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Abstract

Zeaxanthin dipalmitate (ZD) is a chemical extracted from wolfberry that protects degener-
ated photoreceptors in mouse retina. However, the pure ZD is expensive and hard to pro-
duce. In this study, we developed a method to enrich ZD from wolfberry on a production line
and examined whether it may also protect the degenerated mouse retina. The ZD-enriched
wolfberry extract (ZDE) was extracted from wolfberry by organic solvent method, and the
concentration of ZD was identified by HPLC. The adult C57BL/6 mice were treated with
ZDE or solvent by daily gavage for 2 weeks, at the end of the first week the animals were
intraperitoneally injected with N-methyl-N-nitrosourea to induce photoreceptor degenera-
tion. Then optomotor, electroretinogram, and immunostaining were used to test the visual
behavior, retinal light responses, and structure. The final ZDE product contained ~30mg/g
ZD, which was over 9 times higher than that from the dry fruit of wolfberry. Feeding degener-
ated mice with ZDE significantly improved the survival of photoreceptors, enhanced the reti-
nal light responses and the visual acuity. Therefore, our ZDE product successfully alleviated
retinal morphological and functional degeneration in mouse retina, which may provide a
basis for further animal studies for possible applying ZDE as a supplement to treat degener-
ated photoreceptor in the clinic.

Introduction

Photoreceptor degenerative diseases are a group of retinal diseases including retinitis pigmen-
tosa (RP), age-related macular degeneration (AMD), and other inherited retina dystrophies. In
those diseases, photoreceptors degenerate and lose the ability to transfer light into electrical
signals thus leading to blindness finally [1]. Among those diseases, RP is one of the most
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common forms of inherited retinal disease that causes degeneration and death of cone and rod
cells, affecting approximately 1 in 4,000 individuals [2]. Many strategies have been applied to
preserve or replace photoreceptors, including antioxidant or anti-inflammatory agents, gene
therapy, stem cell therapy, retinal prosthesis therapy, etc. [3]. Among them, some have entered
clinical trials with promising results and FDA approved products like Luxturna as a gene ther-
apy for Leber’s congenital amaurosis type 2 [4], and electric transplant Argus II retinal pros-
thesis [5]. While these strategies may offer effective long-term treatment, the expensive cost
and risk of surgery limits the application, therefore new treatment option for degenerative ret-
ina is still in great need.

Many researchers have explored the protective effect on the degenerated retina from plant
extract, like curcumin, flavonoids including luteolin, Ginkgo Biloba extract and green tea
extract, resveratrol, forskolin, saffron, and Lycium barbarum etc [6]. Among them, lycium bar-
barum or wolfberry is a traditional Chinese herb that nourishes the kidney, liver, and eyes [7].
Its extract has demonstrated a protective effect in retinal diseases, including animal models of
glaucoma [8], retinitis pigmentosa [9,10], and diabetic retinopathy [11], as well as RP patients
[12]. Zeaxanthin dipalmitate (ZD) is a major carotenoid in wolfberry extract (structure shown
in Fig 1A), which has a strong antioxidant function. Studies have shown that ZD has a strong
ability to scavenge free radicals and protect liver cells against several liver diseases [13,14]. Our
previous study has proved that ZD can delay photoreceptor degeneration in rd10, a genetic
mutation mouse model of RP by just one dose of intravitreous injection [15]. And ZD reduced
the expression of genes that are involved in inflammation, apoptosis and oxidative stress and
inhibited the STAT3, CCL2 and MAPK pathways. Therefore ZD may serve as a potential can-
didate to treat RP. But intravitreous injection causes damage to the eye and can’t be applied
repetitively, oral feeding of ZD is preferred in the clinic. On the other hand, oral taking of ZD
requires a large amount of ZD, purification which is time-consuming and expensive. There-
fore, ZD-enriched agent may have advantages over pure ZD in the oral application due to the
ability of mass production therefore lower price. In this study, we developed a method to
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Fig 1. Experiment protocol. (A). Chemical structure of ZD. (B). Adult C57 mice were fed with ZD-enriched
wolfberry extract (ZDE) orally daily for two weeks, during which 40 mg/kg MNU was intraperitoneally injected at 1
week to induce retinal photoreceptor cell degeneration. Then the visual behavior and ERG were tested at 2 weeks after
treatment before the animals were sacrificed and the retina collected for immunostaining.

https://doi.org/10.1371/journal.pone.0302742.9001
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enrich ZD from wolfberry, which enabled us to administrate the ZD agent by daily oral
administration.

We further explored the protective effect of ZD-enriched wolfberry extract (ZDE) on the
degenerated retina of mice induced by N-methyl-N-nitrosourea (MNU). MNU is an alkylated
toxic substance that induces specific apoptosis of photoreceptors within a week after injection.
Unlike rd10 that the photoreceptors degenerate since postnatal 17 (P17) and most rods die by
P25, which request the strict timing of treatment, MNU can induce a fast degeneration of pho-
toreceptors in adult mice at any time after injection, therefore MNU-injured mouse model
widely serves as a chemical-induced photoreceptor degenerative model [16].

Materials and methods
Animals

Male C57BL/6] (C57) mice were purchased from Liaoning Changsheng Biotechnology Co.,
LTD. All mice were maintained under standard laboratory conditions in the animal facility at
Jinan University (room temperature range between 18°C-23°C, humidity between 40-65%,
dark/light cycle of 12/12 hours), and the animals had free access to regular food and water. All
animal experiments were conducted following the ARVO Statements for the Use of Animals
in Ophthalmic and Vision Research and the animal study protocol was approved by the Labo-
ratory Animal Ethics Committee of Jinan University (#IACUC-20210706-03 on July 6th,
2021). All efforts were made to minimize the number of animals used and their suffering,
including operated by skillful researchers, careful design of the experiment and special animal
care.

Extraction of ZDE from wolfberry

The wolfberry fruit (Lycium barbarum L.) was the No. 7 product collected from the farm
located at N36°45’-39°30’, E 105°16’-106°80’ at Zhongning, Ningxia, China, with batch num-
ber WG20072815TY270C, and passed the standard inspection GB/18672 Gougqi. A certain
amount of the dried wolfberry was soaked in water with 5 times its volume (W/V) for 2 hours,
then crushed with a Cyclone universal pulverizer for 30 seconds, and the same volume of
water was added again at room temperature. The mixture was ultrasonicated for 60 minutes,
and centrifuged at 5000g for 10 minutes to obtain the polysaccharide extract (in the superna-
tant) and the precipitate.

The precipitate was collected and dried at 40°C and then crushed again to obtain the coarse
residue of wolfberry. ZDE was extracted from the coarse residue of wolfberry by organic sol-
vent method with a self-developed optimal process condition. Briefly, the coarse wolfberry res-
idue was mixed with a mixed solvent (hexane: ethanol = 2.6:1, V: V, patent formula, Patent
application No. CN 201911029950.6) with a solid-to-liquid ratio of 1:20 (W/V), and extracted
at 50°C for 1 hour. The extract was filtered through a 150-mesh sieve, the filtrate was collected,
and the filter residue was extracted once more with the above protocol. The two filtrates were
combined and concentrated by spinning at 60°C with a negative pressure of 0.08 Mpa till no
solvent came out. Finally, an oily orange solid was obtained, which was the product of ZDE.

Measurement of ZD concentration by HPLC

The concentration of ZD in the wolfberry extracts was measured by High-Performance Liquid
Chromatography (HPLC) according to a group standard (T/NXFSA 0045S—2020). Briefly, the
ZD standard (with purity >95%) was dissolved in 1:1 (v/v) mobile phase A solution (methanol:
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acetonitrile: water, 81:14:5): mobile phase B solution (dichloromethane) to make the standard
solution.

To prepare the test sample from the dry fruit of wolfberry, 10g of frozen crushed wolfberry
was soaked in water at 5 times its volume (W/V) for 2 hours, then crushed with a pulverizer
and centrifuged at 3000r/min for 5 minutes. The precipitate was collected, dried, and crushed.
Then 0.2g crushed sample was weighed (accurate to 0.0001g) and put in a mortar, added
Quartz sand (1/4 of the sample weight), and grinding extracted with hexane: ethyl acetate:
methanol (1:1:1, v/v/v) multiple times, with 1-3ml solution collected each time till the solution
became transparent. All the extracted solution was then combined and fit to the volume of
50ml with 100% ethanol. After centrifuging the solution at 1000 r/min for 3 minutes, the pre-
cipitate was discarded and the supernatant was collected. The supernatant from the ground
dry fruit of wolfberry then was solved in n-hexane: ethyl acetate: methanol (1:1:1, v/v/v) and
collected for the HPLC test.

To prepare the test sample from the ZDE product, 0.2g of the sample (accurate to 0.0001g)
was dissolved in n-hexane: 100% ethanol (3:1, v/v) to a fixed volume of 50ml. The solution was
centrifuged at 1000r/min for 3 min and the supernatant was collected for the HPLC test.

To run the HPLC test, a 10ul sample was added into a C30 column (4.6mm inner diameter,
250mm column length, and the particle size of 5 mm) and the Chromatographic separation
was performed at 30°C. The mobile phase consisted of mobile phase A (methanol: acetonitrile:
water, 81:14:5) and B solution (dichloromethane). The mobile phase composition started at
84% mobile phase A for 3 min, then 83% for 20 mins, then 45% for 15 mins, 25% for 18 mins,
and back to 84% for A solution. The flow rate was 1.0 ml/min and the detection wavelength
was set at 450 nm.

Experimental design and drug application

The final product of ZDE was dissolved in corn oil at the following: to make a 1mg/kg body
weight ZDE solution, 0.1g extract (which contained 3mg ZD) was dissolved in 30 ml pure corn
oil, and mouse was oral feed with the solution at the volume of 10ml/kg.

For the treatment, animals were randomly assigned to two groups: MNU-injured mice
treated with ZDE or solvent. Animals were pretreated with ZDE or solvent for a week by daily
oral feeding, then MNU solution (40mg/kg in normal saline solution) was injected intraperito-
neally to induce specific photoreceptor degeneration [17-19]. Then animals were fed with
ZDE for another week before visual behavior and ERG were tested. Then animals were sacri-
ficed by cervical dislocation after ERG recording and retinas were collected. Normal mice
without any treatment were included as control group. Normal mice treated with the solvent
or ZDE were also tested to exclude the possible side effect on the normal retina. The detailed
protocol is illustrated in Fig 1B.

In a preliminary experiment, we screened for the safe dose of ZDE at 1, 3, 9, 27, 54, 100,
and 200mg/kg body weight by daily oral feeding the animal for 2 weeks, and found that the
body weight of animals remained stable for all doses (S1 Fig). Then we tested the protective
doses of ZDE at 1, 3, 9, and 27 mg/kg body weight by examining the thickness of ONL where
photoreceptors are located. We identified the best protective effect of ZDE at 9 mg/kg. Then
for the following experiments, we applied ZDE at 9mg/kg to examine its effect on the visual
behavior and retinal light responses.

Visual behavioral tests

The visual behavior of mice was examined by both the dark-light transition test and the opto-
motor systems at the end of the treatment. The dark-light transition test measures the
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tendency of a mouse to stay in darkness rather than in an illuminated area and it was con-
ducted as previously described [20]. Briefly, the light and dark chambers were connected
through an open door; a mouse was placed in the center of the illuminated white chamber and
could move freely between the chambers. The movement was recorded by cameras installed in
both chambers and connected to a recorder (Noldus, Wageningen, the Netherlands). The
duration a mouse spent in the dark chamber during a 5-minute test was quantified automati-
cally by the EthoVision XT 8.0 software (Noldus).

The optomotor test measures visual acuity by observing the head turning in response to
moving gratings as we described before [21]. Briefly, the mice were placed freely on a high-
center platform surrounded by computer screens that displayed vertical rotating sine gratings.
The gratings were programmed by Matlab (MATLAB 8.0, MathWorks, Natick, MA, USA) and
had a 100% contrast and moving speed at 12 cycles/s, with increasing spatial frequencies rang-
ing from 0.1 to 0.5 cycles/degree. Animals reflexively track the gratings by moving their head
(i.e. optokinetic reflex) as long as they can see them. Head movements were videotaped and
the maximal spatial frequency at which an optokinetic response could be observed was manu-
ally recorded to reflect the visual acuity of a mouse.

Electroretinogram (ERG)

To evaluate the retinal light responses, the mice were dark-adapted overnight and ERG experi-
ments were performed by RETI-scan system (Roland Consult, Brandenburg, Germany) as we
previously described [9]. Briefly, mice were anesthetized with tribromoethanol (0.2 ml/10g of
1.25% solution) and placed on a heated platform (37°C) under dim red light. Pupils were
dilated with phenylephrine-HCI (0.5%) and tropicamide (0.5%). ERGs were recorded with
gold-plated wire loop electrodes contacting the corneal surface as the active electrode. Stainless
steel needle electrodes were inserted into the skin near the eye and the tail serving as the refer-
ence and ground leads, respectively. Dark-adapted mice were first stimulated by green flashes
0f 0.01, 0.1, and 3.0 cd.s/m” to record the scotopic responses. Then the mice were light-adapted
for 5 mins using a green background (20 cd/m?), and photopic responses to the green flash of
3.0 and 10.0 cds/m” were recorded. ERG data were collected using the amplifier of the RETI-
scan system at a sampling rate of 2 kHz, and subsequently analyzed with RETIport software
(Roland Consult) after applying 50-Hz low-pass filtering. The a-wave amplitude was deter-
mined from the baseline to the first negative peak, and the b-wave amplitude was measured
from the a-wave trough to the subsequent positive peak. For each mouse, the responses of the
two eyes were averaged as a data point.

Tissue processing

After ERG testing, the mice were sacrificed using an overdose of anesthetic (intraperitoneal
injection of 100 mg/kg pentobarbital sodium; R&D Systems, Minneapolis, MN, USA). Both
eyes were removed and placed in 4% paraformaldehyde (PFA) at room temperature for 30
minutes. Tissues were washed 3 times with PBS buffer solution for 5 mins each time and
cryo-protected overnight in PBS containing 30% sucrose solution. The tissues were then
embedded in optimal cutting temperature compounds (Tissue Tek, Torrance, CA, USA)
and cryosectioned on a microtome (Leica Microsystems, Wetzlar, Germany) through the
optic disk longitudinally at a thickness of 14 pm. The retinal sections were then incubated at
room temperature for 5 min with 4’,6-diamidino-2-phenylindole (DAPI,1:1000, Electron
Microscopy Sciences, Hatfield, PA, USA) and then washed, mounted on glass slides, and
sealed.
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Image collection and processing

DAPI-stained tissues were imaged with a fluorescence microscope (Carl Zeiss). To assess the
photoreceptor survival, the thickness of the outer nuclear layer (ONL) where photoreceptor
soma is located was measured by Image J software, and the number of nuclei layers in the
ONL row was counted. Due to the uneven degeneration of photoreceptors from the central to
peripheral [16], we measured the thickness and the number of cell layers of ONL at 400, 800,
1200 and 1600 pm away from the central point of the optic nerve on both sides and then aver-
aged to get the values for each locations of the section. For the dose-dependent curve, the ONL
thickness measured around 1000 um was measured and compared among all doses. For each
retina, the thickness and number of layers of ONL from 3-5 cryo-sections collected at different
locations in the eye cup was averaged to obtain a data point for this animal, and these values
were then averaged to obtain a mean value for the group.

Statistical analysis

All data were expressed as means +SEMs and analyzed by Prism 7 (GraphPad Software, San
Diego, CA, USA). One-way or two-way analysis of variance (ANOVA) followed by post hoc
tests were performed. P value<0.05 indicated a significant difference. N represents the total
number of animals examined in each group.

Results
ZDE contained 9-fold higher ZD than raw fruit

By HPLC test, we compared the concentration of pure ZD in dry raw fruit of wolfberry and
our ZED product. The ZD component was identified by the peak arose around 28 mins, which
was similar to the ZD standard (Fig 2A). The spectrum showed that the area of ZD peak was
9.34 times higher in ZED product than in wolfberry (Fig 2). Fitting the area to the standard
curve set up with pure ZD showed that the concentration of ZD was 3.12 + 0.06 mg/g in wolf-
berry and 28.61 + 0.64 mg/g in ZDE product from 4 repetitive measurements. Therefore, the
method developed by us enriched ZD with 9-fold higher concentration than the raw fruit.

ZDE improves the survival of photoreceptors in MNU-injured retina

To examine whether ZDE can protect the degenerated photoreceptors, we stained retinal sec-
tions with DAPI and measured the thickness of the outer nuclei layer (ONL) where photore-
ceptors are located and also counted the row of cells in ONL. Examples of an enlarged region
at Imm away from the optic nerve center of the C-cup of the retinal section from the solvent-
treated and 9mg/kg ZDE were shown in Fig 3A. ZDE enhanced the thickness of ONL of
MNU-injured retina.

Applying various doses of ZDE showed that with the increased dose of ZDE, the ONL
thickness was also increased with a peak at 9 mg/kg of ZDE. The ONL thickness was increased
from 7.2 £ 3.2 um in the solvent group to 15.8 £ 5.4 um at 1 mg/kg, then 21.2 + 3.2 ym at 3
mg/kg (p <0.05 vs. solvent), and 29.4 + 3.3 um at 9 mg/kg (p<0.001 vs. solvent) then
21.2 + 1.6 pm at 27 mg/kg. (Fig 3B). We further analyzed the ONL thickness and number of
cell layers from center to peripheral for ZDE at 9mg/kg (Fig 3C). ZDE increased the number
of cell layers as well as the ONL thickness in most regions along the c-cup, although still worse
than those in normal mice. As 9 mg/kg gave the best protection for photoreceptor survival, we
chose this dose for further experiments.
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Fig 2. The ZDE product contains higher ZD than dry wolfberry. The HPLC chromatograms show the peak of ZD from ZD
standard (A), dry wolfberry (B), and the ZDE product (C). The peak time is 27.868, 28.011, and 28.161 mins for ZD standard,
wolfberry, and ZDE respectively.

https://doi.org/10.1371/journal.pone.0302742.9002

We further tested the safety of the ZDE and the solvent corn oil on normal mice. Both the
number of ONL nuclei layers and the ONL thickness were similar among normal mice and
those treated with solvent or ZDE at 9mg/kg (S2A Fig).

ZDE enhances the retinal light responses of MNU-injured mice

To examine whether ZDE can further improve the visual function of MNU-injured mice, we
first performed electroretinogram recording (ERG) to examine the retinal light responses.
Compared with the normal control mice with large ERG responses, only weak ERG responses
remained under both dark adaptation (i.e. scotopic) and light adaptation (i.e. photopic) condi-
tions in the solvent-treated MNU injured group. In contrast, clear a-wave (group responses of
photoreceptors) and b-waves (group responses of bipolar cells) could be observed in ZDE-
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Fig 3. ZDE improves photoreceptor survival in MNU-injured retina. (A). Images of retinal sections in full length as C-cup from
solvent treated and ZDE (at 9mg/kg) treated MNU-injured mice. Insets showed the enlarged region at Imm away from the optic
never center. (B). Average thickness of ONL of normal control retina and MNU-injured retina after treatment of solvent or ZDE at
increasing doses. The number of animals tested is 4, 7, 4, 6, 6 and 3 for control, solvent and 1, 3, 9, 27 mg/kg ZDE respectively. (C).
Average number of ONL cell layers (left) and thickness of ONL(right) of normal control retina and MNU-injured retina treated
with solvent or 9 mg/kg ZDE at various distance away from the center of optic nerve. ONL, outer nuclei layer; INL, inner nuclei
layer; GCL, ganglion cell layer. *, p<0.05, **, p<0.01, ***, p<0.001, one-way ANOVA followed by Dunnett’s multiple comparison
test for B and two-way ANOVA test followed by Tukey’s multiple comparison test for C.

https://doi.org/10.1371/journal.pone.0302742.9g003

treated animals (examples shown in Fig 4A). Analyzing the amplitudes of a- and b-waves
showed a significant improvement by ZDE at strong flash intensities (Fig 4B and 4C) under
scotopic condition, though much weaker than normal control. For example, at scotopic 3.0 cd.
s/m?, the amplitude of a-wave was significantly improved from 7.5 + 1.8 uV at solvent to

43.9 + 15.7 uV at 9 mg/kg ZDE (p<0.001), and the b-wave amplitude was improved from

5.7 £ 1.8 uV at solvent to 90.4 + 31.2 puV at 9 mg/kg ZDE (p<0.001). But ZDE hardly helped
the photopic responses. This indicates that ZDE enhanced light responses from the rod path-
way but not the cone pathway.
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Fig 4. ZDE enhances the retinal light responses of MNU-injured mice. (A). Example traces of ERG recording from normal control, solvent and
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MNU-injured groups. (B, C). Average amplitudes of a-wave (B) and b-wave (C) for all-flash conditions. *, p<0.05,"*, p<0.01; ***, p<0.001, two-
way ANOVA test of repetitive measurement followed by Tukey’s multiple comparison test.

https://doi.org/10.1371/journal.pone.0302742.9004

Also for the normal C57 mice treated with solvent or 9mg/kg ZDE, their retinal light
responses were similar to those of untreated normal C57 mice (S2B Fig). This further sup-
ported that the solvent and 9mg/kg ZDE application were safe for normal mice retina.

ZDE enhances the visual acuity of MNU-injured mice

As ZDE protected the degenerated photoreceptors, we then examined whether ZDE can pro-
tect the MNU-injured mice against vision loss. We first applied the dark-light-transition

box which monitors the ability of animals to tell luminance (Fig 5A). Normal mice tend to
spend a longer time in the dark box than the light box (with ~72% time in the dark box). The
MNU-injured mice, however, spent ~65% time in the dark box (p = 0.096 vs. WT), and ZDE
didn’t improve the time in the dark box (Fig 5B).

We further applied the optomotor test to monitor the visual acuity of the animals (Fig 5C).
The mouse can track the direction of rotating gratings with the head movement if it can see it
(i.e. the optokinetic reflex). The higher the spatial frequency of the grating (i.e. the thinner the
grating) that could trigger the optokinetic reflex of the mouse, the higher the visual acuity of the
animal [21]. Normal mice have a visual acuity of 0.4 cycles/degree (cpd), MNU injured mice
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Fig 5. ZDE enhances the visual acuity of MNU-injured mice. (A). Illustration of the dark-light-transition box. (B).
Average percent of time spent in the dark chamber. (C). Illustration of the optomotor system. (D). Average visual

acuity of normal mice, solvent and ZDE-treated MNU-injured mice. *, p<0.05, ***,p<0.001, one-way ANOVA test
followed by Tukey’s multiple comparison test. N.S., no significant difference.

https://doi.org/10.1371/journal.pone.0302742.g005

had impaired visual acuity around 0.2 cpd, which was significantly improved by ZDE treatment
(Fig 5D). Therefore, ZDE improved the impaired visual functions of MNU-injured mice.

Discussion

In the current study, we developed a method to enrich ZD from the dry fruit of wolfberry and
then used MNU-injured mice as a model of RP and treated them with the enriched product.
Our results showed that ZDE effectively improved the survival of photoreceptors and visual
function of injured mice. This is a continuous work of our previous study, where one shot of
ZD (95% purity) injection intravitreally rescued the degenerated retina of rd10 mice [15]. Our
study proved that similar to the purified ZD, our ZDE product also demonstrated a neuropro-
tective role in photoreceptor degenerated retina.
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Wolfberry extract has been shown to protect retinal neurons in various retinal diseases in
both animal studies [8-10] and clinical studies [12]. Its major antioxidant components include
water soluble component Lycium barbarum polysaccharides (LBP), and water insoluble com-
ponents flavonoids and carotenoids. A recent clinical study that used wolfberry extract (with a
main active ingredient as LBP) to treat RP patients showed that both the ERG and the visual
acuity of these patients have been remarkably improved [12]. Lycium barbarum glycopeptide
(LbGP), immunoreactive glycoproteins extracted from LBP have also been shown to protect
MNU-injured photoreceptors in mouse models [22]. The product of LbGP is on the market
now as a supplement to improve vision.

Another group of major constituents in wolfberry are carotenoids, which include zeaxan-
thin and its di-esters, ZD. ZD is much more abundant in wolfberries than zeaxanthin [23]. It
accounts for 31%-56% of carotenoids in wolfberry and 0.01-0.2% of the mature fruit of wolf-
berry [24]. With multiple conjugated double bonds in its chemical structure, ZD has a strong
anti-oxidant function as demonstrated by its strong ability to scavenge free radicals and protect
liver cells against several liver diseases [13,14]. The retinal protective effect of zeaxanthin
(together with lutein) has been shown in many animal and clinical studies [25-27]. Our recent
work further showed that intravitreous injection of pure ZD can effectively protect degener-
ated photoreceptors [15]. It not only improved the visual behavior of rd10 mice (a genetic
mutation mouse model of RP) but also improved the light responses of photoreceptors, bipolar
cells, and retinal ganglion cells. ZD also reduced the upregulated expression of genes that are
involved in inflammation, apoptosis, and oxidative stress in the rd10 retina. ZD further
reduced the activation of two key factors, STAT3 and CCL2, down-regulated the expression of
the inflammatory factor GFAP, and inhibited ERK, and P38 pathways [15]. This study suggests
that ZD might be the other most important component of wolfberry in RP treatment besides
LbGP.

However, in the previous study, only one shot of intravitreous injection was applied to rd10
mice, a better protective effect would be expected if the animal could be treated with more fre-
quent feedings. However, due to the long and expensive procedure of purifying ZD from wolf-
berry, the supply of pure ZD was limited. This was why we started this study by working with
the industry to extract large amounts of ZD from wolfberry to enable enough supply of ZDE
for oral administration. It’s worth noting that the metabolic pathway is different between oral
feeding and intravitreous injection, so the protective effect of ZDE may act through different
active pathways than intravitreous injection.

In this study, ZDE produced from the production line contained ~3% ZD in the extract,
which is over 9 times more concentrated than the raw fruit. The protective dose of ZDE at
9mg/kg (of ZD) was within the range of other studies which showed that 2mg -10mg/kg oral
feeding of pure ZD effectively alleviated hepatic injury [13,28]. It is worth noting that besides
ZD in the ZDE, there might be other beneficial components of wolfberry that help to protect
retinal neurons, since the ZDE product contains Gougqi oil including mainly fatty acid like lin-
olenic acid and linoleic acid, and a few others like palmitic acid, stearic acid and oleic acid.
Therefore, ZDE may have advantages over the purified ZD to treat RP as a supplement, not
only because of the much cheaper cost and production time but also because of the mixture of
other potential beneficial components.

The current research has several limitations to consider. First, we only evaluated the sur-
vival of photoreceptors by DAPI staining, the structure of photoreceptors can be better dis-
closed by immunostaining for the outer segment of rods or cone with rhodopsin or opsin.
And H&E staining can also help to disclose the detailed structure of plexiform layer of the ret-
ina besides the soma. Second, the protective effect of ZDE on the visual behavior was not as
significant as ERG responses. ZDE only slightly (though significantly) improved the visual
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acuity of the mice, but failed to improve the ability to tell luminance. This may be due to the
limited effect of ZDE on the destructed inner retinal circuit by MNU (which processes visual
information that lead to the visual behavioral responses), even though it enhanced the
impaired outer retinal structure (which contributes to the ERG responses). Immunostaining
of the inner retinal structure may be further carried out to explore the reason. Third, we only
examined the effect of ZDE on MNU-induced photoreceptor degeneration for 14 days, and its
protective effect in the long term is unknown. Also while we showed that daily oral given ZDE
does not influence retinal functions, it’s a short-term toxicity test. It’s not clear whether there
would be long-term toxicity or side effects since in the clinic RP is a chronic progression and
the patient may need long-term treatment. Fourth, we pre-treated the animal with ZDE before
the MNU injury, to get a good protective effect. However, in the clinic, treatment can only be
applied after the diagnosis of the disease. Therefore, it’s important to test whether the applica-
tion of ZDE after MNU injury may also delay photoreceptor degeneration. Fifth, it is impor-
tant to examine the pharmacokinetics of ZDE after oral feeding, since the large molecular
weight of ZD (over 1000) may affect its ability to penetrate the blood-retina-barrier. Indeed,
we have tried to collect the retina and vitreous of the mice at various time points after feeding
them with ZDE but failed to get any good HPLC results from these samples. Experience in
extracting ZD from the tissues is needed for the test, and a more sensitive method such as
mass spectrum may be applied to detect the low concentration of ZD in the eye if it enters.
We're still working on this.

Conclusion

We developed a way to enrich ZD from wolfberry in large amounts, and this ZDE product can
protect injured retinal photoreceptors in mouse model.

Supporting information

S1 Fig. The body weight of the animal remained stable during the treatment. The record of
mice’s body weight over 2 weeks of ZDE treatment at various doses.
(TIF)

$2 Fig. No impact of solvent or ZDE on the normal retina. A. Average number of ONL
nuclei layers (left) and thickness of ONL (right) of normal C57 retina and those treated with
solvent or 9 mg/kg ZDE. B. Average amplitudes of a-wave (left) and b-wave (right) for normal
C57 mice and those treated with solvent or 9mg/kg ZDE.

(TIF)
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