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Abstract. A number of studies have reported that diabetic reti-
nopathy (DR) is the major cause of blindness. Berberine (BBR) 
is a bioactive constituent that displays effects on blood glucose; 
however, the mechanism underlying the role of BBR during 
the development of DR is not completely understood. In the 
present study, a rat model of DR was successfully established. 
The eye tissues were removed and subsequently assessed by 
hematoxylin and eosin staining and the TUNEL assay. The 
catalase, malondialdehyde, reactive oxygen species, gluta-
thione and superoxide dismutase contents of the eye tissues 
were measured. Müller cells were chosen for further in vitro 
experiments. Cell apoptosis was examined by Annexin V‑FITC 
apoptosis detection and Hoechst staining, and the mitochon-
drial membrane potential was assessed by JC‑1 mitochondrial 
membrane potential detection. BBR decreased ganglion cell 
layer, cell apoptosis, reduced diabetic‑induced oxidative stress 
and deactivated the NF‑κB signaling pathway in the rat model 
of DR. High glucose enhanced oxidative stress and induced 
mitochondria‑dependent cell apoptosis in Müller cells by acti-
vating the NF‑κB signaling pathway. BBR reversed the high 
glucose‑induced effects by decreasing the phosphorylation of 
IκB, inhibiting NF‑κB nuclear translocation and deactivating 
the NF‑κB signaling pathway. The results suggested that BBR 
protected against DR by inhibiting oxidative stress and cell 
apoptosis via deactivation of the NF‑κB signaling pathway; 

therefore, suggesting that BBR may serve as a promising 
therapeutic agent for DR.

Introduction

Diabetic retinopathy (DR) is a microvascular complication 
associated with diabetes and is the major cause of blind-
ness (1,2). The prevalence of DR ranges from 15.3 to 42.4% 
worldwide, and the risk factors for DR progression include 
blood glucose, pressure and lipids (3). Although the patho-
genesis of DR is complicated, it has been reported that nerve 
degeneration plays a vital role (4). Müller cells are the primary 
glial cells in the retina, which provide structural support and 
the energy required for metabolism. Therefore, Müller cells 
may have a role in the growth, injury, repair and regeneration 
of retinal neurons, thus may be used to investigate DR in 
in vitro studies.

Berberine (BBR) is a bioactive constituent extracted 
from Rhizoma coptidis that displays effects on congestive 
heart failure, as well as blood glucose and lipid levels. BBR 
also protects against oxidative stress‑induced injuries  (5), 
including the oxidative stress observed during the early stages 
of DR development, which is evidenced by increased reactive 
oxygen species (ROS) (6). Moreover, BBR ameliorates fatty 
acid‑ and glutamate‑induced oxidative stress, and alleviates 
oxidative damage‑induced apoptosis (7‑9). Therefore, BBR 
might serve as a therapeutic agent for type 2 diabetes mellitus, 
hyperlipidemia and hypertension (10).

BBR displays a relieving effect on diabetic complications. 
Glial fibrillary acidic protein, a structural protein, is upregu-
lated in Müller cells in response to retinal injury or stress. 
Fu et al (11) reported that BBR inhibits modified LDL‑induced 
Müller cell injury by activating the AMPK signaling pathway. 
In addition, BBR can inhibit leukocyte‑mediated killing of 
vascular endothelium, decrease antioxidant enzyme activi-
ties and protect against retinal diseases involving oxidative 
stress  (12,13). The aforementioned effects of BBR suggest 
that the compound may display therapeutic effects during DR; 
however, the potential mechanism underlying the effect of 
BBR in DR is not completely understood.
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The present study investigated the effects of BBR on cell 
apoptosis and oxidative stress. A rat model of DR was success-
fully established, and subsequently, blood glucose levels, 
retinal structures, and the inner and outer nuclear layers were 
examined in vivo. Müller cells were used to further investigate 
oxidative stress and cell apoptosis in vitro. The results of the 
present study may provide a novel insight for the prevention 
and treatment of DR.

Materials and methods

Animal experiments. The present study was approved by 
the Ethics Committee of Xi'an Ninth Hospital and followed 
the guidelines set by the Association for Research in Vision 
and Ophthalmology Resolution on Treatment of Animals in 
Research (14,15). Six‑week‑old male Sprague‑Dawley (SD) rats 
(weight, 200 g) were purchased from Liaoning Changsheng 
Biotechnology Co., Ltd. All SD rats were housed under 
standard conditions, with a temperature of 25˚C, humidity of 
45‑55%, light/dark cycle of 12/12 h, and food and water was 
freely available. Following adaptive feeding for one week, 
the rats were administered 65 mg/kg streptozotocin (STZ; 
cat. no. 18883‑66‑4; Aladdin; prepared in citrate buffer) to 
establish the rat model of DR. Control rats were administered 
65 mg/kg citrate buffer. After 3 days, blood glucose levels in 
blood samples obtained from the tail vein were measured and a 
glucose level ≥300 mg/dl was considered as a successful estab-
lishment of the rat model of DR. BBR was prepared in 0.5% 
carboxymethylcellulose (CMC)‑Na. A total of 18 DR rats were 
divided into three groups (n=6 per group): i) The DR group, 
ii) the DR + BBR‑L group and iii) the DR + BBR‑H group. The 
DR group was treated with CMC‑Na by gavage for 8 weeks. 
The DR + BBR‑L group was treated with 100 mg/kg BBR by 
gavage every day for 8 weeks. The DR + BBR‑H group was 
treated with 200 mg/kg BBR by gavage every day for 8 weeks.

Body weight and blood glucose levels were measured every 
2 weeks for the 8‑week treatment period. After an 8‑week 
treatment, the rats were sacrificed by excessive anesthesia with 
200 mg/kg pentobarbital sodium. Death was verified by moni-
toring cessation of breathing and heartbeats. Subsequently, the 
eyes were isolated and fixed with 4% paraformaldehyde for 
48 h at room temperature.

Cell culture. Müller cells are primary glial retina cells and 
are considered to be the perfect in vitro cell model of DR (16). 
Müller cells (cat. no. C P‑M117; Procell Life Science & 
Technology Co., Ltd.) were cultured in Müller cell complete 
medium (MCCM; cat. no. CM‑M117; Procell Life Science 
& Technology Co., Ltd.) at 37˚C with 5% CO2. After 24‑h 
incubation, Müller cells were incubated for 48 h with the 
following: MCCM containing 5.5  mM glucose (control); 
MCCM containing 33.3 mM glucose [high glucose (HG)]; 
MCCM containing 33.3 mM glucose and 20 µM BBR (HG + 
BBR); and MCCM containing 33.3 mM glucose and 100 µM 
pyrrolidine dithiocarbamate (PDTC, an NF‑κB inhibitor; cat. 
no. HY‑18738; MedChemExpress; HG + PDTC). Subsequently, 
the treated Müller cells were used for further experiments.

Metabolic analysis. The eye tissues were added to normal 
saline (weight:volume=1:9) and homogenized. Total protein 

was quantified using a Bicinchoninic Acid Protein assay 
kit (cat. no. P0009; Beyotime Institute of Biotechnology), 
according to the manufacturer's protocols. Subsequently, the 
catalase (CAT) and superoxide dismutase (SOD) activity, as 
well as the malonaldehyde (MDA), reactive oxygen species 
(ROS) and reduced glutathione (GSH) contents of the tissue 
samples containing equal amounts of protein or treated Müller 
cells were assessed using the CAT (cat. no. A007‑1; Nanjing 
Jiancheng Bioengineering Institute), MDA (cat. no. A003‑1; 
Nanjing Jiancheng Bioengineering Institute), ROS (cat. 
no. E 004; Jiancheng Bioengineering Institute), SOD (cat. 
no. A001‑1; Jiancheng Bioengineering Institute) and GSH 
(cat. no. A006‑2; Jiancheng Bioengineering Institute) assay 
kits according to the manufacturer's protocol. The samples 
were detected using a NovoCyte flow cytometer (ACEA 
Biosciences, Inc.) and analyzed by NovoExpress® 1.2.5 (ACEA 
Biosciences, Inc.).

Mitochondrial membrane potential (ΔΨm) assay. Loss of 
membrane potential (ΔΨm) is a hallmark of cell apoptosis. 
Following treatment, Müller cells at a density of 90% were 
washed with PBS. Subsequently, the mitochondrial membrane 
potential was measured using a JC‑1 mitochondrial membrane 
potential detection kit (cat. no. C2006; Beyotime Institute of 
Biotechnology), according to the manufacturer's protocols. 
The mitochondrial membrane potential was measured using 
flow cytometry (NovoCyte; ACEA Biosciences, Inc.) and 
analyzed by NovoExpress 1.2.5 (ACEA Biosciences, Inc.).

Cell Counting Kit‑8 (CCK‑8) assay. Müller cells were seeded 
(2x103 cells/well) in 96‑well plates and incubated for 48 h 
at 37˚C with nine different mediums: i) MCCM (control); 
ii) MCCM containing 33.3 mM glucose (HG); iii) MCCM 
containing 33.3 mM glucose and 1 µM BBR (HG + 1 µM 
BBR); iv) MCCM containing 33.3 mM glucose and 2 µM BBR 
(HG + 2 µM BBR); v) MCCM containing 33.3 mM glucose 
and 5 µM BBR (HG + 5 µM BBR); vi) MCCM containing 
33.3  mM glucose and 10  µM BBR (HG + 10  µM BBR); 
vii) MCCM containing 33.3 mM glucose and 20 µM BBR (HG 
+ 20 µM BBR); viii) MCCM containing 33.3 mM glucose and 
50 µM BBR (HG + 50 µM BBR). Cell viability was detected 
by CCK‑8 assay kit (cat. no. 96992; Sigma‑Aldrich; Merck 
KGaA), according to the manufacturer's protocols. Briefly, 
100 µl MCCM and 10 µl CCK‑8 reagent (Beyotime Institute 
of Biotechnology) was added to each well, and incubated for 
1 h at 37˚C. The absorbance of each well was recorded at a 
wavelength of 450 nm using a microplate reader to identify the 
optimal therapeutic concentration of BBR.

Western blotting. Total protein from treated Müller cells and 
eye samples was mechanically lysed using RIPA buffer (cat. 
no. P0013B; Beyotime Institute of Biotechnology) supple-
mented with a cocktail of PMSF (cat. no. ST506; Beyotime 
Institute of Biotechnology). Total protein was extracted 
using the Nuclear and Cytoplasmic Protein Extraction kit 
(cat. no. P0028; Beyotime Institute of Biotechnology) or the 
Mitochondrial Protein Extraction kit (cat. no. AR0156; Boster 
Biological Technology), according to the manufacturer's proto-
cols. Protein content was measured by the BCA Protein Assay 
kit (cat. no. P0009; Beyotime Institute of Biotechnology), 
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according to the manufacturer's instruction. Proteins (30 µg 
per lane) were separated by 10% SDS‑PAGE and transferred 
onto PVDF membranes (cat. no. LC 2005; Thermo Fisher 
Scientific, Inc.). After washing with TBS with 0.15% (v/v) 
Tween‑20, the membranes were blocked with 5% (m/v) bull 
serum albumin (cat. no. BS043; Biosharp Life Sciences) for 
1 h at room temperature and incubated overnight at 4˚C with 
primary antibodies targeted against: NF‑κB inhibitor (IκBα; 
cat. no. 9242; 1:500; Cell Signaling Technology, Inc.), phos-
phorylated (p)‑IκBα (cat. no. 2859; 1:1,000; Cell Signaling 
Technology, Inc.), NF‑κB p65 (cat. no.  8242; 1:500; Cell 
Signaling Technology, Inc.), cleaved caspase‑3 (cat. no. 9654; 
1:500; Cell Signaling Technology, Inc.), cleaved caspase‑9 
(cat. no.  9507; 1:1,000; Cell Signaling Technology, Inc.), 
Bcl‑2 (cat. no.  12789‑1‑AP; 1:500; Proteintech), Bax (cat. 
no. 50599‑2‑Ig; 1:500; Proteintech Group, Inc.), Cytochrome c 
(cat. no. 4272; 1:1,000; Cell Signaling Technology, Inc.), COX 
IV (cat. no.  11242‑1‑AP; 1:500; Proteintech Group, Inc.), 
Histone H3 (cat. no. 17168‑AP; 1:500; Proteintech Group, 
Inc.) and β‑actin (cat. no. 60008‑1‑Ig; 1:2,000; Proteintech 
Group, Inc.). Subsequently, the membranes were incubated 
with HRP‑conjugated goat anti‑rabbit (cat. no. SA00001‑2; 
1:10,000; Proteintech Group, Inc.) and HRP‑conjugated goat 
anti‑mouse (cat. no. SA00001‑1; 1:10,000; Proteintech Group, 
Inc.) secondary antibodies at room temperature for 40 min. 
Protein bands were visualized using an ECL kit (cat. no. E003; 
7Sea Biotech), according to the manufacturer's protocols, and 
quantified using Gel‑Pro‑Analyzer software (version 4; Media 
Cybernetics, Inc.).

TUNEL assay. Cell apoptosis in eye tissues was determined 
using a TUNEL assay with the In Situ Cell Death Detection 
kit (cat. no. 11684817910; Merck KGaA), according to the 
manufacturer's protocols. Eye tissues were cut into 5  µm 
thick slices, dewaxed, dehydrated and washed with PBS. The 
sections were permeabilized using 0.1% Triton X‑100 for 
8 min at room temperature (cat. no. ST795; Beyotime Institute 
of Biotechnology), washed with PBS and incubated with TdT 
Labeling Buffer for 1 h at 37˚C. Subsequently, the sections 
were incubated with 50  µl Converter‑POD (horseradish 
peroxidase‑labeled fluorescein antibody), washed with PBS 
and developed with DAB (cat. no. DA1010; Beijing Solarbio 
Science & Technology Co., Ltd.). After mounting with neutral 
balsam, TUNEL‑positive cells were observed and counted 
using a fluorescence microscope (magnification, x600) in 
three random fields.

Hematoxylin & Eosin (H&E) staining. SD rats were sacrificed 
and the eye tissues were isolated. Following dewaxing and 
dehydration, tissues (5 µm) were stained with hematoxylin 
for 5 min at room temperature. Then, the eye sections were 
differentiated using 1% hydrochloric acid alcohol for 3 sec at 
room temperature. Subsequently, the sections were washed 
with ddH2O, stained with eosin for 3 min at room temperature 
and dehydrated using an ascending alcohol series for 2 min. 
The sections were hyalinized using dimethylbenzene, sealed 
and observed using a light microscope (magnification, x200).

Immunofluorescence staining. Müller Cells were fixed with 
4%  paraformaldehyde for 15  min at room temperature, 

permeabilized with 0.1% Triton X‑100 (cat. no.  ST795; 
Beyotime Institute of Biotechnology) for 30  min at room 
temperature, and washed three times with PBS. Subsequently, 
the cells were embedded in 5% blocking serum (cat. no. SL038; 
Beijing Solarbio Science & Technology Co., Ltd.) for 15 min at 
room temperature. Cells were incubated overnight at 4˚C with 
an anti‑NF‑κB p65 primary antibody (cat. no. #8242; 1:200; 
Cell Signaling Technology, Inc.) and subsequently washed 
with PBS. Following primary incubation, cells were incubated 
with an FITC‑labeled goat anti‑rabbit IgG (H+L) secondary 
antibody (cat. no. A 0562; 1:200; Beyotime Institute of 
Biotechnology) at room temperature for 60 min. Subsequently, 
cells were stained with DAPI for 5 min at room temperature 
and observed using a DP73 fluorescence microscope (Olympus 
Corporation; magnification, x400).

Hoechst staining. Following treatment, Müller cells were 
washed twice with PBS and subsequently stained using the 
Hoechst Staining kit (cat. no. C0003; Beyotime Institute of 
Biotechnology), according to the manufacturer's protocols. 
Stained cells were observed using a DP73 fluorescence micro-
scope (Olympus Corporation; magnification, x400) in three 
random fields.

Annexin V‑FITC apoptosis detection. Apoptotic cells were 
determined using the Annexin V‑FITC Apoptosis Detection 
kit (cat. no. C1062; Beyotime Institute of Biotechnology), 
according to the manufacturer's protocols. Briefly, Müller 
cells of each group at a density of 90% were seeded into a 
6‑well plate and incubated for 48 h at 37˚C. Subsequently, cells 
were collected, washed twice with PBS, and stained with 5 µl 
Annexin V‑FITC and 10 µl propidium iodide for 15 min at 
room temperature in the dark. Early apoptotic and necrotic 
cells were identified using flow cytometry (NovoCyte; ACEA 
Biosciences, Inc.) and analyzed by NovoExpress 1.2.5 (ACEA 
Biosciences, Inc.).

Statistical analysis. All experiments were repeated at least 
three times. Data are presented as the mean ± SD. Statistical 
analyses were performed using GraphPad Prism software 
(version 7.0; GraphPad Software, Inc.). Data containing 
2 groups were analyzed using the Student's t‑test. Data 
containing >2 groups were analyzed using one‑way ANOVA 
followed by Bonferroni's post hoc test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

BBR inhibits retinal ganglion cell apoptosis in a rat model 
of DR. In the present study, a rat model of DR was success-
fully established by STZ injection. STZ was used to establish 
a rat model of DR, characterized by high blood glucose levels. 
Firstly, alterations in body weight and blood glucose levels 
in response to STZ and BBR were monitored. Body weight 
(Table I) and blood glucose levels (Table II) were significantly 
increased in the DR group compared with the control group. 
Body weight and blood glucose levels were not significantly 
altered during the 8‑week treatment period across the four 
groups. H&E (Fig. 1A) and TUNEL (Fig. 1B) staining assays 
suggested that retinal ganglion cell layer (GCL) apoptosis was 
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decreased by BBR treatment in the rat model of DR, espe-
cially in the BBR‑H treatment group. Retinal MDA, SOD, 
CAT, GSH and ROS contents were measured as metabolic 
indicators of the eyes (Fig. 1C‑G). MDA and ROS contents 
were significantly increased in the DR group compared with 
the control group; however, the BBR treated groups displayed 
significantly decreased MDA and ROS contents compared 
with the DR group (Fig. 1C and G). Furthermore, GSH levels 
and antioxidant enzyme activities were significantly decreased 
in the DR group compared with the control group. The BBR 
treated groups displayed significantly increased GSH levels 
and antioxidant enzyme activities compared with the DR 
group (Fig. 1D‑F). The expression levels of p‑IκB (Ser32), IκB, 
NF‑κB (cytoplasm) and NF‑κB (nuclear) were detected by 
western blotting. The expression levels of p‑IκB (Ser32) and 
NF‑κB (nuclear) were significantly increased in the DR group 
compared with the control group, and the BBR treated groups 
displayed significantly decreased expression levels compared 
with the DR group (Fig. 1H). However, the expression levels 
of IκB and NF‑κB (cytoplasm) displayed the opposite trend 
(Fig.  1H). The results suggested that BBR decreased the 
phosphorylation of IκB at Ser32 and deactivated the NF‑κB 
signaling pathway in the rat model of DR.

Effect of BBR on the viability of Müller cells. Müller cells 
are primary retinal glial cells. The viability of Müller cells 
was significantly decreased in the HG group compared with 
the control group (Fig. 2). To evaluate the effect of BBR on 
the viability of HG‑treated Müller cells, HG‑treated Müller 
cells were incubated with different doses of BBR (1, 2, 5, 
10, 20 and 50 µM). BBR treatment increased the viability 
of HG‑treated Müller cells, especially at a concentration of 
20 µM (P<0.0001; Fig. 2); therefore, 20 µM BBR was used for 
subsequent experiments.

BBR decreases HG‑induced cell apoptosis and oxidative 
stress in Müller cells. To investigate the effect of BBR on DR 
in vitro, HG‑treated Müller cells were used to model retinal 
ganglion cells. Rat models of DR display excessive activa-
tion of the NF‑κB signaling pathway; therefore, HG‑treated 
Müller cells were incubated with PDTC (a NF‑κB inhibitor) or 
BBR. Apoptotic cells were identified using Annexin V‑FITC 
apoptosis detection. The rate of apoptosis was significantly 
increased in the HG group compared with the control group; 
however, BBR or PDTC treated cells displayed significantly 
decreased rates of apoptosis compared with the HG group 
(Fig. 3A). Similar results were also obtained by the Hoechst 
staining assay (Fig.  3B). Subsequently, apoptosis‑related 
proteins were examined by western blotting. Cleaved 
caspase‑3, cleaved caspase‑9 and Bax expression levels were 
significantly increased in the HG group compared with the 
control group. HG‑treated cells incubated with BBR or PDTC 
displayed significantly decreased expression levels of cleaved 
caspase‑3, caspase‑9 and Bax compared with the HG group 
(Fig. 3C). The expression of Bcl‑2 displayed the opposite trend 
(Fig. 3C). MMP may be decreased during cell apoptosis; there-
fore, MMP was evaluated using the JC‑1 assay. The results 
suggested that MMP was decreased in HG‑induced Müller 
cells compared with the control group, and recovered to control 
levels following treatment with BBR or PDTC (Fig. 3D). The 
expression of cytoplasmic cytochrome c was increased and 
the expression of mitochondrial cytochrome c was decreased 
in the HG group compared with the control group. BBR or 
PDTC treatment reversed HG‑induced effects on cytochrome 
c expression (Fig. 3E). The results suggested that cytochrome 
c was released from the mitochondria into the cytoplasm 
following treatment with HG, and BBR or PDTC treatment 
could reverse HG‑induced effects. Furthermore, GSH levels 
and antioxidant enzyme activity were decreased in the HG 

Table II. Blood glucose level (mg/dl) changes in the groups of rats.

Group	 0 weeks	 2 weeks	 4 weeks	 6 weeks	 8 weeks

Control	 5.45±0.43	 5.72±0.72	 5.75±0.33	 5.73±0.47	 5.65±0.33
DR	 18.82±1.45a	 20.37±1.60a	 21.62±1.51a	 20.57±1.93a	 20.42±1.41a

DR+BBR‑L	 18.75±0.89	 20.07±1.45	 20.32±1.28	 20.73±1.67	 20.78±1.60
DR+BBR‑H	 18.88±1.12	 20.07±1.35	 21.18±1.86	 20.68±0.92	 21.33±1.10

aP<0.0001 vs. control. DR, diabetic retinopathy; BBR, berberine; BBR‑L, 100 mg/kg BBR; BBR‑H, 200 mg/kg BBR.

Table I. Body weight changes (g) in the groups of rats.

Group	 0 weeks	 2 weeks	 4 weeks	 6 weeks	 8 weeks

Control	 239.00±11.00	 265.50±14.32	 277.83±15.03	 304.67±30.53	 321.33±33.42
DR	 240.17±10.11a	 218.00±18.35a	 208.33±18.27a	 194.67±17.65a	 180.50±15.08a

DR + BBR‑L	 237.83±9.00	 217.50±15.60	 204.83±15.22	 188.50±10.37	 173.83±16.12
DR + BBR‑H	 239.33±10.88	 222.33±19.01	 207.33±17.84	 192.00±17.37	 178.17±20.00

aP<0.0001 vs. control. DR, diabetic retinopathy; BBR, berberine; BBR‑L, 100 mg/kg BBR; BBR‑H, 200 mg/kg BBR.
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group compared with the control group, but increased in the 
BBR and PDTC treated groups compared with the HG group. 
MDA content displayed the opposite trend (Fig. 3F). ROS 
levels were detected by flow cytometry, which suggested that 
the HG group displayed increased ROS levels compared with 
the control group, but BBR or PDTC treated groups showed 
decreased ROS levels compared with the HG group (Fig. 3G). 
The results suggested that BBR reversed HG‑induced effects 
on cell apoptosis and oxidative stress in Müller cells.

BBR decreases cell apoptosis and oxidative stress by 
deactivating the NF‑κB signaling pathway. To investigate 
the association between NF‑κB and BBR, the expression 
of related proteins, including p‑IκB (Ser32), IκB, NF‑κB 
(nuclear), NF‑κB (cytoplasm), were assessed by western blot-
ting (Fig. 4A). The expression levels of p‑IκB (Ser32) and 
NF‑κB (nuclear) were significantly upregulated in HG‑induced 
Müller cells compared with control cells. However, BBR or 
PDTC treated Müller cells showed significantly decreased 
expression levels of p‑IκB (Ser32) and NF‑κB (nuclear) 
compared with the HG group. IκB and NF‑κB (cytoplasm) 
expression displayed the opposite trend (Fig.  4A). NF‑κB 
translocation was determined using an immunofluorescence 

Figure 1. BBR decreases retinal ganglion cell apoptosis in a rat model of DR. (A) Hematoxylin and eosin‑stained eye sections (scale bar, 100 µm). (B) Eye 
sections assessed using the TUNEL staining assay (scale bar, 33 µm). The (C) MDA, (D) SOD, (E) CAT, (F) GSH and (G) ROS contents of the eye sections. 
(H) Expression levels of p‑IκB (Ser32), IκB, NF‑κB (nuclear) and NF‑κB (cytoplasm) were examined by western blotting. ***P<0.001 and ****P<0.0001 vs. the 
control group. #P<0.05, ##P<0.01, ###P<0.001 and ####P<0.0001 vs. the DR group. BBR, berberine; DR, diabetic retinopathy; MDA, malondialdehyde; SOD, 
superoxide dismutase; CAT, catalase; GSH, glutathione; ROS, reactive oxygen species; p, phosphorylated; IκB, NF‑κB inhibitor; GCL, ganglion cell layer; 
BBR‑L, 100 mg/kg BBR; BBR‑H, 200 mg/kg BBR.

Figure 2. Effect of BBR on Müller cell viability. Müller cells were treated 
with 5.5 mM glucose; 33.3 mM glucose; 33.3 mM glucose and 1 µM BBR; 
33.3 mM glucose and 2 µM BBR; 33.3 mM glucose and 5 µM BBR; 33.3 mM 
glucose and 10 µM BBR; 33.3 mM glucose and 20 µM BBR; or 33.3 mM 
glucose and 50 µM BBR. Cell viability was assessed using the Cell Counting 
Kit‑8 assay. **P<0.01 vs. the control group. ###P<0.001 and ####P<0.0001 vs. 
the HG group. BBR, berberine; HG, high glucose; OD, optical density.
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assay, which indicated that BBR or PDTC treatment inhibited 
NF‑κB translocation and deactivated the NF‑κB signaling 
pathway in HG‑treated cells (Fig. 4B). The results suggested 
that BBR decreased cell apoptosis and oxidative stress by 
deactivating the NF‑κB signaling pathway.

Discussion

BBR is an extract of Rhizoma Coptidis that displays thera-
peutic activities in several diseases, such as fatty liver, type 2 
diabetes and obesity (10,17). DR is diagnosed in patients with 

Figure 3. BBR reverses HG‑induced effects on cell apoptosis and oxidative stress in Müller cells. PDTC is an NF‑κB inhibitor. Müller cells were treated with 5.5 mM 
glucose; 33.3 mM glucose; 33.3 mM glucose and 20 µM BBR; or 33.3 mM glucose and 100 µM PDTC. Cell apoptosis was detected using. (A) Annexin V‑FITC 
apoptosis detection and (B) Hoechst staining (scale bar, 50 µm). (C) Protein expression was determined using western blotting. (D) MMP was detected using the 
JC‑1 assay. (E) Cytoplasmic and nuclear expression levels of cytochrome c were detected using western blotting. (F) GSH, MDA, SOD and CAT contents were 
measured in treated Müller cells. (G) ROS levels were measured in treated Müller cells. **P<0.01, ***P<0.001 and ****P<0.0001 vs. the control group. #P<0.05, 
##P<0.01 and ###P<0.001 vs. the HG group. BBR, berberine; HG, high glucose; PDTC, pyrrolidine dithiocarbamate; MMP, mitochondrial membrane potential; 
GSH, glutathione; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; COXIV, mitochondrial cytochrome c oxidase subunit IV.
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diabetes and can lead to blindness (1). Müller cell apoptosis 
affects the retinal vasculature and neurons, which contributes 
to retinal complications of diabetes, including DR (18). In 
the present study, a rat model of DR was established and the 
results suggested that BBR decreased GCL cell apoptosis, 
reduced diabetic‑induced oxidative stress, and deactivated the 
NF‑κB signaling pathway. In vitro experiments indicated that 
BBR reversed HG‑induced effects on oxidative stress and cell 
apoptosis in Müller cells by deactivating the NF‑κB signaling 
pathway. Collectively, in vivo and in vitro results suggested 
that BBR protected against DR by inhibiting cell apoptosis 
and reducing oxidative stress via deactivation of the NF‑κB 
signaling pathway.

BBR is a novel organic compound that displays protec-
tive effects against multiple diseases (17). For example, BBR 
displays antioxidant and anti‑inflammatory properties, which 
provide protective effects in neurodegenerative disorders (19). 
BBR also protects against breast cancer by reducing EGFR 
and AKT phosphorylation  (20). Liang  et  al  (21) reported 
that BBR ameliorates acute lung injury via the eukaryotic 
translation initiation factor 2α kinase 3‑mediated nuclear 
factor erythroid 2‑like 2/heme oxygenase 1 signaling axis. 
BBR participates in the pathogenesis of several diseases by 
regulating cell apoptosis and oxido‑nitrosative stress. BBR can 
partially suppress the apoptotic cascade and oxido‑nitrosative 
stress, reduce ischemia/reperfusion‑induced myocardial apop-
tosis, and inhibit inflammation and mitochondria‑dependent 
apoptosis in a rat model of diabetes (19,22,23). Furthermore, 
BBR mitigates HG‑induced apoptosis of mouse podocytes 
in vitro (24). Müller cells form part of the macroglia of the 
retina, and BBR attenuates apoptosis and injury of HG‑induced 
Müller cells by enhancing autophagy and the AMPK signaling 
pathway (11,25). BBR can also serve as an inducer of apop-
tosis, which has been reported in thyroid and hepatocellular 
carcinoma, as well as colorectal cancer (26‑28). Although BBR 
is a promising agent with anti‑carcinogenic activity, the phar-
macological properties of BBR also suggest that BBR has a 
therapeutic effect in diabetes, nonalcoholic fatty liver disease, 

rheumatoid arthritis, Alzheimer's disease and cardiovascular 
diseases (29). In vitro and in vivo experiments suggested that 
BBR may mitigate diabetes‑induced retina cell apoptosis and 
oxidative stress, and have therapeutic effects for DR. However, 
the mechanism underlying how BBR mitigates DR requires 
further investigation.

In the present study, BBR alleviated HG‑induced cell apop-
tosis and oxidative stress in Müller cells by deactivating the 
NF‑κB signaling pathway. Furthermore, the expression of IκB 
was decreased and p‑IκB was increased in HG‑induced Müller 
cells compared with control cells. BBR or PDTC treatment 
reversed HG‑induced effects. The results suggested that BBR 
deactivated the NF‑κB signaling pathway by decreasing the 
phosphorylation of IκB, resulting in abundant cytoplasmic IκB 
and inhibition of NF‑κB nuclear translocation. Li et al (28) 
reported that BBR inhibited the proliferation of HepG2 cells 
by promoting apoptosis via the NF‑κB p65 signaling pathway. 
Collectively, the aforementioned results suggest that BBR may 
serve as a potential therapeutic agent for multiple diseases 
and different types of cancer; however the underlying mecha-
nisms of action may differ. Similarly, different cell lines may 
be another reason for distinct interactions with the NF‑κB 
signaling pathway. Therefore, the protective effects of BBR 
against diseases and different types of cancer requires further 
investigation.

Oxidative stress is a vital factor for the development of 
DR (29). Rat models of DR display damaged retinal mito-
chondria that accelerate apoptosis of retinal cells, and the 
regulation of oxidative stress protects mitochondrial homeo-
stasis and prevents the development of DR (30). Similarly, 
mitochondria‑induced apoptosis and alterations to oxidative 
stress were observed in the present study. The oxidation of 
H2O2 leads to activation of the NF‑κB signaling pathway by 
the release of the inhibitory subunit of IκB (31,32). In the 
present study, IκB expression was decreased in HG‑induced 
Müller cells compared with control cells. BBR or PDTC 
treatment upregulates IκB expression by inhibiting the phos-
phorylation of IκB. Furthermore, NF‑κB nuclear translocation 

Figure 4. BBR reduces cell apoptosis and oxidative stress by deactivating the NF‑κB signaling pathway. (A) Expression levels of p‑IκB (Ser32), IκB, NF‑κB 
(nuclear), and NF‑κB (cytoplasm) were determined using western blotting. (B) NF‑κB nuclear translocation in Müller cells was detected using an immuno-
fluorescence assay (scale bar, 50 µm). ***P<0.001 and ****P<0.0001 vs. the control group. #P<0.05, ##P<0.01 and ###P<0.001 vs. the HG group. BBR, berberine; 
p, phosphorylated; IκB, NF‑κB inhibitor; HG, high glucose; PDTC, pyrrolidine dithiocarbamate.
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was inhibited and the NF‑κB signaling pathway was deac-
tivated in the DR group. DNA‑binding subunits of NF‑κB 
containing redox‑sensitive cysteine residues inhibit oxidation 
activity (33). The deactivation of the NF‑κB signaling pathway 
reduces DNA‑binding to NF‑κB, which inhibits oxidation 
activity and regulates oxidative stress, resulting in decreased 
cell apoptosis (33). BBR displayed protective effects against 
DR‑induced cell apoptosis and oxidative stress; however, the 
mechanisms underlying the effects of BBR in other signaling 
pathways are not completely understood and require further 
investigation.

To conclude, BBR protected against DR by inhibiting cell 
apoptosis and oxidative stress via deactivation of the NF‑κB 
signaling pathway. The results of the present study may 
provide a novel therapeutic strategy for DR.
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