus-snail-F AAGCCCAACTATAGCGAGCT
Mus-snail-R TTTTGCCACTGTCCTCATCG
B-actin-F CCCATCTATGAGGGTTACGC
B-actin-R TTTAATGTCACGCACGATTTC

Animals, cells, and treatment

C57BIl/6) female mice (body weight range,
20-22 g) were obtained from the laboratory
animal center of Sun Yat-Sen University (Gu-
angzhou, China). BLM (Nippon Kayaku, Tokyo,
Japan) was dissolved in PBS at a concentra-
tion of 1 mg/ml and sterilized by filtration,
BLM was injected subcutaneously into the
shaved backs of the mice daily for 4 weeks
with a 27-gauge needle. The SSc mouse model
was established. Each SSc mouse was ran-
domly allocated to one of four groups (Con-
trol, BLM, BLM+geniposide (BLM+GEN), or
BLM+rapamycin (BLM+Rap)). Each mouse re-
ceived a daily subcutaneous injection in the
same site in the back skin for 4 weeks. Each
Control group mouse was injected with 100 ul
phosphate buffered saline (PBS) per day. Each
BLM mouse was injected with 100 ul BLM in
PBS (1 mg/ml) per day. The BLM+GEN mice
were each injected with 100 ul/day BLM (1
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mg/ml) and geniposide (40 mg/kg/day). The
BLM+Rap mice were injected with 100 ul/day
BLM (1 mg/ml) and rapamycin (1.5 mg/kg/
day). At the end of the 4-week period, each
mouse was euthanized and the skin tissue
was harvested and processed for analysis.

The human umbilical vein endothelial cell
(HUVEC) line was obtained from the American
Type Culture Collection (ATCC, Manassas, VA,
USA)and culturedin Roswell Park Memorial Insti-
tute 1640 medium containing 10% fetal bo-
vine serum. The HUVEC cells were divided into
four treatment groups. The control group cells
were treated with PBS; the BLM group cells
were treated with BLM (0.1 mU/mL); the BLM+
GEN cells were treated with BLM (0.1 mU/mL)
and geniposide (200 ug/ml); the BLM+Rap
cells were treated with BLM (0.1 mU/mL) and
rapamycin (100 nM). After 48 hours of stimu-
lation, the cells were harvested and analyzed
for mRNA and protein expression.

Real-time quantitative PCR (RT-PCR)

The HUVEC cells and skin tissues were homog-
enized and total RNA was extracted using the
RNeasy MiniKit (Qiagen, Germany). RNA quan-
tity was normalized to 18s rRNA. One micro-
gram total RNA was used for random hexamer
reverse-transcription. The cDNAs were ampli-
fied using the GoTaq® qPCR Master Mix (Pro-
mega, Madison, USA) following the manufac-
turer’s instructions and a MiniOpticon™ real-
time PCR detection instrument (Bio-Rad, CA,
USA). B-actin was used as an internal control.
The primers used for the amplification are pre-
sented in Table 1. The results were normalized
to the control group and relative fold changes
were determined using the (222°) method. The
Ct values provided from real-time quantitative
PCR instrumentation were imported into Micro-
soft excel, and the change in expression of the
target gene was normalized to B-actin.

Western blot analysis

Homogenization in a RIPA buffer (Beyotime Bio-
technology, Shanghai, China) was used to pre-
pare the HUVEC lysates. The protein concen-
trations were determined using a Bicinchoni-
nic Acid Protein Assay Kit (Pierce, Rockford, IL,
USA). The lysates were denatured at 95°C for
5 min; 50 mg total protein per lane was used
for the SDS-polyacrylamide gel electrophore-
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sis. The proteins were blotted on polyvinyli-
dene difluoride membranes (Thermo Fisher
Scientific, MA, USA), followed by blocking with
5% skimmed milk for 1 h at room tempera-
ture. The proteins were blotted using anti-
E-cadherin antibody (1:1,000; Cell Signaling
Technology, Inc., MA, USA), anti-CD31 anti-
body (1:1,000; Cell Signaling Technology, Inc.),
anti-FSP1 antibody (1:200; Sigma Aldrich, MO,
USA), anti-a-SMA antibody (1:1,000; Assay
Biotechnology, Co., Inc., CA, USA), anti-Slug an-
tibody (Cell Signaling Technology, Inc.), anti-
Snail antibody (1:1,000; BD Biosciences, Fran-
klin, NJ, USA), anti-Twist antibody (1:500; Ab-
cam, MA, USA), anti-p-S6 antibody (1:1,000;
Cell Signaling Technology, Inc.), anti-S6 anti-
body (1:1,000; Cell Signaling Technology, Inc.),
anti-p-mTOR antibody (1:1,000; Cell Signal-
ing Technology, Inc.), or anti-mTOR antibody
(1:1,000; Cell Signaling Technology, Inc.). An
anti-GAPDH (Sigma Aldrich) antibody was used
as the internal control. The blots were visual-
ized using chemiluminescence (Forevergen,
Guangzhou, China). All experiments were per-
formed in triplicate. Selected blots were quanti-
fied using Image J software.

Image analysis

The morphology of cells without pigmenta-
tion was examined under the optical micro-
scope (Eclipse TS100, Nikon Instruments Inc.,
NY, USA).

Immunohistochemistry

Five microns of the paraffin-embedded tis-
sue from each skin sample were deparaffini-
zed using Histo-Clear (National Diagnostics,
Atlanta, GA), rehydrated, and washed with 0.01
M PBS. The endogenous peroxidase activity
was blocked using 3% hydrogen peroxide in
methanol at room temperature for 30 min.
After blocking in 10% goat serum for 30 min,
each section was incubated with a-SMA (1:
100, Santa Cruz, CA, USA) and Snail antibo-
dies (1:50, Abcam, MA, USA) at 4°C over-
night, followed by HRP-conjugated secondary
antibody exposure at 37°C for 1 h. The ABC
(Vector, Laboratories, CA, USA) and DAB sub-
strate (Sigma, Schnelldorf, Germany) kits were
used according to the manufacturer’s protocol
to visualize the results. The stained samples
were counted in 10 random grids under high
maghnification power fields of a light micro-
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scope. Each section was examined indepen-
dently by two investigators in a blinded man-
ner.

Immunofluorescence

Paraffin-embedded tissue from each skin sa-
mple was deparaffinized and rehydrated. Anti-
gen retrieval was performed in citrate buffer.
Endogenous peroxidase activity was blocked
by incubating slides for 30 minutes in 0.3%
H,O,; the slides were then incubated in 0.1
M glycine for 45 minutes at 48°C. Blocking
was performed in 3% rabbit serum or 3% goat
serum (VWF) for 1 hour, followed by overnight
incubation with E-cadherin (1:50, Cell Signal-
ing Technology), CD31 (1:50, Cell Signaling Te-
chnology), o-SMA (1:200, Assay Biotechno-
logy), or Snail (1:100, BD Biosciences). Each
slide was then incubated in the FITC-conjunct
secondary antibody (Invitrogen, CA, USA) for
30 minutes. The cell nuclei were stained us-
ing Hoechst 33258 stain (Invitrogen) and the
images were captured using fluorescence mi-
croscopy (Olympus BX51W41, Tokyo, Japan).

Hematoxylin and eosin and cs

The samples stained with hematoxylin and
eosin (HE) were prepared as following. Each
sample was fixed in 10% buffered formalin,
embedded in paraffin and routinely processed.
Three to five micrometer thick sections were
stained with hematoxylin (Sigma H 3136) for
10 min and with eosin (Sigma E 4382) for 1 min
to visualize the areas for examination. The sam-
ples stained using the Fontana-Masson meth-
od, Fontana-Masson staining of the samples
was performed following the protocol provided
in the Fontana-Masson kit (Abcam, ab150669).

Matrigel tube formation assay

HUVEC cells were seeded at a density of 1x10*
cells/well in basement membrane matrix gel
(Matrigel, BD) coated on two-well glass slides
and pretreated with PBS, BLM, BLM+GEN, or
BLM+Rap. After 48 hours of treatment, the cell
culture medium was replaced with serum-free
medium and was incubated for 8 hours at
37°C in a humidified incubator (5% CO,). Six
fields from each group were randomly selected
for inverted microscopy examination for quan-
tification of tube formation. The tube lengths
were calculated and the results were normal-
ized to the control group values.

Am J Transl Res 2017;9(3):1025-1036
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Figure 1. Image analysis of BLM- and geniposide-treated murine skin tis-
sues. C57BL/6 mice received PBS, BLM, BLM and geniposide, or BLM and
rapamycin treatments for 4 weeks; skin tissues were then harvested for
analysis. A. H&E stain results for mouse skin tissue for the four treatments.
Representative images. Black arrows indicate blood vessels. B. Fontana-
Masson stain results for the four treatment groups. Representative images.
C. Computerized histogram analysis of capillaries, *P<0.05, compared with
control group; #P<0.05, compared with BLM group. D. A histogram of the val-
ues for collagen thickness, *P<0.05, compared with control group; #P<0.05,
compared with BLM group. E. Immunohistochemistry analysis of the mesen-
chymal marker a-SMA, scale= 50 um.

BLM+GEN

BLM+Rap

Figure 2. Cell morphology changes after bleomycin and geniposide treatment
of HUVECs in vitro. Confluent HUVECs were stimulated with PBS, BLM, BLM
and geniposide, or BLM and rapamycin under identical conditions. After 48
hours of stimulation, cell morphology was observed under the microscope.
Representative images. Scale=50 um.

Statistical analysis

analyze differences between
two groups. One-way analysis
of variance was used to ana-
lyze differences between
more than three groups. A
P-value <0.05 was consid-
ered to indicate a statistically
significant result.

Results

Geniposide successfully in-
hibited BLM-induced dermal
capillary loss and fibrosis in
mice

We first used our BLM-induc-
ed animal model to investi-
gate the effects of genipo-
side. We treated C57BL/6J
wildtype mice with BLM or
BLM plus geniposide for 4
weeks. Rapamycin was used
as a positive control for
mTOR inhibition because a
previous study found that it
is involved in BLM-induced
EndMT in HUVECs (24). The
H&E stain results indicated
that compared with the Con-
trol group mice, the skin sa-
mples from the BLM group
mice had thick and compact
collagen fibers and a reduc-
tion in the number of blood
vessels; the Control mice had
skin with a low density of col-
lagen fibers and high density
of blood vessels (Figure 1).
Collagen fiber deposition was
reduced in the BLM group,
and blood vessel number was
increased in the GEN and Rap
treatment groups (Figure 1A).
The Fontana-Masson stain-
ing revealed that the severe
cutaneous fibrosis induced
by BLM treatment of the
BLM group mice was effec-
tively attenuated in the GEN

and Rap treatment groups (Figure 1B). The

immunohistochemistry analysis revealed that

SPSS software, version 18.0 (IBM, NY, USA)
was used for the statistical analysis. The re-
sults were presented as mean + standard devi-
ation values. The Student’s t-test was used to
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the number of cells positive for a-SMA was
reduced in the GEN group and the Rap group,
compared with the BLM group mice (Figure
1E). These results indicated that geniposide

Am J Transl Res 2017;9(3):1025-1036
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Figure 3. Effects of geniposide on the expression of endothelial and mesen-
chymal cell biomarkers in HUVECs treated with BLM and geniposide. HUVECs
were treated with PBS, BLM, BLM and geniposide, or BLM and rapamycin
for 48 hours and harvested for analysis. A. mRNA expression using RT-PCR
analysis. Relative expression was quantified using the AACt method and
represented as fold change, normalized to control group values. *P<0.05,
compared with control group. B. Western blot results. C. A histogram depict-
ing the relative protein level in each group, *P<0.05, compared with control
group; #P<0.05, compared with BLM group. D. Immunofluorescence analy-
sis was performed to detect the expression levels of E-Cadherin, CD31, and

o-SMA.

had an important role in fibrosis and EndMT
inhibition in this BLM-induced SSc mouse
model.

Geniposide inhibited EndMT in HUVECs in vitro

We evaluated the EndMT and the cell morpho-
logical changes caused by BLM or BLM plus
geniposide treatments in HUVECs in vitro. HU-
VEC cells in the PBS (Control) treatment group
did not induce changes in EndMT-associated

1030

Control
E3 BLM

E3 BLM+GEN
[0 BLM+Rap

cell shape. The BLM group
cells had a spindle-shap-
ed fibroblast-like morphology
after 48 hours of BLM treat-
ment. Geniposide treatment
inhibited the fibroblast-like
morphology changes caused
by BLM treatment (Figure 2).
The real-time PCR results indi-
cated that compared with the
control group cells, the ex-
pression of EC biomarkers (E-
Cadherin, CD31, and CD34)
in the BLM group was signi-
ficantly down-regulated and
the mesenchymal cell biomar-
kers (FSP1 and o-SMA) and
collagen | a2 mRNA were sig-
nificantly up-regulated (Figure
3A). There were no statistical-
ly significance differences in
expression of EC biomarkers
(E-Cadherin, CD31, and CD34)
in the BLM+Rap group or in
the BLM+GEN group, com-
pared with the control group
cells (Figure 3A).

Western blot analysis reve-
aled that BLM challenge de-
creased expression of bio-
markers in ECs (E-Cadherin
and CD31), which can be re-
sisted using treatment with
geniposide and rapamycin
(Figure 3B, 3C). BLM treat-
ment resulted in overexpres-
sion of FSP1 and a-SMA pro-
teins in HUVECs, compared
with the control group cells.
These effects were also in-
hibited by geniposide or ra-
pamycin treatment. Immuno-
fluorescence analysis reveal-
ed that compared with the control group cells,
E-Cadherin and CD31 were significantly down-
regulated and a-SMA was up-regulated in the
BLM group cells; these changes were inverted
by using geniposide or rapamycin treatment
(Figure 3D).

We also performed experiments to examine the
effect of geniposide on tube formation. After
8 hours of incubation with BLM or geniposide,
cell formation was randomly photographed us-

Am J Transl Res 2017;9(3):1025-1036
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Figure 4. Geniposide restored tube formation in HUVECs in vitro. HUVECs
were seeded in a basement membrane matrix gel and treated with PBS,
BLM, BLM and geniposide, or BLM and rapamycin. After 8 h of incubation,
six fields from each cell group were randomly photographed using inverted
microscopy; tube lengths were calculated using an image analysis system. A.
Representative images. B. Tube formation analysis (Image J software). N=6,
*P<0.05, compared with control group; #P<0.05, compared with BLM group.

ing inverted microscopy and the results were
analyzed. Geniposide and rapamycin treatment
significantly restored tube formation, compared
with the response in the BLM treatment group
(Figure 4A, 4B). Taken together, these results
suggested that geniposide inhibited the
BLM-induced EndMT by inducing tube forma-
tion, up-regulation of E-cadherin and CD31,
and by inhibiting expression of SMA and FSP1.
These results further indicated that genipo-
side had a potential role for inhibition of the
BLM-mediated EndMT in vitro.

Geniposide inhibited the Slug and Snail EndMT
transcriptional factors, in HUVECs in vitro

We performed in vitro experiments to evaluate
the key EndMT factors in four treatment groups
using real-time PCR [33]. The results indicated
that the BLM+GEN and BLM+Rap groups had
reduced expression of Slug, Snail, and Twist,
compared with the BLM group (Figure 5A).
Twist promoted up-regulation in the BLM group;
upregulation was not statistically significant in
the control group. Western blot analysis reve-
aled that BLM treatment induced significantly
increased protein expression of the key End-
MT factors (Slug, Snail, and Twist); this effect
was resisted by treatment with geniposide or
rapamycin (Figure 5B, 5C). Immunofluorescen-
ce analysis revealed that Snail expression was
significantly up-regulated in the BLM treatment
group compared with the control group, which
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BLM+GEN

BLM+Rap was also inverted by treat-
' ) ment with geniposide or
rapamycin (Figure 5C). In
summary, geniposide effec-
tively inhibited the expression
of key factors during BLM-
mediated EndMT in HUVECs
in vitro.

Geniposide inhibited the
mTOR signaling pathway in
HUVEC s in vitro

BLM can activate the Akt/
mTOR signaling pathway and
up-regulate phosphorylation
levels of S6 (an mTOR signal-
ing pathway protein) [23, 24].
We investigated the effects
of geniposide on the mTOR
signaling pathway. Western
blot analysis revealed that
BLM challenge did not affect
total mMTOR and S6 expression in HUVECs.
However, BLM induced a significant up-regu-
lation of phospho-mTOR and phospho-S6
expression by 48 hours post-treatment (Figure
6A, 6B). The up-regulation of these phosphory-
lated proteins was suppressed by geniposide
and rapamycin treatment. This result suggest-
ed that the BLM-induced up-regulated key fac-
tors in the mTOR signaling pathway can be
inverted by treatment with geniposide. Ta-
ken together, these results suggested that
the mTOR signaling pathway is involved in the
regulation of geniposide’s reversion of BLM-
mediated EndMT.

Geniposide inhibited key EndMT factors in the
BLM-induced mouse model in vivo

Transcriptional repressors of E-cadherin (e.g.,
Slug (SNAI2), Snail (SNAI1), and Twist) have
been implicated in the EndMT in various embry-
onic development and tumor progression sys-
tems [34, 35]. To further understand the EndMT
in an SSc animal model, we evaluated Slug,
Snail, and Twist mMRNA and protein levels in four
treatments groups in vivo. The mRNA and pro-
tein levels of Slug and Snail were significant-
ly up-regulated in the BLM treatment group,
compared with the control group (Figure 7A-C).
The results for the mRNA and protein levels
indicated that treatment with geniposide or
rapamycin for 48 hours significantly abrogated
BLM-induced Slug and Snail expression. The
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Figure 5. Expression of key factors during EndMT, bleomycin and genipo-
side treatments of HUVECs in vitro. HUVECs were treated with PBS, BLM,
BLM and geniposide, or BLM and rapamycin for 48 hours and harvested for
analysis. Control: treated with PBS; BLM: treated with bleomycin; BLM+GEN:
treated with bleomycin and geniposide; BLM+Rap: treated with bleomycin
and rapamycin (positive control). A. RT-PCR analysis. Relative expression was
quantified using the AACt method, normalized to control values. The results
are presented as fold change, *P<0.05, compared with control group values.
B. Western blot analysis results. C. Histogram depicting the relative protein
level in each group. D. Immunofluorescence results.
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Figure 6. A. Expression of p-mTOR and mTOR, p-S6, and S6 stimulated with
BLM and geniposide in HUVECs. Representative images. N=3. B. Relative
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difference between the BLM+GEN and BLM+ endothelial

These results suggested that
BLM treatment promoted in-
creased expression of key
factors (Slug, Snail, and Twist)
of the EndMT, which can be
inhibited by using geniposide
treatment. Immunohistoche-
mistry analysis revealed an
increased number of Snail-
positive ECs in the BLM treat-
ment group compared with
the control group. However,
the numbers of Snail-positive
ECs were significantly reduced
in the BLM+GEN and BLM+
Rap treatment groups (Figure
7D). Consistent with the
results of our in vitro study,
theseresultsindicatedthatgeni-
poside may have an impor-
tant role in the inhibition of
the EndMT in the SSc animal
model.

Discussion

To our knowledge, this study
is the first to examine the
use of geniposide for SSc
treatment and to explore its
therapeutic effects on ECs.
We found that geniposide
protected ECs by inhibiting
the BLM-induced EndMT in
vivo and in vitro.

Accumulating evidence indi-
cates that EndMT occurs dur-
ing SSc. Angiotensin Il has
been implicated in the End-
MT, which plays a role in the
progression of fibrotic disease
[36]. Stawski and colleagues
found that Angiotensin Il acti-
vates the TGF-B pathway,
which promotes the EndMT
and the ensuing inflammation
by increasing myofibroblast
accumulation. This process
results in excessive collagen
synthesis and deposition in
mouse skin [37]. Mendoza et
al. found that cells expressed

and mesenchymal cell-specific

Rap groups was not statistically significant. markers in patients with interstitial lung dis-
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Figure 7. Key factors of the EndMT (Slug, Snail, and Twist) treated with bleo-
mycin and geniposide in HUVECs. HUVECs were treated with combinations
of BLM, geniposide, and rapamycin for 48 hours and harvested for analysis.
Control: treated with PBS; BLM: treated with bleomycin; BLM+GEN: treat-
ed with bleomycin and geniposide; BLM+Rap: treated with bleomycin and
rapamycin (positive control). A. RT-PCR; relative expression of mRNA was
quantified using the AACt method, and presented as the fold change normal-
ized to the control group value. *P<0.05, compared with control group. B.
Western blot analysis results. C. Relative protein level in each group (Image
J software). N=3, *P<0.05, compared with control group. D. Immunohisto-

chemistry analysis results Scale= 50 um.

ease (ILD) and that the EndMT occured in SSc-
ILD patients [38]. Taken together, these results
suggest that the EndMT has a role in SSc
pathogenesis. Investigation of geniposide and
the EndMT may result in development of new
treatment strategies for SSc.

The EndMT may connect persistent endothe-
lial injury and aberrant fibrogenesis, which are
two hallmarks of SSc pathogenesis [39]. EC
injury occurs in the very early stages of the
disease, and the activated ECs undergo End-
MT to become myofibroblasts in the blood
vessel walls. This response contributes to the
fibroproliferative vasculopathy. The myofibro-
blasts can migrate to surrounding areas of
the vessel and participate in tissue fibrogene-
sis [40]. Our BLM-induced mouse model con-
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sistently revealed that genipo-
side reduced endothelial loss
and dermal fibrosis via inhibi-
tion of the EndMT (Figure 1).

We used BLM to establish in
vivo and in vitro EndMT mod-
els. Several studies have re-
vealed the EndMT in BLM-
induced lung and skin fibro-
sis animal models [14-16].
Zhang et al. found that BLM-
induced ECs undergo the
EndMT, processed in a Slug-
dependent manner in vitro
[24]. Our study revealed that
BLM treatment resulted in
the marked elimination of E-
Cadherin and increased ex-
pression of the mesenchy-

E3 Control
3 BLM

E3 BLM+GEN
[0 BLM+Rap

- Rap o | mal markers FSP1 and o-
» "-',-." SMA. This result indicated
Pl that EndMT occurred in the

’_,, ",," @ HUVEC cells. The expression
105 5 level of collagen | a2 was
O YCHR slightly higher in the BLM-

stimulated cells than in the
control cells. More signifi-
cantly, the BLM+GEN treat-
ment cells exhibited a signifi-
cant up-regulation of EC bio-
markers (E-Cadherin, CD31,
and CD34) and down-regula-
tion of mesenchymal cells
(FSP1, collagen, and «-SMA),
compared with the BLM-sti-
mulated cells that did not
undergo geniposide treat-
ment. This result suggested that BLM-induced
EndMT can be inverted by using geni-
poside treatment.

To further explore potential mechanisms, we
examined mediators of the EndMT and mTOR
pathways. EndMT and EMT are regulated by
the basic helix-loop-helix transcription factors
(e.g., Twist) and the zinc finger transcription
factors (e.g., Snail and Slug) [3]. SNAIL1 (also
known as Snail) and SNAIL2 (also known as
Slug) can activate the EndMT during develop-
ment, fibrosis, and cancer [41]. Our study re-
sults indicated that BLM increased in vivo
and in vitro expression levels of the key EndMT
factors (Slug, Snail, Twist), compared with the
control groups (Figures 5 and 7). The up-regu-
lation of Slug, Snail, and Twist in the BLM-
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treated HUVECs (Figure 5) that occurred in this
study suggested that BLM successfully induc-
ed the EndMT in the HUVECs, and that this ef-
fect was abrogated by geniposide treatment.

The complete mechanism of EndMT is largely
unknown, but study results have suggested
that several signaling pathways may be invol-
ved in regulation of the EndMT process. Coo-
ley et al. found that endothelial-derived cells
contribute to neointimal formation via EndMT,
which involves activation of the Smad2/3-Slug
signaling pathway [42]. Activation of the mTOR
signaling pathway regulates BLM-induced End-
MT [24]. Consistent with Zhang et al.’s find-
ings, our results indicated that BLM induced
significant up-regulation and activation of key
factors in the mTOR signaling pathway, includ-
ing p-mTOR and p-S6. Treatment with genipo-
side inverted this BLM-induced up-regulation of
p-mTOR and p-S6. Taken together, our results
suggested that geniposide may have a crucial
role in blocking BLM-mediated EndMT in HU-
VECs, via the mTOR signaling pathway.

The mechanism for attenuation of fibrosis by
geniposide in the BLM-induced animal model
may include additional pathways. For example,
geniposide may also suppress collagen | a2 via
the inhibition of the TGF-B/SMAD3 and ERK-
MAPK pathways during liver fibrosis [32]. There
is no perfect model, and no one model can rep-
resent all the pathophysiologic characteristics
of SSc. Therefore, observations based only on
a BLM-induced SSc model should be interpret-
ed cautiously for clinical cases of SSc. Further
and more comprehensive studies of the effects
of geniposide for SSc treatment should be
performed.

In conclusion, BLM treatment resulted in up-
regulation of the expression of biomarkers in
mesenchymal cells and down-regulation of the
biomarkers in ECs. Tube formation ability in
HUVECs was also down-regulated after BLM
treatment. These effects were suppressed by
the addition of a geniposide treatment. The key
factors in the EndMT and mTOR signaling path-
ways were also down-regulated by geniposide
treatment. Therefore, geniposide might be a
potential therapeutic candidate for treatment
of the vasculopathy that occurs in SSc patients.
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