SCIENTIFIC REPLIRTS

Combination of ginsenoside Rb1
and Rd protects the retina against
bright light-induced degeneration
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Photoreceptor degeneration is a central pathology of various retinal degenerative diseases which
currently lack effective therapies. Antioxidant and anti-inflammatory activities are noted for Panax
notoginsenoside saponins (PNS) and related saponin compound(s). However, the photoreceptor
protective potentials of PNS or related saponin compound(s) remain unknown. The current study
revealed that PNS protected against photoreceptor loss in bright light-exposed BALB/c mice.
Combination of ginsenoside Rb1 and Rd, two major saponin compounds of PNS, recapitulated the
retinal protection of PNS and attenuated retinal oxidative stress and inflammatory changes. Rb1 or
Rd partially alleviated all-trans-Retinal-induced oxidative stress in ARPE19 cells. Rb1 or Rd suppressed
lipopolysaccharides (LPS)-induced proinflammatory gene expression in ARPE19 and RAW264.7 cells. Rb1
or Rd also modulated the expression of proinflammatory microRNA, miR-155 and its direct target, anti-
. inflammatory SHIP1, in LPS-stimulated RAW264.7 cells. The retinal expression of miR-155 and SHIP1
. was altered preceding extensive retinal damage, which was maintained at normal level by Rb1 and Rd
combination. This work shows for the first time that altered expression of miR-155 and SHIP1 are involved
in photoreceptor degeneration. Most importantly, novel retinal protective activities of combination of
Rb1 and Rd justify further evaluation for the treatment of related retinal degenerative disorders.

. Photoreceptor degeneration is causally associated with vision impairment and even blindness. It is a central
. pathology seen in various retinal degenerative disorders including age-related macular degeneration (AMD),
Stargardt disease, a juvenile form of macular degeneration, and retinitis pigmentosa® 2. Effective therapies prevent-
ing or ameliorating the progressive loss of photoreceptors remain to be developed. Oxidative stress is one of the
essential mechanisms that directly contribute to photoreceptor death®=>. In addition, exaggerated inflammatory
responses aggravate photoreceptor loss and are critically implicated in the progression of retinal degeneration®”.

- Pharmacological agents with antioxidant and anti-inflammatory activities thus hold promises for optimal photoreceptor

. protection.

' MicroRNAs (miRNAs) are small non-coding RNA molecules with gene expression regulatory functions. A
miRNA is usually in the approximate length of 21-25 nucleotides and binds the 3’-untranslated region of target
RNA transcripts, resulting in mRNA degradation or translational repression, regulating the expression of target
genes in a negative manner®. MiRNAs play significant roles in nearly all pathophysiological processes’. Better
understanding of the implications of miRNAs in disease processes may shed new light on the disease mecha-
nisms, which can benefit the mechanism-based therapeutic development.

Panax notoginseng possesses multiple pharmacological activities including antioxidant activity and has a long

. history of extensive application in the clinical treatment of a wide range of diseases in China'® !'. Panax noto-
ginsenoside saponins (PNS), consisting of over 30 types of saponin compounds, form a major class of chemical
constituents of Panax notoginseng and contribute significantly to the diverse pharmacological activities of Panax
notoginseng!?. Ginsenoside Rb1 (Rb1), ginsenoside Rgl (Rgl), ginsenoside Rd (Rd) and notoginsenoside R1
(R1) together represent over 75% of saponins found in PNS. These saponin compounds are naturally occurring
antioxidant and are equipped with anti-inflammatory activities. They have been proved to be therapeutically

- effective in various experimental conditions including neurodegenerative disorders'*~!%. Our previous studies

. have demonstrated that miRNA-mediated gene expression regulation is associated with the cardioprotective,

Yueyang Hospital and Clinical Research Institute of Integrative Medicine, Shanghai University of Traditional Chinese
Medicine, Shanghai, 200437, China. 2Department of Pharmacy, East China University of Science and Technology,
Shanghai, 201203, China. Correspondence and requests for materials should be addressed to T.Z. (email:
zhangteng501@hotmail.com) orY.C. (email: chenyu6639@hotmail.com)

SCIENTIFICREPORTS|7:6015 | DOI:10.1038/s41598-017-06471-x 1


mailto:zhangteng501@hotmail.com
mailto:chenyu6639@hotmail.com

www.nature.com/scientificreports/

anti-atherosclerotic and anti-tumor activities of PNS, R1 and Rd'*-?2. However, the pharmacological implications
of PNS and related saponin compound(s) in photoreceptor degeneration remain to be examined. The current
study thus investigated the retinal protective activity of PNS and underlying mechanisms of PNS-related saponin
compound(s) in a mouse model characterized by bright light-induced photoreceptor degeneration.

Results

PNS treatment prevented the development of bright light-induced photoreceptor degeneration
inmouse. The retinal protective activity of PNS was examined in a mouse model of bright light-induced retinal
degeneration. Dark-adapted BALB/c mice were exposed to bright light at the intensity of 10,000 lux for 30 min.
PNS was intraperitoneally administered 30 min before bright light exposure at the dose of 50 and 200 mg/kg bw.
OCT imaging was performed 7 d after bright light exposure to assess the changes in retinal structure. As shown in
Supplementary Fig. S1, compared to that from vehicle-treated mice unexposed to bright light, outer nuclear layer
(ONL) was severely impaired in bright light-exposed vehicle-treated mice. However, well-preserved ONL struc-
ture was readily observed in bright light-exposed mice treated with PNS at 200 mg/kg bw. No such protection was
observed in bright light-exposed mice treated with PNS at 50 mg/kg bw. Histological examination was then per-
formed to better visualize the gross morphology of the retina, followed by measurement of ONL thickness to quan-
tify the changes in photoreceptors. As shown in Fig. 1A,B, compared to that from vehicle-treated mice unexposed
to bright light, overtly disrupted photoreceptor morphology was observed in bright light-exposed vehicle-treated
mice, which was characterized by diminished ONL, outer segment (OS) and inner segment (IS). No photoreceptor
protection was observed in bright light-exposed mice treated with PNS at 50 mg/kg bw. However, remarkable pres-
ervation of photoreceptor morphology was observed in bright light-exposed mice treated with PNS at 200 mg/
kg bw, which was evidenced by well-preserved ONL, OS and IS. These results indicated that PNS treatment was
effective at protecting photoreceptors from bright light-induced degeneration in mouse.

Combination of Rb1 and Rd protected photoreceptors from developing bright light-induced
degeneration in mouse. To better understand the chemical mechanism underlying the retinal protective
activity of PNS, retinal protective effect of the major saponin compounds of PNS, namely Rb1, Rgl1, Rd and R1%,
was further examined individually in bright light-exposed mice. The dose of individual saponin compound, 65,
50, 22.5 and 25 mg/kg bw for Rb1, Rgl, Rd and R1, respectively, was determined mainly based on the respective
content in PNS used for the current study® and the effective dose of PNS at protecting photoreceptors against
bright light-induced degeneration (200 mg/kg bw) as shown in Fig. 1A,B. As shown in Supplementary Fig. S1,
OCT imaging showed that when administered individually, none of the tested compounds provided retinal pro-
tection against bright light-induced degeneration in a similar fashion as that conferred by PNS treatment delivered
at 200 mg/kg bw. These results suggested that more than one type of saponin compounds could be required to
recapitulate the retinal protective activity of PNS. Therefore, retinal protective effects of combinations consisting
of 4 major saponin compounds were further tested in bright light-exposed mice. OCT imaging showed that con-
sistent with that observed from PNS treatment, combination of 4 major saponin compounds, Rgl, Rb1, Rd and
R1 resulted in significant protection of photoreceptors against bright light-induced degeneration (Supplementary
Fig. S1), which was also evidenced by histological examination (Fig. 1C,D). Moreover, retinal protection was
observed in bright light-exposed mice treated with the combination of Rb1, Rgl and Rd or that of Rb1, Rd and
R1 but not with combination of Rb1, Rgl and R1 or Rgl, Rd and R1 (Supplementary Fig. SI and Fig. 1C,D).
These results led to the hypothesis that both Rbl and Rd are required for executing the retinal protection con-
ferred by PNS in bright light-exposed mice. The retinal protective effect of combination of Rb1 (65 mg/kg bw) and
Rd (22.5 mg/kg bw) (indicated as natural combination in the following text unless otherwise specified) was thus
further tested in bright light-exposed mice. OCT imaging revealed nearly complete photoreceptor protection in
bright light-exposed mice treated with combination of Rb1 and Rd (Supplementary Fig. S1), which was confirmed
by histological examination (Fig. 1C,D). These results collectively indicated that Rb1 and Rd were the major sapo-
nin compounds responsible for the photoreceptor protective activity of PNS in bright light-exposed mice.

To further determine which saponin compound in the combination of Rb1 or Rd played a major role in con-
ferring retinal protection, mono treatment of Rbl and Rd was first administered by doubling the doses used in
natural combination, specifically, Rbl was administered at 130 mg/kg bw (Rb1H) and Rd was delivered at 45 mg/
kg bw (RdH). As shown in Supplementary Fig. S1, no significant protection of photoreceptors was observed in
bright light-exposed mice Rb1H-treated or RAH-treated mice. Furthermore, varied dosing regimens of Rb1 and
Rd combination were tested in bright light-exposed mice. Firstly, Rbl was administered at a constant dose of
65 mg/kg bw, which was photoreceptor protective when delivered together with Rd at 22.5 mg/kg bw. The dose for
Rd was lowered from 22.5mg/g bw to 15 mg/kg bw (Rb+ RdL1) and 7.5 mg/kg bw (Rb1 4+ RdL2). Secondly, Rd
was administered at a constant dose of 22.5 mg/kg bw and Rb1 was administered at lowered dose of 44 mg/kg bw
(Rd+Rb1L1) or 22 mg/kg bw (Rd+Rb1L2). As shown in Supplementary Fig. S2A, OCT imaging revealed that
decreasing the dose of either Rb1 or Rd in combinatorial treatment modality resulted in similarly partial photore-
ceptor protection in bright light-exposed mice. These observations were confirmed by histological examinations
(Supplementary Fig. S2B,C). These results suggested that both Rb1 and Rd were critical for optimal photoreceptor
protection in bright light-exposed mice.

Natural combination of Rb1 and Rd protected rod and cone photoreceptors from bright
light-induced impairment. Immunohistochemical examination of retinal rhodopsin (Rho) and mid-wave
length sensitive cone opsin (opsin M) was performed to better characterize the protective effects of natural com-
bination of Rb1 and Rd on rod and cone photoreceptors in bright light-exposed mice. As shown in Fig. 2A, the
immunoreactivity of Rho and Opsin M was readily observed in the photoreceptors in vehicle-treated mice unex-
posed to bright light. The immunoreactivity of Rho or Opsin M, however, was barely detectable in the retinas
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Figure 1. PNS or natural combination of major saponin components of PNS protected retinas from developing
bright light-induced degeneration. (A) Dar-adapted BALB/c mice were pretreated with saline vehicle (Vehicle),
PNS at 50 mg/kg bw (PNSL) and 200 mg/kg bw (PNSH) 30 min before bright light exposure. Saline-treated
mice unexposed to bright light (No light) were included as normal controls. Paraffin sections made from
enucleated eyes were subject to histological examination by H&E staining (n =4 per group). (B) The ONL
thickness was measured at 500 pm from optic nerve head (ONH) in the superior retina. (C) Dark-adapted
BALB/c mice were pretreated with the indicated combinations of the major saponins in PNS, which included
Rbl+Rgl+Rd+RI, Rbl +Rgl +Rd, Rbl +Rd+R1, Rbl +Rgl +R1, Rgl +Rd + R1 and Rb1 + Rd. The
dose of each saponin in the combinatorial treatment was determined according to its respective content in PNS
and the effective dose of PNS at protecting against bright light-induced photoreceptor degeneration, which

was indicated as following: Rb1, 65 mg/kg bw, Rgl1, 50 mg/kg bw, Rd, 22.5 mg/kg bw and R1, 18 mg/kg bw.

H&E staining was performed to examine retinal morphology (n =4-8 per group). (D) The ONL thickness was
measured at 500 pm from optic nerve head (ONH) in the superior retina. Asterisk indicated ONL manifesting
bright light-induced degeneration. INL, inner nuclear layer; ONH, optic nerve head; ONL, outer nuclear layer.
Scale bar: 50 um. The data were expressed as the mean £ S.E.M (n = 3-8 per group). *Compared to that from
No light, p < 0.05; *compared to that from Vehicle, p < 0.05.

from bright light-exposed vehicle-treated mice, which validated bright light-induced severe impairment of both
rod and cone photoreceptors. In distinct contrast, in bright light-exposed mice treated with natural combination
of Rb1 and Rd and those treated with PNS at 200 mg/kg bw, Rho and Opsin M labeling exhibited similar pattern
as that observed in vehicle-treated mice unexposed to bright light. Quantification of ONL thickness after DAPI
staining revealed remarkable reduction in the thickness of ONL in bright light-exposed vehicle-treated mice
compared to that in the mice unexposed to bright light, whereas the ONL thickness was significantly preserved
in bright light-exposed mice treated with natural combination of Rb1 and Rd or PNS at 200 mg/kg bw (Fig. 2B).
These results confirmed the notion that natural combination of Rb1 and Rd recapitulated the morphological
photoreceptor protection conferred by PNS.
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Figure 2. Treatment of PNS or combination of Rb1 and Rd prevented the loss of rods and cones in bright
light-exposed mice. Dark-adapted BALB/c mice were pretreated with saline vehicle (Vehicle), PNS at 200 mg/
kg bw (PNS) or combination of Rb1 (65 mg/kg bw) and Rd (22.5 mg/kg bw) 30 min before bright light exposure.
(A) Eyes were enucleated from vehicle-treated mice unexposed to bright light (No light) and the bright light-
exposed mice with the indicated treatment 7 d after illumination and paraffin sections were made for ITHC
assessment of the retinal expression of Rho and opsin M (in red). Counterstaining with DAPI (in blue) was

also performed. (B) ONL thickness across the retina was measured in DAPI-stained paraffin sections. Asterisk
indicated diminished ONL. INL, inner nuclear layer; ONH, optic nerve head; ONL, outer nuclear layer. Scale
bar: 50 pm. The data were expressed as the mean & S.E.M (n =4-8 per group). *Compared to that from No
light, p < 0.05; “compared to that from Vehicle, p < 0.05.

ERG was further performed to evaluate the retinal function. As shown in Fig. 3, bright light exposure resulted
in significant reductions in the scotopic a-wave and b-wave amplitudes in vehicle-treated mice compared to that
observed in the mice unexposed to bright light. In contrast, both scotopic a-wave and b-wave amplitudes were
well preserved in bright light-exposed mice treated with natural combination of Rbl and Rd or PNS at 200 mg/
kg bw. Meanwhile, combined treatment of Rb1 and Rd as well as PNS did not manifest overt retinal toxicity. As
shown in Supplementary Fig. S3, no significant changes in the scotopic a-wave and b-wave amplitudes were
observed in mice unexposed to bright light after administration of natural combination of Rbl and Rd, Rb1 and
Rd combination at increased doses (Rb1 at 130 mg/kg bw and Rd at 45 mg/kg bw), or PNS 200 mg/kg bw. These
results indicated that natural combination of Rb1 and Rd as well as PNS provided functional protection for the
retinas in bright light-exposed mice.

TUNEL assay was performed to examine the impact of natural combination of Rb1 and Rd on photoreceptor
apoptosis. As shown in Supplementary Fig. S4, consistent with our previous findings*, compared to that from
vehicle-treated mice unexposed to bright light, TUNEL positivity was readily observed in a sporadic manner in
the ONL in bright light-exposed vehicle-treated mice 1 d after bright light exposure. By 3 d after bright light expo-
sure, profound increase in TUNEL positivity was observed in the ONL in bright light-exposed vehicle-treated
mice. In distinct contrast, TUNEL positivity was remarkably attenuated in the ONL in bright light-exposed mice
treated with natural combination of Rb1 and Rd. These results indicated that natural combination of Rbl and Rd
suppressed bright light-induced photoreceptor apoptosis in mice.

Natural combination of Rb1l and Rd alleviated bright light-induced retinal oxidative
stress. Retinal oxidative stress was further assessed to better understand the underlying mechanism impli-
cated in the retinal protective effects of natural combination of Rbl and Rd. As shown in Fig. 4A, compared to that
manifested by the retinas in vehicle-treated mice unexposed to bright light, production of reactive oxygen species
(ROS), reflected by oxidized superoxide marker dihydroethidium (DHE), was overtly increased in the retinal
pigment epithelium (RPE) of bright light-exposed vehicle-treated mice 1 d after bright light exposure. Meanwhile,
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Figure 3. PNS or Rb1 and Rd combination preserved retinal function in bright light-exposed mice. BALB/c
mice were treated with vehicle, PNS at 200 mg/kg bw, or natural combination of Rb1 and Rd 30 min before
bright light exposure. Retinal function was examined 10 d after bright light exposure. Scotopic ERGs were
recorded and amplitudes of a-wave (A) and b-wave (B) were plotted. Data were expressed as mean + S.E.M
(n=4-5 per group). *Compared to that from No light, p < 0.05; *PNS treatment was compared to that from
Vehicle, p < 0.05; *Combination treatment of Rbl and Rd was compared to that from Vehicle, p < 0.05.
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Figure 4. Combination of Rbl and Rd alleviated retinal oxidative stress in bright light-exposed mice.

(A) Retinal ROS production was examined by administering DHE to BALB/c mice unexposed to bright light
(No light) and bright light-exposed mice treated with vehicle (Vehicle) or combination of Rb1 (65 mg/kg bw)
and Rd (22.5mg/kg bw) (Rb1 + Rb) (n =4 per group). Cryosections were made from eye cups collected 1 d after
illumination. ROS signals reflecting oxidized DHE (in red) and DAPI staining (in blue) were observed using a
fluorescence microscope. INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.
Scale bar: 50 um. (B) Retinas were isolated from vehicle-treated mice unexposed to bright light (No light)

and bright light-exposed mice with the indicate treatment 6h (Light 6h) and 1 d (Light 1 d) after bright light
exposure. Total RNA was isolated and reverse-transcribed, followed by real-time PCR analyses of the expression
of HO-1 (n=4-6 per group). Relative fold change against that from the mice unexposed to bright light (No
light) was presented. The data were expressed as the mean 4= S.E.M. *Compared to that from No light, p < 0.05;
*compared to that from Vehicle, p < 0.05.
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Figure 5. Combined treatment of Rbl and Rd mitigated the retinal expression of proinflammatory and cell
adhesion genes in bright light-exposed mice. Retinas collected from vehicle-treated mice unexposed to bright
light (No light) and bright light-exposed mice treated with vehicle (Vehicle) or combination of Rb1 and Rd
(Rb1+Rd) 6h and 1 d after illumination. Real-time PCR analyses were subsequently performed to examine
the retinal expression of Ccl2, ICAM-1, IL-183, IL-6, iNOS, TNF-a and VCAM-1 (n =4-6 per group). Relative
fold change of each gene was normalized against that from vehicle-treated mice unexposed to bright light. The
data were expressed as the mean & S.E.M. *Compared to that from No light, p < 0.05; *compared to that from
Vehicle, p < 0.05.

ROS positivity was also readily identified in the ONL in bright light-exposed vehicle-treated mice. In contrast,
ROS production in the RPE and ONL was found to be remarkably attenuated in bright light-exposed mice treated
with natural combined Rb1 and Rd. Induction of heme oxygenase-1 (HO-1) has been identified to be a molecular
hallmark of retinal oxidative stress in response to intense light exposure®. To better estimate the changes asso-
ciated with oxidative stress, retinal expression of HO-1 was further analyzed. As shown in Fig. 4B, compared to
that from vehicle-treated mice unexposed to bright light, significantly elevated retinal expression of HO-1 was
observed in vehicle-treated mice 6 h and 1 d after bright light exposure, whereas significantly decreased expression
of HO-1 was observed in bright light-exposed mice treated with natural combination of Rb1 and Rd. These results
indicated that natural combination of Rb1 and Rd suppressed bright light-induced retinal oxidative stress.

Natural combination of Rb1 and Rd attenuated bright light-induced expression of proinflam-
matory and cell adhesion genes in the retina. Exaggerated inflammatory response promotes the
progression of retinal degeneration’. Induced expression of proinflammatory genes and genes encoding cell
adhesion molecules associated with inflammatory responses have been noted in bright light-exposed retinas*.
We thus examined the impact of natural combination of Rb1l and Rd on the retinal expression of genes impli-
cated in inflammatory responses. As shown in Fig. 5, compared to that from vehicle-treated mice unexposed to
bright light, remarkably elevated retinal expression of interleukin 13 (IL-13), interleukin-6 (IL-6), chemokine
(C-C motif) ligand 2 (Ccl2), intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule
1 (VCAM-1) was observed in bright light-exposed vehicle-treated mice 6h and 1 d after bright light exposure.
Moreover, significant increase in the retinal expression of inducible nitric oxide synthase (iNOS) and tumor
necrosis factor-o (TNF-o) was observed in bright light-exposed vehicle-treated mice 1 d after bright light expo-
sure. In contrast, elevated expression of these inflammatory response-associated genes triggered by bright light
exposure was significantly attenuated in bright light-exposed mice treated with natural combination of Rbl and
Rd. These results suggested that natural combination of Rbl and Rd suppressed bright light-induced inflamma-
tory responses in the retina.
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Figure 6. Combined Rb1 and Rd treatment attenuated reactive gliosis and microglia activation in bright light-
exposed retina. Eyes were harvested from vehicle-treated mice unexposed to bright light (No light), bright
light-exposed mice treated with vehicle (Vehicle) and combination of Rb1 and Rd 3 d and 7 d after illumination.
Cryosections were made and subject to IHC examination of the retinal expression of GFAP (in red) (A) and
Ibal (in red) (B) (n=4 per group). DAPI counterstaining (in blue) was performed in parallel. Asterisk indicated
disrupted ONL. INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar: 50 pm.

Natural combination of Rb1 and Rd attenuated bright light-induced reactive gliosis and micro-
glia activationin the retina. Next, the retinal expression of GFAP and Ibal, markers labeling macroglial
and microglial cells, respectively, was examined to better characterize the impact of natural combination of Rb1
and Rd on reactive changes associated with retinal damage and local inflammatory response. As shown in Fig. 6A,
contrary to normal expression pattern of GFAP found in nerve fiber layer (NFL) in vehicle-treated mice unex-
posed to bright light, expression of GFAP was readily observed not only in NFL, but also in the inner plexiform
layer (IPL), inner nuclear layer (INL) and ONL 3 d and 7 d after bright light exposure, indicating hypertrophic
changes of macroglial cells associated with bright light-induced retinal damage. However, this aberrant expres-
sion of GFAP was not encountered in the retinas in bright light-exposed mice treated with natural combina-
tion of Rb1 and Rd. These observations were verified by the examination of the retinal expression of vimentin,
another marker for Miiller cell. Enhanced expression of vimentin across the retina was readily observed in bright
light-exposed vehicle-treated mice. However, similar to that observed in vehicle-treated mice unexposed to bright
light, the expression of vimentin exhibited restricted pattern in bright light-exposed mice treated with natural
combination of Rbl and Rd (Supplementary Fig. S5). These results indicated that reactive gliosis caused by bright
light exposure was attenuated by the treatment of naturally combined Rb1 and Rd.

Moreover, as shown in Fig. 6B, the immunoreactivity of Ibal was observed to be restricted to the OPL in
vehicle-treated mice unexposed to bright light, whereas in bright light-exposed vehicle-treated mice, Ibal posi-
tivity was readily detected in the ONL and subretinal space 3 d after bright light exposure. Ibal immunopositivity
remained evident in severely damaged ONL in bright light-exposed vehicle-treated mice 7 d after bright light
exposure. In contrast, this ectopic Ibal expression was not observed in bright light-exposed mice treated with
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Figure 7. Rbl or Rd treatment decreased atRAL-induced intracellular ROS production in ARPE19 cells.
ARPE19 cells were treated with vehicle (saline or DMSQ), Rb1 or Rd at the indicated concentrations for 1h
before being exposed to atRAL at 25 M for 5h, followed by DCF-DA staining for 30 min. After DCF-DA
staining and washing, cells were resuspended and subject to further analysis by flow cytometry at the excitation
and emission wavelengths of 490 nm and 520 nm, respectively. For each sample, 20,000 cells were acquired

for data collection. Representative histograms of flow cytometry after DCF-DA staining were shown in (A,C).
Relative DCF-DA fluorescence intensity was calculated against that from vehicle-treated cells without atRAL
exposure (n=4-5 per group) (B,D). The data were expressed as the mean + S.E.M. *Compared to that from
vehicle-treated cells unexposed to atRAL, p < 0.05; *compared to that from atRAL-challenged vehicle-treated
cells, p < 0.05.

natural combination of Rbl and Rd. These results demonstrated that natural combination of Rb1l and Rd sup-
pressed bright light-induced microglia activation in the retina.

Rb1 and Rd attenuated all-trans-Retinal (atRAL)-induced intracellular ROS production in ARPE
19 cells.  Asrevealed in Fig. 4, natural combination of Rb1 and Rd suppressed bright light-induced oxidative
stress in RPE in vivo. To further delineate the individual impact of Rb1 or Rd on oxidative stress, all-trans-Retinal
(atRAL)-induced oxidative stress in human RPE-derived ARPE19 cells’ was further examined in the presence of
Rb1 or Rd. Functional RPE cells are fully differentiated and reside in close proximity in vivo. Moreover, it has been
noted that sub-confluent ARPE19 cells respond differently than do confluent and differentiated ARPE19 cells?*?7.
Thus, culture condition of ARPE19 cells was first modified and the differentiated phenotype of ARPE19 cells was
validated. As shown in Supplementary Fig. S6, compared to that from ARPE19 cells cultured to sub-confluency in
DMEM/F12 medium supplemented with 10% FBS, increased expression of a panel of functional markers indica-
tive of differentiated RPE cells including RPE65, UQCRC2, MERTK, TYR and SERPINF1? were observed when
ARPE19 cells that had reached full confluency were maintained for additional 2 d in DMEM/F12 medium sup-
plemented with 2% FBS. The effect of Rb1 or Rd on atRAL-induced intracellular ROS generation in ARPE19 cells
were therefore examined in the confluent ARPE19 cells that were cultured for 2 d in DMEM/F12 medium supple-
mented with 2% FBS. As shown in Fig. 7A,B, compared to that from vehicle-treated cells without atRAL incuba-
tion, significantly increased intracellular ROS production was observed in atRAL-challenged vehicle-treated cells.
Rb1 treatment, however, alleviated atRAL-induced intracellular ROS production. Similar observation was made
in atRAL-challenged cells treated with Rd (Fig. 7C,D). These observations supported the antioxidant activity of
both Rb1 and Rd in atRAL-challenged ARPE19 cells.

Rb1 and Rd suppressed LPS-induced expression of proinflammatory genes.  Given that signifi-
cantly attenuated retinal expression of proinflammatory genes was observed in bright light-exposed mice treated
with natural combination of Rbl and Rd, the individual impact of Rbl and Rd on the expression of proinflam-
matory genes was further investigated. LPS-induced expression of proinflammatory genes in cultured ARPE19
cells or mouse macrophage RAW264.7 cells was assessed in the presence of Rb1 or Rd. As shown in Fig. 8,
LPS-induced expression of IL-13, IL-6 and Ccl2 in ARPEI19 cells was remarkably attenuated by the treatment of
both Rb1 and Rd. In RAW264.7 cells, LPS-induced expression of IL-1(3, IL-6, Ccl2, COX2, ICAM-1 and TNF-«
was significantly suppressed by Rb1 treatment. Similar observations were made for LPS-stimulated Rd-treated
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Figure 8. Rbl or Rd treatment suppressed LPS-stimulated expression of proinflammatory genes in ARPE19
cells. Rb1 or Rd was applied to ARPE19 cells at the indicated concentrations 30 min before LPS stimulation
delivered at 1 pg/ml for 6 h. Total RNA was extracted for analyzing the expression of Ccl2, IL-13 and IL-6

by real-time PCR (n =4 per group). The data were expressed as the mean + S.E.M. *Compared to that from
vehicle-treated cells without LPS, p < 0.05; *compared to that from vehicle-treated cell with LPS stimulation,
p<0.05.

cells except for the expression of Ccl-2 and ICAM-1, which was not significantly altered by Rd treatment at the
doses examined compared to that from LPS-stimulated vehicle-treated cells (Fig. 9). These results thus indicated
that both Rb1 and Rd possessed anti-inflammatory activities in ARPE19 cells and RAW264.7 cells in vitro.

Rb1 and Rd suppressed LPS-induced expression of proinflammatory miR-155. To under-
stand the mechanisms underlying the anti-inflammatory activities of Rbl and Rd, the expression of miR-155, a
multi-functional miRNA with primary functions in promoting proinflammatory responses?, was further exam-
ined. RAW264.7 cells were stimulated by LPS in the absence or presence of either Rb1 or Rd. As shown in Fig. 104,
compared to that from the cells without LPS exposure, the expression of miR-155 was increased by approximately
14 fold in LPS-stimulated vehicle-treated RAW264.7 cells. In contrast, LPS-stimulated expression of miR-155 was
significantly decreased by Rb1 in a dose-dependent manner. Similar observation was made with Rd treatment in
LPS-stimulated RAW264.7 cells. To further confirm the implication of miR-155 in the anti-inflammatory effects
of Rb1 and Rd, the expression of Src homology 2 domain-containing inositol-5-phosphatase 1 (SHIP1), a direct
target of miR-155% functioning to inhibit immune cell activation®”?!, was also examined. As shown in Fig. 10B,
a 2.5 fold decrease in the expression of SHIP1 was observed in LPS-stimulated vehicle-treated cells compared to
vehicle-treated cells without LPS incubation, whereas significantly increased expression of SHIP1 was observed
in LPS-stimulated cells treated with Rb1 or Rd. Collectively, these results indicated that both Rb1 and Rd were
pharmacological effective at suppressing LPS-induced expression of proinflammatory miR-155 and enhancing
the expression of miR-155 target, anti-inflammatory SHIP1.

Natural combination of Rb1 and Rd treatment attenuated bright light-induced upregulation
of miR-155 in the mouse retina. To further understand the biological significance of miR-155 in retinal
degeneration in vivo, the expression of miR-155 and SHIP1 was examined in bright light-exposed retinas. As
shown in Fig. 10C, compared to that from vehicle-treated mice unexposed to bright light, the retinal expression of
miR-155 was increased by approximately 5 fold in bright light-exposed vehicle-treated mice 1 d after illumination.
In distinct contrast, this bright light-induced retinal expression of miR-155 was significantly suppressed in bright
light-exposed mice treated with natural combination of Rbl and Rd. A significant decrease in the expression of
miR-155 was also noted at 6h after illumination in bright light-exposed mice treated with natural combination
of Rb1 and Rd compared to that in bright light-exposed vehicle-treated mice. Moreover, compared to that from
vehicle-treated mice unexposed to bright light, the retinal expression of SHIP1 was decreased by approximately
3 fold 1 d after bright light exposure. In contrast, compared to that from bright light-exposed vehicle-treated
retinas, significantly increased retinal expression of SHIP1 was observed in bright light-exposed mice treated
with natural combination of Rb1 and Rd (Fig. 10D). These results thus demonstrated that enhanced expression
of miR-155 and decreased expression of SHIP1 were associated with bright light-induced retinal degeneration,
whereas natural combination of Rb1 and Rd suppressed the expression of miR-155 and increased the expression
of SHIP1 in bright light-exposed retinas.

Discussion

In the current study, PNS treatment was first shown to be protective against bright light-induced retinal degener-
ation in mice, which was recapitulated by the treatment of natural combination of saponin components Rb1 and
Rd. The natural combination of Rb1 and Rd was further shown to attenuate retinal oxidative stress, expression
of proinflammatory genes, microglial activation and reactive gliosis in vivo. Rb1 treatment resulted in decreased
level of oxidative stress in atRAL-challenged ARPE19 cells. The anti-inflammatory activities of both Rbl and Rd
were demonstrated in LPS-stimulated RAW264.7 as well as ARPE19 cells. Dysregulated expression of miR-155
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Figure 9. Rbl or Rd treatment suppressed LPS-stimulated expression of proinflammatory genes in RAW264.7
cells. Rbl and Rd were added to RAW264.7 cells at the indicated concentrations 30 min before LPS stimulation
delivered at 5 ng/ml for 6 h. Cells were harvested for total RNA extraction and real-time PCR analyses to assess
the expression of Ccl2, COX2, ICAM, IL-18, IL-6 and TNF-a (n =4 per group). The data were expressed as the
mean + S.E.M. *Compared to that from vehicle-treated cells without LPS incubation, p < 0.05; *compared to
that from vehicle-treated cell with LPS stimulation, p < 0.05.

and SHIP1 was revealed in bright light-exposed mouse retinas. Moreover, decreased expression of miR-155 and
increased expression of SHIP1 could be implicated in the anti-inflammatory activities of Rbl and Rd in vitro and
retinal protective activity of natural combination of Rbl and Rd in vivo.

In bright light-exposed retina, photoreceptors were preserved when natural combination of Rb1 and Rd were
administered. Partial retinal protection was observed when the dose of either Rb1 or Rd was lowered from that
adopted in the natural combination regimen. No significant retinal protection was observed by merely doubling
the dose of either Rb1 or Rd. These results implied a synergistic effect of Rbl and Rd on protecting photoreceptors
from developing bright light-induced damage. Moreover, it is worth noting that the dosing regimens of individual
and combined treatment in the current study were determined based on the natural content of each saponin com-
pound in PNS and the effective dose of PNS. Future studies thus remain to be performed to evaluate the retinal
protective activity of saponin(s) at different dosing options without considering its association of PNS.

The anti-inflammatory and antioxidant activities of Rd have been previously reported'® *>. Moreover, the
antioxidant and anti-inflammatory effects have also been shown to be implicated in the neuroprotective effects of
both Rb1 and Rd'™3*34, For instance, in addition to maintaining the balance of pro- and antioxidant mechanisms,
Rd significantly attenuates the inflammatory responses in carrageenan-induced rat paw edema in part through
suppressing proinflammatory ERK/JNK/NF-kB signaling®’. Rd also significantly suppresses LPS-induced
expression of INOS and COX2 in RAW264.7 cells and ICR mouse liver through attenuating NF-kB activation'.
The therapeutic effects of Rd against cerebrovascular ischemia-reperfusion injuries as well as neuronal loss in
Parkinson’s disease model have also been reported'® 3. Meanwhile, Rb1 is pharmacologically active in immu-
noregulation'* and suppression of inflammatory responses'***. Mitigated NF-« B signaling is noted to be involved
in the anti-inflammatory effects of Rb1 in protecting against cerebral ischemic injuries*. However, the pharma-
cological implication of the anti-inflammatory and antioxidant activities of Rbl and Rd in retinal protection has
been revealed prior to our current study.

Oxidative stress plays a primary role in the pathogenesis of retinal degeneration®*-**. As an early event in the
development of AMD, oxidative stress contributes to RPE dysfunction that promotes the loss of photoreceptors
during disease progression®” . In the current study, significantly attenuated oxidative stress was observed in
bright light-exposed mice treated with naturally combined Rb1 and Rd. In cultured ARPEI19 cells in vitro, both
Rb1 and Rd could partially attenuate atRAL-induced overproduction of intracellular ROS. Given significant
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Figure 10. Altered expression of miR-155 and SHIP1 was implicated in the anti-inflammatory and retinal
protective activities of Rbl and Rd. A. RAW264.7 cells were first treated with Rb1 or Rd at the indicated
concentrations for 30 min, followed by LPS stimulation delivered at 5 ng/ml for 6 h. Total RNA was isolated
from harvested cells and real-time PCR analyses were performed to examine the expression of miR-155 (A)
and its target gene SHIP1 (B) (n=4-6 per group). Relative fold change was calculated against that detected in
vehicle-treated cells without LPS stimulation. The data were expressed as the mean &+ S.E.M. *Compared to that
from vehicle-treated cells without LPS stimulation, p < 0.05; “compared to that from vehicle-treated cell with
LPS stimulation, p < 0.05. Dark-adapted BALB/c mice were treated with saline vehicle (Vehicle) or combination
of Rbl1 (65 mg/kg bw) and Rd (22.5 mg/kg bw) (Rb + Rd), followed by bright light exposure. Retinas were
collected 6h and 1 d after illumination along with those from vehicle-treated mice unexposed to bright light
(No light). Total RNA was extracted and reverse-transcribed. Real-time PCR was subsequently performed

to analyze the retinal expression of miR-155 (C) and SHIP1 (D) (n=4-6 per group). Relative fold change of
miR-155 and SHIP1 was calculated against that detected in vehicle-treated mice unexposed to bright light. The
data were expressed as the mean & S.E.M. *Compared to that from No light, p < 0.05; *compared to that from
Vehicle, p <0.05.

implication of oxidative stress in retinal degeneration, attenuation of retinal oxidative stress could in part account
for the retinal protective effects of natural combination of Rbl and Rd.

Inflammation has been increasingly acknowledged as an essential component of the vicious cycle that pro-
motes progressive degeneration of neuronal tissue under disease settings*!. In the damaged retina, both Miiller
glial cells and microglial cells contribute to inflammatory responses. Reactive Miiller gliosis occurs in virtu-
ally every retinal disease. In the adult mammalian retina, Miiller glial cells undergoing gliotic changes become
a source of proinflammatory factors and promote further degeneration*?**. Moreover, in response to stimuli
such as neuronal death, enhanced activation of microglial occurs*. Activated microglial cells produce increased
amount of proinflammatory cytokines and chemokines such as IL-1, TNF-o and CCL2 that aggravate neuronal
death and propagate inflammatory responses. For instance, CCL2 regulates microglial migration leading to pres-
ence and accumulation of activated microglial at the site of neuronal injury*. Suppressing microglial activation
protects against photoreceptor loss caused by light damage*®-*8. Microglial activation has therefore been estab-
lished as hallmark pathology as well as therapeutic target in degenerative retinas. As shown in the present study,
natural combination of Rbl and Rd led to significantly decreased expression of proinflammatory cytokines and
chemokines such as IL-13, IL-6, TNF-a and CCL2 in bright light-exposed retinas. Meanwhile, attenuated reti-
nal reactive gliosis as well as microglial activation were observed as a result of combined treatment of Rb1 and
Rd. Moreover, although consistent with previous reports, anti-inflammatory activity was exhibited by Rb1 and
Rd in RAW264.7 cells, it was not limited to RAW264.7 cells, anti-inflammatory activity of Rbl and Rd was also
observed in ARPE19 cells challenged by LPS. Given that exaggerated inflammatory responses aggravate tissue
damage, which is of particular relevance to the deterioration of neuronal tissue such as retina that lacks regener-
ative capacity®’, the anti-inflammatory activities of Rb1 and Rd may contribute to their therapeutic potential of
retinal protection.

Moreover, elevated expression of miR-155 in bright light-exposed retinas and the implication of miR-155 in
the anti-inflammatory activities of Rb1l and Rd were noted in the current study. miR-155 is known as a common
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proinflammatory mediator shared by different inflammatory mechanisms, functioning as an important com-
ponent of the proinflammatory cascade in immune cells. Elevated level of miR-155 contributes to neuroinflam-
mation and inhibition of miR-155 is neuroprotective®®. miR-155 has thus been valued as a promising target for
modulating neuroinflammatory responses®” 1. One of the direct targets of miR-155 in immune cells is SHIP1%.
Through modulating PI3K signaling pathway, SHIP1 functions to downregulate the activation and migration
of immune cells and thus mitigate inflammatory responses®. It is noted that pharmacological agents activating
SHIP1 can attenuate the function and migration of immune cells and thus exhibit anti-inflammatory effects**-°.
Although the pro-inflammatory function of miR-155 has been well recognized, the implication of miR-155 in
retinal degenerative disorders remains to be addressed. As shown in the current study, bright light exposure
induced microglial activation and increased the expression of a panel of proinflammatory cytokines. Meanwhile,
significantly elevated expression of miR-155 and decreased expression of its target SHIP1 were observed in bright
light-exposed retinas, suggesting for the first time that elevated expression of miR-155 could be involved in the
inflammatory responses associated with bright light-induced retinal degeneration. Further studies are required
to clarify the underlying mechanisms for bright light-induced retinal expression of miR-155. Moreover, the impli-
cation of miR-155 in the inflammatory changes during retinal degeneration remains to be explored in depth in
future studies. It is worth noting that both Rb1 and Rd were pharmacologically active in suppressing the expres-
sion of miR-155 and increasing the expression of SHIP1 in LPS-challenged RAW264.7 cells. These observations
added new layer of understanding of the anti-inflammatory activities of Rbl and Rd in immune cells. However,
detailed mechanisms underlying the modulatory effects of Rb1 and Rd on the expression of miR-155 and SHIP1
require clarification in the future studies. Furthermore, natural combination of Rb1 and Rd resulted in signifi-
cantly decreased expression of miR-155 and increased expression of SHIP1 in bright light-exposed retinas. Given
that natural combination of Rb1 and Rd suppressed the retinal expression of proinflammatory genes and acti-
vation of macroglial and microglial cells in bright light-exposed retinas and the important function of miR-155
in regulating neuroinflammation, it is possible that attenuated expression of miR-155 and enhanced expression
of SHIP1 are involved in the retinal protection conferred by the natural combination of Rb1 and Rd in bright
light-exposed mice. Taken together, our data provided novel insights into the mechanisms and biological signifi-
cance of the anti-inflammatory properties of Rb1 and Rd.

In conclusion, the present work not only demonstrated the retinal protective effect of PNS, but also identified
that both Rb1 and Rd were required for the photoreceptor protective activity of PNS. The experimental evidence
presented here justified combination of Rb1 and Rd to be further evaluated as a novel treatment for retinal degen-
erative disorders.

Methods

Chemicals. PNS was generously provided by BioAsia International Life Science Research Limited (Shanghai,
China). Major saponin compounds present in PNS and their respective content were previously described?,
including ginsenoside Rb1 (Rb1) (32.32%), ginsenoside Rg1 (Rgl) (25.38%), ginsenoside Rd (Rd) (11.17%) and
notoginsenoside R1 (R1) (8.88%). Individual saponin compound such as Rb1, Rgl, Rd and R1 was purchased
from Shanghai Yuanye Biological Technology Co. LTD (Shanghai, China). The purity of each compound was
>98%. Sterile saline (0.9%) was used to dissolve PNS, Rb1 and Rgl. Rd, R1 and all the indicated combinatorial
treatments were prepared using 30% DMSO.

Cell culture. Mouse RAW264.7 cells were purchased from Shanghai Institute of Biological Science (SIBS,
China) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific, USA)
supplemented with 10% fetal bovine serum (FBS), 50 ug/ml streptomycin, and 50 U/ml penicillin (Gibco, Thermo
Fisher Scientific, USA). Human ARPE19 cells were obtained from American Type Culture Collection (ATCC,
USA) and were cultured in DMEM and Nutrient Mixture F-12 (DMEM/F-12) medium (Gibco, Thermo Fisher
Scientific, USA) supplemented with 10% or 2% FBS, 50 ug/ml streptomycin, and 50 U/ml penicillin (Gibco,
Thermo Fisher Scientific, USA).

Lipopolysaccharides (LPS) stimulation. Rb1 was applied to ARPE19 or RAW264.7 cells at 50, 100, and
500 M. ARPE19 or RAW264.7 cells were incubated with Rd at 10, 50, 100 pM. After 30 min of pre-incubation
with indicated compound, ARPE 19 and RAW264.7 cells were stimulated with LPS (Sigma-Aldrich, USA) at the
concentration of 1 pg/mL and 5ng/mL, respectively. Cells were collected for gene expression analyses 6 h after
LPS stimulation.

In vitro detection of intracellular ROS generation by flow cytometry. ARPE19 cells maintained in
DMEM/F-12 medium supplemented with 10% FBS were seeded in 24-well plates at the number of 1.5 x 10° cells
per well. When cells reached full confluence, the culture medium was replaced by DMEM/F-12 supplemented
with 2% FBS. Cells were then further cultured for 2 d before the treatment of Rb1 or Rd at the indicated concen-
trations. After incubation of Rb1 or Rd for 1h, atRAL (Sigma-Aldrich, USA) was applied at 25pM for 5h. ROS
probe 2/, 7’-dichlorofluorescein diacetate (DCF-DA) (Sigma-Aldrich, USA) was then added to ARPE19 cells
at 1 uM and incubated at 37 °C in the dark for 30 min. After DCF-DA staining, cells were resuspended in 1 mL
phosphate-buffered saline and analyzed by flow cytometry (FACSVerse, BD Biosciences, USA) at the excitation
and emission wavelengths of 490 nm and 520 nm, respectively. Same number of cells (20,000) was applied to each
sample for data acquisition. DCF-DA fluorescence intensity was analyzed using FACSuite (BD Biosciences, USA).

Mouse treatment. Four to five-week-old Female BALB/c mice were obtained from the Shanghai Laboratory
Animal Research Center. Mice were maintained at 23 +2°C under a 12h light/dark cycle and allowed free access
to food and water. For mice subject to bright light exposure, dark adaptation was carried out for 24 h prior to
illumination delivered at 10,000 lux for 30 min (compact fluorescence lamp, 45 W, Chaoya Lighting, Shanghai,
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China). All of drug treatments were administered 30 min before bright light exposure via intraperitoneal injection
at indicated doses. PNS, dissolved in saline, was administered at the dose of 50 and 200 mg/kg body weight (bw).
The dose of Rb1, Rgl, Rd and R1 for mono and combinatorial treatments was calculated based on their respec-
tive content in PNS with reference to PNS treatment given at 200 mg/kg bw, which were indicated as following:
Rb1, 65 mg/kg bw; Rgl, 50 mg/kg bw; Rd, 22.5 mg/kg bw and R1, 18 mg/kg bw. Additional experiments were
performed with Rb1 administered at the dose of 130 mg/kg bw and Rd at 45 mg/kg bw. Combination of Rb1 and
Rd was also examined by additional dosing regimens, which included Rd at a constant dose of 22.5 mg/kg bw
and Rbl1 at the dose of 44 mg/kg bw (Rd+ Rb1L1) or 22 mg/kg bw (Rd + Rb1L2) as well as Rb1 at a constant dose
of 65 mg/kg bw and Rd at the dose of 15mg/kg bw (Rb+ RdL1) or 7.5 mg/kg bw (Rbl 4+ RdL2). All mouse care
and experimental procedures were approved by the Institutional Animal Care and Use Committee of Shanghai
University of TCM and carried out in adherence to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Optical coherence tomography (OCT). OCT (Optoprobe, Canada) was used for in vivo imaging of
mouse retinas 7 days after bright light exposure. Briefly, mice were anesthetized by intraperitoneal injection of
pelltobarbitalum natricum at the dose of 65 mg/kg bw and pupils were dilated by 1% tropicamide before OCT
imaging.

Electroretinogram (ERG). Dark-adapted mice were anesthetized with a mixture of ketamine hydrochlo-
ride (82.5 mg/kg bw) and xylazine (8.25 mg/kg bw). Scotopic ERGs were generated with flashes of green light at
the intensities ranging from —2 log cd-s-m™ to 3.1logcd-s-m~2 Five recordings were made at sufficient intervals
between flash stimuli to allow recovery from any photobleaching effects. ERG was recorded under dim red light
and analyzed with the universal testing and electrophysiological system, Ganzfeld (Phoenix Research labs, USA).

Histology and immunohistochemistry (IHC). Enucleated eyes or eye cups free of cornea and lens
were fixed in 4% paraformaldehyde before further processing to make paraffin sections or cryosections. Paraffin
sections 4 pm thick were subject to hematoxylin and eosin (H&E) staining. The H&E-stained sections were
observed and the images were recorded by a fluorescent microscope under bright field settings (DM6000B, Leica,
Germany). IHC of rhodopsin (1:1000, Novusbio, USA) and opsin M (1:100, Millipore, USA) was performed
on paraffin sections 4 pm thick as well. IHC of glial fibrillary acidic protein (GFAP) (1:500, Dako, Denmark),
vimentin (1:50, Cell Signaling Technology, USA) and Ibal (1:500, Wako, Japan) was performed on cryosections
12 um thick. Counterstaining of 4-6-Diamidino-2-phenylindole (DAPI) was performed for the indicated IHC
assessment. The thickness of outer nuclear layer (ONL) was measured after H&E or DAPI staining. Images were
recorded using a fluorescent microscope under fluorescent settings (DM6000B, Leica, Germany).

TdT-mediated dUTP nick-end labeling (TUNEL) assay. Eye cups were made from enucleated eyes
collected from mice unexposed to bright light and bright light-exposed mice with the indicated treatment 24 h
and 72 h after illumination. Cryosections 12 pm thick were then made and subject to TUNEL assay following the
manufacturer’s instructions (DeadEnd™ Fluorometric TUNEL system, Promega, USA). Images were observed
using a fluorescent microscope (DM6000B, Leica, Germany).

Real-time PCR analysis. Mouse retinas were collected from mice unexposed to bright light and
light-exposed mice with indicated treatment 6 h and 24 h after illumination, respectively. Total RNA was extracted
using the TRIzol reagent (Invitrogen, USA). ARPE19 or RAW264.7 cells were harvested for total RNA extrac-
tion 6 h after LPS stimulation. The PrimeScript RT Master Mix (TaKaRa, Japan) and miScript II RT kit (Qiagen,
Germany) were used for reverse transcription of mRNAs and miRNAs, respectively. Triplicate real-time PCR reac-
tions were performed for each template using the QuantiTect SYBR Green PCR Master Mix (Qiagen, Germany)
and run on Roche Light Cycler 480 II. Fold changes of the expression of indicated genes or miR-155 were calculated
according to 2 [Ct(candidate)~Ci(internal control)] GAPDH and RUN6B were included as internal controls for the expres-
sion of genes and miR-155, respectively. The primer sequences (5’-3’) for gene expression analyses were: mouse
Ccl2: forward, AGCTGTAGTTTTTGTCACCAAGC, reverse: GTGCTGAAGACCTTAGGGCA; mouse COX2:
forward, CCGTACACATCATTTGAAGAACTTA, reverse, CTACCATGGTCTCCCCAAAGAT; mouse ICAM-
1: forward, TCCGGACTTTCGATCTTCCAGCTAC, reverse, CCAGGTATATCCGAGCTTCAGAGGC; mouse
IL-103: forward, TGCCACCTTTTGACAGTGATG, reverse, AAGGTCCACGGGAAAGACAC; mouse IL-6: for-
ward, CCAAGAACGATAGTCAATTCCAGAA, reverse, AAGAAGGCAACTGGATGGAAGT; mouse iNOS:
forward, ATAGTTTCCAGAAGCAGAATGTGAG, reverse, AGGACATAGTTCAACATCTCCTGGT; mouse
SHIP1: forward, GAGGACGATAAATTCACTGTTCAG, reverse, TTTCCTTCTTGTAAAAGTCGATGAG;
mouse TNF-a: forward, ACGTCGTAGCAAACCACCAA, reverse, GCAGCCTTGTCCCTTGAAGA; mouse
VCAM-1: forward, AAGAAAGGGAGACTGTCAAAGAACT, reverse, AACTTCATTATCTAACTTCCTGCCC;
mouse GAPDH: forward, CCGGTGCTGAGTATGTCGT, reverse, CCTTTTGGCTCCACCCTTC; human
Ccl2: forward, CTCATAGCAGCCACCTTCATTC, reverse, CTCTGCACTGAGATCTTCCTATTG;
human ICAM-1: forward, GAATCAGTGACTGTCACTCGAGAT, reverse,
CCACAGTGATGATGACAATCTCATA; human IL-183: forward, TTATTACAGTGGCAATGAGGATGAC,
reverse, GGAAGGAGCACTTCATCTGTTTAG; human TNF-a: forward, CCTCTCTCTAATCAGCCCTCTG,
reverse, CTACAACATGGGCTACAGGCTT; human RPE65: forward, AAAGAAGGACATGTCACATACCACA,
reverse, GGAAAATATATTCTTGCAGGGATCT; human UQCRC2: forward,
CTCAGGACCTTGAGTTTACCAAGT, reverse, GCTGAAGTCCTCATATCTACTGCC; human MERTK: for-
ward, AAGTTACAGCAATAATCGCTTCCT, reverse, TGTACTTCGATGTAGATGGGATCA; human KRT18:
forward, CTTGCTGCTGATGACTTTAGAGTC, reverse, CTTGAGAGCCTCGATCTCTGTC; human TYR: for-
ward, ATCATTCTTCTCCTCTTGGCAGA, reverse: GTTCTGGATTTGTCATGGTTTCCA; human SERPINF1:
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forward, GATGAGATCAGCATTCTCCTTCTC, reverse, ATAGCGTAAAACAGCCTTAGGGT; human
B-actin: forward, CCAGCTCACCATGGATGATGAT, reverse, ACATAGGAATCCTTCTGACCCAT; human
GAPDH: forward, ACTCTGGTAAAGTGGATATTGTTGC, reverse, GGAATCATATTGGAACATGTAAACC.
The primers sequences (5'-3’) for miRNA expression analyses were miRNA universal primer:
GATTGAATCGAGCACCAGTTAC; mmu-miR-155, TTAATGCTAATTGTGATAGGGGT and RUNG6B,
ACGCAAATTCGTGAAGCGTT.

In vivo detection of ROS. Dihydroethidium (DHE) (Sigma-Aldrich, USA) was intraperitoneally adminis-
tered to mice at the dose of 20 mg/kg bw for the detection of ROS production i situ. Mice were euthanized and
eyes were enucleated 2 h after DHE administration, followed by fixation in 4% paraformaldehyde and processing
for cryosectioning. Cryosections 12 pm thick were subject to DAPI staining, followed by assessment for red flu-
orescence indicative of oxidized dihydroethidium using a fluorescent microscope (DM6000B, Leica, Germany).

Statistical analysis. Data were expressed as the mean =+ standard error of mean (S.E.M.). Statistical analyses
were performed using one-way ANOVA and independent samples t-test (SPSS 18, USA). Statistical significance
was defined by p < 0.05.

References
1. Wenzel, A., Grimm, C., Samardzija, M. & Reme, C. E. Molecular mechanisms of light-induced photoreceptor apoptosis and
neuroprotection for retinal degeneration. Prog Retin Eye Res. 24, 275-306 (2005).
2. Curcio, C. A., Medeiros, N. E. & Millican, C. L. Photoreceptor loss in age-related macular degeneration. Invest Ophthalmol Vis Sci.
37,1236-1249 (1996).
3. Shen, J. et al. Oxidative damage is a potential cause of cone cell death in retinitis pigmentosa. J Cell Physiol. 203, 457-464 (2005).
4. Komeima, K., Rogers, B. S., Lu, L. & Campochiaro, P. A. Antioxidants reduce cone cell death in a model of retinitis pigmentosa. Proc
Natl Acad Sci USA 103, 11300-11305 (2006).
5. Chen, Y. et al. Mechanism of all-trans-retinal toxicity with implications for stargardt disease and age-related macular degeneration.
] Biol Chem. 287, 5059-5069 (2012).
6. Chen, M. & Xu, H. Parainflammation, chronic inflammation, and age-related macular degeneration. J Leukoc Biol. 98, 713-725
(2015).
7. Xu, H., Chen, M. & Forrester, J. V. Para-inflammation in the aging retina. Prog Retin Eye Res. 28, 348-368 (2009).
8. Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281-297 (2004).
9. Jonas, S. & Izaurralde, E. Towards a molecular understanding of microRNA-mediated gene silencing. Nat Rev Genet 16, 421-433
(2015).
10. Ng, T. B. Pharmacological activity of sanchi ginseng (Panax notoginseng). ] Pharm Pharmacol. 58, 1007-1019 (2006).
11. Kim, J. H. Cardiovascular Diseases and Panax ginseng: A Review on Molecular Mechanisms and Medical Applications. ] Ginseng
Res. 36, 16-26 (2012).
12. Liu, J., Wang, Y., Qiu, L., Yu, Y. & Wang, C. Saponins of Panax notoginseng: chemistry, cellular targets and therapeutic opportunities
in cardiovascular diseases. Expert Opin Investig Drugs. 23, 523-539 (2014).
13. Cheng, W,, Wu, D, Zuo, Q., Wang, Z. & Fan, W. Ginsenoside Rb1 prevents interleukin-1 beta induced inflammation and apoptosis
in human articular chondrocytes. Int Orthop. 2065-2070 (2013).
14. Chen, W. et al. Ginsenoside Rb1: The new treatment measure of myasthenia gravis. Int Immunopharmacol 2, 30356-30363 (2016).
15. Ahmed, T. et al. Ginsenoside Rb1 as a neuroprotective agent: A review. Brain Res Bull. 125, 30-43 (2016).
16. Kim, D. H. et al. Ginsenoside Rd inhibits the expressions of iNOS and COX-2 by suppressing NF-kappaB in LPS-stimulated
RAW?264.7 cells and mouse liver. J Ginseng Res. 37, 54-63 (2013).
17. Shi, X. et al. Panax notoginseng saponins provide neuroprotection by regulating NgR1/RhoA/ROCK2 pathway expression, in vitro
and in vivo. ] Ethnopharmacol. 190, 301-312 (2016).
18. Zhang, X. et al. Ginsenoside Rd and ginsenoside Re offer neuroprotection in a novel model of Parkinson’s disease. Am ] Neurodegener
Dis. 5,52-61 (2016).
19. Yang, Q. et al. Panax notoginseng saponins attenuate lung cancer growth in part through modulating the level of Met/miR-222 axis.
] Ethnopharmacol. 193, 255-265 (2016).
20. Wang, P. et al. Ginsenoside Rd attenuates breast cancer metastasis implicating derepressing microRNA-18a-regulated Smad2
expression. Sci Rep. 6, 33709 (2016).
21. Yang, Q. et al. Bidirectional regulation of angiogenesis and miR-18a expression by PNS in the mouse model of tumor complicated
by myocardial ischemia. BMC Complement Altern Med. 14, 183 (2014).
22. Jia, C. et al. Notoginsenoside R1 attenuates atherosclerotic lesions in ApoE deficient mouse model. PLoS One. 9, €99849 (2014).
23. Wang, P. et al. Panax notoginseng saponins (PNS) inhibits breast cancer metastasis. ] Ethnopharmacol. 154, 663-671 (2014).
24. Bian, M. et al. Celastrol protects mouse retinas from bright light-induced degeneration through inhibition of oxidative stress and
inflammation. J Neuroinflammation. 13, 50-64 (2016).
25. Kutty, R. K. et al. Induction of heme oxygenase 1 in the retina by intense visible light: suppression by the antioxidant
dimethylthiourea. Proc Natl Acad Sci USA 92, 1177-1181 (1995).
26. Dunn, K. C,, Aotaki-Keen, A. E., Putkey, F. R. & Hjelmeland, L. M. ARPE-19, a human retinal pigment epithelial cell line with
differentiated properties. Exp Eye Res. 62, 155-169 (1996).
27. Pfefter, B. A. & Philp, N. J. Cell culture of retinal pigment epithelium: Special Issue. Exp Eye Res. 126, 1-4 (2014).
28. Faraoni, I, Antonetti, F. R., Cardone, J. & Bonmassar, E. miR-155 gene: a typical multifunctional microRNA. Biochim Biophys Acta.
1792, 497-505 (2009).
29. Costinean, S. et al. Src homology 2 domain-containing inositol-5-phosphatase and CCAAT enhancer-binding protein beta are
targeted by miR-155 in B cells of Emicro-MiR-155 transgenic mice. Blood. 114, 1374-1382 (2009).
30. Malik, M. et al. Genetics ignite focus on microglial inflammation in Alzheimer’s disease. Mol Neurodegener. 10, 52 (2015).
31. An, H. et al. Src homology 2 domain-containing inositol-5-phosphatase 1 (SHIP1) negatively regulates TLR4-mediated LPS
response primarily through a phosphatase activity- and PI-3K-independent mechanism. Blood. 105, 4685-4692 (2005).
32. Zhang, Y. X. et al. Ginsenoside-Rd exhibits anti-inflammatory activities through elevation of antioxidant enzyme activities and
inhibition of JNK and ERK activation in vivo. Int Immunopharmacol. 17, 1094-1100 (2013).
33. Liao, B., Newmark, H. & Zhou, R. Neuroprotective effects of ginseng total saponin and ginsenosides Rb1 and Rg1 on spinal cord
neurons in vitro. Exp Neurol. 173, 224-234 (2002).
34. Zhu, J. et al. Suppression of local inflammation contributes to the neuroprotective effect of ginsenoside Rb1 in rats with cerebral
ischemia. Neuroscience. 202, 342-351 (2012).
35. Xie, Z. et al. Ginsenoside Rd Protects Against Cerebral Ischemia-Reperfusion Injury Via Decreasing the Expression of the NMDA
Receptor 2B Subunit and its Phosphorylated Product. Neurochem Res. 41,2149-2159 (2016).

SCIENTIFICREPORTS |7:6015 | DOI:10.1038/s41598-017-06471-x 14



www.nature.com/scientificreports/

36. Antioxidant status and neovascular age-related macular degeneration. Eye Disease Case-Control Study Group. Arch Ophthalmol.
111, 104-109 (1993).

37. Organisciak, D. T. et al. Light history and age-related changes in retinal light damage. Invest Ophthalmol Vis Sci. 39, 1107-1116
(1998).

38. Young, R. W. Solar radiation and age-related macular degeneration. Surv Ophthalmol. 32, 252-269 (1988).

39. Cai, J., Nelson, K. C., Wu, M., Sternberg, P. Jr. & Jones, D. P. Oxidative damage and protection of the RPE. Prog Retin Eye Res. 19,
205-221 (2000).

40. Liang, E Q. & Godley, B. F. Oxidative stress-induced mitochondrial DNA damage in human retinal pigment epithelial cells: a
possible mechanism for RPE aging and age-related macular degeneration. Exp Eye Res. 76, 397-403 (2003).

41. DeLegge, M. H. & Smoke, A. Neurodegeneration and inflammation. Nutr Clin Pract. 23, 35-41 (2008).

42. Eastlake, K. et al. Muller glia as an important source of cytokines and inflammatory factors present in the gliotic retina during
proliferative vitreoretinopathy. Glia. 64, 495-506 (2016).

43. Bringmann, A. & Wiedemann, P. Muller glial cells in retinal disease. Ophthalmologica. 227, 1-19 (2012).

44. Kreutzberg, G. W. Microglia: a sensor for pathological events in the CNS. Trends Neurosci. 19, 312-318 (1996).

45. Bose, S. et al. Effect of CCL2 on BV2 microglial cell migration: Involvement of probable signaling pathways. Cytokine. 81, 39-49
(2016).

46. Kohno, H. et al. Photoreceptor proteins initiate microglial activation via Toll-like receptor 4 in retinal degeneration mediated by
all-trans-retinal. J Biol Chem. 288, 15326-15341 (2013).

47. Scholz, R. et al. Minocycline counter-regulates pro-inflammatory microglia responses in the retina and protects from degeneration.
J Neuroinflammation. 12,209 (2015).

48. Scholz, R. et al. Targeting translocator protein (18 kDa) (TSPO) dampens pro-inflammatory microglia reactivity in the retina and
protects from degeneration. ] Neuroinflammation. 12, 201 (2015).

49. Block, M. L. & Hong, J. S. Microglia and inflammation-mediated neurodegeneration: multiple triggers with a common mechanism.
Prog Neurobiol. 76,77-98 (2005).

50. Woodbury, M. E. et al. miR-155 Is Essential for Inflammation-Induced Hippocampal Neurogenic Dysfunction. ] Neurosci. 35,
9764-9781 (2015).

51. Thome, A. D., Harms, A. S., Volpicelli-Daley, L. A. & Standaert, D. G. MicroRNA-155 Regulates Alpha-Synuclein-Induced
Inflammatory Responses in Models of Parkinson Disease. ] Neurosci. 36, 2383-2390 (2016).

52. Liu, Q. et al. SHIP is a negative regulator of growth factor receptor-mediated PKB/Akt activation and myeloid cell survival. Genes
Dev. 13, 786-791 (1999).

53. Bhattacharyya, S. et al. Elevated miR-155 promotes inflammation in cystic fibrosis by driving hyperexpression of interleukin-8. ] Biol
Chem. 286, 11604-11615 (2011).

54. Stenton, G. R. et al. Characterization of AQX-1125, a small-molecule SHIP1 activator: Part 1. Effects on inflammatory cell activation
and chemotaxis in vitro and pharmacokinetic characterization in vivo. Br ] Pharmacol. 168, 15061518 (2013).

55. Stenton, G. R. et al. Characterization of AQX-1125, a small-molecule SHIP1 activator: Part 2. Efficacy studies in allergic and
pulmonary inflammation models in vivo. Br ] Pharmacol. 168, 1519-1529 (2013).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (81473732, 81673790, Y.C and
81273960, T.Z); the Program of Eastern Scholar supported by Shanghai Municipal Education Commission
(Hu201188, Y.C and GZ2015011, T.Z) and the Budget Project from Shanghai Municipal Education Commission
(2014YSN49, M.B).

Author Contributions
Y.C. and T.Z. oversaw and designed the experiments. M.B., X.D., PW,, ].X., ].C., and J.G. performed experiments.
M.B,, Y.C. and T.Z. analyzed the data. Y.C., M.B. and T.Z. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06471-x

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:6015 | DOI:10.1038/s41598-017-06471-x 15


http://dx.doi.org/10.1038/s41598-017-06471-x
http://creativecommons.org/licenses/by/4.0/

	Combination of ginsenoside Rb1 and Rd protects the retina against bright light-induced degeneration

	Results

	PNS treatment prevented the development of bright light-induced photoreceptor degeneration in mouse. 
	Combination of Rb1 and Rd protected photoreceptors from developing bright light-induced degeneration in mouse. 
	Natural combination of Rb1 and Rd protected rod and cone photoreceptors from bright light-induced impairment. 
	Natural combination of Rb1 and Rd alleviated bright light-induced retinal oxidative stress. 
	Natural combination of Rb1 and Rd attenuated bright light-induced expression of proinflammatory and cell adhesion genes in  ...
	Natural combination of Rb1 and Rd attenuated bright light-induced reactive gliosis and microglia activation in the retina. 
	Rb1 and Rd attenuated all-trans-Retinal (atRAL)-induced intracellular ROS production in ARPE 19 cells. 
	Rb1 and Rd suppressed LPS-induced expression of proinflammatory genes. 
	Rb1 and Rd suppressed LPS-induced expression of proinflammatory miR-155. 
	Natural combination of Rb1 and Rd treatment attenuated bright light-induced upregulation of miR-155 in the mouse retina. 

	Discussion

	Methods

	Chemicals. 
	Cell culture. 
	Lipopolysaccharides (LPS) stimulation. 
	In vitro detection of intracellular ROS generation by flow cytometry. 
	Mouse treatment. 
	Optical coherence tomography (OCT). 
	Electroretinogram (ERG). 
	Histology and immunohistochemistry (IHC). 
	TdT-mediated dUTP nick-end labeling (TUNEL) assay. 
	Real-time PCR analysis. 
	In vivo detection of ROS. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 PNS or natural combination of major saponin components of PNS protected retinas from developing bright light-induced degeneration.
	Figure 2 Treatment of PNS or combination of Rb1 and Rd prevented the loss of rods and cones in bright light-exposed mice.
	Figure 3 PNS or Rb1 and Rd combination preserved retinal function in bright light-exposed mice.
	Figure 4 Combination of Rb1 and Rd alleviated retinal oxidative stress in bright light-exposed mice.
	Figure 5 Combined treatment of Rb1 and Rd mitigated the retinal expression of proinflammatory and cell adhesion genes in bright light-exposed mice.
	Figure 6 Combined Rb1 and Rd treatment attenuated reactive gliosis and microglia activation in bright light-exposed retina.
	Figure 7 Rb1 or Rd treatment decreased atRAL-induced intracellular ROS production in ARPE19 cells.
	Figure 8 Rb1 or Rd treatment suppressed LPS-stimulated expression of proinflammatory genes in ARPE19 cells.
	Figure 9 Rb1 or Rd treatment suppressed LPS-stimulated expression of proinflammatory genes in RAW264.
	Figure 10 Altered expression of miR-155 and SHIP1 was implicated in the anti-inflammatory and retinal protective activities of Rb1 and Rd.




