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Luteolin delays photoreceptor degeneration in a mouse
model of retinitis pigmentosa
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Abstract

Luteolin is neuroprotective for retinal ganglion cells and retinal pigment epithelial cells after oxidative injury, whereby it can inhibit microglial
neurotoxicity. Therefore, luteolin holds the potential to be useful for treatment of retinal diseases. The purpose of this study was to
investigate whether luteolin exhibits neuroprotective effects on rod cells in rd10 mice, a slow photoreceptor-degenerative model of retinitis
pigmentosa. Luteolin (100 mg/kg) intraperitoneally injected daily from postnatal day 14 (P14) to P25 significantly enhanced the visual
performance and retinal light responses of rd10 mice at P25. Moreover, it increased the survival of photoreceptors and improved retinal
structure. Mechanistically, luteolin treatment attenuated increases in reactive oxygen species, photoreceptor apoptosis, and reactive gliosis;
increased mMRNA levels of anti-inflammatory cytokines while lowering that of pro-inflammatory and chemoattractant cytokines; and lowered
the ratio of phospho-JNK/JNK. Application of the JNK inhibitor SP600125 exerted a similar protective effect to luteolin, suggesting that luteolin
delays photoreceptor degeneration and functional deterioration in rd10 mice through regulation of retinal oxidation and inflammation by
inhibiting the JNK pathway. Therefore, luteolin may be useful as a supplementary treatment for retinitis pigmentosa. This study was approved
by the Qualified Ethics Committee of Jinan University, China (approval No. IACUC-20181217-02) on December 17, 2018.
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reagents (Zhang et al., 2017; Liu et al., 2018), transcription
or nutrition factors (Azadi et al., 2007; Jiang et al., 2014),
and histone deacetylase inhibitors (Trifunovi¢ et al., 2016).
Among nutritional supplements, various types of flavonoids
have demonstrated neuroprotective roles in models of

Introduction

Retinitis pigmentosa (RP) is a hereditary retinal dystrophic
disorder that results from progressive losses of rods and
cones, which ultimately causes blindness (Hartong et al.,
2006). Although RP affects approximately 1 out of 4000

people globally, so far there are no effective treatments. Many
approaches have been employed to delay the degeneration
of photoreceptors, such as antioxidants, anti-inflammatory

retinal degenerative diseases including diabetic retinopathy
(Rossino and Casini, 2019), age-related macular degeneration
(Pawlowska et al., 2019), and RP (Head, 1999; Herrera-
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Herndndez et al., 2017).

Luteolin (3',4',5,7-tetrahydroxyflavone; Figure 1A) is an
important flavonoid present in numerous plants, such as
vegetables, fruits, and medicinal herbs. With its capacity to
scavenge both oxygen and nitrogen species, luteolin exerts
many biological effects including anti-oxidation (Williams et
al., 2004), anti-inflammation (Chen et al., 2007), and anti-
angiogenesis (Park et al., 2012). In the eye, luteolin was
shown to be neuroprotective following oxidative injury of
retinal ganglion cells (Maher and Hanneken, 2005) and
retinal pigment epithelial cells (Hanneken et al., 2006; Hytti
et al., 2015). In an in vitro experiment, luteolin was found to
inhibit microglial neurotoxicity (Dirscherl et al., 2010). These
properties of luteolin indicate that it may be useful for treating
other retinal diseases.

In Pde6b™® (rd10) mice, a canonical model of RP, rod cells
begin to degenerate around postnatal day 18 (P18) due to a
mutation of the Pde6b gene encoding rod phosphodiesterase
(Chang et al., 2007), which also causes RP in human patients.
The death of rods peaks around P25 and is almost completed
by P45 (Gargini et al., 2007). We hypothesized that luteolin
might delay photoreceptor degeneration in rd10 mice as a
result of its anti-oxidative and anti-inflammatory properties.
In this study, we asked whether luteolin could protect retinal
photoreceptors and delay their degeneration in rd10 mice.

Materials and Methods

Animals

rd10 (Pde6b™) and wild-type (WT) (C57BL/6J) mice (aged
8-10 weeks, of either gender, weighing 15-20 g) were
purchased from Jackson Laboratory (Bar Harbor, ME, USA)
and the Experimental Animal Center of Guangdong Province
[License No. SCXK (Yue) 2018-0002; Guangzhou, China],
respectively. All animals were housed under standard
conditions (25°C room temperature, 40—60% humidity, 12-
hour light/dark cycle) and allowed free access to food and
water. Animal experiments were conducted according to
the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Visual
Research, and approved by the Qualified Ethics Committee
of Jinan University (approval No. IACUC-20181217-02) on
December 17, 2018. All efforts were made to minimize the
number of mice utilized and their suffering.

Measurement of luteolin concentrations in the mouse retina
Luteolin (CAS: 491-70-3; molecular weight 286.23 Da)
purchased from Mansite Biotechnology Co., Ltd. (Chengdu,
China), was first dissolved in 1 N NaOH and then the pH of the
stock solution was adjusted to 7.2 with 1 N HCI. Thereafter,
the stock was further diluted with phosphate-buffered saline
(PBS, 0.01 M) (Hendriks et al., 2004).

High-performance liquid chromatography was applied to
determine whether and how much luteolin could reach
the retina. Luteolin (100 mg/kg body weight) (Hendriks
et al., 2004; Ziyan et al., 2007; Liu et al., 2013) was
intraperitoneally (i.p.) injected into 4- to 5-week-old WT
mice. After 15, 30, or 60 minutes, mice were euthanized by
dislocation of cervical vertebra and retinas were extracted. For
each time point, proteins from six retinas of three mice were
pooled and processed using a previously reported protocol
(Xiang et al., 2018), with the ultraviolet detection wavelength
set at 350 nm.

Study design

Animals were randomly assigned to five groups: WT (n = 46),
PBS (rd10 + PBS; n = 58), luteolin (rd10 + luteolin; n = 64),
dimethyl sulfoxide (rd10 + dimethyl sulfoxide; n = 4), and
SP600125 (rd10 + SP600125; n = 4). Concentrations of luteolin
ranging from 50-120 mg/kg body weight (Hendriks et al., 2004;
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Ziyan et al., 2007; Liu et al., 2013) or equal volumes of PBS
were i.p. injected daily into rd10 littermates starting from P14
(after eye opening) until P25 (when photoreceptor apoptosis
peaks) (Gargini et al., 2007; Barhoum et al., 2008). At P25,
rd10 mice were examined for their visual behaviors using the
black and white transition, and optomotor tests. Thereafter,
mice were dark-adapted overnight and an electroretinogram
(ERG) recording was performed the next day (P26), followed
by immediate sacrifice and tissue collection. Retinas were
subjected to either immunochemical staining or total RNA
and protein extraction for subsequent real-time quantitative
polymerase chain reaction (RT-qPCR) and western blot assays,
respectively. To examine the long-term impacts of treatments,
several assessments were performed at P45, a point at
which most rods have degenerated. Age-matched WT mice
were simultaneously tested along with normal controls. The
detailed protocol is illustrated in Figure 1B.

In another set of experiments, the c-Jun N-terminal kinase
(JNK) antagonist SP600125 (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) at
a concentration of 20 mg/mL, diluted in PBS, and i.p. injected
into rd10 mice at a dosage of 15 mg/kg body weight (Shen et
al.,, 2017) from P14 to P25, when the mice were sacrificed.
Diluted DMSO was used as a control for the SP600125 group.

Visual behavioral tests

Visual behavioral tests were performed at P25 by virtue of
both the dark-light transition test and a homemade optomotor
system. The dark-light transition test, which measures the
tendency of a mouse to stay in darkness rather than an
illuminated area, was carried out as previously described
(Zhang et al., 2017; Xiang et al., 2018). In brief, a mouse was
placed in the center of a light chamber (Metronet Technology
Ltd., Beijing, China) that connects to a dark chamber, and
allowed to move freely between the chambers. Movements
were recorded and the duration each mouse spent in the dark
chamber during a 5-minute test was automatically quantified
by EthoVision XT 8.0 software (Noldus, Wageningen,
Netherlands), and the percentage against total duration of the
test (5 minutes) was calculated.

The optomotor test measures visual acuity by observing head
turning in response to moving gratings (Prusky et al., 2004).
A free-moving mouse was placed on a platform in the middle
of an arena circled by four computer monitors displaying
vertical sine wave gratings with 100% contrast written with
MATLAB (MathWorks, Natick, MA, USA). Spatial frequencies
examined included 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, and
0.45 cycles/degree at a constant speed of 12 degrees/s;
gratings with each spatial frequency were rotated clockwise
for 1 minute and then counterclockwise for 1 minute. Animals
reflexively track the gratings by moving their head as long
as they could see them. Head movements were videotaped
and the maximal spatial frequency at which an optomotor
response could be observed was manually recorded to reflect
visual acuity of a mouse.

ERG

To measure light responses of retinal neurons, mice were
dark-adapted overnight after behavioral tests, and their
retinal function was assessed with a RETIscan System (Roland
Consult, Brandenburg, Germany), as previously described
(Yang et al., 2015; Zhang et al., 2017). Dark-adapted mice were
stimulated with green flashes of increasing intensities (0.01,
0.1, and 3.0 cd-s/m’) and photopic responses to green flashes
of 10.0 cd-s/m?* were recorded. For each mouse, the value
from the eye that produced a larger response at scotopic 3.0
cd-s/m” was taken as the reading.

Tissue processing and immunofluorescence
After the ERG test, mice were euthanized by anesthetic
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overdose (i.p. injection of 100 mg/kg pentobarbital sodium;
R&D Systems, Minneapolis, MN, USA), and their eyes were
enucleated and fixed in 4% paraformaldehyde at room
temperature for 30 minutes. Thereafter, the eyes were rinsed
three times with PBS for 5 minutes each, cryoprotected
overnight in 0.01 M PBS containing 30% sucrose at 4°C,
and ultimately embedded in Optimal Cutting Temperature
Compound (Tissue-Tek, Torrance, CA, USA). Retinas were
cryosectioned on a microtome (Leica Microsystems, Buenos
Aires, Argentina) through the optic disk longitudinally at a
thickness of 10 um. Thereafter, retinal sections were mounted
on glass slides for further processing.

For immunofluorescence staining, samples were washed
three times with 0.01 M PBS before incubating in 0.01 M
PBS containing 10% normal donkey serum, 3% bovine serum
albumin, and 0.3% Triton X-100 for 1 hour, followed by primary
antibodies overnight at 4°C. After thorough washing, retinal
sections were probed with secondary antibodies for 2 hours
at room temperature, subsequently washed, mounted, and
coverslipped. To visualize cell nuclei, sections were treated
with 4',6-diamidino-2-phenylindole (DAPI; 1:1000, Electron
Microcopy Sciences, Hatfield, PA, USA) for 5 minutes prior to
mounting.

Primary antibodies included mouse anti-rhodopsin (1:500,
Cat# MAB5356, Millipore, Bedford, MA, USA), mouse anti-
red/green opsin (1:500, Cat# AB5405, Millipore), rat anti-glial
fibrillary acidic protein (GFAP; 1:500, Cat# 13-0300, Thermo
Fisher Scientific, Waltham, MA, USA), rabbit anti-ionized
calcium-binding adapter molecule 1 (Ibal; 1:1000, Cat# 019-
19741, Wako, Osaka, Japan), and rabbit anti-protein kinase C-a
(1:200, Cat# p4334, Sigma-Aldrich), for staining the rod outer
segment, cone outer segment, Muller cell processes, microglia
and rod bipolar cells, respectively. Secondary antibodies
included donkey anti mouse 1gG conjugated to Alexa Fluor-488
(1:1000, Cat#150105), donkey anti mouse IgG conjugated
to Alexa Fluor-594 (1:1000, Cat#150108), donkey anti-rabbit
lgG conjugated to Alexa Fluor-488 (1:1000, Cat#150073)
and goat anti-rat IgG conjugated to Alexa Fluor-488 (1:1000,
Cat#150165; all from Abcam, Cambridge, UK).

To identify apoptotic retinal neurons, we applied a terminal
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL)
assay (In Situ Cell Death Detection Kit; Roche Applied Science,
Indianapolis, IN, USA), as previously described (Zhang et al.,
2017). To assay reactive oxygen species (ROS) production
in the retina, cryosections from freshly fixed retinas were
incubated with 5 uM dihydroethidium (DHE, Cat# BB-47051,
BestBio Inc., Shanghai, China) in PBS for 30 minutes at 37°C.
DHE specifically reacts with superoxide anions and converts
to ethidium, which gives off red fluorescence. To compare
DHE fluorescence intensities, tissues from each group were
processed in parallel using identical procedures and imaging
parameters.

Image collection and processing

Tissues stained with DAPI alone were captured with a
fluorescence microscope (Carl Zeiss, Oberkochen, Germany),
while others were captured with a confocal microscope
(Carl Zeiss LSM700). Considering that photoreceptors of
rd10 mice degenerate from the center to the periphery, we
compared structures of the same eccentricity at 1.0 mm
away from the optic disk center (Wang et al., 2014; Zhang
et al., 2017). The thickness of the outer nuclear layer (ONL)
was quantified using the DAPI-stained sections. To quantify
lengths of the cone outer segment or Miller cell processes,
a line was drawn along the axis of each cone outer segment
stained with anti-R/G opsin or Miller cell process stained
with anti-GFAP antibody; the lengths of these lines were then
averaged for each image. The thickness of rod outer segments
was defined as the thickness of the layer stained with anti-
rhodopsin. Lengths of bipolar cell dendrites were determined

by drawing a line from the top of a soma to the end of the
longest dendrite of that cell; at least 10 cells were included for
each image. To count the number of activated Miller cells, for
each section (320 pm x 320 um), we counted GFAP-positive
processes that vertically ran across the inner nuclear layer.
Ibal expression and DHE staining were quantified as the Ibal-
positive fluorescent area and average fluorescent intensity of
DHE across the whole retina, respectively. All measurements
were analyzed with Imagel software (National Institutes of
Health, Bethesda, MD, USA). For each retina, values from 3-6
images were averaged to provide one data point, and all of
the data points from retinas of a group were further averaged
to obtain the mean value.

Protein array detection

Protein array detection was applied to screen for possible
signaling pathways modulated by luteolin. Total proteins were
extracted from homogenized retinas at P25 (for C57, PBS, and
luteolin groups: both retinas from five, three, and three mice
were used for the first experiment; and five, four, and three
mice for the second experiment, respectively) and adjusted
to a final concentration of 2 mg/mL. Expression levels of
phosphorylated proteins were detected by Human/Mouse
Mitogen-Activated Protein Kinase (MAPK) and Protein Kinase
B (PKB/AKT) Pathway Phosphorylation Arrays (RayBiotech,
Peachtree Corners, GA, USA), in a semiquantitative way.
Following protocols recommended by the manufacturer,
each array membrane was pretreated with blocking buffer
at room temperature for 30 minutes, followed by incubation
with 400 ug of the protein sample overnight at 4°C. After
adequate washing, the Detection Antibody Cocktail together
with a horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG reagent were sequentially applied to each membrane
and reacted overnight at 4°C. Thereafter, the Detection
Buffer Mixture was applied to the membrane and the
chemiluminescence signal was captured within 10-15 minutes
using a gel documentation system (ChemiTouch, Bio-Rad
Laboratories, Hercules, CA, USA). The intensity of dots was
quantified and compared with Image J software. Fold changes
within the range of 0.7-1.3 were regarded as insignificant.

Western blot assay

For western blot, 30 ug of retinal proteins were loaded in each
lane and separated by electrophoresis on 12% (v/v) sodium
dodecyl sulphate-polyacrylamide gels, and then transferred to
polyvinylidene difluoride membranes (Millipore). Membranes
were incubated with PBS containing 5% dried non-fat milk
for 1.5 hours at room temperature and then probed with
primary antibodies including rabbit anti-JNK (1:1000, Cat#
9252), anti-phosphorylated (p-) JNK (1:1000, Cat# 4668), anti-
extracellular-signal-regulated kinase (ERK; 1:1000, Cat# 9102),
anti-p-ERK (1:2000, Cat# 4370), and anti-glyceraldehyde
3-phosphate dehydrogenase (1:5000, Cat# 2118; all from Cell
Signaling Technologies, Danvers, MA, USA) at 4°C overnight.
After incubation with goat anti-rabbit horseradish peroxidase-
conjugated IgG (1:5000, Cat# 111-035-003, Jackson
ImmunoResearch, West Grove, PA, USA) for 1.5 hours at room
temperature, blots were washed three times with PBS and
incubated with an enhanced chemiluminescence reagent
(Bio-Rad Laboratories). Image documentation, processing, and
quantification were similarly performed with ImagelJ software
as mentioned above. A ratio for the total intensity of the
target protein over that of the loading control was calculated
and normalized to WT group. Measurements were repeated
for at least 3 times in each experiment.

Real-time quantitative PCR (RT-qPCR)

Dynamic alterations of gene expression of inflammation-
related factors were measured by RT-qPCR, as previously
described (Sun et al., 2017). In brief, retinas from each
mouse were isolated and lysed in TRIzol (Thermo Fisher
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Scientific) with a handheld homogenizer. Following a 5-minute
incubation, chloroform was added to the homogenate. The
mixture was vigorously shaken for 15 seconds and then
centrifuged at 14,000 x g for 15 minutes at 4°C. Thereafter,
the uppermost aqueous phase was mixed with an equal
volume of ethanol (70%) and subjected to processing with
a Total RNA Purification System (Cat# 12183018A, Thermo
Fisher Scientific) according to the manufacturer’s instructions.
Complementary DNA (cDNA) templates were synthesized
using the MightyScript Plus First Strand cDNA Synthesis
Master Mix (Sangon Biotech, Shanghai, China). Real-time PCR
detection with gene-specific primers (IDT, Coralville, IA, USA;
Table 1) and TB Green Premix Ex Taq II-Tli RNaseH Plus (Takara,
Dalian, China) was carried out as previously reported (Sun et
al., 2017). Assays were run on an Eco Real-Time PCR System
(Ilumina, San Diego, CA, USA) using the following ramping
protocol: 95°C for 45 seconds, followed by 50 cycles of 95°C
for 5 seconds and 60°C for 30 seconds. Relative quantities
of gene transcripts were calculated according to the 27
method and normalized to WT controls, using mouse S-actin
as the housekeeping gene.

Table 1 | Real-time polymerase chain reaction primers for quantification
of gene expression

Target Sequence (5' to 3')
1I-18 Sense: GACCTG TTC TTT GAA GTT GAC G
Anti-sense: CTC TTG TTG ATG TGC TGC TG
Tnf-a Sense: AGA CCC TCA CAC TCA GAT CA
Anti-sense: TCT TTG AGA TCC ATG CCG TTG
Arg-1 Sense: GAA TGG AAG AGT CAG TGT GGT
Anti-sense: AGT GTT GAT GTC AGT GTG AGC
Tgf-681 Sense: GCG GAC TAC TAT GCT AAA GAG G
Anti-sense: CCG AAT GTC TGA CGT ATT GAA GA
Nos2 Sense: GAC TGA GCT GTT AGA GACACT T
Anti-sense: CAC TTC TGC TCC AAA TCC AAC
1I-10 Sense: GTC ATC GAT TTC TCC CCT GTG

Anti-sense: ATG GCC TTG TAG ACA CCT TG
-6 Sense: AGC CAG AGT CCT TCA GAG A
Anti-sense: TCC TTA GCC ACT CCT TCT GT

Ccl-3 Sense: CCT TGC TGT TCT TCT CTG TACC
Anti-sense: CGA TGA ATT GGC GTG GAATC
Ccl-2 Sense: CAT CCA CGT GTT GGC TCA
Anti-sense: AAC TACAGC TTC TTT GGG ACA
Cxcl-10 Sense: ATT TTC TGC CTC ATC CTG CT
Anti-sense: TGA TTT CAA GCT TCC CTATGG C
Actb Sense: GGC TGT ATT CCC CTC CAT CG

Anti-sense: CCA GTT GGT AAC AAT GCCATG T

Actb: B-Actin; Arg-1: arginase 1; Ccl: C-C motif chemokine ligand; Cxcl: CXC
motif chemokine ligand; II: interleukin; Nos2: nitric oxide synthase 2; Tgf-B1:
transforming growth factor f1; Tnf-a: tumor necrosis factor a.

Statistical analysis

All data are presented as mean * standard error of mean
(SEM). Prism 7 (GraphPad Software, San Diego, CA, USA)
was utilized for statistical analysis. Statistical significance of
parametric data was determined with Student’s t-test or
one-way analysis of variance with Tukey’s post hoc test, as
appropriate. P values < 0.05 and < 0.01 were considered
significant and highly significant, respectively.

Results

Luteolin rapidly enters the retina following i.p. injection

To examine whether luteolin could cross the blood-
retina barrier after i.p. administration, we measured its
concentration in retinas harvested 15, 30, and 60 minutes
after i.p. injection at a dosage of 100 mg/kg body weight.
Luteolin became detectable in the retina 15 minutes after
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i.p. administration, with corresponding levels of 26.06 ug/mL
and 8.44 ug/mL at 15 and 30 minutes, respectively. At 60
minutes, the concentration decreased to 2.82 ug/mL (i.e. 9.7
UM). As luteolin demonstrates a strong anti-oxidative effect on
cultured retinal cells at 10 uM (Maher and Hanneken, 2005),
we considered injection of ~100 mg/kg to be appropriate for
testing potential biological effects on the retina in vivo.

Optimizing the dosage of luteolin for i.p. injection

We next explored the optimal dosage of luteolin (ranging
from 50 to 120 mg/kg body weight) following a daily single i.p.
injection from P14 to P25. As a simple index of rod survival,
we used thickness of the ONL at 1.0-1.3 mm away from the
optic nerve center (Wang et al., 2014). Our results show that
following injection of 100 mg/kg luteolin, average thickness of
the ONL was 2.0 + 0.1-fold greater than that of the PBS group.
Moreover, it was greater than that of the groups receiving 50
mg/kg (1.2 + 0.2-fold) or 120 mg/kg (1.6 + 0.1-fold) luteolin
(Figure 1C). Therefore, for the remaining experiments, we
applied luteolin at a dosage of 100 mg/kg.

Luteolin improves visual behaviors in rd10 mice

To investigate whether luteolin enhanced the visual function of
rd10 mice, we tested their light perception using the dark-light
transition, and their visual acuity using optomotor responses.
The dark-light transition box (Figure 2A) can evaluate the
perception of luminance by a mouse’s tendency to stay in
darkness, as WT mice with normal vision tend to spend most
of their time in the dark chamber. At P26, the time that PBS-
treated rd10 mice spent in darkness was substantially reduced
(43.0 + 2.7% of the total duration, n = 12) compared with WT
mice (65.2 £ 2.3%, n = 10, P < 0.001), indicating an impaired
capability to detect luminance. Following luteolin treatment,
rd10 mice stayed substantially longer in darkness (64.3 + 2.7%,
n =14, P<0.001, vs. PBS-treated controls; Figure 2B).

Optomotor responses indicate the visual acuity of a mouse
by exposing it to moving gratings of increasing spatial
frequencies (Figure 2C) (Prusky et al., 2004). The higher the
spatial frequency (i.e. the finer the grating) that an animal can
respond to, the greater its visual acuity. Compared with WT
mice, which detected 0.36 + 0.01 cycles/degree (n = 7), the
threshold of rd10 mice was much lower (0.18 + 0.02 cycles/
degree, n = 11, P < 0.001). Luteolin treatment significantly
improved visual acuity according to this index, which
increased to 0.30 + 0.01 cycles/degree (n = 11, P < 0.001, vs.
PBS-treated group; Figure 2D). However, rd10 mice tested at
P45 hardly showed any improvement (Additional Figure 1A).
Thus, amelioration of visual behaviors in rd10 mice by luteolin
seemed to be restricted to an early stage of degeneration.

Luteolin enhances the retinal light response of rd10 mice

To examine the impact of luteolin on retinal physiology,
ERG recordings were performed at P26. In WT mice, retinal
neurons responded well to light flashes under both dark-
adapted (black lines in Figure 3A) and light-adapted (photopic)
conditions (Figure 3C). Owing to photoreceptor degeneration,
light responses in rd10 mice were dramatically decreased (gray
lines in Figure 3), but could be partly recovered by luteolin
(gray dotted lines in Figure 3). Under dark-adapted conditions,
the average amplitudes of a- and b-waves at 3.0 cd-s/m’ in
PBS-treated rd10 mice (n = 8) were significantly reduced
compared with those of WT controls (P < 0.001, n = 11).
Following luteolin treatment, a- and b-wave amplitudes were
both significantly increased [2-fold for a-wave (P < 0.05) and
3.2-fold for b-wave (P < 0.001), n = 9; Figure 3B)]. At lower
flash intensities of 0.01 and 0.1 cd-s/m?, luteolin tended to
increase amplitudes of both a- and b-waves, but there was no
significant difference compared with the PBS-treated group
(Additional Figure 2).

Under photopic conditions, the a-wave amplitude slightly
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declined, which was partially recovered by luteolin (Figure
3D). The photopic b-wave amplitude decreased significantly
from 76.5 £ 10.4 uV in WT controls to 23.9 £ 9.0 pV in PBS-
treated rd10 mice (P < 0.01). Luteolin treatment markedly
increased the b-wave amplitude to 54.8 + 6.2 pV (P < 0.05,
vs. PBS-treated group; Figure 3D). Hence, our ERG results
indicate that luteolin preserved both rod- and cone-mediated
light responses in the rd10 retina.

Consistent with the results of visual behavioral tests, luteolin
improved neither scotopic nor photopic ERG responses at P45
(Additional Figure 1B and C).

Luteolin preserves retinal structures in rd10 mice
Improvements in scotopic and photopic ERG after luteolin
treatment suggest that photoreceptor and/or bipolar
cell degeneration was slowed down. Thus, the survival of
photoreceptors was examined at different eccentricities from
the central to peripheral regions. Typical examples of retinal
slices from the middle region of each group are shown in
Figure 4A. By P25, the ONL thickness in PBS-treated rd10
retinas became considerably thinner at all regions (P < 0.001,
vs. WT counterparts). In the luteolin-treated group, more
layers of photoreceptor somas remained and the ONL was
significantly thicker (1.2—1.5-fold) compared with the PBS-
treated group (Figure 4B; P < 0.05 at 800 um and 1200 um
from the center). At P45, when rod degeneration enters the
late stage, only a single tier of somas remained in the ONL
of PBS-treated rd10 retinas, and luteolin had little effect
(Additional Figure 1D).

We next studied the structure of cone and rod photoreceptors
by immunostaining. In WT retina, staining for rhodopsin
at P25 was very strong in the outer segments, but weak in
the inner segments and somas. In PBS-treated rd10 retina,
staining was predominantly restricted to the outer segments
that had become much shorter (Figure 5A, left and middle
panel). After luteolin treatment, the outer segment layer
was thicker, indicating longer outer segments (7.3 = 2.2 um
vs. 3.4 £ 0.7 um in PBS group, P < 0.01; Figure 5B). Similarly,
staining for red/green opsin in WT retina revealed clear long
cone outer segments (14.4 + 0.6 um; Figure 5C), which were
significantly shortened in PBS-treated rd10 mice (2.2 + 0.1
um) but dramatically restored with luteolin administration (6.4
+ 0.8 um, P < 0.01; Figure 5D).

To evaluate protection of retinal structures by luteolin, we
assessed the structures of rod bipolar cells with an antibody
against protein kinase C-a (Figure 5E). As the dendritic trees
of bipolar cells shrink upon the loss of their synaptic input,
measuring dendritic length can indicate the ability of these
cells to collect information. In the rd10 retina, dendritic length
was 48% of WT controls (Figure 5E). The average length of
these dendrites was significantly increased from 5.4 + 0.2
um in the PBS-treated group to 8.2 + 0.3 um (or 72% of WT
controls) in the luteolin-treated group (P < 0.01; Figure 5F).
Collectively, our results indicate that luteolin had a protective
effect on the retinal structure of rd10 mice.

Luteolin reduces apoptosis and oxidative stress in retinas of
rd10 mice

Having identified the protective effect of luteolin on
degenerating rd10 retinas, we subsequently explored the
possible underlying mechanism. Specifically, we evaluated the
potential impacts of luteolin on apoptosis, oxidative stress,
and inflammation using fluorescent staining.

A TUNEL assay was utilized to identify apoptotic photoreceptors
(Figure 6A). In WT retina, no TUNEL-positive cells were
observed (n = 5). Consistent with our prior report (Zhang et al.,
2017), numerous TUNEL-positive cells appeared in the ONL of
rd10 retinas (2396 + 311 cells/mm?, n = 4, P < 0.001, vs. WT
controls), and treatment with luteolin significantly reduced this

number to 478 + 79 cells/mm?® (n = 5, P < 0.001 vs. PBS; Figure
6B). Given that TUNEL-positive cells exclusively represent the
apoptotic population (Gavrieli et al., 1992), our results suggest
that luteolin attenuated photoreceptor apoptosis in rd10 mice.

To examine whether the aforementioned impact on apoptosis
was mediated by modulation of ROS production, we stained
retinal sections with the ROS indicator DHE (He et al., 2013).
As shown in Figure 6C, hardly any DHE was observed in WT
retina, but its staining intensity was increased by 1.8 + 0.2-
fold in PBS-treated rd10 retina (P < 0.05), indicating an overt
increase in ROS production. Luteolin significantly reduced
the increase in DHE fluorescent intensity to 1.2 + 0.04-fold (P
< 0.05, vs. PBS-treated group; Figure 6D), suggesting that it
inhibited ROS production in the rd10 retina.

Luteolin inhibits reactive gliosis in retinas of rd10 mice

ROS regulates gliosis of retinal Muller cells (Hu et al., 2015),
and reduced ROS protects Muller cells from gliosis (Tan et al.,
2015). Thus, we next investigated whether luteolin inhibits
reactive gliosis, as characterized by elevated GFAP expression
and reactivity of Ibal-immunolabeled microglial cells.

In accordance with previous literature, Ibal-positive cells were
mainly present in the inner plexiform layer and inner retina
with branch ramifications (Genové et al., 2014) (Figure 7A, left
panel). In PBS-treated rd10 mice, microglia were distributed
across all layers of the retina at P26, particularly in the outer
layers. Many microglia displayed reactive morphologies, i.e. an
amoeboid shape with large somas (Figure 7A, middle panel).
Luteolin treatment reduced numbers of reactive microglia in
the outer retina (Figure 7A, right panel). To quantify this, we
measured the area of Iba-1 positive staining in each section.
The Iba-1 positive area of the PBS-treated group increased to
4.8-fold that of WT controls, and luteolin reduced this value to
3.4-fold (P < 0.01, vs. PBS group; Figure 7C).

Unlike in the WT retina, whereby GFAP staining in Mdiller cells
was limited to their end feet in the nerve fiber layer (Figure
7B, left panel), vertically running processes of Mller cells
were intensely stained up to their termination in the outer
limiting membrane of degenerating rd10 retinas (Figure 7B,
middle panel). This staining was significantly reduced by
luteolin treatment given that the stained processes typically
did not cross the ONL (Figure 7B, right panel).

To quantify GFAP expression, lengths of GFAP-stained Miller
cell processes were measured and their quantities in each
section were counted. As shown in Figure 7D, the mean
length of Muller cell processes was 7.9 + 0.4 um (n = 5) in WT
controls and significantly increased to 107.6 + 2.3 um in PBS-
treated rd10 mice (n = 5, P < 0.001; Figure 7D). Treatment
with luteolin significantly reduced this parameter to 90.0 £ 2.3
um (n =5, P < 0.001, vs. PBS-treated group). Luteolin further
lowered the number of GFAP-positive processes from 37.8 +
1.2 per image in the PBS-treated rd10 group to 30.6 + 1.0 per
image (P < 0.001; Figure 7E). Hence, luteolin alleviated gliosis
of Muller cells in rd10 retinas.

Luteolin affects retinal expression of inflammation-related
cytokines

As reactive gliosis is a major indicator of inflammation in
the retina (Zhang et al., 2017), we next examined retinal
expression of inflammation-related molecules by RT-gqPCR.
These molecules included: (i) pro-inflammatory cytokines
interleukin-1 beta (//-18) and tumor necrosis factor-alpha
(Tnf-a); (ii) anti-inflammatory cytokines transforming growth
factor-beta (7gf-B), arginase 1 (Arg-1), interleukin 6 (/I-6),
interleukin 10 (//-10), and nitric oxide synthase-2 (Nos-2);
and (iii) chemoattractant cytokines C-C motif chemokine
ligand 2 (Ccl-2), C-C motif chemokine ligand 3 (Cc/-3), and
CXC motif chemokine ligand-10 (Cxcl-10). As expected, overall
expression of the pro-inflammatory and chemoattractant
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Figure 1 | Experimental protocol, structure of luteolin, and dose-dependent tests.

(A) Chemical structure of luteolin. (B) Experimental protocol. In the first set of experiments, rd10 mice at P14 were daily i.p. injected with PBS (n = 28) or luteolin (n
=30) until P25, when assessments started. Age-matched WT mice (n = 25) were utilized as normal controls. Another 13 rd10 mice were kept until P45 to test
the long-term effect of luteolin. In the second set of experiments, PBS (n = 4), luteolin (n = 4), or the c-Jun N-terminal kinase inhibitor SP600124 (n = 4) was
injected into rd10 mice from P14 to P25. (C) Dose-dependent effects of luteolin (lut) on ONL thickness in rd10 mice at 1 mm away from the center of the optic
disk. Values were normalized to PBS-treated controls. Data are expressed as mean + SEM. *P < 0.05 (one-way analysis of variance followed by Tukey’s post hoc
test). Numbers within bars indicate quantities of mice tested. ERG: Electroretinogram; i.p.: intraperitoneal; ONL: outer nuclear layer; P: postnatal day; PBS:
phosphate-buffered saline; RT-PCR: real-time polymerase chain reaction; WB: western blot; WT: wild-type.
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Figure 2 | Luteolin (lut) improves visual behaviors in rd10 mice.

(A, C) Illustrations of apparatuses for dark-light transition (A) and optomotor tests (C). (B) Percentages of time during which mice stayed in the dark chamber
(relative to the total duration of the test) at P25. (D) Visual acuity (the finest grating at which an animal shows an optomotor reflex) presented in the unit

of cycle per degree (cpd). Luteolin treatment increased the duration rd10 mice spent in the darkness and their visual acuity. Data are expressed as mean +
SEM. ***P < 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). Numbers in bars indicate quantities of mice tested. P: Postnatal day; PBS:
phosphate-buffered saline; rd: rd10; WT: wild-type.
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Figure 3 | Luteolin (lut) improves light responses in the retinas of rd10 mice.

(A, C) Representative electroretinogram (ERG) traces in response to light flashes under dark adaptation (scotopic 3.0 cd-s/m?, A) and light adaptation (photopic
10.0 cd-s/m?, C) from a WT (black lines) or rd10 mouse treated with PBS (gray lines) or luteolin (gray dotted lines) at P26. (B) Peak amplitudes (amp) of the
scotopic a- and b-waves. (D) Peak amplitudes (amp) of photopic a- and b-waves. Data are expressed as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s
t-test). Numbers within bars indicate quantities of mice tested. P: Postnatal day; PBS: phosphate-buffered saline; rd: rd10; WT: wild-type.
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Figure 4 | Luteolin increases the survival of photoreceptors in rd10 mice.

(A) Images of DAPI staining of retinal sections. The ONL of retinas of PBS-treated rd10 mice (rd/PBS) was much thinner than that of WT controls, and was
partly reversed by luteolin (rd/lut). Scale bars: 40 um. (B) Quantification of ONL thickness at P26 in each group from center to peripheral regions. Data are
expressed as mean + SEM. *P < 0.05, ***P < 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). Numbers within bars indicate quantities of
mice tested. DAPI: 4',6-diamidino-2-phenylindole; GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer; P: postnatal day; PBS: phosphate-
buffered saline; WT: wild-type.
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Figure 5 | Luteolin (lut) preserves the
morphological structure of photoreceptors and
s [d/PBS bipolar cells in rd10 mice.
B rdut (A, C, E) Images of rhodopsin (Green: Alexa Fluor-488,
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10 - sections at P26. Dotted lines in C and E illustrate
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dendrites, respectively. Scale bars: 20 um in Aand C,
20 *:* 10 um in E. (B, D, F) Thickness of rod OS (B), length
15 of cone OS (D), and RBP dendrites (F) in each group.
o Rod OS, cone OS, and bipolar dendrites were much
thinner and shorter in the retinas of rd10 mice
compared with WT controls, and luteolin increased
these parameters at P26. Data are expressed as mean

o + SEM. **P < 0.01 (one-way analysis of variance
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0 OPL: outer plexiform layer; OS: outer segment; P:
postnatal day; PBS: phosphate-buffered saline; PKC-a:
protein kinase C-a; RBP: rod bipolar cell; rd: rd10; WT:
wild-type.
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Figure 6 | Luteolin (lut) inhibites apoptosis and
oxidative stress in the retinas of rd10 mice.
(A) Images of TUNEL (green) and DAPI (blue) staining
wT rd/PBS rdiut B of retinal slices at P26 (white arrowheads indicate
TUNEL-positive cells). (B) Density of TUNEL-positive
* cells. In the WT retina, TUNEL-positive (apoptotic)
3000 cells were undetected. Apoptotic cells were increased
in the retinas of rd10 mice, but were greatly
decreased by luteolin. (C) Images of dihydroethidium
(DHE, an indicator of ROS production) staining in
retinal sections. Scale bars: 20 pm in A, 40 um in C.
0 (D) Fluorescent intensity of DHE staining across the
WT rd/PBS rdiut  whole retinal section normalized to the mean of
WT controls. ROS levels were elevated in rd10 mice
and further reduced by luteolin. Data are expressed
3 as mean + SEM. *P < 0.05, ***P < 0.001 (one-way
analysis of variance followed by Tukey’s post-hoc
test). Numbers within/near bars indicate quantities
of mice tested. DAPI: 4',6-Diamidino-2-phenylindole;
GCL: ganglion cell layer; INL: inner nuclear layer;
ONL: outer nuclear layer; P: postnatal day; PBS:
WT rd/PBS rdflut  phosphate-buffered saline; rd: rd10; ROS: reactive
oxygen species; TUNEL: terminal deoxynucleotidyl
transferase dUTP nick end labeling; WT: wild-type.
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4' 6-Diamidino-2-phenylindole; GCL: ganglion cell layer; GFAP: glial fibrillary acidic
protein; Ibal: ionized calcium-binding adapter molecule 1; INL: inner nuclear layer;
ONL: outer nuclear layer; P: postnatal day; PBS: phosphate-buffered saline; WT:
wild-type.
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cytokines listed above was greatly upregulated in the retinas
of rd10 mice (Figure 8A and B). In contrast, expression of
anti-inflammatory cytokines was substantially downregulated
(Figure 8C). Treatment with luteolin reversed these changes
by decreasing mRNA levels of pro-inflammatory and
chemoattractant cytokines, while increasing those of anti-
inflammatory cytokines. Specifically, compared with the PBS
group, decreases of pro-inflammatory //-18 and Tnf-a were
highly significant (P < 0.001), and that of chemoattractants
was either highly significant (P < 0.01 for Ccl-2) or significant
(P < 0.05 for Ccl-3 and Cxcl-10). Notably, Tgf-B expression in
luteolin-treated retinas was restored to a normal level and
highly significant compared with PBS-injected mice (P < 0.001).

Luteolin inhibits the JNK pathway in retinas of rd10 mice

The MAPK family reportedly responds to inflammation (Yao
et al., 2017). For example, phosphorylation of JNK is closely
associated with the overproduction of inflammatory mediators,
as well as the occurrence of inflammation (Wang et al., 2020).
Here, we used western blotting and protein arrays to identify
potential signaling pathways involved in luteolin-mediated
protection against retinal degeneration. As shown in Figure
9A, there was hardly any change in the p-ERK to ERK ratio in all
three conditions. In contrast, although there was no significant
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mRNA level
mRNA level

Tnf-a IL-18 Ccl-2 Ccl-3 Cxcl-10

difference between the ratio of p-JNK/JNK in WT and rd10
retinas, this ratio was greatly reduced in luteolin-treated mice
(Figure 9B), suggesting that luteolin may play an inhibitory
role in JNK signaling. To further unravel the underlying
mechanism, we applied a protein array and screened the
expression of targets involved in multiple pathways potentially
regulated by luteolin, including AKT, mammalian target of
rapamycin (mTOR), adenosine 5'-monophosphate-activated
protein kinase (AMPK), phosphatase and tensin homologue
deleted on chromosome ten (PTEN), ERK, and p38 mitogen-
activated protein kinase (p38MAPK). However, none of these
pathways seemed responsible for the neuroprotection elicited
by luteolin, as changes in the phosphorylation of key targets
following luteolin treatment were insignificant compared with
PBS-treated rd10 counterparts (Figure 9C).

To substantiate the regulatory role of the JNK pathway
in luteolin-elicited neuroprotection, the JNK antagonist
SP600125 was injected into rd10 mice using the same protocol
described above. As shown in Figure 10, injection of luteolin
or SP600125 alone significantly increased the ONL thickness
compared with their respective solvent controls. These
results indicate that in RP mice, inhibiting the JNK pathway
contributes to the delay of photoreceptor degeneration.
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Figure 8 | Effects of luteolin (lut) on mRNA expression of inflammation-related cytokines in retinas of rd10 mice (rd).

(A—C) mRNA expression of pro-inflammatory cytokines Tnf-a and /I-13 (A); chemoattractant cytokines Ccl-2, Ccl-3, and Cxcl-10 (B); and anti-inflammatory
cytokines Tgf-B, Arg-1, II-6, 1I-10, and Nos-2 (C) in each group at P26, quantified by real-time polymerase chain reaction. Luteolin significantly decreased
upregulation of pro-inflammatory and chemoattractant cytokines in the retinas of rd10 mice, and significantly increased Tgf-B. Data were normalized to
those of WT controls. Data are expressed as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Tukey’s posthoc test).
Numbers within/near bars indicate quantities of mice tested. Arg-1: Arginase 1; Ccl: C-C motif chemokine ligand; Il: interleukin; Nos2: nitric oxide synthase 2;
Tgf-B1: transforming growth factor B1; Tnf-a: tumor necrosis factor a; P: postnatal day; PBS: phosphate-buffered saline; WT: wild-type.
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Figure 9 | Luteolin inhibited (lut) the JNK pathway in the retinas of rd10 mice (rd).

(A) Images of western blots (left panel) showing expression of ERK and p-ERK, with GAPDH as a loading control, at P26. Ratios of p-ERK/ERK for each sample are
shown on the right. (B) Western blots of JNK and p-JNK (left panel) and ratios of p-JNK to JNK for each sample (right panel). Data are expressed as mean + SEM.
Data were calculated from at least three independent experiments. *P < 0.05 (one-way analysis of variance followed by Tukey’s post hoc test). Numbers within
bars indicate quantities of mice tested. (C) Changes in expression levels of the phosphorylated forms of key signaling molecules after specified treatments by
protein array assays. Data were averaged from two independent repeats: the first test used protein samples of both retinas from five WT, three PBS-treated,
and three luteolin-treated mice; while the second used five WT, four PBS-treated, and three luteolin-treated mice. 4E-BP1: Eukaryotic translation initiation
factor 4E-binding protein 1; Akt: protein kinase B; AMPKa: adenosine 5'-monophosphate-activated protein kinase a; BAD: Bcl-xL/Bcl-2-associated death
promoter; ERK: extracellular-signal-regulated kinase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; GSK: glycogen synthase kinase; HSP27: heat shock
protein 27; JNK: c-Jun N-terminal kinase; MEK: mitogen-activated protein kinase-extracellular-signal-regulated kinase kinase; MKK: mitogen-activated protein
kinase kinase; MSK: mitogen-and-stress-activated protein kinase; mTOR: mammalian target of rapamycin; P: postnatal day; P70S6K: 70-kDa ribosomal protein
S6 kinase; PBS: phosphate-buffered saline; PDK1: phosphoinositide-dependent protein kinase 1; p-ERK: phosphorylated extracellular-signal-regulated kinase;
p-JNK: phosphorylated JNK; PRAS40: proline-rich Akt substrate of 40 KD; PTEN: phosphatase and tensin homologue deleted on chromosome ten; Raf-1: rapidly
accelerated fibrosarcoma-1; RPS6: ribosomal protein S6; RSK: ribosomal S6 kinase; WT: wild-type.
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Figure 10 | The JNK inhibitor SP600125 preserved the retinal morphology of rd10 mice (rd) .

(A) Representative images of DAPI-stained retinal slices from rd10 mice treated with PBS, luteolin (lut), DMSO, or the JNK inhibitor SP600125 at P26. Scale bars:
20 um. (B) ONL thickness in rd10 retinal slices at approximately 1 mm from the center of the optic disk. Treatment with luteolin or the JNK inhibitor increased
ONL thickness compared with solvent controls. Data are expressed as mean + SEM. *P < 0.05, ***P < 0.001 (Student’s t-test). Numbers within bars indicate
quantities of mice tested. DAPI: 4',6-Diamidino-2-phenylindole; DMSO: dimethyl sulfoxide; JNK: c-Jun N-terminal kinase; GCL: ganglion cell layer; INL: inner
nuclear layer; ONL: outer nuclear layer; P: postnatal day; PBS: phosphate-buffered saline.

Discussion

In the current study, we determined the effects of luteolin
on the retina of Pde6b™® (rd10) mutant mice. Here, we
demonstrated for the first time by both functional and
morphological tests that luteolin slows down photoreceptor
degeneration in rd10 mice. Our study further elucidated
the potential mechanisms accounting for its action: luteolin
inhibits JNK signaling and, hence, may affect several
downstream processes such as attenuating apoptosis and
ROS production, thus alleviating reactive gliosis in Mller cells
and microglia. Furthermore, luteolin downregulated pro-
inflammatory cytokine expression while increasing that of
anti-inflammatory cytokines.

Protection of rd10 retinas by luteolin

We first demonstrated that luteolin administered by i.p.
injection could penetrate the retina-blood barrier and reach
the retina at a concentration proven to effectively protect
cultured retinal ganglion cells against oxidative stress injury
(Maher and Hanneken, 2005). These results are in line with a
previous study reporting the capacity of luteolin to cross the
blood-brain barrier (You et al., 2019). Our results set a basis
for future application of luteolin to ophthalmic disorders. Of
note, although a single injection led to an immediate increase
in the retina, the turnover seemed fast. Hence, a protocol
involving repeated administration is required and could be
further optimized in the future.

With an appropriate dose of 100 mg/kg body weight, our
results showed that luteolin treatment almost fully restored
the visual behaviors of rd10 mice to that of WT controls under
both scotopic and photopic conditions. Consistent with the
observed functional amelioration, our morphological data
indicated significant preservation of cone and rod outer
segments following luteolin treatment (44% and 19% of
WT, respectively). It is worth noting that our results were
consistent with previous findings indicating that luteolin
treatment almost completely reverses optomotor dysfunction
in rd10 mice, despite the partial recovery of scotopic vision
and modest restoration of ONL thickness (Zhang et al.,
2017). Considering that cones contribute much more to
optokinetic responses than rods (Schroeder et al., 2018),
whereas rods are the dominant photoreceptors in scotopic
vision (Lamb, 2016), we concluded that cones may be a more
appropriate target for luteolin treatment and even a small
histological improvement is worth pursuing, as it has a greater
consequence in enhancing function.

While the observed short-term protection was impressive, the
long-term effect was negligible as tested by photoreceptor
survival, ERG, and optomotor response (Additional Figure
1). These results may be explained by our choice to provide
treatment only until P25, suggesting that the beneficial
effects of luteolin may be associated with the duration of its

treatment. A less likely explanation is that the therapeutic
effects of luteolin on retinal degeneration are time-sensitive
(i.e. luteolin is more effective at the early stage of RP). It is
also possible that luteolin targets only certain pathological
pathways activated during RP, and therefore its protection is
incomplete. Nonetheless, the short-term amelioration of RP-
elicited morphological and functional impairments in vision
demonstrated by the current study shed light on a novel
strategy for retinal protection by the flavonoid luteolin.

Possible mechanisms mediating the neuroprotection elicited
by luteolin

The neuroprotective role of luteolin both in vivo and in vitro has
been documented in experimental models of several central
nervous system disorders, including traumatic brain injury
(Wang et al., 2020), epilepsy (Waetzig and Herdegen, 2004),
ischemia (Repici and Borsello, 2006), Alzheimer’s disease (Choi
and Lee, 2010), and Parkinson’s disease (Patil et al., 2014).
However, the underlying mechanism for its neuroprotective
effect is still debated. Numerous molecules are reportedly
dynamically modulated by luteolin. To name a few, nuclear
factor kappa-B (NF-kB), malondialdehyde, myc promoter-
binding protein, GFAP, matrix metalloprotein-9 (MMP-9),
tissue inhibitor of metalloproteinases, caspase-3, Toll-like
receptors 4 and 5, phosphorylated ERK1/2 or AKT, nitric
oxide, Bax, and P53-targeting genes can all be reduced by
luteolin. Likewise, activities of enzymes such as chymase and
tryptase are also reduced following luteolin administration. In
addition, luteolin is able to suppress the activation of certain
immune cells, such as microglia, and can upregulate MMP2,
neurotrophic factors (brain-derived neurotrophic factor and
glial cell line-derived neurotrophic factor), anti-oxidative
enzymes (superoxide dismutase and glutathione peroxidase),
mTOR, nuclear factor E2-related factor, B-cell lymphoma 2,
heme oxygenase-1, beclin 1, microtubule-associated protein
light chain 3 II, and interferon-gamma (Liao et al., 2018). Taken
together, these findings imply that luteolin-elicited biological
alterations, albeit multi-faceted, are likely disease-specific.
Accordingly, we explored the potential mechanisms underlying
its neuroprotection in retinal degeneration by referring to
previous studies on other central nervous system disorders.

Flavonoids are known for their capacity to scavenge ROS,
subsequently mitigating oxidative stress. Following this hint,
we measured ROS levels in degenerating rd10 retinas, which
revealed that luteolin significantly lowered this pathogenic
factor. Furthermore, treatment with luteolin cytologically
inhibited reactive gliosis of both Mller cells and microglia,
which are both putatively regarded to play important roles in
the progression of RP, whereby neuroinflammation may be
a key issue resulting in photoreceptor degeneration. Hence,
we next examined the influence of luteolin on transcription
levels of three subsets of immune-related molecules: pro-
inflammatory cytokines Tnf-a and //-13, which clearly
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aggravate inflammation, produce fever, and cause tissue
destruction when administered to humans (Dinarello, 2000);
anti-inflammatory cytokines Tgf-8, Arg-1, II-6, 1I-10, and Nos-2;
and chemoattractant cytokines Ccl-2, Ccl-3, and Cxcl-10, which
are associated with the development of neurodegenerative
diseases such as Parkinson’s disease and Alzheimer’s disease
(Ramesh et al., 2013). In line with previous reports, the retina
of rd10 mice exhibited overt neuroinflammation, as evidenced
by significantly increased expression of pro-inflammatory and
chemoattractant cytokines, and reduced expression of anti-
inflammatory cytokines. For targets Tnf-a, II-15, Tgf-8, Ccl-
2, Ccl-3, and Cxcl-10, luteolin-triggered reversibility in mRNA
expression reached statistical significance, supporting the
notion that suppressing excessive inflammatory responses
assists in counteracting retinal degeneration in rd10 mice.
Notably, the restoration of anti-inflammatory capacity by
increased expression of other targets (including Arg-1, II-
10, and Nos-2) was marginal, which may account for the
incomplete recovery in luteolin-treated rd10 mice. It is worth
mentioning that /-6 is a pleiotropic factor that can elicit both
regenerative and anti-inflammatory changes, or aggravate
inflammation, thus exerting a double-edged sword effect
on immune responses. Many studies have highlighted its
crucial anti-inflammatory role in regulating immune cells.
For instance, /I-6 reportedly mediates immunosuppression
in dendritic cells by upregulating expression of the anti-
inflammatory cytokine //-10, which reduces the binding
activity of NF-kB and suppresses transcription of CCR7 (Hegde
et al., 2004). Likewise, /-6 inhibits the inflammatory response
in bacterial meningitis by reducing leukocyte infiltration
(Paul et al., 2003). Interestingly, although //-6 reportedly had
adverse impacts on the retina (Balasubramaniam et al., 2009;
Robinson et al., 2020), there are also studies confirming its
retinal neuroprotective property. For example, treatment
with /-6 promoted the survival of retinal ganglion cells by
upregulating brain-derived neurotrophic factor via activation
of adenosine receptors A1R and A2aR (Mendonca Torres and
de Araujo, 2001; Perigolo-Vicente et al., 2013, 2014). Likewise,
intravitreal injection of /-6 increased the endogenous level of
ciliary neurotrophic factor to protect photoreceptors against
retinal degeneration (Heo et al., 2018). Taken together, //-6
may play differential roles in the retina, whose effects may
be cell- and disease-specific, and influenced by the adjacent
milieu. In the current study, //-6 was more likely to attenuate
overall inflammation, given its similar expression pattern
compared with other anti-inflammatory cytokines in the
retina. The increase of /-6 levels was insignificant in luteolin-
treated rd10 retinas, which we speculated might be somehow
associated with the observed incomplete restoration of visual
function; thus, the immunoregulatory role of //-6 observed
during this process warrants further investigation.

In terms of potential signaling pathways enabling the
aforementioned cellular and immune responses, we employed
phosphorylation protein array screening concurrently with
semi-guantitative immunoblotting. The results showed that
with the exception of a significant reduction in the ratio of
p-JNK to total JNK, dynamic changes of other numerous targets
were not evident. JNK, a serine-threonine protein kinase
belonging to the MAPK family, regulates a variety of cellular
activities such as proliferation, differentiation, apoptosis,
inflammation, and so forth. Of note, phosphorylation of JNK
is closely related to the overproduction of inflammatory
mediators and occurrence of inflammation (Wang et al.,
2020). As a result, blocking of the JNK signaling pathway has
been raised as a potential therapeutic strategy to prevent
neurodegenerative and neuroinflammatory diseases (Repici
and Borsello, 2006). Results of the current research support
this conjecture by showing that luteolin treatment of rd10
mice reduced phosphorylated JNK and directly inhibited the
JNK pathway to protect photoreceptors from degeneration.
Interestingly, while some previous literature reported that
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luteolin suppresses phosphorylation of JNK (Choi and Lee,
2010; Kao et al., 2011; Wu et al., 2020), others show the
opposite result (Liao et al., 2018; You et al., 2019). The
discrepancy may arise from the fact that luteolin-induced
activation and inhibition of the JNK pathway is concentration-
dependent (Kimata et al., 2000), which consequently indicates
that the dosage of luteolin is critical and, perhaps, requires
individualization. Notably, JNK inhibitors including SP600125,
UTI, LXA4, and Celastrol have been discovered to potently
downregulate levels of pro-inflammatory cytokines and
chemokines, while upregulating those of anti-inflammatory
ones (Miao et al., 2015; An et al., 2017; Li et al., 2018; Zhang
et al., 2020). This is consistent with our results and further
emphasizes the role of the JNK pathway in mediating luteolin-
conferred protection of photoreceptors. Despite the fact
that other pathways such as Raf1-MEK-1-Erk, p38MAPK,
and mTOR also reportedly participate in the regulation of
neuroinflammation by luteolin (Wu et al., 2013; Yang et al.,
2018; Ye et al., 2019), the pilot data from our protein array
screening did not support this possibility.

There are several limitations of the current study that need
to be considered. For instance, luteolin-exerted protection
of photoreceptors is suggested to be mediated through
the JNK signaling pathway based on results showing that
luteolin lowered phosphorylation of JNK and the JNK inhibitor
SP600125 recapitulated the effect of luteolin on retinal
morphology. Nevertheless, application of a JNK activator (e.g.
anisomycin) following luteolin treatment should be performed
to examine whether such protection can be diminished, as
this would further strengthen our conclusion. Likewise, retinal
samples used for molecular assays were obtained at the end
point. Therefore, potential dynamic changes of experimental
indices, such as mRNA levels of inflammation-related
cytokines and activation of various signaling pathways, remain
unknown. Accordingly, assessments with more time points are
preferred for future investigations. Additionally, while luteolin
seems promising for RP treatment in the current situation,
it remains unclear whether these findings allow for direct
clinical translation, particularly considering the incomplete
and transient protection elicited by luteolin in rd10 mice,
which exhibit much faster degeneration than human subjects.
Hence, well-designed clinical trials with optimization of
luteolin administration in RP patients are needed.

In summary, our current study demonstrated that
administration of luteolin can effectively delay the progressive
impairments of retinal morphology and visual functions in
rd10 mice. These therapeutic effects potentially depend on
reducing ROS and photoreceptor apoptosis, and inhibiting
reactive gliosis of Muller cells and microglial activation. The
observed decrease in phosphorylation of JINK and subsequent
correction of exaggerated neuroinflammation could be the
underlying molecular mechanism. As an herbal extract,
luteolin exhibits comprehensive beneficial effects and is
therefore promising for treating RP and other retinal disorders
involving neurodegeneration and neuroinflammation.
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Additional Figure 1 Long-term effects of luteolin in rd10 mice.

(A) Average visual acuity for rd10 mice treated with PBS or luteolin until P25 and tested at P45. (B, C)
Average amplitudes (amp) of the a- and b-waves in scotopic (B) and photopic (C) conditions. (D)
Average ONL thickness from the center to the periphery. The improved ERG responses, ONL thickness
or visual behaviors of rd10 mice were not persistent after the cessation of luteolin treatment at P25.
Data are expressed as the mean + SEM, and were analyzed by Student’s t-test. The numbers within the
bars indicate the quantity of mice tested. cpd: Cycle per degree; ERG: electroretinogram; ONL: outer
nuclear layer; P: postnatal day; PBS: phosphate-buffered saline; WT: wild-type.
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Additional Figure 2 Effects of luteolin on scotopic ERG responses at various flash intensities in

rd10 mice.

(A, B) Peak amplitudes (amp) of scotopic a- (A) and b-waves (B) at flash intensities of 0.01, 0.1 and
3.0 cd-s/m? at P26. Data are expressed as the mean = SEM. *P < 0.05, ***P < 0.001 (Student’s t-test).
The numbers of mice included in WT, PBS-treated and luteolin-treated rd10 groups are 11, 8 and 9,
respectively. ERG: electroretinogram; P: postnatal day; PBS: phosphate-buffered saline; WT:

wild-type.
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