
Proliferative vitreoretinopathy (PVR) is a vision-threat-
ening disease and the most common cause of failed repair of 
rhegmatogenous retinal detachment (RRD). Retinal detach-
ment causes damage in the blood–retinal barrier (BRB), 
which permits infiltration of proinflammatory cytokines and 
various cells, including macrophages, RPE cells, glial cells, 
and fibroblasts into the vitreous and subretinal space. In this 
space, the cells proliferate, survive, and produce extracel-
lular matrix (ECM) as collagen, leading to the formation of a 
contractible membrane on the surface of the detached retina 
and to retinal degeneration and vision loss [1-6].

RPE is considered a key factor in PVR development 
because epithelial-to-mesenchymal transition (EMT) 
of RPE is a critical contributor to fibrosis development. 
Several studies have revealed that hypoxia, inflammation, 
and mechanical damage cause RPE transformation into 

fibroblast-like cells via a process known as EMT, which leads 
to fibrous tissue formation in PVR [6,7]. Under an inflam-
matory environment, cytokines, including platelet-derived 
growth factor, fibroblast growth factor, and transforming 
growth factor b1 (TGF-β1), and transcription factors, such 
as Snail, are involved in the EMT of the RPE. Notably, as 
TGF-β1 expressed in pathological vitreous has been related 
to the induction of apoptosis in various cell types, as well as 
EMT [8-13], TGF-β1 has been considered a major factor in 
EMT modulation during the development of PVR [14-16]. 
Recently, tumor necrosis factor-alpha (TNF-α), one of the 
most prominent inflammatory cytokines, has emerged as a 
promoter of PVR. It was found that TNF-α has a causative 
role in PVR by acting on the RPE and inducing change in 
cellular morphology into fibroblastic cells. Moreover, the 
combination of TNF-α and TGF-β1 has strong synergistic 
effects to induce EMT-associated fibrotic focus formation. 
TNF-α was involved in the activation of TGF-β1 signaling 
that leads to induction of the mesenchymal phenotype in RPE 
[17]. As another cytokine associated with the control of EMT, 
interleukin-10 (IL-10) has been extensively investigated. 
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Purpose: Proliferative vitreoretinopathy (PVR) is an inflammatory fibrotic disease resulting from the inflammatory 
milieu after retinal detachment, which can prevent retinal healing. This study aimed to elucidate the effect of substance 
P (SP) on retinal degeneration caused by retinal detachment in vivo and to examine the role of SP in the tumor necrosis 
factor-alpha (TNF-α)-induced epithelial-mesenchymal transition (EMT) of human RPE cells in vitro.
Methods: PVR-like retinal damage was induced by intravitreally injecting dispase into mice, and SP was systemically 
injected twice a week for 3 weeks. Histological analysis and cytokine profile with enzyme-linked immunosorbent assay 
(ELISA) were performed. The direct effect of SP on induction of EMT in vitro was studied by adding SP to TNF-α-
treated ARPE-19 cells and then evaluating the change in the characteristics of the epithelial and mesenchymal cells.
Results: Dispase injection led to a PVR-like retinal condition, demonstrating an inflammatory response with disruption 
of RPE interaction within 1 week and severe destruction with enfolding within 3 weeks after the dispase injection. The 
inflammatory environment promoted apoptosis and migration of fibroblast-like cells in the retinal layer, which can cause 
fibrotic disease, such as PVR. However, SP treatment suppressed early inflammatory responses by reducing TNF-α and 
elevating interleukin-10 (IL-10), with cell death and the appearance of fibroblastic cells inhibited and the progression 
of retinal degeneration obviously delayed. Moreover, SP ameliorated TNF-α-induced EMT of the RPE and directly 
prevented fibrotic change in the RPE.
Conclusions: This study revealed that SP can block apoptosis and EMT due to retinal inflammation and inhibit the 
development of PVR. This effect most likely occurred by modulating the secretion and action of TNF-α..
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IL-10 was found to control TGF-β1 by acting as a potent 
antagonist of TGF-β1 production and blocking TGF-β1 
signaling [18]. Carrington et al. revealed that IL-10 can inhibit 
RPE-mediated retinal contraction [19]. Based on previous 
data, it was surmised that the control of soluble mediators, 
such as cytokines and growth factors, is able to alleviate the 
EMT of the RPE and block the development of PVR.

Substance P (SP), an endogenous neuropeptide that 
signals via the neurokinin-1 receptor (NK-1R), is expressed 
on non-neuronal cells, as well as on neuronal cells. SP modu-
lates neuroimmune responses in the bone marrow [20] and 
reepithelialization in the cornea [21]. Hong et al. identified a 
novel role of SP as an injury-inducible messenger that mobi-
lizes endogenous stem cells from the bone marrow to the 
circulation to accelerate tissue repair [22-26]. SP also exerts 
anti-inflammatory effects on acute inflammatory diseases 
and promotes wound healing [25-28]. When peripheral blood 
mononuclear cells (PBMCs) were treated with SP, Treg or M2 
macrophages were enriched in combination with increases in 
IL-10 and reduced TNF-α levels [27]. SP showed an inhibi-
tory effect on TNF-α-induced apoptosis, mediated via NK-1R 
[29]. Moreover, independent of the effect of SP on stem cell 
mobilization and inflammatory responses, SP was able to 
increase the expression of intercellular junctional molecules, 
including ZO-1, to maintain a tight junction and reinforce the 
barrier function of epithelial cells [30]. Taking these functions 
of SP into account, we postulated that SP is able to inhibit 
the EMT of the RPE and the progression of PVR, possibly by 
modulating the cytokine profile or upregulating tight junction 
molecules in early inflammatory environments after retinal 
injury.

To assess the effects of SP on PVR-like damage, we used 
a dispase-induced retinal damage model [31-34]. The efficacy 
of SP was explored by analyzing the retinal structure, cyto-
kine profile, apoptosis, and infiltration of fibroblastic cells. 
To examine the effect of SP on the EMT of the RPE, an in 
vitro model of EMT-associated fibrosis was established by 
treating ARPE-19 with TNF-α, and changes in cell junction 
molecules, actin structure, and the characteristics of mesen-
chymal and epithelial cells were investigated.

METHODS

Animals: Five-week-old male C57BL/6 mice were purchased 
from DBL (Daehan Bio Link, Seoul, South Korea). All experi-
ments adhered to the ARVO Statement for the Use of Animals 
in Ophthalmic and Vision Research and were approved by the 
Institutional Animal Care and Use Committee of Kyung Hee 
University (KHUASP (SU)-11-14).

Induction of PVR: Animals were anesthetized with an intra-
peritoneal injection of ketamine (100 mg/kg, . Yuhan. Co., 
Seoul, Korea) and Rompun (1.2 mg/kg, Bayer Healthcare, 
Berlin, Germany). Pupils were dilated with 2.5% phenyl-
ephrine HCl (Mydfrin, Alcon, Fort Worth, TX). Intravitreal 
injection of dispase (0.05 U/eye, volume 2 μl, Sigma-Aldrich, 
St. Louis, MO) was performed in the dorsonasal quadrant 
1.5 mm from the corneal limbus using a 30-gauge needle 
mounted on a 10 μl Hamilton syringe. After intravitreal 
injection of dispase, the animals were divided into two 
treatment groups. Mice with severe subretinal hemorrhage 
were excluded from analysis. At 1 and 3 weeks post-dispase 
injection the mice is anesthetized by injecting ketamin and 
rumpun intraperitoneally for further analysis.

Administration of substance P: Substance P (5 nmole/kg, 
volume 100 μl, Sigma-Aldrich) was intravenously admin-
istered immediately and 24 h after dispase injection. The 
SP injection was repeated twice weekly for 3 weeks. Saline 
served as the vehicle.

Histological analysis: Whole eyes were fixed in 3.7% para-
formaldehyde for 1 day and then processed with a TP1020 
tissue processor (Leica Biosystems, Wetzlar, Germany) 
for the paraffin block. Immunohistochemical staining was 
performed following the VECTASTAIN ABC Kit protocol 
(Vector Laboratories, Burlingame, CA). In brief, samples 
were treated with 0.5% H2O2 to block activity of endogenous 
hydrogen peroxidase and permeabilized with 0.3% Triton 
X-100. After blocking for nonspecific binding in 1% normal 
horse serum for 1 h at room temperature (RT), primary 
antibodies against cleaved caspase 3 and α-SMA (Abcam, 
Cambridge, MA) were treated. After washing in PBS 
(137 mM NaCl; 2.7 mM KCl; 4.3 mM Na2HPO4; 1.47 mM 
KH2PO4; pH 7.4), the samples were incubated with a biotin-
conjugated secondary antibody for 1 h at RT. After washing 
in PBS, substrate solution was added for 1 h and maintained 
at RT. To visualize the reactive area in the tissue, the samples 
were treated with NovaREDTM (Vector Laboratories), coun-
terstained for nuclei with hematoxylin (Vector Laboratories) 
for 1 min, and then mounted.

Quantification of the injured retina: Sectioned paraffin 
samples were stained with hematoxylin and eosin (Sigma-
Aldrich). Samples were observed under a Nuance Multiplex 
Biomarker Imaging System (Cambridge Research Instrumen-
tation, Moburn, MA). The cell numbers in the outer nuclear 
layer (ONL) and the inner nuclear layer (INL) were measured 
in six adjacent fields on temporal slides.

Measurement of cytokines: At 1 and 3 weeks post-injection 
of dispase, whole blood was collected and the serum 
separated. The TNF-α and IL-10 concentrations in serum 
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were measured with enzyme-linked immunosorbent assay 
(ELISA; R&D Systems, Minneapolis, MN) according to the 
manufacturer’s instructions. Primary antibody-coated wells 
received 50 µl of the standard, control, or sample and were 
incubated for 2 h at RT. Next, 50 µl of the enzyme-conjugated 
secondary antibody solution was treated in each well for 2 
h. After washing with buffer four times, the wells were then 
incubated with 100 µl of substrate solution in darkness. Once 
the solution color changed to blue, the reaction was stopped, 
and the optical density was measured with the wavelength 
correction set to 450 nm using the EMax Endpoint ELISA 
microplate reader (Molecular Devices, Sunnyvale, CA). The 
concentrations of TNF-α and IL-10 were calculated using 
corresponding standard curves.

In vitro EMT: ARPE-19 cells, a human RPE cell line, were 
grown in DMEM-F12 supplemented with 10% fetal bovine 
serum (FBS). After being deprived of serum for 24 h, the 
ARPE-19 cells were treated with TNF-α (10 ng/ml) with SP 
(final concentration, 100 nM) for 24 h followed by SP treat-
ment (100 nM). At 48 h post TNF-α treatment, the cells were 
fixed or lysed for analysis.

STR analysis: Short tandem repeat (STR) loci were analyzed 
in Cosmo genetech (Seoul, Korea) using GeneMapper® ID-X 
v1.2 software (Applied Biosystems, Suzhou, China). Appro-
priate positive and negative controls were run and confirmed 
for each sample submitted. The STR analyses are presented 
in Appendix 1.

Immunofluorescence staining: Cells were fixed in 3.7% 
paraformaldehyde for 20 min at RT and permeabilized with 
0.3% Triton X-100. After blocking with 20% goat serum 
(Vector Laboratories), the cells were incubated with α-SMA 
(Abcam) for 2 h in RT. After washing in PBS, fluorescein 
isothiocyanate (FITC)-anti-rabbit immunoglobulin G (IgG; 
Vector Laboratories) was added for 1 h. F-actin was stained 
with rhodamine-phalloidin (Thermo Scientific, Rockford, 
IL) diluted 1:100 in PBS for 15 min. The nuclei were stained 
with 4',6-diamidino-2-phenylindole (DAPI). Samples were 
mounted with a VECTASHIELD (Vector Laboratories).

Western blotting: Cells and tissue were lysed with lysis buffer 
(Cell signaling Technology, Danvers, MA) and scraped, and 
the supernatant was collected by centrifugation at 200 ×g for 
10 min. Protein concentration was determined using BCA 
reagents (Thermo Scientific). The cell lysate was resolved 
with sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS–PAGE) and transferred to a nitrocellulose 
membrane. Membranes were incubated with the blocking 
solution (5% skim milk in Tris-buffered saline and Tween 20 
[TBST]) for 1 h at RT and then incubated with primary Abs to 
α-SMA, N-cadherin, ZO-1, RPE65, E-cadherin, and GAPDH 

(Abcam) followed by anti-IgG horseradish peroxidase–conju-
gated secondary Ab. The blots were detected with enhanced 
chemiluminescence (GE healthcare, Chicaco, IL).

Statistical analysis: Data are presented as mean ± standard 
deviation of the mean (SD). P values of less than 0.05 were 
interpreted as statistically significant and denoted by * for 
p<0.05, ** for p<0.01, and *** for p<0.001.

RESULTS

SP blocks dispase-induced PVR-like conditions in vivo: Intra-
vitreal injection of dispase is used to explore the development 
of PVR-like conditions in vivo. It has been suggested that 
dispase injection can disrupt the inner limiting membrane and 
penetrate the retina, impairing blood vessels. This can induce 
an inflammatory response, not only in the vitreous and retina 
but also in the anterior chamber [35,36], and cause fibrosis 
and retinal detachment. When the retina detaches, the RPE 
layer becomes dysfunctional, which leads to reduction of cell 
viability in the retina and degeneration [33,34,37]. To induce 
a PVR-like retinal condition, dispase was intravitreally 
injected, and SP was administered systemically. Histological 
change was monitored for 3 weeks to determine the effect of 
SP on the onset of PVR.

Histological analysis at 1 week post-dispase injec-
tion showed that the severe disrupted structure was rarely 
detected in the saline- and SP-treated groups, and the retina 
layer seemed to be primarily intact (Figure 1A). Analysis of 
the cellular density in the INL and the ONL showed that cell 
viability in each layer was slightly decreased by dispase injec-
tion, which was blocked by SP treatment (Figure 1B: INL, 
70.8±6.00 nuclei in the normal group, 48.2±5.10 nuclei in the 
saline-treated group, and 60.7±2.00 nuclei in the SP-treated 
group, saline- versus SP-treated groups, p<0.001; Figure 1C: 
ONL, 24±3 nuclei in the normal group, 19.3±2.10 nuclei in the 
saline-treated group, and 22.5±1.50 nuclei in the SP-treated 
group, saline- versus SP-treated groups, p<0.001). CD31+ 
vasculature was detected in the saline-treated group, and 
the SP treatment slightly reduced the formation of vessels 
(Appendix 2). At 3 weeks post-dispase injection, a destroyed 
retinal structure with a blurred boundary between the INL 
and the ONL was observed in the saline-treated group, but 
the SP treatment markedly decreased the severity of the retina 
damage (Figure 1D). Quantitative analysis of the cell density 
in the ONL and the INL revealed that SP treatment obvi-
ously blocked cell loss from dispase-induced retinal damage 
(Figure 1E,F). Folding of the retina is an early phenomenon 
of PVR and gradually develops, followed by the formation of 
the fibrous membrane, which means a change in the retinal 
cell shape occurs. Figure 1D showed that the saline-treated 
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group had complicated enfolding and rosette-shaped cellular 
invagination, whereas the INL and the ONL were more intact 
with less folding in the SP-treated group. These data suggest 
that SP can inhibit the development of dispase-induced injury, 
possibly by blocking retinal enfolding and preserving cell 
viability.

SP inhibits apoptosis and cellular transition by alleviating 
the inflammatory response due to retinal damage: Dispase-
induced damage may lead to retinal inflammation, which 
eventually accelerates disease progression. Thus, inhibition 
of inflammatory response is anticipated to be the critical 

treatment for PVR. A previous study demonstrated that SP is 
capable of inducing transition of M1-type macrophages to the 
M2 type, with a reduction in TNF-α and an increase in IL-10 
[25,27] and exerting an anti-inflammatory effect on a variety 
of diseases. To investigate whether systemically injected SP is 
able to suppress inflammation from retina damage or not, the 
change in serum cytokines was examined. As shown in Figure 
2A, the dispase injection evoked the systemic inflammation. 
The TNF-α level in serum was elevated in the saline-treated 
group but was reduced in the SP-treated group. The level of 
IL-10 was similar in the normal and saline-treated groups 

Figure 1. SP blocked dispase-induced retinal damage in vivo. Intravitreal injection of dispase was performed. One and three weeks later, 
the retinal structure was analyzed based on histology. A: Representative micrographs showing hematoxylin and eosin staining of retinal 
tissue in the saline- or substance P (SP)–treated groups at 1 week post-dispase injection. B,C: The mean number of nuclei in (B) the outer 
nuclear layer (ONL) and (C) the inner nuclear layer (INL) were measured. D: Hematoxylin and eosin staining of retinal tissue in the saline- or 
SP-treated groups at 3 weeks post-dispase injection. E,F: The mean number of nuclei in the ONL and the INL. Data are presented as mean ± 
the standard deviation (SD). Asterisk: rosette and folding structure. Scale bar: 50 μm. The mean measurement for six images in each tissue 
sample was calculated for each animal. *p<0.05; **p<0.01; ***p<0.001; n=8 mice per group.
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but markedly increased in the SP-injected group (Figure 2B). 
This trend was sustained for 3 weeks post-dispase injection, 
although the difference among the experimental groups was 
reduced (Figure 2C,D). That is, SP could modulate inflam-
matory cytokine profiles in serum in the early stages after the 
dispase injection wound, which might be deeply associated 
with retinal protection.

Next, we examined whether SP-mediated retina protec-
tion is accompanied by reduction of inflammatory mediators 
at the impaired retina. Because SP affected systemic inflam-
mation at 1 week post-dispase injection, local inflammation 
was also inferred to be mitigated by SP. As a representative 
proinflammatory cytokine, TNF-α was analyzed with immu-
nohistochemical staining. The staining intensity of TNF-α 
was quantitatively analyzed. Figure 3A shows that TNF-α 

was strongly expressed through all layers of the retina in 
the saline-treated group, but the TNF-α level was decreased 
by the SP treatment (Figure 3A,B). The level of TNF-α was 
confirmed with western blotting (Figure 3G). TNF-α is the 
main promoter of neuroinflammation within the retina layer 
and causes cell apoptosis. As TNF-α secretion in the retina 
layer was reduced in the SP-treated group, it was surmised 
that SP could prevent TNF-α-induced cell death. To check 
this hypothesis, apoptotic cells were examined with immu-
nohistochemical staining of cleaved caspase-3. In accordance 
with previous reports, the strong expression of TNF-α led to 
cellular apoptosis, but SP treatment decreased the number 
of apoptotic cells as 70% less than that of the saline-treated 
group (Figure 3C,D: 10.1±2.70% in the saline-treated 
group and 2.8±2.2% in the SP-treated group, saline- versus 
SP-treated groups, p<0.05). Western blotting for cleaved 

Figure 2. Retinal injury-induced 
inf lammation is suppressed by 
SP. At 1 and 3 weeks post-dispase 
injection, serum was collected, and 
the cytokine profile was analyzed 
with enzyme-linked immunosor-
bent assay (ELISA). A,B: Tumor 
necrosis factor-alpha (TNF-α) and 
interleukin-10 (IL-10) in serum 1 
week post-dispase injection. C,D: 
TNF-α and IL-10 in serum 3 weeks 
post-dispase injection. *p<0.05; 
***p<0.001; n=8 mice per group.
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Figure 3. SP-induced suppression of local inflammation contributes to the inhibition of cellular apoptosis and α-SMA (+) cell infiltration at 
wound sites. A,B: Immunohistochemical staining for tumor necrosis factor-alpha (TNF-α) was performed, and the intensity of the stained 
area was measured using the ImageJ program. C,D: Analysis of the apoptotic cells in the retina was performed. To elucidate the apoptotic 
cells, cleaved caspase 3 (+) cells were counted in the inner nuclear layer (INL). Red arrow: cleaved caspase 3 (+) cells. E,F: Alpha smooth 
muscle actin (α-SMA) (+) fibroblastic cells migrated toward the INL were observed and quantitatively assessed. G: Level of TNF-α, cleaved 
caspase-3, and α-SMA were determined by western blotting. The mean measurement of the six images in each tissue sample was calculated 
in each animal. Data are presented as mean ± standard deviation (SD). Scale bar: 50 μm. *p<0.05; **p<0.01; n = 8 mice per group.
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caspase-3 was conducted, demonstrating the reduction of the 
cleaved caspase 3 level by the SP treatment (Figure 3G).

PVR is characterized by EMT via an inflammatory 
signal including TNF-α. In the EMT process, cells lose 
epithelial characteristics, such as specialized cell-to-cell 
contact, and acquire migratory mesenchymal properties 
[5,38]. These processes are mediated by cytoskeletal reor-
ganization as actin filaments. TNF-α is found to induce the 
EMT of the RPE, as well as cell apoptosis. Thus, the TNF-α-
enriched environment post-retinal impairment by dispase 
was estimated to trigger the transdifferentiation of the RPE 
into mesenchymal cells. Diminished secretion of TNF-α by 
SP was likely to hardly cause the cellular transition of the 
RPE. To examine the existence of mesenchymal cells in the 
retina, the distribution of alpha smooth muscle actin (α-SMA) 
(+) fibroblastic cells was determined with immunohisto-
chemical staining. Figure 3 shows α-SMA (+) fibroblastic 
cells migrating toward INL. α-SMA (+) fibroblastic cells 
were observed in the saline- and SP-treated groups, but the 
number was much higher in the saline-treated group than 
in the SP-treated group (Figure 3E,F: 8.45±3.70 cells in the 
saline-treated group and 4.0±1.9 cells in the SP-treated group, 
saline- versus SP-treated groups, p<0.01). Taken together, 
these data indicate that SP can reverse early inflammatory 
responses, which might contribute to the blockage of cell 
death and mesenchymal transition, ultimately leading to the 
inhibition of retinal detachment and the development of PVR.

SP blocks TNF-α-induced transdifferentiation of the RPE 
in vitro: Inhibition of TNF-α secretion by SP was presumed 
to be sufficient to prevent the onset of PVR in vivo. Retina 
degeneration was hindered by the anti-inflammatory effect of 
SP (Figure 3). In addition, based on studies of the role of SP in 
cell junctional molecule expression [30] and TNF-α-induced 
cellular change in epithelial cells [29], SP was expected to act 
on epithelial cells to reduce the susceptibility to the transi-
tion by TNF-α and preserve epithelial characteristics. After 
confirming the expression of NK-1R on the RPE (data not 
shown), the human RPE cell line ARPE-19 was treated with 
SP in the presence of TNF-α, and cellular characteristics 
were investigated (Figure 4A). Analysis of the cytoskeletal 
structure with F-actin staining showed that while the control 
exhibited cell-to-cell-contact-enriched actin microfilaments, 
the TNF-α-treated RPE possessed well-organized actin 
stress fibers throughout the cell body. However, cotreatment 
of SP inhibited TNF-α-induced cytoskeletal reorganization, 
resulting in an actin microfilament structure similar to that 
of the untreated control (Figure 4B). α-SMA and N-cadherin, 
markers specific to the mesenchymal cell type during EMT, 
were checked with immunofluorescence staining and western 

blotting (Figure 4C,D). As predicted, α-SMA was not detected 
in the untreated control, whereas TNF-α exposure for 48 h 
induced strong expression of α-SMA in the RPE. SP treatment 
suppressed TNF-α-induced expression of α-SMA. Consistent 
with the expression pattern of α-SMA, the expression level of 
N-cadherin slightly increased post-TNF-α treatment but was 
reduced with SP treatment. The EMT of the RPE by TNF-α 
was also accompanied by the loss of RPE characteristics 
for RPE65, ZO-1, and E-cadherin. This phenomenon was 
thoroughly reversed by SP (Figure 4E). Collectively, these 
results demonstrate that SP can directly prevent epithelial to 
mesenchymal changes in cellular characteristics related to 
TNF-α; the effect is also linked to the therapeutic effects of 
SP on PVR.

DISCUSSION

RRD induces a breakdown in the BRB, triggering migra-
tion and proliferation of diverse cells, including the RPE, 
fibrous astrocytes, fibroblasts, myofibroblasts, and macro-
phages, leading to inflammation and the onset of PVR. As 
current strategies for RRD and PVR, surgery pneumatic 
retinopexy, scleral buckling, and pars plana vitrectomy have 
been attempted to establish choroid-retinal adhesion around 
retinal damage. Chemical inhibition of cell proliferation and 
membrane contraction are also employed. However, in spite 
of multiple trials, recurrent detachment remains a serious 
issue, and effective treatment strategies continue to be elusive.

In this study, we investigated the role of SP in a dispase-
induced retinal impaired murine model. Intravitreal injection 
of dispase provoked the occurrence of severe destruction with 
retinal enfolding within 3 weeks. However, early treatment 
of SP blocked dispase-induced retinal damage and main-
tained a more intact retinal structure compared to saline-
treated animals. Although the difference in retinal structure 
between the saline- and SP-treated groups was clarified at 
3 weeks post dispase-injection, this difference was thought 
to be attributed to SP-mediated cellular and physiologic 
changes occurring early post-SP injection. Analysis for 
serum cytokine indicated the cytokine profile was reversed 
by SP treatment 1 week post-dispase injection. The retina 
structure seemed to be stable at 1 week, but inflammation 
was certainly initiated, as shown in the strong expression of 
TNF-α in the retinal tissue. This inflammatory environment 
caused apoptosis and the appearance of fibroblastic cells, 
which might bring out severe retina damage at 3 weeks post 
dispase-injection. Meanwhile, the early blockage of local 
inflammatory signs by SP preserved cellular viability against 
apoptosis and decreased the infiltration of α-SMA (+) fibro-
blastic cells, rendering the retinal structure more intact. The 
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Figure 4. SP blocks TNF-α-induced transdifferentiation of RPE in vitro. A: Experimental schedule for tumor necrosis factor-alpha (TNF-α) 
and substance P (SP) treatment in ARPE-19 cells in vitro. After serum starvation for 24 h, TNF-α (10 ng/ml) was added to the ARPE-19 
cells with SP (100 nM), and 24 h later, the SP treatment was repeated. B,C: Cytoskeleton rearrangement in the RPE was observed with 
immunofluorescence staining for F-actin and alpha smooth muscle actin (α-SMA). Scale bar: 100 μm. D: Analysis of the mesenchymal 
characteristics of α-SMA and N-cadherin was performed with western blotting and quantified relatively. E: RPE65, ZO-1 and E-cadherin, 
RPE characteristics were examined with western blotting. All experiments were performed in triplicate. *p<0.05; ***p<0.001.
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early modulation of inflammation by SP is likely to reduce 
the potential for PVR development in vivo.

The reduction of inf lammatory mediator by SP is 
critical to block the progression of retinal degeneration. In 
addition to this effect, this study demonstrated that SP is 
capable of inhibiting TNF-α-induced cellular transition in 
the RPE [39]. TNF-α provoked morphological change in the 
RPE, showing a lack of intercellular junctions and a gain of 
spindle cell morphology. Molecular analysis revealed that the 
TNF-α-treated RPE had increased expression of α-SMA and 
N-cadherin with the loss of ZO-1, RPE65, and E-cadherin. 
In contrast, SP was able to halt the cellular transition of the 
RPE due to TNF-α, conserving the expression level of ZO-1, 
RPE65, and E-cadherin with little expression of α-SMA. That 
is, SP could block the EMT of the RPE due to TNF-α.

In summary, SP treatment can provide anti-inflammatory 
effects by modulating cytokine profiles locally and systemi-
cally and can protect the retinal structure against PVR-like 
retinal damage. SP is also able to inhibit EMT of RPE by 
interfering with susceptibility to TNF-α. These novel func-
tions of SP might lead to the prevention of PVR progression. 
Although the therapeutic effects of SP have been reported 
in diverse diseases, this is the first study to establish that 
the anti-inflammatory effects of SP through modulation of 
TNF-α can inhibit retinal damage in PVR. A safety study of 
SP revealed that long-term SP administration did not result 
in in vivo toxicity [40]. In addition, the different doses of SP 
did not exert a toxic effect on the RPE in vitro (Appendix 3).

Finally, this study provides the possibility to develop 
SP as a new drug for inflammation-related retinal diseases, 
including PVR. Further detailed study of the effect of SP on 
the EMT using the primary RPE and on diverse inflamma-
tory disease will be undertaken to investigate the mechanism 
of action of SP in detail.

APPENDIX 1. ANLYSIS FOR STR FOR ARPE-19.

To access the data, click or select the words “Appendix 1”

APPENDIX 2. EVALUATION OF 
VASCULARIZATION IN THE INJURED RETINA

To access the data, click or select the words “Appendix 2”

APPENDIX 3. THE EFFECT OF SP ON RPE 
VIABILITY

To access the data, click or select the words “Appendix 3”
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