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PURPOSE. Retinal pigment epithelium (RPE) dysfunction induced by oxidative stress–
related epithelial-mesenchymal transition (EMT) of RPE is the primary underlying mech-
anism of age-related macular degeneration (AMD). Kallistatin (KAL) is a secreted protein
with an antioxidative stress effect. However, the relationship between KAL and EMT in
RPE has not been determined. Therefore we aimed to explore the impact and mechanism
of KAL in oxidative stress-induced EMT of RPE.

METHODS. Sodium iodate (SI) was injected intraperitoneally to construct the AMD rat
model and investigate the changes in RPE morphology and KAL expression. KAL knock-
out rats and KAL transgenic mice were used to explain the effects of KAL on EMT
and oxidative stress. In addition, Snail overexpressed adenovirus and si-RNA transfected
ARPE19 cells to verify the involvement of Snail in mediating KAL-suppressed EMT of
RPE.

RESULTS. AMD rats induced by SI expressed less KAL in the retina, and KAL knockout rats
showed RPE dysfunction spontaneously where EMT and reactive oxygen species (ROS)
production increased in RPE. In contrast, KAL overexpression attenuated EMT and ROS
levels in RPE, even in TGF-β treatment. Mechanistically, Snail reversed the beneficial
effect of KAL on EMT and ROS reduction. Moreover, KAL ameliorated SI-induced AMD-
like pathological changes.

CONCLUSIONS. Our findings demonstrated that KAL inhibits oxidative stress-induced EMT
by downregulating the transcription factor Snail. Herein, KAL knockout rats may be
an appropriate animal model for observing spontaneous RPE dysfunction for AMD-like
retinopathy, and KAL may represent a novel therapeutic target for treating dry AMD.

Keywords: kallistatin, age-related macular degeneration (AMD), epithelial-mesenchymal
transition (EMT), retinal pigment epithelium (RPE), snail

Age-related macular degeneration (AMD) is a chronic,
progressive disease that may cause vision loss in the

aging population.1 The global average prevalence of AMD
is about 8.7%, and it is estimated that up to 288 million
persons will have AMD in 2040 globally.2 Unfortunately,
there is currently no treatment for early AMD and late dry
AMD. The wet AMD treatment that may stop further vision
loss is mainly intravitreal anti-VEGF therapy.3 However,

treatment responses vary, and not all patients achieve or
maintain good stable vision in the long term. Even worse,
it causes endophthalmitis, retinal detachment, cataract,
and increased intraocular pressure.3 Thus it is urgent to
look for better and more effective treatment options for
AMD.

Retinal pigment epithelium (RPE) cells are located
between the choroid and photoreceptor cells and are
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important for maintaining photoreceptor viability and reti-
nal homeostasis.4 RPE dysfunction is one general feature of
AMD.5 Elevated intracellular oxidative stress and epithelial-
mesenchymal transition (EMT) of RPE cells are proposed
mechanisms for RPE abnormalities in AMD, including the
early and late stages and dry and wet AMD.6,7 The molec-
ular mechanisms for EMT in AMD are complicated, includ-
ing signaling pathways and oxidative. TGFβ as the master
inducer of EMT, contributed to EMT of RPE,8 and the TGFβ

pathway elevated in the choroidal neovascularization (CNV)
and geographic atrophy (GA) data,9 where epithelial mark-
ers like E-cadherin were downregulated and EMT-related
transcription factors like Snail and mesenchymal markers
were upregulated. Thus RPE cells lose their cell-cell adhe-
sions and apical-basal polarity, transforming into mesenchy-
mal cells, capacitating their migration into the retina and
the sub-RPE space via EMT during AMD.9,10 As previ-
ously reported, Snail is a major transcriptional factor during
EMT changes of RPE cells in AMD.11 In addition, oxidative
stress contributed to AMD.12–17 The AMD model induced by
sodium iodate (SI) is primarily toxic to the RPE resulting
from oxidative stress. Convincing evidence highlights oxida-
tive stress caused by the increased intracellular levels of reac-
tive oxygen species (ROS) as crucial conspirators in EMT
engagement.18,19 Encoded by SOD2, manganese superoxide
dismutase (MnSOD) is an essential molecule against oxida-
tive stress. Mice with SOD2 gene knockout exhibit patho-
logical features similar to AMD patients, and early injection
of AAV-SOD2 can prevent dry AMD.20–22 Furthermore, our
recent study has shown that the Snail-MnSOD axis formed
a mutual loop via regulating EMT and ROS levels in RPE
cells.23

Kallistatin (KAL) is a serine proteinase inhibitor (serpin)
family member.24 Kallistatin acts as an antioxidant to protect
against oran injury by blocking TNF-α and TGF-β signal-
ing and stimulating eNOS and SIRT1 expression, leading
to NADPH oxidase inactivation and SOD2 activated, finally
reducing ROS level and relieving oxidative stress.25 However,
the role of KAL in the EMT of RPE remains unknown. There-
fore we speculate that KAL may suppress EMT by reducing
oxidative stress. In this study, we intend to illuminate the
effect and potential mechanism of KAL on the EMT of RPE
cells during AMD.

MATERIAL AND METHODS

Animals

The animal research was approved by the Ethical Commit-
tee of Animal Research of Sun Yat-Sen University in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. All animals were raised in
SPF conditions. A human KAL transgenic C57BL/6J mouse
(KAL-TG) strain was gifted by Dr. Jianxing Ma Labora-
tory at the University of Oklahoma.26 Sprague-Dawley (SD)
rats heterozygous for the deleted KAL were constructed by
Cyagen (Guangzhou, China) using CRISPR/Cas9 technology.
We considered only the homozygous KAL knockout as KAL-
KO rat models and wild-type (WT) SD rats as controls. We
administered SI at 35 mg/kg (body weight) into six-month-
old C57BL/6J mice or SD rats intraperitoneally to construct a
human-like AMD model. Mice or rats were injected intraperi-
toneally with an equivalent dose of normal saline solution
as controls. All tests were performed with male mice or rats
unless otherwise indicated.

Fundus Photograph and Ocular Coherence
Tomography (OCT)

After animals were anesthetized and pupils dilated, color
fundus photography was performed on a fundus imag-
ing system (MicronIV, Phoenix, AZ, USA), and OCT
was measured by a system (SpectralisOCT, Heidelberg,
Germany). In the OCT test, the mean total retina was
measured within a 3 mm circle and line in radius from the
optical nerve head, overlapping 100 pictures each time.

Western Blot

Equal amounts of protein were measured, separated by 10%
SDS-PAGE, and transferred onto a polyvinylidene fluoride
(PVDF) membrane. PVDF membranes were incubated in 5%
nonfat dry milk at room temperature for one hour, followed
by incubation with primary antibodies overnight, washed
by 1 × Tris Buffered Saline (TBS) with 0.1% Tween (TBST)
for 10 minutes three times, then removed the TBST and
incubated with secondary antibodies for four hours at 4°C.
Chemiluminescence was developed using enhanced chemi-
luminescence (ECL) substrate and detected by a chemilu-
minescence imaging system (ChemiDoc Touch; Bio-Rad Life
Science, Hercules, CA, USA). Antibodies used here are listed
in Supplementary Table S1.

Histological Analyses

Frozen retinal sections were thawed for up to 15 minutes
at room temperature and washed in PBST (PBS with 0.1%
Tween) three times for five minutes each. Then the sections
were blocked with goat serum for one hour and incubated at
4°C overnight with primary antibodies. After being washed
in PBST three times for five minutes, sections were incubated
with fluorescent secondary antibodies for one hour at 37°C.
Last, after being washed in PBST three times for five minutes,
the sections were stained with 0.5 μg/mL DAPI dilution
1:1000 in PBS for 10 minutes at 37°C. Antibodies used here
are listed in Supplementary Table S1. In addition, paraffin-
embedded tissue sections were stained with hematoxylin-
eosin (H&E) and Masson to determine the retina tissue
morphology and collagen volume fraction. All images were
captured using an automatic digital slide scanning system
(AxioScan.Z1; Zeiss, Oberkochen, Germany).

Cells

Human RPE cell line ARPE19 (ATCC,Manassas, VA, USA) was
cultured with 10% fetal bovine serum (FBS) (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA) in
an incubator at 5% CO2 and 37°C. Primary RPE cells were
isolated and purified from the eyes of WT or KAL-KO SD
suckling rats at two weeks. After the cornea, lens, vitreous,
and retina were removed, the intact pigmented epithelium
was separated from the optic cup. Then, RPE was placed in
the cell digestion solution (0.08% trypsin-without ethylene-
diamine tetra-acetic acid + type I collagenase) and incu-
bated at 37°C for 30 minutes. Next, DMEM (10% FBS + 1%
penicillin and streptomycin) were used to stop the digestion
by pipetting. Next, the solution was spun in a centrifuge
at room temperature for three minutes at 800 rpm/min, the
cell pellets were resuspended and incubated in a humidified
incubator at 5% CO2 and 37°C.
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Transfection and Treatment

Adenovirus overexpressing KAL (Ad-KAL), adenovirus over-
expressing Snail (Ad-Snail), and adenovirus overexpress-
ing red fluorescent protein (Ad-CON) were purchased from
OBiO (Shanghai, China). MnSOD siRNA (si-MnSOD), Snail
siRNA (si-Snail), and non-targeting siRNA (si-CON) were
purchased from RiboBio (Guangzhou, China). According to
the manufacturer’s instructions, the transfection of plasmids
was performed at about 70% confluency using Lipofectamine
3000 (L3000015; Gibco). Si-RNA transfection was performed
using Lipofectamine RNAiMAX (13778150, Gibco, USA).
Recombinant Human TGFβ1 Protein (no. 10804-H08H;
Sino Biological Inc., Chesterbrook, PA, USA) was used
in 10 ng/mL.

Transwell Assay

Cell vertical migration was determined in a 24-well tran-
swell chamber (26616; Corning, Corning, NY, USA). Cells at
5 × 104 cells/filter in a 200 μL serum-free medium were
seeded on cell culture inserts, and 600 μL 20% FBS medium
was added to the lower chamber. After being incubated
for 16 hours, cells were fixed in ethanol for 20 minutes
and stained with 0.1% crystal violet for 10 minutes. Then
cells in the upper filter were removed by cotton swabbing,
photographed, and counted.

Wound Healing Assay

Cell horizontal migration ability was detected by wound
healing assay. The same numbers of cells were seeded in a
six-well plate with a complete media. When cells reached
100% confluence, scratched with a 100 μL pipette tip to
obtain scratches in a straight line of a constant width and
cultured under serum-free media. Cells invading the wound
line after 16 hours were photographed with ZEISS Axio
Imager Z1 (Zeiss, Jena, Germany) and measured distances
to calculate the migration rate.

MnSOD Activity Assay

SOD2 enzymatic activity was assessed using a Cu/Zn-SOD
and Mn-SOD assay kit (S0103; Beyotime Institute of Biotech-
nology, Jiangsu, China) according to the manufacturer’s
instructions. Add SOD1 inhibitors A and B successively,
then incubate with the WST-8/enzyme working solution for
30min at 37°C. The absorption at 450nm was measured.
When the inhibition rate of WST-8 formazan was 50%, the
SOD2 enzymatic activity was defined as 1 unit. The protein
concentrations for each sample were measured using a BCA
assay kit. The results were expressed as unit/μg protein.

Intracellular ROS Levels Assay

Intracellular ROS levels were measured by the ROS assay kit
(S0033S; Beyotime Institute of Biotechnology) according to
a protocol provided by the manufacturer. Intracellular reac-
tive oxygen species can oxidize non-fluorescent DCFH to
produce fluorescent dichlorodihydrofluorescein (DCF). The
cells were seeded in a six-well plate (5 × 105 cells/filter).
First, we removed the cell culture medium and added an
appropriate volume of DCFH-DA diluted with serum-free
DMEM at 10 μmol/L. Then, the samples were incubated for
20 minutes at 37°C. Finally, we washed the cells three times

with serum-free cell culture mediums. DCF fluorescence was
detected by CytoFLEX Flow (Beckman Coulter, Pasadena,
CA, USA).

Statistical Analysis

The SPSS 13.0 and GraphPad Prism 8.3 software were
used for statistical analysis and data visualization. Mean
values were calculated (n ≥ 3) and presented as mean
± standard deviation. A t-test analysis was performed to
compare the two groups. The one-way ANOVA performed
multiple groups analysis, then followed by the least signifi-
cant difference test if the variance was similar between the
groups. Moreover, otherwise, the Games-Howell method is
required. Statistical significance was considered as a level of
P < 0.05.

RESULTS

KAL Deficiency Triggers the EMT and Oxidative
Stress in RPE During AMD

We used sodium iodate (NaIO3, SI) to generate AMD models
to induce retinal cell degeneration, a widely used oxidant
specific to RPE cells. Low doses of SI cause the patchy loss of
tight junctions in RPE, disrupt outer and inner photoreceptor
segments, and cause the accumulation of degradation prod-
ucts of outer photoreceptor segments typical of AMD [19].
We found that thickness increased obviously between RPE
and outer/inner segments (OS/IS) (Figs. 1A, 1B), and colla-
gen volume enriched markedly around RPE (Figs. 1C, 1D).
At the same time, KAL expression decreased significantly
(Figs. 1E, 1F) in SI-induced rats’ retinas compared with
the control group. Both KAL protein levels and Serpina4
mRNA levels consistently decreased significantly in rats’
retinas from the NaIO3 group (Figs. 1G–I). Compelling
evidence highlights ROS as crucial conspirators in EMT
engagement18,19 and collagen I promote EMT in multiple
diseases.27 Therefore the results above indicated that KAL
might participate in the occurrence of EMT in RPE during
AMD.

To verify the causative role of KAL in the RPE dysfunc-
tion during AMD, we assessed morphological changes and
EMT-related markers in RPE from KAL-KO rats and WT rats
separately. It showed that thickness increased obviously in
the RPE-OS/IS region from KAL-KO rats (Figs. 1J, 1K) and
collagen enriched markedly around RPE compared to WT
rats (Figs. 1L, 1M), which confirmed that KAL deprivation led
to retinal degeneration. RPE65 is an abundantly expressed
protein within the RPE of the eye that is required for retinoid
metabolism to support vision.28 Herein, we stained the retina
histological sections with RPE65 monoclonal antibody and
found that KAL-KO rats showed lower RPE65 levels in the
RPE layer than WT rats (Supplementary Fig. S1A), suggesting
KAL loss might also cause RPE dysfunction.

Furthermore, the RPE from KAL-KO SD rats expressed
less E-cadherin but more N-cadherin detected by immunoflu-
orescence (Figs. 2A, 2B) and Western blot (Figs. 2C, 2D). RPE
cells are usually in resting condition and have no migration
function, and the cell migration ability is enhanced when
EMT occurs.29 Therefore we isolated primary RPE cells from
rats’ retinas and determined them using immunofluores-
cence (Supplementary Fig. S2). Then, transwell and wound
healing assays (Figs. 2E–H) showed that KAL knockout
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FIGURE 1. KAL knockout led to AMD-like pathology. (A) Representative H&E-stained images of vertical retinal sections from rats showed the
morphology in the RPE to IS/OS area marked by the white dotted line. Images below are zoomed in from the black dotted box showing IS/OS-
RPE morphology. (B) Quantifying the relative RPE-IS/OS thickness from H&E-stained images of retinal sections from rats. The thickness
between RPE and IS/OS is marked as RPE-IS/OS. Measurement at each 200 μm distance to ON and each measurement ratio to the first 200
μm measurement as relative RPE-IS/OS thickness, respectively. (C, D) Quantification of CVF and representative Masson-stained images of
collagen (blue) in the white dotted line area from vertical retinal sections from rats. (E) Representative immunofluorescence-stained images
of vertical retinal sections from rats showed KAL expression (green) in retinas. The nuclear was stained with DAPI (blue). Images below
are zoomed in from the white dotted box showing IS/OS-RPE morphology. (F) Quantification of relative KAL fluorescence intensity in the
regions of IS/OS-RPE. (G-H) Representative Western blot images and quantification of KAL protein levels in rats’ retinas. (I) The bar graph
shows Serpina4 mRNA levels in rats’ retinas detected by RT-qPCR. Six-month-old male SD rats received 1% SI in saline at 35 mg/kg or equal
volume saline as a control in A–I. (J) Representative H&E-stained images of vertical retinal sections from WT and KAL-KO rats showed
the morphology in the RPE to IS/OS area marked by the white dotted line. (K) Quantification of the relative RPE-IS/OS thickness from
H&E-stained images of retinal sections from WT and KAL-KO rats. (L, M) Quantification of CVF and representative Masson-stained images
of collagen (blue) in the white dotted line area from vertical retinal sections from WT and KAL-KO rats. Six-month-old male WT and KAL-KO
SD rats were observed in J–M. The data are shown as the mean ± S.D and analyzed by t-test. Scale bars: 50 μm and 10μm in zoom-in images
n ≥ 3 per group. CON, control; KAL, Kallistatin; KO, knockout; IS/OS, photoreceptor inner/outer segment; ON, optic nerve; CVF, collagen
volume fraction; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; SD, Sprague Dawley. S.D, standard deviation.
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FIGURE 2. KAL deficiency triggered the EMT and oxidative stress in RPE. (A) Representative immunofluorescence images of Ecad (blue-
green), Ncad (green), and MnSOD (purple) expression in RPE from rats. The nuclear was stained with DAPI (blue). Scale bars: 50 μm.
(B) Quantification of Ecad, Ncad, and MnSOD expression in RPE. (C) Western blot analysis of Ecad, Ncad, MnSOD, KAL, and Snail expression
in primary RPE cells from rats. (D) Bar graphs of quantitative data for protein expression analyzed by Western blot. (E, F) Representative
images of primary RPE cells from rats were taken at 16 hours after the transwell assay and at 0 hours and 16 hours after the wound
healing assay. Scale bars: 200 μm. (G, H) The histogram of the migrating cell numbers and migration ratio of primary RPE cells in E-F.
(I) Representative images of intracellular ROS production stained by DCF (x-axis) detected by flow cytometry in primary cells from RPE of
rats. (J) The histogram of the relative level of intracellular ROS production. (K) MnSOD activity in primary cells from RPE rats.6-month-old
male WT (n = 3) and KAL-KO (n = 3) SD rats were used in A–D and K. Two-week-old male WT (n = 4) and KAL-KO (n = 4) SD rats were
used in E–J. The data are shown as the mean ± S.D. *P < 0.05, **P < 0.01, and ***P < 0.001 by t-test. H&E, hematoxylin and eosin; WT,
wild type; RPE, retinal pigment epithelium; IS/OS, photoreceptor inner/outer segment; ON, optic nerve; GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; Ecad, E-cadherin; Ncad, N-cadherin; S.D, standard deviation.
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FIGURE 3. KAL overexpression inhibited the EMT and oxidative stress in RPE. (A) Representative immunofluorescence images of Ecad
(blue-green), Ncad (green), and MnSOD (purple) expression in RPE from mice. The nuclear was stained with DAPI (blue). Scale bars: 50 μm.
(B) Quantitative data of Ecad, Ncad, and MnSOD expression in RPE from mice. (C, D) Representative Western blot images and bar graphs
of quantitative data of Snail, Ecad, Ncad, MnSOD, and KAL expression in RPE from mice. (E) MnSOD activity in RPE, retina, and serum from
mice. (F, G) Representative Western blot images and bar graphs of quantitative data of Ecad, Ncad, MnSOD, Snail, and KAL expression in
ARPE19 cells infected with adenovirus overexpressing KAL (Ad-KAL) or control adenovirus (Ad-CON) for 48 hours. (H, I) Representative
images of the transwell assay (16 hours) and wound healing assay (0 and 16 hours) showed the migrating rate of ARPE19 cells infected with
Ad-KAL or Ad-CON for 48 hours. Scale bars: 200 μm. (J, K) The histogram of the migrating cell numbers and rate of ARPE19 cells infected
with Ad-KAL or Ad-CON for 48 hours in H and I. (L) Representative images of intracellular ROS production stained by DCF (x-axis) detected
by flow cytometry in ARPE19 cells. (M) Quantitative data of intracellular ROS production. (N) MnSOD activity in ARPE19 cells infected with
Ad-KAL or Ad-CON for 48 hours. Six-month-old WT (n = 5) and KAL-TG (n = 5) C57bl/6J mice were used in A–E. Repeat at least three
times in F–N. The data are shown as the mean ± S.D. *P < 0.05, **P < 0.01, and ***P < 0.001 by t-test. CON, control; Ecad, E-cadherin; Ncad,
N-cadherin; S.D, standard deviation.
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FIGURE 4. KAL reversed TGFβ-induced EMT and oxidative stress in RPE cells. (A, B) Representative images and the histograms of the
migrating cell numbers were taken at 16 hours after transwell assay of ARPE19 cells infected by Ad-KAL or Ad-CON for 48 hours with
or without TGFβ treatment. (C, D) Representative images and the histogram of the migrating rate of ARPE19 cells infected by Ad-KAL
or Ad-Con for 48 hours with or without TGFβ were taken at 0 and 16 hours after wound healing. Scale bars: 200 μm. (E) Western blot
detection of MnSOD, Ecad, and Ncad expression in ARPE19 cells infected with Ad-KAL or Ad-CON for 48 hours with or without TGFβ.
(F) Quantitative data of Western blot detection of MnSOD, Ecad, and Ncad expression in ARPE19 cells infected with Ad-KAL or Ad-CON for
48 hours with or without TGFβ. Repeat at least three times. The data are shown as the mean ± S.D. *P < 0.05, **P < 0.01, and ***P < 0.001
versus ARPE19-CON group and #P < 0.05, ##P < 0.01, and ###P < 0.001 versus ARPE19-CON+TGFβ group by one-way ANOVA test. TGFβ:
10 ng/mL. CON, control; Ecad, E-cadherin; Ncad, N-cadherin; KAL, Kallistatin; S.D, standard deviation.

enhanced the cell migration in primary RPE independent
of cell proliferation (Supplementary Fig. S3).

In addition, ROS induced by oxidative stress are involved
in the pathological changes of AMD, where MnSOD is
a crucial antioxidant enzyme.20–22 We detected the ROS
level in primary RPE cells from WT and KAL-KO rats’
retinas to define whether KAL deficiency leads to oxida-

tive stress in RPE. It showed that KAL deficiency signif-
icantly increased ROS levels (Figs. 2I, 2J). Furthermore,
we found that both MnSOD expression (Figs. 2A–D) and
activity (Fig. 2K) in the RPE layer from KAL-KO rats
dropped distinctly. These experiments demonstrated that
KAL deficiency triggers EMT and oxidative damage in
RPE.
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FIGURE 5. Snail mediated KAL regulating EMT and oxidative stress. (A) Representative Western blot images of KAL, MnSOD, Ecad, and
Snail expression in primary cells from RPE of rats transfected with Snail small-interference RNA (si-Snail) or control si-RNA (si-CON).
(B) Quantifying Western blot images of KAL, MnSOD, Ecad, and Snail for A. (C) Representative Western blot images of KAL, MnSOD, Ecad,
Ncad, and Snail in ARPE19 cells infected with Snail adenovirus (Ad-Snail), Ad-KAL, and Ad-CON. (D) Quantifying Western blot images of
KAL, MnSOD, Ecad, Ncad, and Snail. (E) MnSOD activity in primary cells from RPE rats transfected with si-Snail. (F) MnSOD activity in
ARPE19 cells infected with Ad-KAL or Ad-CON for 48 hours. (G) Representative images of intracellular ROS production stained by DCF
detected by flow cytometry in primary cells from RPE of rats transfected with si-Snail or si-CON. (H) The relative level of intracellular ROS
production was analyzed from G. (I, J) Representative images and quantification data of intracellular ROS production detected by flow
cytometry in ARPE19 cells infected with Ad-Snail, Ad-KAL, or Ad-CON. Two-week-old male WT (n = 4) and KAL-KO (n = 4) SD rats were
used in A, E, and G. The data are presented as the mean ± S.D. *P < 0.05, **P < 0.01, and ***P < 0.001 by t-test. CON, control; Ecad,
E-cadherin; Ncad, N-cadherin; S.D, standard deviation.
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FIGURE 6. KAL ameliorated sodium iodate-induced AMD-like retinopathy. (A) Representative retinal fundus images and (B) OCT imaging
was performed seven days after injection of SI or saline solution in living mice. The red arrow points to lesions in the RPE to IS/OS area.
(C) Representative full-field H&E-stained images of vertical retinal sections from rats were detected by a bright-field microscope at low
magnification. Scale bars: 500 μm. Improved areas are marked by the black box. (D) Zoom-in images from the black dotted box in C show
the RPE morphology in IS/OS area. Scale bars: 50 μm. The green arrow points to the pigment particles released after RPE destruction.
Six-month-old C57BL/6J mice were used (n = 3 per group). IS/OS, photoreceptor inner/outer segment; GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer.

KAL Overexpression Inhibits the EMT and
Oxidative Stress in RPE

To further clarify whether KAL overexpression suppressed
the EMT and oxidative damage in RPE cells, we used KAL-
TG mice and ARPE19 cells overexpressing KAL with aden-
ovirus. In vivo, KAL overexpression upregulated epithe-
lial marker E-cadherin and repressed mesenchymal marker
N-cadherin expression detected by immunofluorescence
(Figs. 3A, 3B) and Western blot (Figs. 3C, 3D). In addition,
another mesenchymal marker, Fibronectin, also decreased
significantly in RPE from KAL-TG mice (Supplementary Figs.
S4A, S4B). Moreover, MnSOD expression (Figs. 3A–D) and
activity increased notably in RPE, retina, and serum (Fig. 3E)
from KAL-TG mice, which indicated that elevated KAL levels
might suppress MnSOD-related oxidative stress.

Next, we transfected ARPE19 cells with Ad-KAL or
Ad-CON for further experiments in vitro. We found that
KAL overexpression promoted epithelial marker E-cadherin
expression and muffled mesenchymal marker N-cadherin
expression detected by Western blot (Figs. 3F, 3G), besides
other mesenchymal markers such as Fibronectin, α-SMA, and
MMP9 also decreased significantly in ARPE19 cells trans-
fected with Ad-KAL (Supplementary Figs. S4C, S4D). Further-
more, wound healing and transwell assays (Figs. 3H–K)
showed that KAL overexpression suppressed migration abil-
ity in ARPE19 cells. Additionally, ARPE19 cells infected with
Ad-KAL manifested that intracellular ROS (Figs. 3L, 3M)
level declined visibly with enhanced MnSOD expression
(Figs. 3F, 3G) and activation (Fig. 3N). In short, these results
confirmed that KAL overexpression inhibits the EMT and
oxidative stress in RPE cells in vivo and in vitro.
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KAL Reverses TGFβ-Induced EMT in RPE Cells

TGFβ is a well-known effective EMT trigger, contributing
to AMD development.23,30 To further clarify the protective
role of KAL in TGFβ-induced EMT, ARPE19 cells infected
with Ad-KAL or Ad-CON were treated with TGFβ recom-
binant protein. TGFβ accelerated APRE19 cell migration,
but KAL ameliorated this TGFβ-induced migration ability
detected by transwell (Figs. 4A, 4B) and wound healing
assays (Figs. 4C, 4D). Moreover, Western blot results showed
that KAL reversed the reduction of epithelial marker E-
cadherin and the upregulation of mesenchymal marker N-
cadherin induced by TGFβ (Figs. 4E, 4F). Other mesenchy-
mal markers, such as Fibronectin and Vimentin, exhibited
the same trend (Supplementary Fig. S4E-F). Besides, we
found that TGFβ reduced MnSOD expression while KAL
amended the decline of MnSOD expression in ARPE19 cells
(Figs. 4E, 4F). These findings indicated that KAL overexpres-
sion reversed TGFβ-induced EMT and protected MnSOD-
related oxidative damage in RPE cells.

Snail Mediates KAL Regulating EMT and
Oxidative Stress

Another question arises how KAL regulates EMT and oxida-
tive stress of RPE. We found that KAL loss upregulated
Snail expression in primary RPE cells from KAL-knockout
rats (Fig. 2E-F), and KAL overexpression deterred Snail
expression of RPE cells in vivo (Figs. 3C, 3D) and vitro
(Figs. 3F, 3G). Because our latest published data demon-
strate that Snail transcriptionally regulated MnSOD,23 and
Snail is one crucial transcription factor for EMT.23,31 Thus
we speculated that KAL might regulate EMT and oxidative
stress through Snail.

Western blot results showed that Snail interference
reversed EMT resulting from KAL scarcity in primary RPE
cells from rats (Figs. 5A, 5B). In contrast, Snail overexpres-
sion minified the KAL-upregulated E-cadherin expression
and distended the KAL-downregulated N-cadherin expres-
sion in ARPE19 cells (Figs. 5C, 5D). Furthermore, Snail inter-
ference in primary KAL-knockout RPE cells significantly
recovered the lower MnSOD activity due to KAL knockdown
(Fig. 5E). In comparison, Snail weakened the MnSOD activity
promoted by KAL in ARPE19 cells (Fig. 5F). Consequently,
Snail loss reduced ROS levels in RPE from KAL knockout
rats (Figs. 5G, 5H), and Snail facilitated ROS production in
KAL overexpressed ARPE19 cells (Figs. 5I, 5J). These results
defined that KAL suppressed oxidative stress-induced EMT
via downregulating Snail.

KAL Ameliorates Sodium Iodate-Induced
AMD-Like Retinopathy

Fundus photographs showed depigmented patches occu-
pied the whole field of view in NaIO3-induced mice but
decreased significantly in KAL transgenic mice (Fig. 6A).
Consistently, we found that the RPE layer of mice in the
NaIO3 group developed conspicuous high reflex zones
detected by OCT (Fig. 6B). Then, we detected retinal histo-
morphology with H&E staining (Figs. 6C, 6D). It showed a
large amount of melanin deposition in the RPE layer reti-
nas of NaIO3-induced mice. The amount of black sediment
on the retina in KAL transgenic mice is significantly reduced
compared to that in NaIO3-induced mice. Besides, the abnor-

mal shape between RPE-OS/IS became smooth in KAL trans-
genic mice.

DISCUSSION

For a long time, constructing an animal model of AMD
has been an urgent and important goal in ophthalmol-
ogy research. The spontaneous Rd8 gene frameshift muta-
tion has been found in C57BL/6N and C57BL/6ByJ, lead-
ing to abnormal retina pigment epithelium and photorecep-
tor morphology, but not in any C57BL/6J subline and rat
line.32,33 Besides, intraperitoneal injection of sodium iodate
is widely used for generating the AMD model. KAL is well
known as antioxidative stress molecular and closely related
to retinal diseases. For instance, the level of KAL is signifi-
cantly reduced in the vitreous cavity of diabetic retinopathy
patients34 and the plasma of AMD patients.35 Unlike these
reports, our study highlights the crucial role of Kallistatin
(KAL) on the EMT of RPE in the progress of AMD by using
sodium iodate-induced AMD rats and KAL knockout rats.
It is accepted that SERPINA4, Serpin family A member 4,
encodes KAL, which have been conserved in human, chim-
panzee, Rhesus monkey, dog, and rat but not in mouse.
Moreover, rat Serpina4 is orthologous to human SERPINA4
(SERPINA4 - Gene - NCBI [nih.gov]). All of these made it
a better choice to construct the KAL-KO model using SD
rats, not mice lines. Moreover, we observed that KAL-KO rats
spontaneously exhibited RPE dysfunction resembling AMD,
including the increasing thickness from IS/OS to RPE and
oxidative stress-induced EMT in RPE (Figs. 1 and 2) at six
months. Thus we provide a valid and phenotypic animal
model for AMD research.

The RPE is a monolayer of cells that do not migrate under
normal conditions. Ho et al.36 demonstrated that intraretinal
RPE migration is a common occurrence in early to interme-
diate dry AMD because they found that 61.4% of patients
showed intraretinal RPE migration on OCT scans. Moreover,
multiple studies showed that RPE cells underwent EMT and
allowed RPE cell migration into the retina and the sub-RPE
space during AMD.9,10,37 Thus it’s rational that we used tran-
swell assay and wound-healing assay in RPE cells to show
RPE migration in the development of AMD. EMT of RPE cells
plays a pivotal role in RPE dysfunction disorders, such as
diabetic retinopathy,11 AMD,6,38,39 and proliferative vitreo-
retinopathy.39 The link between KAL and EMT is confined to
two studies, which reported that KAL reverses the EMT in the
cervical cancer cell40 and kidney tubular cells.41 The present
study provides new evidence that KAL deficiency initiates
EMT using the loss-of-function in the in vivo experiments
(Fig. 2). KAL inhibits the EMT of RPE cells in transgenic
mice and KAL-overexpressing cells (Fig. 3). RPE cells have
multiple physiological functions, like protecting the retina
from oxidative stress and phagocytosis of POSs, which are
shed daily from retinal photoreceptor cells. In other words,
dysfunctional RPE cells failed to remove POSs after losing
KAL to resist oxidative stress-induced EMT. These rationally
explained that KAL-KO rats showed increased thickness and
obvious abnormal histopathology between RPE and OS/IS
(Figs. 1J–M). Furthermore, the upregulation of TGFβ plays
a critical role in RPE dedifferentiation and promoting EMT
in vivo and in vitro.39,42,43 Subsequently, we further clarify
that KAL also protects against TGFβ-induced EMT in RPE
(Fig. 4). These results indicate that KAL is vital in initiating
EMT in RPE cells, a potential therapeutic target in intraocular
disorders related to EMT in RPE, not limited to AMD.
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Previous studies reported that KAL increased SOD2 activ-
ity, suppressed oxidative stress, and scavenged ROS.44,45

However, the regulation of KAL on oxidative stress in
intraocular diseases remains to be studied. In this study,
we found that KAL inhibited EMT of RPE accompanied by
enhanced MnSOD expression and activity with less ROS
production (Figs. 2 and 3). In addition, we found that si-
MnSOD abolished the protective effect of KAL on RPE cells’
EMT (Supplementary Fig. S5A, S5B). These data demon-
strated that MnSOD was responsible for the inhibitory role
of KAL in the EMT of RPE. Moreover, KAL overexpression
increased the MnSOD mRNA level even in the cells treated
with TGFβ (Supplementary Fig. S5C), which suggested that
KAL upregulated MnSOD at the transcription level. Our
previous studies have demonstrated that Snail is the critical
transcription factor for EMT and mediated the increase of
mesenchymal markers induced by high glucose.46 Our latest
published data showed that Snail is a transcriptional repres-
sor for MnSOD, and the Snail-MnSOD axis frames a mutual
loop in the development of EMT of RPE.23 For the first time
here, we found that Snail mediated the effect and regulation
of KAL, decreasing ROS levels and MnSOD expression and
activity (Fig. 5).

The reason for the downregulation of KAL expression
in AMD is worthy of further investigation. We have shown
that KAL inhibits the EMT induced by TGFβ (Fig. 4). On
the other hand, we observed a decreased KAL expression
in TGFβ-treated ARPE19 cells even with KAL overexpres-
sion (Figs. 4E, 4F). The study of KAL regulation at transcrip-
tional and protein levels is limited. Then we verified that
TGFβ negatively regulated the transcription of KAL (Supple-
mentary Figs. S6A–C). We also confirm that TGFβ negatively
regulated the transcription of KAL using the Dual-luciferase
reporter gene experiment (Supplementary Fig. S6D). Smads
are proteins with a transcription factor function, such as
EMT responding to TGFβ signaling.47 First, TGFβ1 binds
to the TGFβ membrane receptor, then Smad2 and Smad3
are phosphorylated, form a complex with Smad4, and enter
the nucleus to bind with other DNA-binding factors such
as Snail to induce EMT. Our subsequent work is worthy of
study by the elaborated mechanism by which TGFβ regu-
lated KAL transcription via Smads. Furthermore, we found
that Smad3 was phosphorylated in RPE from KAL-KO rats
(Supplementary Fig. S6E) and inactivated in RPE from KAL-
TG mice and KAL-overexpressed ARPE19 cells (Supplemen-
tary Figs. S5F–H). It is reported that KAL prevented fibro-
sis by inhibiting ROS-induced TGFβ1 expression.48 Thus it
suggests that a feedback loop may be formed between KAL
and TGFβ, resulting in a vicious circle of the development
of AMD, and the elaborated mechanism is worthy of study
in our subsequent work.

It has been well accepted that SI enhanced oxidative
damage in the retina to induce the AMD animal model.
Here, we found that KAL ameliorated SI-induced AMD-like
retinopathy (Fig. 6) in a partial area of the retina. However,
we have to note that the improvement appeared in regions
far from the optic disk detected by a bright-field micro-
scope at low magnification because of the age of the mice.
Therefore we will further use more and younger mice to
determine whether KAL relieves the AMD-like pathologi-
cal changes in all retinas. Furthermore, our team previously
discovered that pigmented Brown Norway rats are more
prone to severe retinal neovascularization than SD rats in the
oxygen-induced retinopathy model.49,50 Herein, we detected
the HIF1α and EVGFA in choroid tissues by Western Blot

and found these angiogenesis-related markers did not alter
significantly (Supplementary Fig. S7). Thus we can rule out
the possibility of KAL’s protective role in RPE secondary to
vascular stabilization of the choroid.

In conclusion (Supplementary Fig. S8), we obtained
evidence that KAL inhibited the oxidative stress-induced
EMT in RPE cells by downregulating Snail. Herein, these
results offer new insights into the disease mechanisms and
may provide a new approach to therapy for dry AMD.
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