
© 2017 Fan et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy 2017:11 3343–3354

Drug Design, Development and Therapy Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
3343

O r i g i n a l  R e s e a r c h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/DDDT.S149700

Notoginsenoside R1 attenuates high glucose-
induced endothelial damage in rat retinal capillary 
endothelial cells by modulating the intracellular 
redox state

Chunlan Fan
Yuan Qiao
Minke Tang
Department of Pharmacology, School 
of Chinese Materia Medica, Beijing 
University of Chinese Medicine, 
Beijing, People’s Republic of China

Abstract: The aim of this study was to examine whether Notoginsenoside R1 (NR1) attenuates 

high glucose-induced cell damage in rat retinal capillary endothelial cells (RCECs) and to 

explore the mechanisms involved. The exposure of rat RCECs to high concentration of glucose 

(30 mM) for 72 h led to significant cytotoxicity, including decreased cell viability, reduced 

mitochondrial DNA copy number, increased lactate dehydrogenase release and elevated apop-

tosis. NR1, when present in the culture medium, markedly attenuated the high glucose-induced 

cytotoxicity in rat RCECs. Moreover, high glucose also induced a significant increase in intra-

cellular reactive oxygen species and subsequently increased the activity of NADPH oxidase 

and poly-ADP (ribose) polymerase, whereas the activity of catalase decreased. The addition of 

NR1 to the medium significantly reduced the generation of reactive oxygen species, inhibited 

NADPH oxidase and poly-ADP (ribose) polymerase activities and increased catalase activity 

in RCECs, accompanied by a reduced cellular nitrotyrosine level. To explore the underlying 

mechanisms involved, the cellular redox status was monitored. Both the cellular NAD+ and 

NADPH levels decreased significantly in high glucose medium, which resulted in a marked 

decrease in the NAD+/NADH and NADPH/NADP+ ratios. High glucose stimulation also 

enhanced the accumulation of GSSG, maintaining the GSH/GSSG ratio lower than that in the 

control group with 5.5 mM glucose. When treated with NR1, the cellular NAD+, NADPH and 

GSH concentrations increased, and the ratios of NAD+/NADH, NADPH/NADP+ and GSH/

GSSG increased, similar to the control group. These results demonstrate that NR1 attenuates 

high glucose-induced cell damage in RCECs. Therefore, NR1 may exert its protective effects 

via mechanisms that involve changes in the cellular redox state.

Keywords: Notoginsenoside R1, high glucose, retinal capillary endothelial cells, apoptosis, 

reactive oxygen species, NADPH

Introduction
Diabetic retinopathy (DR) is the major cause of blindness and vision loss among 

working-age people in developed countries. DR is considered a microvascular disease; 

the earliest characterized events include a loss of endothelial cells and pericytes, 

abnormal thickening of capillary basement membrane and breakdown of the blood–

retinal barrier.1,2 The inner blood–retinal barrier forms complex tight junctions of 

retinal capillary endothelial cells to prevent the free diffusion of substances between 

the circulating blood and the neural retina.3 Research has shown that diabetic human 

and rat retinas develop acellular capillaries, which is associated with endothelial cell 
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apoptosis.4 Additionally, experiments in vivo have dem-

onstrated that high glucose enhances apoptosis in retinal 

endothelial cells.5–7

Hyperglycemia appears to be the primary pathogenetic 

agent in DR as well as in other complications of diabetes.8,9 

Diabetes-induced changes in retinal metabolism and function 

have been linked to increased production of reactive oxygen 

species (ROS). ROS include radical species such as super-

oxide (O
2
−⋅), hydroxyl radical (HO-) and hydrogen peroxide 

(H
2
O

2
), which play important roles in the regulation of cell 

survival.10 In general, moderate levels of ROS may function 

as signals to promote cell proliferation and survival, whereas 

a severe increase in ROS can induce cell death. An increase 

in ROS production or a decrease in ROS-scavenging capacity 

can disrupt redox homeostasis, leading to an overall increase 

in intracellular ROS levels or oxidative stress. When redox 

homeostasis is disturbed, several intracellular signaling 

pathways can be altered and oxidative stress may lead to 

aberrant cell death and contribute to disease development. 

ROS are regarded as the leading cause of mitochondrial DNA 

(mtDNA) damage and mitochondrial dysfunction.11 Poly-

ADP (ribose) polymerase (PARP) is an abundant nuclear 

protein that is activated by DNA damage, and once active, 

it modifies nuclear proteins by attaching to poly (ADP-

ribose) units derived from nicotinamide adenine dinucleotide 

(NAD+). Subsequently, cellular adenosine triphosphate 

(ATP) stores become depleted in an effort to replenish NAD+, 

resulting in cell death.12 NAD(P)H and glutathione (GSH) 

play important roles in maintaining the reduced cellular redox 

state. Diabetes-induced changes in retinal metabolism and 

function have been linked to increased ROS production and 

a decrease in the intracellular NAD+/NADH ratio. Moreover, 

the reduction of glucose to sorbitol by aldose reductase (AR) 

is coupled to the oxidation of nicotinamide adenine dinucle-

otide phosphate (NADPH) to NADP+, which decreases the 

cellular NADPH/NADP+ ratio.13,14 Furthermore, the depletion 

of intracellular NADPH and GSH promotes NADPH oxidase 

(NOX) activity, which is a major source of oxygen radical 

generation in endothelial cells.15

Panax notoginseng (known as tian qi or san qi) is a 

well-known medicinal herb for its long history of use in 

traditional Chinese medicine. Panax notoginseng saponins 

(PNS) were extracted from the root of the plant, which pos-

sesses activities used for the treatment of diabetes and its 

complications.16 A previous study in our laboratory showed 

that PNS are endowed with a significant protective func-

tion against high glucose-induced oxidative injury in rat 

retinal capillary endothelial cells (RCECs).17 However, the 

component that is responsible for the protective function of 

PNS remains to be clarified and further exploration of the 

mechanism responsible for DR is urgently needed. Notogin-

senoside R1 (NR1), a unique ingredient of P. notoginseng, 

exhibits anti-inflammatory, antioxidative and antiapoptotic 

properties.18–22 We postulated that NR1 executes a protective 

function against high glucose-induced endothelial damage 

in RCECs, which may modulate the intracellular redox state 

and participate in antioxidant defense. The present findings 

provide evidence for a functional role of NR1 in the preven-

tion of DR.

Materials and methods
Animals
Male Sprague Dawley rats weighing 90–110 g were pur-

chased from the Vital River Laboratory Animal Technology 

Co., Ltd., in Beijing, People’s Republic of China (certificate 

number SCXK [Jing] 2012-0001). All of the experiments 

involving animals were carried out in accordance with the 

National Institutes of Health Guide for Care and Use of 

Laboratory Animals (NIH publication No 85-23, revised 

1985), and the Institutional Animal Care and Use Commit-

tee of Beijing University of Chinese Medicine approved the 

protocol. All efforts were made to minimize animal suffering 

and reduce the number of animals used.

Cell culture and identification
The isolation of RCECs was performed based on the meth-

ods described previously.17 Rat RCECs were cultured in 

Endothelial Cell Growth Medium (Sciencell, San Diego, 

CA, USA) containing 5% fetal bovine serum, 1% penicillin/

streptomycin and 0.05 mg/mL endothelial cell growth supple-

ment (Sciencell). The medium was changed 48 h after plating 

and every 3–4 days thereafter. When the flasks reached con-

fluence, cells were passaged using 0.25% trypsin (Thermo 

Fisher Scientific, Waltham, MA, USA) in PBS at a ratio of 

1:2. Cells were maintained in 1% gelatin (Thermo Fisher 

Scientific)-coated flasks at 37°C in 5% CO
2
 atmosphere.

Capillary endothelial cells were identified by immuno-

fluorescence staining for the expression of platelet endothe-

lial cell adhesion molecule-1 (PECAM-1/CD31) and von 

Willebrand factor (vWf). Briefly, cells were fixed with 

freshly prepared 4% paraformaldehyde at 4°C for 30 min. 

After fixation, cells were washed thrice with PBS and blocked 

with 10% normal goat serum for 30 min. The cells were 

then incubated with primary antibodies (rabbit anti-CD31, 

1:100; rabbit anti-vWf, 1:100; Santa Cruz Biotechnology 

Inc., Dallas, TX, USA) in a moist chamber at 4°C overnight. 
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Following three washes with PBS, the cells were incubated 

for 1 h at room temperature with a fluorescein-conjugated 

goat anti-rabbit secondary antibody (1:00; Zhong Shan Jin 

Qiao, Beijing, People’s Republic of China) and stained with 

4′,6-diamidino-2-phenylindole (Cell Signaling Technology, 

Danvers, MA, USA). All images were captured using a fluo-

rescence microscope with appropriate filters.

MTT assay
RCECs were seeded at a density of 1×105 cells/mL onto 

96-well plates coated with 1% gelatin in a total volume of 

100 μL of culture medium per well and allowed to adhere 

overnight before experimentation. The Endothelial Cell 

Growth Medium containing lower glucose (5.5 mmol/L 

glucose) was used as control. Cells were incubated for 24, 

48 and 72 h with either 5.5 mM glucose or 30 mM glucose 

with or without varying concentrations of NR1 (1, 5, 10 and 

20 μM). NR1 (purity .98%) was obtained from the National 

Institute for the Control of Pharmaceutical and Biological 

Products (Beijing, People’s Republic of China). MTT (10 μL, 

5 mg/mL; Sigma-Aldrich Co., St Louis, MO, USA) was 

added to each well 4 h before termination of the experiment. 

After incubation with MTT for 4 h, the culture medium was 

removed and 150 μL dimethylsulfoxide (Sigma-Aldrich 

Co.) was added to each well to dissolve the resulting blue 

formazan crystals. Absorbance was read at 540 nm on an 

enzyme-linked immunosorbent assay reader (Thermo Fisher 

Scientific). All experiments were repeated three times.

Lactate dehydrogenase (LDH) release 
assay
RCECs were seeded at a density of 1×105 cells/mL onto 

gelatin-coated 96-well plates in a total volume of 100 μL 

of culture medium per well, allowed to adhere overnight 

and exposed to experimental conditions. After treatment for 

72 h, the LDH cytotoxicity assay (Beyotime Biotechnology, 

Shanghai, People’s Republic of China) was performed 

according to the manufacturer’s instructions.

Trypan blue staining assay
RCECs were seeded at a density of 3×104 cells/mL onto 

24-well plates coated with 1% gelatin in a total volume 

of 1 mL of culture medium per well, allowed to attach 

overnight and exposed to experimental conditions. After 

treatment for 72 h, the culture medium was removed, 0.25% 

trypsin was added to each well to suspend the cells and a 

2-fold dilution of cells was prepared in 0.4% trypan blue 

solution (Sigma-Aldrich Co.). The number of cells was 

counted using an inverted microscope (Leica Microsystems, 

Wetzlar, Germany).

Detection of apoptosis by fluorescence 
microscopy
Apoptosis was determined using the annexin V-fluorescein 

isothiocyanate/propidium iodide (PI) apoptosis detection kit 

(Beyotime Biotechnology) according to the manufacturer’s 

instructions. Briefly, the cells were cultured in chamber 

slides (3×104 cells per well), allowed to attach overnight and 

exposed to various experimental conditions. After treatment 

for 72 h, the RCEC cells were washed with PBS and incu-

bated with annexin-V labeling solution (containing 10 μL 

annexin-V and 5 μL PI solution in 200 μL incubation buffer) 

for 15 min in the dark. Confocal images were acquired on a 

Nikon A1R Eclipse Ti confocal microscope (Nikon Corpora-

tion, Tokyo, Japan).

DNA extraction and real-time 
quantitative polymerase chain reaction 
(PCR) analysis
DNA was extracted from RCECs using the TIANamp 

Genomic DNA Kit (Tiangen Biotech, Beijing, People’s 

Republic of China) and DNA quantity and purity were 

determined by spectrometric analysis. The OD260/OD280 

ratios of the isolated DNA were within the range of 

1.8–2.0. Forward and reverse primers used to amplify 

β-globin were 5′-TTGTGTTGACTCGCAACCTC-3′ and 

5′-CTCAGCGCCAACATTATCAG-3′, respectively. For-

ward and reverse primers used to amplify mtDNA were 

5′-CCTCCTAATAAGCGGCTCCT-3′ and 5′-GGAGCTC 

GATTTGTTTCTGC-3′, respectively. Amplification was per-

formed in 96-well plates on a StepOnePlus Real-Time System 

(Thermo Fisher Scientific). The PCR mixture consisted of 20 

ng DNA mixed with SYBR Green Real Master Mix (Tiangen 

Biotech) in a final volume of 20 μL. The cycling conditions 

were as follows: initial denaturation at 95°C for 2 min; ampli-

fication by using 35 cycles, including denaturation at 95°C for 

30 s, annealing at 60°C for 30 s and extension at 68°C for 30 s. 

All samples were run in triplicate and the average values were 

calculated. The relative mtDNA copy number was normalized 

to a single-copy nuclear β-globin gene, and the relative mtDNA 

copy number was calculated using 2−ΔΔCt method.23,24

Measurement of intracellular total 
ROS level
The intracellular ROS level was measured with a Fluorimetric 

Intracellular Total ROS Activity Assay Kit (AAT Bioquest, 
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Sunnyvale, CA, USA) according to the manufacturer’s 

instructions. Briefly, rat RCECs were plated at a density of 

1×105 cells/mL onto gelatin-coated 96-well plates in a total 

volume of 100 μL of culture medium per well, allowed to 

adhere overnight and exposed to experimental conditions. 

After treatment of 10 μM NR1 for 72 h, the cells were 

loaded for 60 min with Amplite™ ROS Red. Fluorescence 

intensity was measured at 520 nm (excitation) and 605 nm 

(emission) on a fluorescence plate reader (BMG Labtech, 

Offenburg, Germany).

Nitrotyrosine immunofluorescence 
detection
RCECs were grown on a coated coverslip (3×104 cells per 

well), allowed to attach overnight and exposed to vari-

ous experimental conditions. After treatment for 72 h, rat 

RCECs were fixed in fresh cold 4% paraformaldehyde at 

4°C for 30 min and washed three times in PBS. Cells were 

blocked for 1 h in 5% normal goat serum and incubated with 

the primary antibody (anti-3-nitrotyrosine antibody 1:100; 

Abcam, Cambridge, MA, USA) in a moist chamber at 4°C 

overnight. Following three washes with PBS, the cells were 

incubated for 1 h at room temperature with a fluorescein-

conjugated goat anti-mouse secondary antibody (1:00; 

Zhong Shan Jin Qiao, Beijing, People’s Republic of China). 

The coverslips were then mounted onto slides with 4′,6-

diamidino-2-phenylindole–containing medium. Images were 

collected on a Nikon A1R Eclipse Ti confocal microscope 

(Nikon Corporation) and processed with Image-Pro Plus 6.0 

software (Media Cybernetics, Silver Spring, MD, USA).

Catalase activity
RCECs were grown at a density of 1×105 cells/mL on six-

well plates coated with 1% gelatin in a total volume of 1 mL 

of culture medium per well, allowed to attach overnight and 

exposed to various experimental conditions. After treatment 

for 72 h, cell extracts were collected for measurement of cata-

lase (CAT) activity using a catalase analysis kit (Beyotime 

Biotechnology) according to the manufacturer’s instructions. 

Protein concentration was measured using the BCA Protein 

Assay Kit (Beyotime Biotechnology).

NOX activity
NOX activity was measured by the lucigenin-enhanced 

chemiluminescence method, as previously described.25 In 

brief, RCECs were grown on six-well plates coated with 1% 

gelatin, allowed to attach overnight and exposed to various 

experimental conditions. After treatment of 10 μM NR1 for 

72 h, cells were trypsinized, pelleted by centrifugation and 

resuspended in cold Krebs–HEPES buffer. Fifty microliters 

of cell suspension (5×104 cells) was then placed in a 96-well 

plate in a luminescence reader and dark-adapted lucigenin 

(10 μmol/L; Sigma-Aldrich Co.) was added to start the reac-

tion. The chemiluminescence was recorded every 15 s for 

10 min. NADPH (final concentration: 100 μmol/L; Sigma-

Aldrich Co.) was added after measuring the background 

lucigenin chemiluminescence, with further measurements 

performed for an additional 10 min. Differences between 

the values obtained before and after the addition of NADPH 

were calculated and the results are represented as the 

activity of NOX.

PARP activity
In vitro PARP activity was assayed using the Trevigen 

Universal Chemiluminescent PARP Assay Kit (Trevigen, 

Gaithersburg, MD, USA) according to the manufacturer’s 

instructions. To assay endogenous PARP activity, cells 

exposed to different experimental conditions were grown in 

T-25 flasks for 72 h. Cells were washed once with ice-cold 

PBS and lysed in 50 μL PARP buffer containing protease 

inhibitors (Sigma-Aldrich Co.) on ice for 30 min. The protein 

concentration of the extracts was determined using the 

BCA Protein Assay Kit. Chemiluminescent detection was 

performed according to the manufacturer’s instructions. The 

background values were subtracted from the readings of the 

samples, and PARP activity was estimated from the standard 

curve obtained from the known standards.

NAD+/NADH and NADP+/NADPH assay
RCECs were seeded onto gelatin-coated six-well plates, 

allowed to adhere overnight and exposed to experimental 

conditions. After treatment of 10 μM NR1 for 72 h, cells 

(1×106 per sample) were lysed in 100 μL of lysis buffer to per-

form the NAD+/NADH assays. The NAD+ and NADH levels 

were measured using the NAD+/NADH Assay Kit (AAT 

Bioquest) according to the manufacturer’s instructions. The 

intensity of the reduced product color, measured at 460 nm, 

is proportionate to the NAD+ concentration in the sample. 

The standards supplied with the kits were used to prepare 

the calibration curves needed to calculate the NAD+/NADH 

ratio. NADP+/NADPH measurements were performed using 

the NADP+/NADPH Ratiometric Kit (Promega, Madison, 

WI, USA). Cell extracts (5×104 per sample) were treated with 

the respective NADP+/NADPH extraction buffer, and chemi-

luminescence was measured on a 2300 EnSpire Multimode 

Plate Reader (PerkinElmer, Boston, MA, USA).
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GSH/GSSG assay
RCECs were seeded onto gelatin-coated six-well plates, 

allowed to adhere overnight and exposed to experimental 

conditions. After treatment of 10 μM NR1 for 72 h, cells 

(1×106 per sample) were lysed in 100 μL of lysis buffer 

to perform the GSH/GSSG assay. The GSH/GSSG assay 

was performed using the Green Fluorometric Detection Kit 

(AAT Bioquest), which uses a proprietary nonfluorescent 

dye that becomes strongly fluorescent upon reacting with 

GSH (Ex/Em =490/520 nm). Fluorescence was measured 

on a microplate reader (BMG Labtech).

Statistical analysis
All data are shown as the mean ± SD. One-way analysis of 

variance followed by a Student–Newman–Keuls test was 

performed to analyze multiple comparisons. A value of 

P,0.05 was considered significant. Statistical analyses were 

performed using SPSS 18.0 software (SPSS Inc., Chicago, 

IL, USA).

Results
Validation of rat RCECs
After 5 days in culture, the RCECs fully released and 

migrated from the capillary fragments (Figure 1A). After 

8–10 days in culture, cells showed a short fusiform or round 

morphology and formed contact-inhibited confluent mono-

layers with typical cobblestone morphology (Figure 1B). 

The cells expressed PECAM-1/CD31 (Figure 1C) and vWf 

(Figure 1D), which are well-known endothelial cell-specific 

markers.

Figure 1 Morphology and immunofluorescence in RCECs.
Notes: RCECs from rat retinal microvascular fragments were cultured in Endothelial Cell Medium. The RCECs fully released and migrated from the capillary fragments after 
culturing for 5 days (A). After 10 days, the cells showed a short fusiform or round morphology and formed contact-inhibited confluent monolayers with typical cobblestone 
morphology (B). The RCECs were positive for both CD31 (C, green fluorescence) and vWf (D, green fluorescence), as determined by an immunofluorescent assay. All nuclei 
were stained with DAPI (blue fluorescence). Magnification ×200.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; RCECs, retinal capillary endothelial cells; vWf, von Willebrand factor.
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NR1 attenuated high glucose-induced 
cytotoxicity in rat RCECs
Incubation with 30 mM glucose for 48 and 72 h resulted 

in a significant decrease in RCECs viability, compared to 

cells treated with 5.5 mM glucose (P,0.01). At concentra-

tions of 5, 10 and 20 μM, NR1 significantly attenuated the 

high glucose-induced decrease in cell viability (P,0.05), 

as shown in Figure 2A. To further observe the protective 

effects of NR1, we detected the cellular LDH release and 

counted the number of live cells with trypan blue. As shown 

in Figure 2B, incubation with 30 mM glucose resulted in 

a significant increase in LDH release and a decrease in 

the number of live cells, compared to cells incubated with 

5.5 mM glucose medium (P,0.01). Treatment with 10 μM 

NR1 not only remarkably reduced LDH release (P,0.01), 

as shown in Figure 2B, but also significantly increased the 

number of live cells (P,0.05), as observed in Figure 2C. 

These confirm that NR1 exerts protective effects against 

high glucose-induced cytotoxicity in RCECs.

Protective effect of NR1 on high glucose-
induced apoptosis and DNA damage in 
rat RCECs
Apoptotic cells (double-labeled with annexin V/PI) were 

observed by confocal laser scanning microscopy and the rela-

tive mtDNA copy number was measured by real-time quan-

titative PCR. Annexin V binds to everted phosphatidylserine 

residues and is an early marker of regulated cell death at a time 

when cell injury may be reversible. Following staining with 

the annexin V/PI apoptosis kit, living cells exhibited little or 

no fluorescence and necrotic cells exhibited strong green and 

red fluorescence. As shown in Figure 3A, the cells showed 

weak green fluorescence, whereas no red fluorescence was 

found in 5.5 mM glucose-treated cells. The number of cells 

with green and red fluorescence increased following exposure 

to high glucose (30 mM). Treatment with 5.5 mM glucose 

and NR1 (10 μM) resulted in lower fluorescence intensity. 

As shown in Figure 3B, compared to 5.5 mM glucose-treated 

cells, the mtDNA copy number decreased significantly (by 

Figure 2 Protection of NR1 from high glucose-induced cytotoxicity.
Notes: Rat RCECs were incubated with varying concentrations of NR1 (1, 5, 10 and 20 μM) in 30 mM glucose. The medium containing 5.5 mM glucose was used as a control. 
After culturing for 24, 48 or 72 h, MTT was used to examine cell viability. The MTT assay showed that 5, 10 and 20 μM NR1 increased cell viability after 48 and 72 h (A). 
After culturing for 72 h, LDH release and trypan blue staining assays were performed to examine cell cytotoxicity. The LDH assay showed that 10 μM NR1 significantly 
decreased the cellular LDH release (B). The trypan blue assay showed that 10 μM NR1 increased the live cell count in rat RCECs (C). Data are expressed as the mean ± SD 
(n=3). ##P,0.01 versus 5.5 mM glucose; **P,0.01 and *P,0.05 versus 30 mM glucose.
Abbreviations: LDH, lactate dehydrogenase; NR1, Notoginsenoside R1; RCECs, retinal capillary endothelial cells.
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~37%) when exposed to 30 mM glucose (P,0.01). Incubation 

of cells with 10 μM NR1 increased the mtDNA copy number 

(P,0.01), indicating that NR1 protects rat RCECs against high 

glucose-induced apoptosis and cellular mtDNA damage.

NR1 suppressed high glucose-induced 
ROS production and decreased 
3-nitrotyrosine expression in RCECs
ROS are the main contributors of high glucose-induced cell 

lesions. Excessive ROS in endothelial cells easily react with 

NO to form peroxynitrite (ONOO−), a highly toxic oxidant 

species.26 In this study, we monitored ROS production 

with Amplite ROS Red and examined the expression of 

3-nitrotyrosine (3-NT), a marker of ONOO−-mediated protein 

nitration, by immunofluorescence. As shown in Figure 4A 

and B, incubation with 30 mM glucose caused a significant 

increase in both ROS and 3-NT expression in RCECs, 

compared to cells cultured in a medium containing 5.5 mM 

glucose (P,0.01). Treatment with 10 µM NR1 significantly 

reduced the production of ROS (Figure 4A) and decreased 

3-NT expression, compared to cells treated with 30 mM 

glucose alone (P,0.01; Figure 4B and C). These results sug-

gest that NR1 reduces high glucose-induced ROS production 

and attenuates the consequent protein tyrosine nitration.

NR1 increased CAT activity and inhibited 
NOX and PARP activities in rat RCECs 
exposed to high glucose
NOX is a major player that generates superoxide in endothe-

lial cells at the cost of consuming NADPH, and CAT is one 

of the main antioxidants inside the cell. In this study, NOX 

activity increased and CAT activity significantly decreased 

in RCECs following exposure to 30 mM glucose compared 

to 5.5 mM glucose (P,0.01). Treatment with NR1 (10 μM) 

increased CAT activity and decreased NOX activity in rat 

RCECs (P,0.01), as shown in Figure 5A and B. These data 

suggest that NR1 regulates NADPH-dependent enzyme 

activities to maintain a specific NADPH concentration.

PARP modifies nuclear proteins by attaching to poly 

(ADP-ribose) units derived from NAD+, and cellular ATP 

stores become depleted in an effort to replenish NAD+, 

resulting in cell death. As shown in Figure 5C, PARP activity 
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Figure 3 NR1 attenuated high glucose-induced endothelial damage in rat RCECs.
Notes: Rat RCECs were incubated with 10 μM NR1 in 30 mM glucose for 72 h. The medium containing 5.5 mM glucose was used as a control. The apoptotic cells (double 
labeled with annexin V/PI) were observed by confocal laser scanning microscopy and the relative mtDNA copy number was measured by real-time quantitative PCR. Annexin/
PI staining demonstrated that the addition of NR1 decreased the number of apoptotic cells (A). Real-time PCR revealed that NR1 ameliorated high glucose-induced mtDNA 
damage (B). Data are expressed as the mean ± SD (n=3). ##P,0.01 versus 5.5 mM glucose; **P,0.01 versus 30 mM glucose. Scale bar: 33 μm.
Abbreviations: BF, bright field; mtDNA, mitochondrial DNA; NR1, Notoginsenoside R1; PCR, polymerase chain reaction; PI, propidium iodide; RCECs, retinal capillary 
endothelial cells.
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Figure 4 NR1 decreased ROS and 3-NT levels in rat RCECs under high glucose conditions.
Notes: RCECs were incubated with 10 μM NR1 in 30 mM glucose for 72 h. The medium containing 5.5 mM glucose was used as a control. ROS were detected with Amplite™ 
ROS Red, while immunofluorescence was used to quantify the expression of 3-NT, a specific marker of peroxynitrite (ONOO−). Supplementation with NR1 (10 μM) led 
to a significant reduction in ROS production (A). Confocal microscopy showed that NR1 reduced the 3-NT staining intensity (B). Fluorescence images were analyzed using 
Image-Pro Plus 6.0 software (C). Data are expressed as the mean ± SD (n=3). ##P,0.01 versus 5.5 mM glucose; **P,0.01 versus 30 mM glucose. Scale bar: 40 μm.
Abbreviations: 3-NT, 3-nitrotyrosine; DAPI, 4′,6-diamidino-2-phenylindole; NR1, Notoginsenoside R1; RCECs, retinal capillary endothelial cells; ROS, reactive oxygen species; 
RFU, relative fluorescence unit.
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was significantly increased in RCECs exposed to 30 mM glu-

cose medium, compared to 5.5 mM glucose medium. PARP 

activity decreased significantly after treatment with NR1 

(10 μM; P,0.01). These results indicate that NR1 protects rat 

RCECs from DNA breakage by inhibiting PARP activity.

NR1 helps maintain the redox balance 
under high glucose conditions
The intracellular redox state is established by several redox 

pairs, such as NAD+/NADH and NADPH/NADP+ and GSH. 

A balanced intracellular redox state is critical for cellular 

activities, including energy metabolism, signaling and tran-

scription. To investigate the intracellular redox state in RCECs 

insulted with high glucose, we monitored the redox pairs in 

the absence or presence of NR1. As shown in Figure 6A–C, 

30 mM glucose induced a significant decrease in NAD+ con-

centration, while NADH remained unchanged, resulting in a 

significant decrease in the NAD+/NADH ratio. When treated 

with 10 μM NR1, intracellular NAD+ increased significantly, 

accompanied by an increase in the NAD+/NADH ratio. Simi-

lar to NAD+, the intracellular NADPH and GSH levels in 

RCECs markedly decreased when the cells were incubated 

in high glucose medium (30 mM). But the levels of NADP+ 

and GSSG were increased, resulting in decreased NADPH/

NADP+ and GSH/GSSG ratios (Figure 6D–I). Treatment 

with 10 μM NR1 markedly enhanced the NADPH and GSH 

levels and increased the ratios of NADPH/NADP+ and GSH/

GSSG (P,0.01), as shown in Figure 6D–I. Together, these 

data show that NR1 can re-establish the cellular redox bal-

ance and exert significant antioxidative effects against high 

glucose-induced oxidative stress in rat RCECs.

Discussion
Our previous study showed that PNS exert significant protec-

tive effects against high glucose-induced oxidative injury in 

RCECs. In this study, we demonstrated that NR1, a unique 

component of PNS, attenuates high glucose-induced cell 

damage, reduces oxidative stress and inhibits the subsequent 

redox status alteration in RCECs. These results indicate that 

NR1 represents a key component of PNS due to its protective 

effects against high glucose-induced cell damage in RCECs. 

NR1 may exert its protective effects via mechanisms that 

involve changes in the cellular redox status.

Oxidative stress is linked to early apoptosis in DR, and 

ROS play a critical role in this stress.27 ROS are increased in 

the retina in diabetes and the levels of oxidatively modified 

DNA are elevated.28 MtDNA is believed to suffer greater 

endogenous oxidative damage than nuclear DNA.29 A large 

body of evidence has demonstrated that high glucose-induced 

apoptosis in both endothelial cells and pericytes and oxidative 

damage to mtDNA have been linked to the pathogenicity of 

DR.30–32 In this study, after culturing RCECs with 30 mM 

glucose medium for 72 h, LDH release was significantly 

increased, with a concomitant decrease in cell viability and live 

cell count. Therefore, a high concentration of glucose induces 

apoptosis and decreases the mtDNA copy number in RCECs, 

an observation that agrees with previous studies. Our results 

also showed that treatment with NR1 markedly diminished 

high glucose-induced cytotoxicity, apoptosis and mtDNA 

damage in rat RCECs. These data suggest that NR1 reduces 

high glucose-induced endothelial damage in rat RCECs.

Redox homeostasis is maintained by a balance between 

ROS production and the ROS scavenging capacity of the 

cell.27,33 Oxidative stress is increased in the retina in diabetes, 

together with increased levels of ROS. The free radicals NO 

and superoxide O
2
−⋅ react to form ONOO−, which is a highly 

toxic oxidant species in endothelial cells.26 Meanwhile, 

intracellular antioxidant defense enzymes are impaired. In 

several circumstances, NOX is a major source of oxygen 

radical generation in endothelial cells and CAT is the primary 

Figure 5 NR1 inhibited NOX and PARP activities, but increased CAT activity under high glucose conditions.
Notes: Rat RCECs were incubated with 10 μM NR1 in 30 mM glucose for 72 h. The medium containing 5.5 mM glucose was used as a control. Cells were collected to 
examine NOX, CAT and PARP activities. Treatment with NR1 (10 μM) significantly inhibited the activities of NOX and PARP, but increased the activity of CAT (A–C). Data 
are expressed as the mean ± SD (n=3). ##P,0.01 versus 5.5 mM glucose; **P,0.01 versus 30 mM glucose.
Abbreviations: CAT, catalase; NOX, NADPH oxidase; NR1, Notoginsenoside R1; PARP, poly-ADP (ribose) polymerase; RCECs, retinal capillary endothelial cells; FLU, 
relative light unit.
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Figure 6 NR1, an intracellular redox modulator, is useful under high glucose conditions when the intracellular redox status is impaired.
Notes: RCECs were incubated with 10 μM NR1 in 30 mM glucose for 72 h. The medium containing 5.5 mM glucose was used as a control. High glucose induced excess ROS 
production that impaired the antioxidant system and thereby disturbed redox homeostasis. This phenomenon subsequently led to imbalance in NAD+/NADH and NADPH/
NADP+ ratios, promoted GSH oxidation and attenuated GSSG reduction. Treatment with NR1 increased the ratios of NAD+/NADH and NADPH/NADP+ in rat RCECs 
(A–F). In parallel, NR1 administration increased the GSH/GSSG ratio, which improved the redox status (G–I). Data are expressed as the mean ± SD (n=3). ##P,0.01 and 
#P,0.05 versus 5.5 mM glucose; **P,0.01 and *P,0.05 versus 30 mM glucose.
Abbreviations: GSH, glutathione; NAD+, nicotinamide adenine dinucleotide+; NR1, Notoginsenoside R1; RCECs, retinal capillary endothelial cells; ROS, reactive 
oxygen species.

enzyme responsible for protecting the cell from hydrogen 

peroxide.34–37 Our study showed a significant increase in ROS 

production and 3-NT, a marker of ONOO−-mediated protein 

nitration, expression after high glucose exposure. Treatment 

with NR1 reduced high glucose-induced ROS production 

and attenuated the consequent protein tyrosine nitration. 

Further, we found that NOX activity increased and CAT 

activity significantly decreased in RCECs when exposed to 

high glucose. Treatment with NR1 increased CAT activity 

and inhibited the activity of NOX in rat RCECs. These data 

suggest that high glucose induces excess ROS production 

that impairs the antioxidant system and thereby disturbs 

redox homeostasis. NR1 may exert antioxidant effects in the 

intracellular compartment.

When redox homeostasis is disturbed, several intracellular 

signaling pathways can be changed, leading to aberrant cell 

death and contributing to disease development. Transcription 

factors that are activated by ROS include AMPK, PGC-1α, 

Nrf2, AP1, NF-kB, HIF-1α, p53 and FOXO. Many of these 

transcription factors contain redox-sensitive cysteine residues 

in their DNA binding sites, which leads to a loss of cell func-

tion, DNA damage and ultimately apoptosis or necrosis.38,39 

PARP is a nuclear enzyme activated by DNA damage that 

catalyzes posttranslational protein modification known as 

poly (ADP-ribosyl)ation. Overactivation of PARP catalyzes 

the covalent addition of ADP-ribose groups to many nuclear 

proteins, causing a rapid depletion of NAD+. Subsequently, 

cellular ATP stores become depleted in an effort to replenish 

NAD+, resulting in cell death. As stated above, high glucose-

induced oxidative stress decreased the mtDNA copy number 

and led to a significant increase in the number of apoptotic 

cells. In this study, high glucose increased intracellular PARP 

activity and treatment with NR1 inhibited PARP activity. 

These data demonstrate that NR1-moderated PARP activation 

following DNA damage may protect rat RCECs from high 

glucose-induced oxidative damage and apoptosis.
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NAD(P)H and GSH play important roles in maintaining 

the reduced cellular redox state. Diabetes-induced changes 

in retinal metabolism and function have been linked to 

increase in ROS production, decrease in the NAD+/NADH 

ratio attributed to increased sorbitol dehydrogenase activity 

and a reduction of glucose to sorbitol by AR coupled to the 

oxidation of NADPH to NADP+. Increased oxidation of 

pyruvate (produced by increased glycolysis) in the mito-

chondria is coupled to a reduction of free NAD+ to NADH, 

which promotes superoxide production by the mitochondrial 

electron transport chain.13 The abundance of glucose involves 

activation of the polyol pathway, leading to the transforma-

tion of glucose to fructose, a pathway that is dependent on 

the available NADPH. This leads to the overconsumption of 

NADPH, which is essential for the enzymatic regeneration 

of oxidized GSH.14 Furthermore, depletion of intracellular 

NADPH and GSH promotes NOX activity, which is a 

major source of oxygen radical generation in endothelial 

cells.15 In all likelihood, hyperglycemia induces the earliest 

metabolic disparity in the retinal microvasculature, which is 

apparent as a change in the redox state of retinal microvas-

cular cells and manifests biochemically by an altered ratio 

of pyridine coenzymes and a reduced level of GSH. Thus, to 

investigate the possible mechanism by which NR1 protects 

RCECs from high glucose-induced endothelial damage, the 

ratios of NAD+/NADH, NADPH/NADP+ and GSH/GSSG 

were examined. This study showed that high glucose induced 

a significant decrease in NAD+/NADH, NADPH/NADP+ and 

GSH/GSSG ratios. When treated with NR1, intracellular 

NAD+ increased significantly, accompanied by an increase 

in the NAD+/NADH ratio. NR1 also markedly enhanced 

the levels of NADPH and GSH and increased the ratios of 

GSH/GSSG and NADPH/NADP+. Therefore, hyperglycemia 

induced the metabolic disparities in the RCECs, which was 

apparent as a change in the redox state and manifested bio-

chemically as an altered ratio of pyridine coenzymes and a 

reduced level of GSH. These data also showed that NR1 was 

able to re-establish the cellular redox balance and exerted 

significant antioxidative effects against high glucose-induced 

endothelial damage in rat RCECs.

Conclusion
In summary, our findings indicate that NR1 is endowed with 

a significant protective function against high glucose-induced 

endothelial damage in RCECs. The protective effect of NR1 

may be due to its ability to modulate the intracellular redox 

state. However, its role in modulating intracellular redox sig-

naling remains unclear. Therefore, it is necessary to conduct 

further investigations aimed at the clinical application of NR1 

in the treatment of DR.
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