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Retinopathy is a common complication of diabetes mellitus and the leading cause of visual impairment.
Danggui Buxue decoction (RRP) has been used as a traditional drug for the treatment of diabetic nephropathy
for many years. The aim of this study was to investigate the effects of RRP on hypoxia-induced retinal Müller
cell injury. A model of retinal Müller cell damage was created using high glucose levels (25 mmol/L) and/or
exposure to low oxygen conditions (1% O2). RRP was given to rats by continuous gavage for 7 days to obtain
drug-containing serum. After sterilization, the serum was added to the culture medium at a ratio of 10%. Cell
viability, apoptosis, and cell proliferation were assessed using the CCK-8 kit, Annexin V-FITC/propidium
iodide apoptosis kit, and EdU kit. The mRNA levels of angiogenesis factors (ANGPTL4, VEGF) and inflam-
matory factors (IL-1B, ICAM-1) were detected by RT-qPCR. Western blot analysis was employed to assess the
levels of proteins related to the ATF4/CHOP pathway. Following hypoxia for 48 h and 72 h, there was a signif-
icant decrease in cell viability and proliferation, as well as a notable increase in apoptosis compared to the con-
trol group (21% O2). However, high glucose stimulation had no significant effect, and high glucose combined
with hypoxia had no further damage to cells. After 48 h of exposure to low oxygen levels, the mRNA expres-
sion levels of ANGPTL4, VEGF, IL-1B, and ICAM-1 in retinal Müller cells were significantly higher than in
the control group (21% O2). RRP treatment significantly alleviated the increase of cell apoptosis and the upreg-
ulation of IL-1B and-1 in retinal Müller cells induced by hypoxia. RRP has the potential to reduce the suppres-
sion of the ATF4/CHOP pathway in hypoxia-induced retinal Müller cells, and it significantly alleviates cell
apoptosis through regulating inflammatory factors and the ATF4/CHOP pathway.
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Introduction
According to statistics from the World Health Organization,

approximately 422 million people worldwide are affected by dia-
betes (DM).1 This phenomenon is mainly due to the sedentary
lifestyle and obesity prevalent in modern society. Additionally,
approximately 1.5 million deaths each year can be directly linked to
diabetes.2 The rise in DM cases has resulted in a higher occurrence
of chronic diabetic issues, including retinopathy, kidney disease,
and neuropathy.3 Compared to other ocular complications associat-
ed with diabetes (such as fluctuations in vision, cataracts, and glau-
coma), diabetic retinopathy is the primary reason for visual impair-
ment, with a greater frequency and increased risk.3 Diabetic
retinopathy is caused by a complex interplay of factors that are not
only related to eye health but also involve overall health status. 4

Elevated levels of blood sugar disrupt the delicate metabolic bal-
ance in the retina and diminish the activity of insulin receptors,
which are crucial for the growth, development, and survival of neu-
rons, ultimately leading to neuronal apoptosis.5 Furthermore, ele-
vated levels of oxidative stress, inflammation, diminished neuro-
protective factors, and glutamate excitotoxicity are all factors that
play a role in the onset of neurodegenerative disorders.6-8

The process of apoptosis is regulated by multiple signaling
pathways that can either facilitate or suppress the sequence of
events culminating in apoptosis.9 In addition to signaling pathways
related to death receptors and mitochondria, endoplasmic reticu-
lum (ER) stress is also widely considered to be an important factor
in initiating cell apoptosis signal transduction.10 Recent studies
have shown that ER stress-induced cell apoptosis is closely related
to many human diseases, such as diabetes and certain hereditary
neurological disorders.11 Numerous studies have shown that stress
in ER is significantly involved in the apoptosis and death of retinal
cells, particularly in conditions like age-related macular degenera-
tion and diabetic retinopathy.9 Heightened ER stress results in
inflammatory responses and vascular impairment in diabetic and
ischemia-induced retinopathy.12 In cultured retinal cells, we detect-
ed stress in the ER affecting various cell types such as vascular
endothelial cells, pericytes, ganglion cells, and Müller cells.
Additionally, comparable observations were made in retinal pig-
ment epithelial cells and different animal models of disease.9
Chronic or intense ER stress may cause a sustained expression of
activating transcription factor 4 (ATF4), which in turn enhances
the activation of genes that promote apoptosis. Transcription factor
C/EBP homologous protein (CHOP) has garnered widespread
attention for its ability to promote cell apoptosis, with its expres-
sion level primarily regulated by ATF4.13 CHOP, which is also
referred to as growth arrest and DNA damage-inducible gene 153,
is crucial in the mechanism of cell apoptosis triggered by ER
stress.14 Studies have shown that ER stress triggers the PERK-
ATF4-CHOP signaling pathway, which contributes to ischemia-
reperfusion injury (IRI) and apoptosis of R28 cells in the retina,
ultimately leading to glaucoma-related pathological issues.15

The dysfunction of Müller cells is associated with many retinal
diseases, including digital radiography (DR).16,17 Increasing evi-
dence indicates that in individuals with diabetes mellitus and strep-
tozotocin (STZ) induced diabetes rat, the apoptosis of retinal
Müller cells occurs before any changes in retinal
microvasculature.16-18 In the retina, the existence of STZ may
aggravate the metabolic and vascular changes caused by diabetes,
and then lead to or aggravate the hypoxic state of the retina. 

The Danggui Buxue decoction (RRP) is a traditional herbal
remedy containing Angelicae sinensis radix (Danggui) and
Astragali radix (Huangqi), which serves to nourish the body’s
blood and Qi (vital energy).19 The RRP has been used for many
years as a traditional remedy to manage diabetic nephropathy.20

Some researchers have pointed out that RRP may slow down the
progression of diabetic neuropathy induced by STZ and inhibit the
accumulation of extracellular matrix within and outside the mesan-
gial cells.21 RRP suppresses the growth of glomerular mesangial
cells caused by elevated glucose levels and decreases the buildup
of extracellular matrix.22 However, it is still unclear whether RRP
has the ability to alleviate the damage to retinal Müller cells caused
by hypoxia. Therefore, our aim is to examine the effects of RRP on
hypoxia-induced injury to retinal Müller cells and its associated
mechanisms.

Materials and Methods

RRP source
The RRP decoction in brown color was obtained from the

preparation center located at the First Affiliated Hospital of
Xiamen University in China. The drug components include
Astragalus membranaceus, Angelica sinensis, and Panax notogin-
seng (ratio of 1:5:1), and the concentration is 1.165 g/L.

Animals, treatment, and preparation of medicated
serum

This research followed the National Institutes of Health’s
Guidelines for the Care and Use of Laboratory Animals, with all
experimental procedures compliant with the relevant provisions of
the Animal Welfare Act. The project received approval from the
Ethics Committee of Xiamen University (XMU-2-202006-005),
allowing it to proceed with animal experiments. Sprague-Dawley
(SD) rats used in this study were sourced from Shanghai Saike
Experimental Animal Co., Ltd. (China), weighing between 350
and 500 g. The rats were kept in the Experimental Animal Center
at Xiamen University, where the temperature was regulated
between 20 and 23°C, relative humidity ranged from 55 to 70%,
and a light-dark cycle of 12 h was followed. The facility adhered
to Specific Pathogen-Free (SPF) criteria. After a week of adapting
to their new diet, the rats were randomly divided into two groups,
each containing three individuals: one group received an oral gav-
age of RRP at a dosage of 4 g/kg of body weight daily, while the
control group was given an equivalent volume of water. This intra-
gastric administration continued for seven days to ensure that
blood concentrations reached a stable peak. Blood samples were
taken from the abdominal aorta two h after the final gavage on day
seven. The serum was obtained by centrifuging at 3000 RPM for
15 min, and after inactivating it at 56°C for 30 min, it was stored
at -20°C.

Cell culture and hypoxia induction
These MIO-M1 cells were derived from retinal Müller stem

cells obtained from ATCC in Manassas, Virginia. The cells were
cultured in DMEM modified for low glucose (DMEM-LG)
sourced from Thermo Fisher Scientific (Waltham, MA, USA), sup-
plemented with 10% fetal bovine serum (FBS) procured from
Shanghai Shangjing Biotechnology Co., Ltd. (Shanghai, China).
The culture environment was maintained at 50% relative humidity,
5% CO2 concentration, and a temperature of 37°C. The cells were
divided into four distinct treatment groups. The first group served
as the vehicle control (vec) and received an equal volume of the
solvent used to dissolve RRP, TM, and TUDCA. The second group
received treatment with RRP at a final concentration of 1.165 g/L.
To prepare the drug-containing serum for this group, RRP was con-
tinuously administered to rats via gavage for 7 consecutive days.
The third group was exposed to low glucose conditions with 5
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mmol/L D-glucose (LG) as a control. This was achieved by adding
D-glucose to the cell culture medium to reach the desired concen-
tration. The fourth group was subjected to high glucose conditions
with 25 mmol/L D-glucose (HG). Following treatment with high-
glucose DMEM or drug-enriched serum, all cells were cultured for
a standardized period of 2 h in a normoxic atmosphere of 21% oxy-
gen. Subsequently, all cells, except the normoxic control, were
incubated under hypoxic conditions of 1% O2 for 48 h to induce
hypoxia. For ER stress induction, the Tunicamycin ™ group was
treated with 2.5 μg/mL TM for the first 16 h of hypoxia, while the
TUDCA group, serving as the ER stress inhibitor, was treated with
50 μM Tauroursodeoxycholic acid (TUDCA) starting 12 h before
the hypoxia exposure.23 These concentrations and timings were
chosen based on prior optimization experiments and are consistent
with the data presented in the “Results” section.

MIO-M1 cells were subjected to hypoxia treatment at vary-
ing durations to determine the effect of low oxygen conditions on
cell behavior. Cells were exposed to 1% O2 in a hypoxia chamber
for 2, 8, 16, 24, 48, and 72 h. At each time point, cells were har-
vested for further analysis.

Double immunofluorescence staining
For double immunofluorescence staining, MIO-M1 cells

were fixed with 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) for 15 min at room temperature. Following
fixation, cells were permeabilized with 0.1% Triton X-100 in
PBS for 10 min to enhance antibody penetration.

After permeabilization, non-specific binding was blocked by
incubating the cells with 3% bovine serum albumin (BSA) in
PBS for 1 h at room temperature. The primary antibodies, rabbit
anti-glutamine synthetase (GS) and mouse anti-cell retinal bind-
ing protein (CRALBP), were diluted in blocking buffer and
applied to the cells overnight at 4°C in a humidified chamber.

The next day, cells were washed three times with PBS to
remove unbound primary antibodies and then incubated with the
appropriate secondary antibodies conjugated to fluorophores
(such as Alexa Fluor 488 for rabbit IgG and Alexa Fluor 594 for
mouse IgG) diluted in blocking buffer (1:500) for 1 h at room
temperature in the dark.

After incubation with secondary antibodies, cells were
washed again with PBS and the cell nuclei were counterstained
with Hoechst 33342 (1 μg/mL) for 5 min at room temperature.
Finally, the cells were washed with PBS, and the fluorescence
signals were visualized using a fluorescence microscope. The
following primary and secondary antibodies were used: Rabbit
anti-GS (PA5-28940, 1:100; Invitrogen, Waltham, MA, USA);
Mouse anti-CRALBP (MA1-813, 1:100; Invitrogen); Donkey
anti-rabbit IgG conjugated with Alexa Fluor 488 (A-21206, 2
µg/mL; Invitrogen); Goat anti-mouse IgG conjugated with Alexa
Fluor 594 (A-11005, 2 µg/mL; Invitrogen). Fluorescence images
were captured using a confocal microscope (Œ., LSM 880; Zeiss,
Oberkochen, Germany) with a 63x oil immersion objective. The
excitation/emission wavelengths for Alexa Fluor 488 and Alexa
Fluor 594 were 495/519 nm and 590/617 nm, respectively.
Hoechst 33342 was excited at 350/365 nm and emitted at
455/510 nm. Images were analyzed using imaging software (e.g.,
Zen Blue, Zeiss) to quantify fluorescence intensity and co-local-
ization as indicated. Negative controls were conducted by
excluding the primary antibody and substituting it with PBS.

CCK-8 assay
Cell viability was assessed utilizing the CCK-8 assay kit pro-

vided by Beijing Solarbio Biotechnology Co., Ltd. (Beijing,
China). Initially, MIO-M1 cells in the logarithmic growth phase
were seeded at a density of 5,000 cells per well within a 96-well

plate. Following cell adhesion to the plate surface, treatments
were applied according to established protocols and incubated for
a duration of 48 h. Afterward, 10 mL of CCK-8 solution was
introduced into each well and incubated at 37°C under appropri-
ate humidity conditions for 1 h. The absorbance was subsequent-
ly measured at 450 nm using a microplate reader.

EdU assay
The Cell-Light™ EdU Apollo488 ex vivo kit produced by

RIBBIO Co., Ltd. (Guangzhou, China) was employed to evaluate
cell proliferation. Therefore, to evaluate cell proliferation, MIO-
M1 cells were plated in 96-well plates at a density of 5,000 cells
per well. They were then fixed with 4% formaldehyde at room
temperature for approximately 30 min. Subsequently, a solution
of glutamate (2 mg/mL) was added and gently agitated for 5 min.
After that, Triton X-100 (0.5%) was introduced and incubated for
an additional 10 min to enhance cellular membrane permeability.
The staining solution was then applied to the samples and incu-
bated in darkness at room temperature for 30 min. Upon comple-
tion of this step, Hoechst 33342 solution (at a concentration of 1
μg/mL) was added and further incubated in darkness for another
30 min. Finally, cellular observations and analyses were conduct-
ed using a Nikon fluorescence microscope. We evaluate the cell
proliferation rate by quantifying the number of EdU-positive
cells relative to the total cell count.

Cell apoptosis detection
Cell apoptosis was quantified utilizing a kit from Nanjing

Jiancheng Biological Engineering Research Institute (China).
Following a 48-h incubation period, cells were dissociated from
the culture flask using trypsin and subsequently transferred into
10 mL centrifuge tubes. The cell suspension underwent centrifu-
gation at 1,000 rpm for 5 min, after which the supernatant was
discarded. The resultant cell pellet, containing approximately
1×106 cells per sample, was resuspended in 500 mL of binding
buffer. Subsequently, 5 mL of Annexin V-FITC/propidium iodide
(PI) reagent was introduced and gently mixed, followed by the
addition of 5 mL of PI, which was also mixed with care. This
solution was incubated in darkness at ambient temperature for 10
min. Ultimately, flow cytometric analysis (ACEA Biosciences)
was conducted, wherein Annexin V-FITC emitted green fluores-
cence and PI exhibited red fluorescence.

Western blot
After 48 h of culture, the cells were lysed using cooled RIPA

buffer (provided by Shanghai Baiyuntian Biotechnology Co.,
Ltd., Shanghai, China), and the resulting lysate was obtained
from Shanghai Sheneng Biotechnology Co., Ltd. (Shanghai,
China). Subsequently, a 100-fold concentrated mixture of pro-
teinase and phosphatase inhibitors (Shanghai Sheneng
Biotechnology Co., Ltd.) was added. We then centrifuged the
protein sample at 13,000 rpm for 20 min at 4°C to extract the
sample. We then used an improved version of the BCA assay kit
to determine the protein concentration. (manufactured by
Shanghai Baiyuntian Biotechnology Co., Ltd., Shanghai, China).
We commenced by isolating 50 micrograms of protein via SDS-
PAGE, subsequently transferring the proteins onto a PVDF mem-
brane. To effectively block nonspecific binding sites on the mem-
brane at ambient temperature for approximately 1 h, we utilized
either non-fat dry milk or BSA procured from Shanghai Sheneng
Biotechnology Co., Ltd. Following this blocking procedure, the
primary antibody was incubated overnight at 4°C, after which the
secondary antibody was applied at room temperature for an addi-
tional hour. Ultimately, we employed the Minichemi™ 610
Chemical Imaging System located in Beijing to visualize and
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analyze the protein bands, obtaining optical density measure-
ments from three independent replicates using ImageJ software.

The primary antibodies and secondary antibody used in this
study were listed as follows: Mouse anti-VEGF (MA5-13182,
1.5 µg/mL; Invitrogen); Mouse anti-PCNA (13-3900, 0.5 µg/mL;
Invitrogen); Rabbit anti-ATF4 antibody (MA5-32364, 1:1,000;
Invitrogen); Mouse anti-CHOP antibody (MA1-250, 1:1,000;
Invitrogen); Rabbit anti-β-actin antibody (ab8227, 1:5,000;
Abcam, Cambridge, UK); Goat anti-rabbit IgG HRP-conjugated
antibody (AP307P, 1:10,000; Sigma-Aldrich, St. Louis, MO,
USA); Goat anti-mouse IgG HRP-conjugated antibody (12-349,
1:10,000; Sigma-Aldrich).

RT-qPCR
We extracted total RNA from MIO-M1 cells using reagents

from Beijing Tiangen Biotechnology Co., Ltd. (Beijing, China).
Then, we used the FastQuant cDNA Synthesis Kit from the same
company to turn 1 microgram of RNA into complementary DNA
(cDNA). Subsequently, we executed quantitative reverse tran-
scription polymerase chain reaction on the Bio-Rad CFX96 plat-
form utilizing SYBR Green PCR Master Mix supplied by
TianGen Biotechnology Co., Ltd. The amplification protocol
encompassed the following phases: an initial denaturation at
95°C for 15 s, annealing at 65°C for 20 s, and extension at 72°C
for 15 s. This cycle was performed a total of 40 iterations, with
β-actin serving as an internal reference gene. To evaluate relative
alterations in target gene expression levels, we employed the
2−ΔΔCT methodology. Comprehensive primer sequences are
detailed in Table 1.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5

software in La Jolla, California. Results were presented as the
average value ± SD of multiple samples or at least three technical
replicates. We compared different groups using one-way analysis
of variance (ANOVA) and assessed differences between groups
using Kruskal-Wallis test if the homogeneity and normality
assumptions were met. When p-value was less than 0.05, it indi-
cated statistically significant differences between groups.

Results

Retinal Müller cell line MIO-M1 injury model
MIO-M1 cells were identified by double immunofluores-

cence staining, and the marker proteins were GS and CRALBP.
The nuclei were labeled with Hoechst 33342 dye, while the cells
were identified using rabbit anti-GS antibody and mouse anti-
CRALBP antibody (Figure 1A). The pathological environment of
diabetic retina was simulated by high glucose and/or hypoxia

stimulation. Experiments were conducted on MIO-M1 cells
under varying durations of hypoxic treatment, specifically at 2, 8,
16, 24, 48, and 72 h. Investigations have demonstrated that the
mRNA and protein expression levels of vascular endothelial
growth factor (VEGF) and angiopoietin-like factor 4 (Angptl4) in
MIO-M1 cells are markedly elevated in the hypoxia-induced
group relative to the control cohort (Figure 1 B,D). This observa-
tion substantiates that a hypoxic model has been successfully
developed within the context of this research.

Hypoxia inhibited the cell viability and cell pro-
liferation of MIO-M1 cells

In our investigation, we assessed the effects of elevated glu-
cose concentrations (25 mmol/L) and hypoxic conditions (1%
O2) on MIO-M1 cells. The CCK-8 assay was employed to quan-
tify cell viability. Our results demonstrated a marked decline in
cell viability relative to the control group (21% O2) following 48
h (Figure 2A; p=0.0009) and 72 h (Figure 2B; p=0.0087) of
hypoxic exposure. Conversely, no statistically significant varia-
tions in cell viability were detected under high-glucose condi-
tions at these time points. Compared with hypoxia stimulation,
high glucose combined with hypoxia had no further injury to
MIO-M1 cells (Figure 2 A,B). Next, we further detected cell pro-
liferation by EdU kit and PCNA protein expression. After being
cultured in low oxygen environment for 48 h, the cell prolifera-
tion was significantly lower than that of the control group (21%
O2, p=0.032; Figure 2 C,D). Similarly, high glucose stimulation
did not have a significant impact on cell proliferation, and the
combination of high glucose with hypoxia did not lead to any fur-
ther harm to the cells (Figure 2 C,D). Under hypoxic conditions,
the expression levels of PCNA protein were significantly dimin-
ished compared to the control group (21% O2), particularly at 24,
48, and 72 h following hypoxia exposure. This observation fur-
ther supports the notion that hypoxia is implicated in attenuating
cellular proliferation (Figure 2E).

Hypoxia promoted apoptosis of MIO-M1 cells
We investigated the apoptosis of MIO-M1 cells under hypoxic

conditions (1% oxygen) and elevated glucose concentrations 
(25 mmol/L) through Annexin V/PI staining in conjunction with
flow cytometric analysis. The results are depicted in a representative
scatter plot of MIO-M1 cells, along with their quantitative assess-
ment (Figure 3). A significantly increased proportion of Annexin V-
positive cells was observed in the hypoxia treatment group relative
to the control cohort, particularly after 48 h of low oxygen exposure
(p<0.001; Figure 3). This suggests a marked induction of apoptosis
in MIO-M1 cells following both 24 and 48 h under hypoxic stress.
Conversely, high glucose conditions did not induce significant alter-
ations in apoptosis levels relative to the control group (21% O2).
Additionally, no further cellular damage was observed when high
glucose and low oxygen were combined (Figure 3).

Table 1. The primer sequences.

Genes (human)                 Forward primers Reverse primers

β-actin                           CAGCCTTCCTTCCTGGGCATGATTGTGCTGGGTGCCAGGGCAG
VEGF                              TCAAGCCATCCTGTGTGCCGGCCTTGGTGAGGTTTGATCC
IL-1β                              AGCTACGAATCTCCGACCACCGTIATCCCATGTGTCGAAGAA
Angpt14                         CTTGGGACCAGGATCACGACAAACCACCAGCCTCCAGAGAG
ICAM-1                          AGGGTAAGGTTCTTGCCCACTGATGGGCAGTCAACAGCTA
CHOP                       TGAGGAGAGAGTGTTCAAGAAGGGGAGTGGCTGGAACAAGCTC
ATF4                          TCCAACAACAGCAAGGAGGATGTCATCCAACGTGGTCAGAAGG
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Hypoxia promoted the expression of angiogenesis
factors and inflammatory factors in MIO-M1 cells

In diabetes mellitus, there is a marked upregulation of pro-
inflammatory cytokines within the retinal environment, including
VEGF and intercellular adhesion molecule-1 (ICAM-1). During
the early phases of diabetic retinopathy, retinal capillary endothe-
lial cells become activated and secrete considerable quantities of
these inflammatory mediators. Consequently, our objective was to
assess the levels of these inflammatory mediators. Following a
thorough analysis across various experimental time points, we
opted for a 48-h hypoxic treatment to facilitate further investiga-
tion. In MIO-M1 cells, hypoxic conditions resulted in a significant

upregulation of mRNA expression levels for Angptl, VEGF (21%
O2, p=0.0003; Figure 4A), IL-1β (21% O2, p=0.0017; Figure 4D),
and ICAM-1 (21% O2, p=0.0033; Figure 4A) when contrasted with
the control group.

RRP did not affect the decrease of cell viability
and proliferation of MIO-M1 cells induced by
hypoxia

To investigate the influence of RRP on the viability of MIO-
M1 cells under hypoxic conditions, we conducted a CCK-8 assay
to quantify cell survival. The data revealed that after 48 h of

Figure 1. The expression levels of glutamine synthetase (GS), cell retinal binding protein (CRALBP), vascular endothelial growth factor
(VEGF), and angiopoietin-like factor 4 (Angptl 4) induced hypoxia. A) GA and CRALBP expression levels by immunofluorescence stain-
ing; scale bar: 200 μm. B,C) VEGF and Angptl4 mRNA expression levels by RT-qPCR. D) VEGF protein expression level by Western blot. 
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hypoxia, the survival rate of MIO-M1 cells was significantly
diminished compared to the control group (vec group), with statis-
tical significance (p=0.0410). However, RRP did not yield a statis-
tically significant enhancement in this context (Figure 5A).
Subsequently, we employed EdU staining to further analyze MIO-
M1 cell proliferation. The results demonstrated a pronounced
reduction in proliferative capacity within the hypoxic environment
relative to the control group (vec group) (p=0.0058). Nevertheless,
RRP did not exhibit any substantial effect on cellular proliferation
when assessed against hypoxic conditions (Figure 5 B,D).

RRP effectively alleviated the increase of MIO-M1
cell apoptosis caused by hypoxia

To conduct a thorough evaluation of the apoptosis status of
MIO-M1 cells, we employed Annexin V/PI staining combined
with flow cytometry for comprehensive analysis. After 48 h of
hypoxic treatment, the MIO-M1 cell population exhibited a signif-
icantly elevated proportion of Annexin V-positive cells compared
to the control group (21% O2; Figure 6). Moreover, subsequent to
RRP administration, the incidence of Annexin V-positive cells in
the RRP-treated cohort was markedly diminished relative to that
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Figure 2. Cell viability, cell proliferation, and PCNA expression level induced hypoxia and high glucose. A,B) cell viability with stimulation
of hypoxia and high glucose for 48 h and 72 h. C,D) Cell proliferation with stimulation of hypoxia and high glucose by EdU assay and quan-
titative analysis; scale bar: C) 50 μm. E) PCNA protein expression with stimulation of hypoxia and high glucose by western blot. *p<0.05;
**p<0.01; ***p<0.001. 
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observed in the control group (vec group; Figure 6), indicating that
RRP demonstrates a substantial efficacy in mitigating apoptosis
induced by hypoxia in MIO-M1 cells.

Effect of RRP on the up-regulation of angiogenesis
and inflammatory factors in MIO-M1 cells
induced by hypoxia

Following a 48-h hypoxic exposure, we observed that the
mRNA expression levels of angiogenesis-related factors
ANGPTL4 and VEGF in MIO-M1 cells were significantly ele-
vated in the serum control group compared to the treatment group
(p=0.003). Conversely, RRP did not exert a statistically signifi-
cant influence on the expression of ANGPTL4 and VEGF under
hypoxic conditions (Figure 7 A,B). Furthermore, sustained
hypoxia for 48 h resulted in a marked upregulation of ICAM-1
and IL-1β mRNA levels (p<0.001), whereas RRP effectively
attenuated the expression of these two inflammatory mediators
(Figure 7 C,D).

RRP alleviated hypoxia-induced apoptosis 
of MIO-M1 cells through ER stress

To investigate whether the apoptosis of MIO-M1 cells induced
by hypoxia was mediated by ER stress, we introduced the ER
stress inhibitor, TUDCA. We found that hypoxia-induced apopto-

sis in MIO-M1 could be significantly blocked by TUDCA
(p=0.0038, Figure 8A; p=0.0007, Figure 8B). In addition, after
treatment with ER stress agonist, TM, we found that the apoptosis
of MIO-M1 cells increased after 48 h of hypoxia was notably
increased (p=0.019; Figure 9 C,D). Through these results, we
believe that the increase of apoptosis in MIO-M1 cells induced by
hypoxia occurs through the ER stress pathway.

RRP mediated hypoxia-induced apoptosis 
of MIO-M1 cells through the ATF4/CHOP 
pathway in ER stress

Research has demonstrated that the protective effect of RRP on
MIO-M1 cells under hypoxic conditions is intricately linked to the
ER stress pathway. To further elucidate this mechanism, we exam-
ined the expression levels of key components within this pathway.
In comparison to the control cohort (vec), there was a significant
upregulation of mRNA expression levels for ATF4 and CHOP fol-
lowing 48 h of hypoxic exposure ). Conversely, subsequent admin-
istration of RRP led to a substantial downregulation of these gene
expressions (p=0.047, Figure 9A; p=0.025, Figure 9 A,B).
Similarly, after 48 h under hypoxic conditions, the protein concen-
trations of ATF4 and CHOP were markedly elevated relative to the
control group (21% O2); however, they exhibited a pronounced
reduction following RRP intervention (Figure 9 C,D).

Figure 3. Apoptosis of MIO-M1 cells induced by hypoxia and high glucose using Annexin V/PI staining. A,C) apoptosis induced by hypox-
ia and high glucose for 24 h. B,D) apoptosis induced by hypoxia and high glucose stimulation for 48 h. ***p<0.001.

[page 328]                                                   [European Journal of Histochemistry 2024; 68:4140]

2024_4.qxp_Hrev_master  25/11/24  10:33  Pagina 328

Non
-co

mmerc
ial

 us
e o

nly



                                                                                                                 Article

Discussion
The protective effect and potential mechanism of RRP on

diabetic retina were further confirmed in this study, offering a
new scientific foundation for treating early diabetic retinopathy
and using RRP. In this research, we observed a significant
increase (almost 20 times) in VEGF expression in retinal Müller
cells following hypoxia, particularly at 24 h, 48 h, and 72 h. This
finding confirms the pathological changes associated with
inflammation and angiogenesis in diabetic retinopathy, contribut-
ing to the development of DR. However, our study showed that
RRP did not impact the up-regulation of VEGF. This may be due
to our use of a short-term (48 h) hypoxia model, which represents
the early stage of diabetic retinopathy where RRP may not affect
vascular lesions. Additionally, it has been noted that endogenous
VEGF plays a role in maintaining and supporting retinal neurons
while also serving as a survival factor for photoreceptor cells.24 It
has been documented that the administration of VEGF can also
provide protection for retinal ganglion cells (RGCs) in different
neurotoxic models.25 In a different earlier research, the blocking
of VEGF in retinas of normal adult resulted in considerable
reduction of ganglion cells.26 Hence, it is crucial to take into
account the need for neuroprotection, particularly when treating
proliferative diabetic retinopathy with anti-VEGF therapy aimed
at reducing neovascularization.27 This may be another possible
reason why RRP does not affect the significant up-regulation of
VEGF expression in our study. In our research, RRP has the

potential to act as a neuroprotective substance, effectively reduc-
ing hypoxia-induced damage in retinal glial cells. This aligns
with the known role of VEGF in supporting and maintaining reti-
nal neurons and protecting them from harm. We acknowledge
that anti-VEGF therapies are a mainstay in the treatment of DR,
particularly in cases with significant neovascularization. These
treatments primarily target the vasoproliferative aspects and do
not address the neurodegenerative components of the disease.
Our study suggests that Danggui Buxue decoction may offer neu-
roprotection by reducing apoptosis in retinal Müller cells, which
is a novel approach compared to the current anti-VEGF strate-
gies. This potential neuroprotective effect of RRP could be par-
ticularly beneficial in the context of DR, where neurodegenera-
tion is a key feature.

We used high glucose and hypoxia to simulate the pathologi-
cal environment of diabetic retina. We observed that following
hypoxia, the levels of inflammatory factors ICAM-1 and IL-1β
were elevated in retinal Müller cells. Additionally, RRP demon-
strated the ability to partially mitigate this upregulation, suggest-
ing its potential to alleviate early diabetic retinal inflammation
and improve retinal microcirculation, ultimately preventing DR
progression. This is consistent with most previous research
results. Müller cells are the predominant type of glial cells fund
in the retina, extending across the full thickness of the neuroreti-
na and encircling all retinal neurons.28 Apart from being close to
RGCs, Müller cells are positioned between the vascular system
and neurons in the retina.29 The morphological connection
between Müller cells and RGCs plays a crucial role in their

Figure 4. The mRNA expression levels of angiogenesis factors (ANGPTL4, VEGF) and inflammatory factors (IL-1B, ICAM-1) induced
by hypoxia and high glucose were detected by qRT-PCR. A) VEGF. B) ANGPTL4. C) ICAM-1. D) IL-1β. **p<0.01; ***p<0.001.
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metabolic symbiosis. Recent studies have established the signifi-
cance of glial cell interaction in the retina, with increasing litera-
ture demonstrating the essential role of Müller cells in supporting
RGCs.30,31 In this study, we found that the proportion of apoptotic
cells in retinal Müller cells was increased after hypoxia stimula-
tion for 24 to 48 h, which was consistent with the above results.
Moreover, we also found that RRP can effectively alleviate the
increase of apoptotic retinal Müller cells, to better maintain the
function of  RGCs. Combined with our previous research results,

we believe that RRP can improve diabetic retinal neuropathy,
thereby alleviating the disease earlier.

ER stress plays a pivotal role in the apoptosis of rRGCs
across diverse contexts.9,32 In diabetic animal models, Müller
cells in the retina show typical markers of ER stress, with signif-
icant increases in ATF4 and VEGF levels. Inhibiting ER stress or
ATF4 can significantly lower VEGF levels and reduce the
expression of inflammation-related genes such as ICAM-1 and
TNF-α, effectively alleviating vascular leakage in the diabetic

Figure 5. Cell viability and cell proliferation induced by hypoxia and/or Danggui Buxue decoction (RRP). A) Cell viability with stimulation
of hypoxia and RRP for 48 h. B) Cell proliferation with stimulation of RRP by EdU assay. C) Cell proliferation with stimulation of hypoxia
and/or RRP by EdU assay. Scale bars: 50 μm.

[page 330]                                                   [European Journal of Histochemistry 2024; 68:4140]

2024_4.qxp_Hrev_master  25/11/24  10:33  Pagina 330

Non
-co

mmerc
ial

 us
e o

nly



                                                                                                                 Article

retina.33 ATF4 is a transcription factor characterized by its high
affinity for DNA binding, belonging to a distinct class of regula-
tory proteins. This class includes notable families such as the
activator protein-1 (AP-1) family, cAMP response element-bind-
ing protein (CREB), and CREB-like molecules. As a pivotal tran-
scriptional regulator, ATF4 interacts with cAMP response ele-
ments located in the promoters of target genes, thereby activating
critical gene expression pathways linked to oxidative stress
responses, amino acid metabolism, and transport mechanisms.

Moreover, ATF4 serves as a principal inducer of C/EBP homolo-
gous protein (CHOP), which is recognized as an essential modu-
lator of apoptosis induced by ER stress conditions.9

In retinal endothelial cells grown in culture, hypoxia triggers
ER stress. Hypoxia effectively promotes inflammation and
angiogenesis, but this can be stopped by using chemical chaper-
ones.9 Therefore, on the other hand, we can also use ER stress
inhibitors, such as TUDCA, to block ER stress, thereby alleviat-
ing hypoxia-induced retinal injury and inflammatory response in

Figure 6. Apoptosis of MIO-M1 cells induced by hypoxia and Danggui Buxue decoction (RRP) using Annexin V/PI staining. A) Apoptosis
induced by 21% O2. B) Apoptosis induced by 1% O2. C) Apoptosis induced by 1% O and RRP. D) quantitative analysis of apoptosis.
*p<0.05.
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diabetic retinopathy, thereby alleviating DR progression.23 In our
study, after hypoxia, ATF4 and CHOP proteins were upregulated
in the ER stress of MIO-M1 cells. The RRP-containing serum
effectively alleviated the up-regulation of ATF4 and CHOP. It can
be seen that apoptosis is indeed mediated by ATF4 and CHOP.
Combined with the application of ER stress agonist, TM, and
inhibitor, TUDCA, we can determine that the apoptosis of MIO-
M1 cells after hypoxia is mediated by ATF4/CHOP pathway in
ER stress, and RRP alleviates apoptosis by inhibiting the expres-
sion of factors in ATF4/CHOP pathway. As a result, the identifi-
cation of important pro-apoptotic and anti-apoptotic pathways in
ER stress-induced apoptosis and exploration of their roles in var-
ious retinal cell diseases could lead to the development of novel
medications for treating retinal disorders. We recognize that our
short-term hypoxia model (48 h) may not fully capture the chron-
ic and progressive nature of DR. We discuss how this model pri-
marily represents the early stages of DR and may not reflect the
long-term effects of hypoxia and hyperglycemia on retinal cells.
To address this limitation, we propose future studies that will

extend the duration of hypoxia exposure and include a time-
course analysis to better understand the chronic effects on retinal
cells. Additionally, we plan to explore the combination of RRP
with existing treatments to assess potential synergistic effects in
reducing retinal inflammation and neurodegeneration.

In conclusion, hypoxia is one of the key causes of retinal
Müller cell injury, and retinal Müller cells are more sensitive to
hypoxic (1% O2) stimulation rather than high glucose. Hypoxia
may lead to reduced viability and proliferation of retinal cells,
elevated apoptosis, and heightened levels of angiogenesis factors
and pro-inflammatory factors. RRP can effectively alleviate the
increase of hypoxia-induced apoptosis and alleviate the up-regu-
lation of inflammatory factors to a certain extent. RRP may alle-
viate hypoxia-induced apoptosis of retinal Müller cells by
inhibiting the ATF-4/CHOP pathway in ER stress. This research
enhances the understanding of how RRP helps to protect against
diabetic retinopathy and highlights the significance of reducing
apoptosis and addressing ER stress in the management of diabet-
ic retinopathy.

Figure 7. The mRNA expression levels of angiogenesis factors (ANGPTL4, VEGF) and inflammatory factors (IL-1B, ICAM-1) induced
by hypoxia and Danggui Buxue decoction were detected by qRT-PCR. (A) VEGF; (B) ANGPTL4; (C) ICAM-1; (D) IL-1β. ***p<0.001
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Figure 8. Apoptosis of MIO-M1 cells induced by hypoxia, ER stress inhibitor, and ER stress agonist using Annexin V/PI staining. A)
Apoptosis induced by 21% O2, 1% O2 or TUDCA. B) Quantitative analysis of apoptosis induced by TUDCA. C) Apoptosis induced by 1%
O2 and Tunicamycin. D) Quantitative analysis of apoptosis induced by Tunicamycin. *p<0.05; **p<0.01; ***p<0.001.

Figure 9. The mRNA and protein expression levels of ATF4 and CHOP in MIO-M1 cells induced by hypoxia and Danggui Buxue decoction.
A,B) the mRNA expression levels of ATF4 and CHOP. C,D) Protein expression levels of ATF4 and CHOP. *p<0.05.
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