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Original Article

Genipin protects against mitochondrial damage of the retinal 
pigment epithelium under hyperglycemia through the AKT 
pathway mediated by the miR-4429/JAK2 signaling axis
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Background: To investigate the protective effect and mechanism of genipin (GE) on mitochondrial 
damage in retinal pigment epithelial (RPE) cells induced by high glucose.
Methods: Differential genes of GE in the treatment of diabetic retinopathy (DR) were screened by the Gene 
Expression Omnibus (GEO) database. Differential genes located in the AKT pathway were obtained. TargetScan, 
miRDB, and DIANA databases were used to predict the targeted microRNAs (miRNAs) of differential genes. A 
high-fat diet combined with streptomycin (STZ) intraperitoneal injection were used to establish a diabetic mouse 
model. Diabetic mice were treated with GE by intragastric administration. The functional and molecular changes 
of the retina were detected by electroretinogram (ERG) and reverse transcription-polymerase chain reaction 
(RT-PCR). ARPE-19 cells were cultured under hyperglycemic conditions with AKT and JAK2 inhibitors. MiR-
4429 was knocked down/overexpressed to detect changes in cell function, activity, and mitochondrial function. 
The dual luciferase reporter assay confirmed the targeted binding of miR-4429 with JAK2.
Results: Bioinformatics analysis finally yielded JAK2 as the research target gene. miR-4429 was predicted 
to be the targeted miRNA of JAK2 by online databases. The results of animal experiments showed that the 
retinal function of mice recovered after GE administration (P<0.05), the expression of AKT and miR-4429 
in RPE cells was significantly increased (P<0.05), and the expression of JAK2 was significantly decreased 
(P<0.05). The results of cell experiments showed that the functions of cells and mitochondria recovered after 
the addition of GE under hyperglycemia (P<0.05). Cell and mitochondrial functions were decreased after the 
addition of AKT inhibitor (P<0.05). Overexpression of miR-4429 or inhibition of JAK2 increased cell activity 
and mitochondrial function (P<0.05). The results of the dual luciferase reporter assay showed that miR-4429 
had a targeted binding site with JAK2.
Conclusions: GE protects ARPE-19 cell functional activity, inflammatory responses, and mitochondrial 
damage by promoting the AKT signaling pathway and regulating the expression of the miR-4429/JAK2 
signaling axis.
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Introduction

As a common microvascular complication of diabetes, 
diabetic retinopathy (DR) is the main cause of vision loss 
in diabetic patients (1). A study has shown that in 2017, 
the total number of patients diagnosed with DR was about 
93 million, among which about 28 million had visual 
impairment due to retinopathy (2). DR is a special diabetic 
microvascular complication. Through epidemiological 
studies in many places in China, it has been found that 
people with DR will be accompanied by low vision and even 
blindness. At present, it has become one of the main causes 
of blindness. Therefore, how to effectively treat DR to 
reduce the risk of blindness is particularly important.

Current scientific research is trying to find targets 
for DR through mechanistic studies so as to treat DR 
efficiently via these targets. As an important part of retinal 
tissue, retinal pigment epithelial (RPE) cells are closely 
related to the occurrence and development of DR (3). 
An anatomical study has shown that the retinal pigment 
epithelium is mainly located in the lower layer of the retina 
and consists of a single layer of cells (4). Its main functions 
are supporting photoreceptor cells, regulating blood 
transport and humoral conversion, and visual pigment 
synthesis and regeneration. Therefore, the retinal pigment 
epithelium plays an important role in the maintenance of 
the retinal microenvironment (5). In diabetic patients, due 
to microvascular disease, the blood supply of retinal tissue is 
insufficient, which ultimately leads to RPE cell damage (6). 
Studies have shown that the main mechanism of RPE cell 
damage is intracellular mitochondrial dysfunction (7). The 
RPE cells located in the outermost layer of the retina are 
susceptible to oxidative damage due to long-term exposure 
to light stimulation and hyperoxia, which produces chronic 
oxidative stress. Hyperglycemia further promotes the 
process of oxidative stress, thereby causing mitochondrial 
function damage, which ultimately leads to the impairment 
of cell function and activity (8). Therefore, how to 
effectively protect the internal mitochondrial function of 
RPE cells may be an effective means to treat DR lesions.

Genipin (GE) has been shown to be an effective 
treatment for retinal pigment epithelium injury through 
the development of diabetes drugs (9). Derived from the 
extraction and purification of gardenia jasminoides, GE has 
effective anti-inflammatory, antioxidant, and anti-diabetes 
properties (10). A previous study has shown that GE can 
effectively control blood glucose fluctuations in patients 
with type 2 diabetes (11). At the same time, a study has 

also shown that GE can effectively protect against RPE 
cell damage (12). However, there is no consensus on the 
molecular regulatory mechanism of GE in the protection 
of RPE cell function. By reviewing the literatures, a study 
has shown that the expression of Nrf2 signal axis, ERK 
signal axis and PI3K/AKT signal axis are all regulated by 
GE (13). As a ubiquitous intracellular regulatory pathway, 
AKT signaling pathway has been shown to be significantly 
overexpressed in retinal epithelial cells induced by high 
glucose. GE can significantly inhibit AKT signal pathway in 
retinal epithelial cells induced by high glucose (13).

In order to preliminarily predict the molecular 
mechanism of GE in the protection of RPE cells, 
bioinformatics analysis was conducted to identify the 
downstream proteins of differentially expressed genes 
located in the AKT pathway during GE treatment of RPE 
cells. The results showed that only RPRL and JAK2 were 
downstream differential expression factors of AKT. RPRL, 
or prolactin, is closely related to breast diseases (14). JAK2 is 
closely related to inflammatory responses and mitochondrial 
damage in the body (15). A previous study showed that 
JAK2 was activated in RPE cells under hyperglycemia 
and the inflammatory response was aggravated (16). This 
finding suggests that the therapeutic effect of GE may be 
exerted by regulating the expression of JAK2 through the 
AKT signaling pathway. But how does the AKT protein 
regulate JAK expression? This study suggests that the 
expression of JAK2 may be further regulated by regulating 
the expression of microRNAs (miRNAs). In this study, the 
target miRNA of JAK2 was predicted by the TargetScan, 
miRDB, and DIANA databases and the intersection was 
taken. The results showed that miR-4429 has a targeted 
binding effect to JAK2, and a previous study has shown that 
miR-4429 is a downstream regulatory molecule of AKT (17).

On this basis, the present study investigated whether 
GE could protect the retinal pigment epithelium from 
mitochondrial damage under hyperglycemic conditions 
through the AKT pathway mediated by the miR-4429/
JAK2 signaling axis. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at https://atm.amegroups.com/article/view/10.21037/atm-
22-2219/rc).

Methods

Bioinformatics analysis

The Gene Expression Omnibus (GEO) database (https://

https://atm.amegroups.com/article/view/10.21037/atm-22-2219/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-2219/rc
https://www.ncbi.nlm.nih.gov/geo/
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www.ncbi.nlm.nih.gov/geo/) was searched using the 
keywords (“RPE”) AND (“GE”) to obtain the dataset of 
diabetes patients and healthy subjects for comparative 
analysis by gene chip technology. Differential gene analysis 
was performed using the GEO online analysis tool GEO2R. 
P value <0.01 and |log fold change (FC)| >1 were used 
to screen differentially expressed genes. Downstream 
proteins of the AKT pathway were obtained with the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) website. 
TargetScan (https://www.targetscan.org/vert_71/), miRDB 
(http://www.mirdb.org/cgi-bin/search.cgi), and DIANA 
(http://diana.imis.athena-innovation.gr/DianaTools/index.
php) databases were further used to determine JAK2-
targeted miRNAs. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013).

Reagents, antibodies, and kit sources

Dulbecco’s modified Eagle medium (DMEM; Hyclone, 
Logan, UT, USA; SH30021.01B), fetal bovine serum 
(FBS; Hyclone; SH30396.03), phosphate-buffered saline 
(PBS) solution containing penicillin-streptomycin (STZ) 
(Hyclone; SH30256.01), Cell Counting Kit-8 (CCK-8) kit 
(Beijing, China; CA1210), enzyme-linked immunosorbent 
assay (ELISA) matrix metalloproteinases-2 (MMP-2) 
kit (Abnova, Taipei; E-KA0393), ELISA tumor necrosis 
factor-β (TNF-β) kit (Shenzhen, China; ZK-H063), Reverse 
Transcription System (Takara, Beijing, China; RR047A), 
and quantitative polymerase chain reaction (qPCR) kit 
(Takara; RR430B) were purchased for this study.

Cell culture, treatment, and grouping

The human RPE cell line ARPE-19 was selected for this 
study (Stem Cell Bank of Chinese Academy of Science, 
GNHu45). After obtaining the cells, the cells were 
inoculated in DMEM medium containing 10% FBS for 
culture. The cells were cultured in a 5% CO2 incubator 
at 37 ℃. The cells were replaced with medium every day 
and the cell morphology was observed under an inverted 
microscope. Cell passaging was carried out when the cell 
density grew to about 90%.

CCK-8 assay

APRE-19 cells were treated according to different grouping 
treatment conditions and inoculated into 96-well plates, 
then incubated in a constant temperature incubator. The 

CCK-8 kit was used to detect cell proliferation at 72 hours 
after inoculation. The 96-well plates were taken out of the 
constant temperature incubator, the medium was discarded 
from each well, 100 μL CCK-8 solution was added to each 
well, and plates were placed in the incubator for 2 hours. 
Finally, the absorbance of each well was measured at 450 nm.

Establishment of lentivirus knockdown/overexpression cell 
lines

MiR-4429-mimics and si-mimics lentiviruses were obtained 
from GeneChem (https://www.genechem.com.cn/index/
index/index.html). The virus was constructed, sequenced, 
produced, titered, and transported to the laboratory in 
cold chain packaging. The ARPE-19 cell line was used as 
the research object. When the cell growth density reached 
90%, the cells were digested by trypsin and suspended 
again. The obtained cells were inoculated in a 6-well plate 
at a density of 1×105/well and incubated in a 37 ℃ incubator 
for 24 hours until they adhered to the wall. The purchased 
lentivirus was diluted with DMEM solution containing 10% 
FBS at a ratio of 1:10. After the medium in the 6-well plate 
was discarded, 1 ml diluent containing lentivirus was added 
to each well. After 24 hours of culture in a 37 ℃ incubator, 
the culture medium containing lentivirus was discarded, 
then 2 mL DMEM medium containing 10% FBS was 
added, and the culture was continued in the incubator.

Dual luciferase reporter assay

Starbase 2.0 was used to predict the binding site of miR-
4429 to JAK2 and select the appropriate mutation site. 
Construction of the dual luciferase reporter gene of JAK2 
contained the miR-4429 prediction site. MiR-4429-wild 
type (WT) + mimic control, miR-4429-WT + JAK2 mimic, 
miR-4429-WT + inhibitor control, miR-4429-WT +  
JAK2 inhibitor, miR-4429-mutant (MUT) + mimic 
control, miR-4429-MUT + JAK2 mimic, miR-4429-MUT  
+ inhibitor control, and miR-4429-MUT + JAK2 inhibitor 
were used to transfect ARPE-19 cells after high glucose 
induction. At 48 hours after successful transfection, 
luciferase activity was measured using a dual luciferase 
reporter assay system (Promega, Madison, WI, USA).

Reverse transcription-PCR (RT-PCR) assay

ARPE-19 cells in different groups were treated according to 
different treatment conditions, and the cells were digested 

https://www.ncbi.nlm.nih.gov/geo/
https://www.targetscan.org/vert_71/
http://www.mirdb.org/cgi-bin/search.cgi
http://diana.imis.athena-innovation.gr/DianaTools/index.php
http://diana.imis.athena-innovation.gr/DianaTools/index.php


Xu et al. GE protects high glucose-induced RPE damagePage 4 of 18

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(10):587 | https://dx.doi.org/10.21037/atm-22-2219

by trypsin, centrifuged, and collected 72 hours after 
treatment (15). Total RNA was extracted by the TRIzol 
method. The concentration and purity of RNA in 2 μL 
solution were determined by a microspectrophotometer. 
The reverse transcription reaction system was established 
using the Takara reverse transcription kit to reverse 
transcribe RNA into complementary DNA (cDNA). Using 
the qPCR kit to establish the cDNA reaction system, the 
conditions were as follows: 95 ℃ 10 min, 95 ℃ 30 sec, 60 ℃ 
30 sec, 40 cycles. The dissolution curve was analyzed, and 
the expression levels of CYT C1, AKT, miR-4429, and JAK2 
in each sample were statistically analyzed by the 2−∆∆CT 
method. Primers of each gene are shown in Table 1.

Western blot (WB)

ARPE-19 cells were treated according to different grouping 
conditions, and the cells were trypsin digested, centrifuged, 
and collected 120 hours after treatment. Cell contents were 
obtained by lysing cells, and total proteins in cells were 
collected by centrifugation. The protein concentration 
was detected by the BCA method. After the protein 
concentration was quantified, SDS-PAGE electrophoresis 
was performed for each group of tissue/cells. After 

electrophoresis, the proteins separated by electrophoresis 
were transferred to PVDF membranes using a transfer 
device. The PVDF membrane was then removed and 
sealed with 5% skim milk for 1 hour, then rinsed with PBS. 
Subsequently, primary anti-AKT (1:500), CYT C1 (1:500), 
and JAK2 (1:500) were added and incubated overnight. The 
secondary antibody (sheep anti-rabbit antibody, 1:1,000) 
was added and incubated for 1 hour. Finally, the PVDF 
membrane signals were detected by the chemiluminescence 
imaging system.

Seahorse cellular energy metabolism analysis

First, each group of cells was inoculated into a Seahorse Xfe 
microplate, and the Seahorse Xfe24 cell energy metabolism 
analyzer was turned on for preheating the day before the 
experiment. At the same time, 1 mL calibration solution was 
added to the hydration plate in the analyzer and placed in a 
constant temperature cell incubator overnight. On the day 
of the experiment, 1.2 mL 1.0 M glucose solution, 1.2 mL 
100 mM pyruvate solution, and 1.2 mL glutamine solution 
were added into 120 mL DMEM medium. According to the 
instructions, 630, 720, and 540 μL detection solutions were 
added to oligase, FCCP, and rotenone/antimycin reagent 
tubes, respectively. Cells in each group were removed from 
the incubator, and 500 μL detection solution was added 
to each well to clean cells. The optimal concentration of 
FCCP was obtained by FCCP titration. Then, the hydration 
plate and the probe plate that had been dosed were placed 
in the instrument and the grouping and procedure for the 
experiment were set up. After data acquisition, the obtained 
results were input into Wave software for data processing, 
and the results were analyzed in combination with Seahorse 
experimental data.

Animal feeding and grouping

A total of 45 6-week-old C57BL/6 mice (18±20 g, 
purchased from Nanjing Junjunke Biological Engineering 
Co., Ltd., Nanjing, China) were used as the research 
objects. The mice were raised in a specific pathogen free 
(SPF) environment. Animal experiments were performed 
under a project license (No. QMU-AECC-2021-244) 
granted by Animal Ethical Committee of Qiqihar Medical 
University, in compliance with national guidelines for 
the care and use of animals. The operation and treatment 
procedures were in accordance with the relevant regulations 
of the Experimental Animal Ethics Committee of Qiqihar 

Table 1 The primer sequences used in the RT-PCR assay

Gene name Primer sequence

CYT C1

Forward 5'-GGTGGAAAAGGCGGGAAAC-3'

Reverse 5'-CCGTGTAAGAAAATCCTGGTGC-3'

AKT

Forward 5'-CAGGTGCGGACAT TCTAC-3'

Reverse 5'-TTGCGTTCTTAGGCTTCTC-3'

MiR-4429

Forward 5'-CCTGAAAAGCTGGGCTGAGAG-3'

Reverse 5'-GCATAGACCTGAATGGCGGTA-3'

JAK2

Forward 5'-TCTGTGGGAGATCTGCAGTG-3'

Reverse 5'-TTTCAGAGCTGTCATCCGTG-3'

β-actin

Forward 5'-GCCCTGAGGCTCTCTTCCA-3'

Reverse 5'-GCGGATGTCGACGTCACA-3'

RT-PCR, reverse transcription-polymerase chain reaction.
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Medical University. A protocol was prepared before the 
study without registration. Before the experiment, mice 
were fed with a standard mice diet for 1 week. The breeding 
environment included room temperature 2–25 ℃, relative 
humidity 55%±5%, and light/darkness cycle for 12 hours. 
The mice were randomly divided into three groups: control 
group, diabetic model group, and diabetic + GE group, with 
15 mice in each group.

Preparation of the diabetic mouse model: after 1 week 
of adaptive feeding, the mice were fed with a high-fat diet 
for 4 weeks. At the end of the fifth week, STZ (60 mg/kg) 
was injected intraperitoneally for 3 days to induce type 2 
diabetes. At 72 hours after induction, blood samples were 
collected from the tail vein, and fasting blood glucose of the 
mice was measured. Fasting blood glucose was more than 
11.1 mmol/L, indicating that the modeling was successful.

GE treatment: after successful establishment of the 
diabetic mouse model, mice in the diabetic model + GE 
group were given GE (25 mg/kg) intragastric therapy once 
a day for 1 week.

Electroretinogram (ERG)

ERG detection is mainly divided into EGR detection under 
dark adaptation and ERG detection under light stimulation. 
The dark adaptation test was performed by injecting  
50 mg/kg pentobarbital sodium intraperitoneally and 
dilating pupils with compound tropicamide drops after 
overnight exposure to a dark environment. After anesthesia, 
the mice were fixed in the prone position on the test table, 
and the annular electrodes were placed in front of both 
eyes and contacted with the cornea. Connect the electrode 
correctly and light response stimulation were performed. In 
the process of light stimulus detection, white light flashing 
stimuli were provided for 6 times. The intensity was  
0.65 log CD·s/m, each intensity was attenuated 1 log by the 
neutral filter, the single light duration was 10 μs, and the 
stimulation interval was 12 s. Double channel synchronous 
sampling recording was performed, with frequency  
1–1,000 Hz and amplif ication 10,000 t imes.  The 
measurement was repeated for each light intensity at least  
3 times.

Statistical analysis

SPSS 23.0 statistical software was used for analysis. The 
obtained data were expressed in the form of mean ± 
standard deviation (SD). Analysis of variance was used for 

comparisons between multiple groups. The independent 
sample t-test between two groups was performed for 
indicators with statistically significant results of analysis of 
variance. P<0.05 was considered statistically significant.

Results

GE protects the mitochondrial function of RPE cells under 
hyperglycemia

The CCK-8 assay showed that the activity of RPE cells 
was significantly decreased under hyperglycemia (P<0.05), 
but increased after adding GE (P<0.05; Figure 1A). RT-
PCR results showed that the expression of CYT C1 in 
RPE cells under hyperglycemia was significantly increased 
(P<0.05), and the expression of CYT C1 in RPE cells was 
significantly decreased after adding GE (P<0.05; Figure 1B).  
The comparison of energy metabolism analysis results 
showed that the basal respiration rate, maximum respiration 
capacity, and adenosine triphosphate (ATP) synthesis 
capacity were significantly decreased under hyperglycemia 
(P<0.05), and all significantly increased after adding 
GE (P<0.05). Energy metabolism analysis showed that 
mitochondrial permeability increased in RPE cells under 
hyperglycemia (P<0.05), and decreased significantly after 
adding GE (P<0.05; Figure 1C-1G).

WB results showed that the expression of CYT C1 was 
significantly increased under hyperglycemia (P<0.05), 
and decreased significantly after adding GE (P<0.05; 
Figure 2A,2B). The expression of AKT in RPE cells was 
significantly increased after adding GE (Figure 2C).

GE regulates mitochondrial damage in hyperglycemia 
through the AKT signaling pathway

This study further clarified the specific mechanism of GE in 
protecting RPE cells against mitochondrial damage under 
hyperglycemia by adding an AKT pathway inhibitor in the 
environment of GE. CCK-8 assay results showed that RPE 
cell activity decreased under hyperglycemia, and increased 
after adding GE. After adding GE and AKT inhibitors, the 
cell activity decreased significantly (P<0.05; Figure 3A). 
RT-PCR results showed that the expression of CYT C1 
increased in RPE cells under hyperglycemia, decreased 
significantly after adding GE, and increased significantly 
after adding GE and AKT inhibitor (P<0.05; Figure 3B). 
The results of energy metabolism analysis showed that 
the basal respiration rate, maximum respiration capacity, 
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8 assay was used to detect the changes in RPE cell activity after adding GE, AKT inhibitor, and GE combined with AKT inhibitor under 
hyperglycemia; (B) RT-PCR was used to detect the changes of CYT C1 expression in RPE cells after adding GE, AKT inhibitor, and GE 
combined with AKT inhibitor under hyperglycemia; (C) the results of Seahorse cell energy metabolism analysis; (D-G) energy metabolism 
analysis results showed the changes in the basal respiration rate and maximum respiration after adding GE, AKT inhibitor, and GE 
combined with AKT inhibitor under hyperglycemia capacity, ATP synthesis capacity (***P<0.01, **P<0.05). OD, optical density; GE, 
genipin; CCK-8, Cell Counting Kit-8; OCR, O2 consumption rate; ATP, adenosine triphosphate; RPE, retinal pigment epithelial; RT-PCR, 
reverse transcription-polymerase chain reaction.

and ATP synthesis ability decreased significantly under 
hyperglycemia (P<0.05), though increased significantly after 
adding GE, and decreased significantly after adding GE 
and AKT inhibitors (P<0.05). Mitochondrial permeability 
increased in RPE cells under hyperglycemia (P<0.05), 
decreased significantly after adding GE (P<0.05), and 
increased significantly after adding GE and AKT inhibitor 
(P<0.05; Figure 3C-3G).

WB results showed that the expression of CYT C1 was 
increased in RPE cells under hyperglycemia, and decreased 
significantly after adding GE, while the expression of CYT 
C1 was significantly increased after adding GE and AKT 
inhibitor (P<0.05; Figure 4A,4B). The expression of AKT in 
RPE cells increased significantly after adding GE (P<0.05), 
and decreased significantly after adding GE and AKT 
inhibitor (P<0.05; Figure 4C).

GE regulates the mitochondrial damage of RPE cells under 
hyperglycemia by mediating JAK2 through the AKT 
pathway

To further clarify the downstream molecules regulated 
by GE through AKT, we obtained the GSE35934 dataset 
from the GEO database through bioinformatics analysis. It 
was mainly used to analyze the mRNA expression changes 
during GE treatment, and GEO2R was used to obtain 
differentially expressed genes (Figure 5A,5B). Finally,  
76 significantly differentially expressed genes were obtained 
by setting the threshold. Meanwhile, 326 genes related to 
the KEGG-AKT pathway were obtained through KEGG 
analysis. By taking the intersection of Venn diagrams, we 
obtained 2 differentially expressed downstream proteins of 
AKT, namely RPRL and JAK2 (Figure 5C,5D). RPRL is 
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mainly related to breast diseases, while JAK2 is related to cell 
activities such as apoptosis. Therefore, in this study, JAK2 
was considered to be a downstream molecule of AKT after 
GE treatment of high glucose-induced RPE cell damage.

CCK-8 assay results showed that the cell activity was 
significantly decreased after adding GE and AKT inhibitor 
(P<0.05). There was no significant decrease in cell activity 
after adding GE and JAK2 inhibitor. The cell activity was 
still higher after adding GE combined with AKT inhibitor 
and JAK2 inhibitor (P<0.05; Figure 6A). RT-PCR results 
showed that the expression of CYT C1 was significantly 
decreased after adding GE, though increased after adding 
GE and AKT inhibitors (P<0.05), and the expression of 
CYT C1 was significantly decreased compared with that 
under hyperglycemia after adding GE and JAK2 inhibitor 
(P<0.05). The expression of CYT C1 was significantly 
decreased compared with that under hyperglycemia after 
adding GE combined with AKT inhibitor and JAK2 
inhibitor (P<0.05; Figure 6B). The results of energy 
metabolism analysis showed that the basal respiration rate, 
maximum respiration capacity, and ATP synthesis capacity 
of RPE cells were significantly increased after adding GE, 
and decreased significantly after adding GE and AKT 
inhibitor (P<0.05). The basal respiration rate, maximum 
respiration capacity, and ATP synthesis capacity of RPE 
cells were significantly decreased compared with that 

under hyperglycemia after adding GE and JAK2 inhibitor 
(P<0.05), and the same result was also obtained after adding 
GE combined with AKT inhibitor and JAK2 inhibitor 
(P<0.05). Mitochondrial permeability was significantly 
decreased after adding GE (P<0.05), while mitochondrial 
permeability was significantly increased after adding GE 
and AKT inhibitor (P<0.05). Mitochondrial permeability 
was significantly decreased after adding GE and JAK2 
inhibitor (P<0.05), and mitochondrial permeability was also 
significantly decreased (P<0.05) after adding GE combined 
with AKT inhibitor and JAK2 inhibitor (Figure 6C-6G).

WB results showed that the expression of CYT C1 was 
significantly decreased after adding GE compared with 
that under hyperglycemia. The expression of CYT C1 was 
significantly increased after adding GE and AKT inhibitor, 
decreased after adding GE and JAK2 inhibitor, and decreased 
after adding GE combined with AKT inhibitor and JAK2 
inhibitor (P<0.05; Figure 7A,7B). The expression of AKT 
in RPE cells was significantly increased after adding GE 
(P<0.05), and decreased after adding GE and AKT inhibitor 
(P<0.05). The expression of AKT was not significantly 
different from the GE group after adding JAK2 inhibitor, 
but the expression of AKT decreased significantly after 
adding GE combined with AKT inhibitor and JAK2 inhibitor 
(P<0.05; Figure 7C). The expression of JAK2 was significantly 
decreased compared with that under hyperglycemia after 
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adding GE, and increased significantly after adding GE and 
AKT inhibitor. The expression of JAK2 was significantly 
decreased after adding GE and JAK2 inhibitor, and also 
decreased (P<0.05) after adding GE combined with AKT 
inhibitor and JAK2 inhibitor (Figure 7D).

GE protects against the mitochondrial damage of RPE 
cells under hyperglycemia by mediating miR-4429/JAK2 
through the AKT pathway

In order to further clarify the specific mechanism of GE-
mediated AKT in the protection of RPE mitochondrial 
function under hyperglycemia by inhibiting JAK2, this study 
predicted JAK2-targeted miRNAs using TargetScan 7.2, 
MIRDB, and Starbase 3.0 and obtained the intersection. 
Finally, 25 miRNAs were obtained (Figure 8A). Based on the 
literature review, miR-4429 was shown to be a downstream 

miRNA molecule of AKT. The potential binding site of 
miR-4429 and JAK2 was predicted by online databases 
(Figure 8B). Therefore, this study suggested that GE 
protects against the mitochondrial damage of RPE cells 
under hyperglycemia by mediating miR-4429/JAK2 through 
the AKT pathway.

In this study, the corresponding hypothesis was verified 
by constructing miR-4429-mimics and si-miR-4429 
lentiviral vectors and combining inhibited or activated with 
AKT and JAK2 signaling. CCK-8 assay results showed 
that compared with adding GE under hyperglycemia, the 
cell activity was significantly inhibited after adding AKT 
inhibitor, increased after adding miR-4429-mimics, and 
inhibited after adding si-miR-4429 (P<0.05; Figure 9A). RT-
PCR showed that the expression of CYT C1 was significantly 
increased after adding AKT inhibitor, decreased after adding 
miR-4429-mimics, and increased after adding si-miR-4429 
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Figure 6 GE protects mitochondrial function in RPE cells under hyperglycemia via AKT/JAK2. (A) The CCK-8 assay was used to detect 
the changes in RPE cell activity after adding GE, AKT inhibitor, JAK2 inhibitor, and GE combined with AKT inhibitor and JAK2 inhibitor 
under hyperglycemia; (B) RT-PCR was used to detect the expression changes of CYT C1 in RPE cells after adding GE, AKT inhibitor, JAK2 
inhibitor, and GE combined with AKT inhibitor and JAK2 inhibitor under hyperglycemia; (C) the results of Seahorse cell energy metabolism 
analysis; (D-G) energy metabolism analysis results showed the changes in the basal respiratory rate, maximal respiratory capacity, and 
ATP synthesis capacity after adding GE, AKT inhibitor, and GE combined with AKT inhibitor under hyperglycemia (***P<0.01, **P<0.05, 
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Figure 9 GE protects mitochondrial function in RPE cells under hyperglycemia through AKT/miR-4429/JAK2. (A) The CCK-8 assay 
was used to detect the changes in RPE cell activity after adding GE, GE combined with AKT inhibitor, and GE combined with miR-4429-
mimics, si-miR-4429, and JAK2 inhibitor under hyperglycemia; (B) RT-PCR was used to detect the expression changes of CYT C1 in RPE 
cells after adding GE, GE combined with AKT inhibitor, and GE combined with miR-4429-mimics, si-miR-4429, and JAK2 inhibitor under 
hyperglycemia; (C) RT-PCR was used to detect the expression changes of miR-4429 in RPE cells after adding GE, GE combined AKT 
inhibitor, and GE combined with miR-4429-mimics, si-miR-4429, and JAK2 inhibitor under hyperglycemia; (D) the results of Seahorse cell 
energy metabolism analysis; (E-H) energy metabolism analysis results showed the changes in the basal respiratory rate, maximal respiratory 
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Figure 10 GE regulates the expression of CYT C1, AKT and JAK2 changes in RPE cells under hyperglycemia through AKT/miR-4429/
JAK2. (A) WB was used to detect the expression of CYT C1, AKT and JAK2 in each group; (B-D) WB was used to detect the expression 
changes of CYT C1 and AKT after adding GE, GE combined with AKT inhibitor, and GE combined with miR-4429-mimics, si-miR-4429, 
and JAK2 inhibitor in each group (**P<0.05); (E,F) dual luciferase gene reporter assay confirmed that miR-4429 targeted JAK2 binding. GE, 
genipin; mir, miR-4429; RPE, retinal pigment epithelial; WB, western blot.

(P<0.05; Figure 9B). RT-PCR showed that the expression 
of miR-4429 was significantly increased after adding 
GE, and inhibited after adding AKT inhibitor (P<0.05;  
Figure 9C). The results of energy metabolism analysis 
showed that the basal respiration rate, maximum respiration 
capacity, and ATP synthesis capacity were significantly 
decreased after adding AKT inhibitor (P<0.05), increased 
after adding miR-4429-mimics, and decreased after adding 
si-miR-4429 (P<0.05). Mitochondrial permeability was 
significantly increased after adding AKT inhibitor, decreased 
after adding miR-4429-mimics, and increased after adding 
si-miR-4429 (P<0.05; Figure 9D-9H).

WB was used to detect the expression of CYT C1, 
AKT, and JAK2 (Figure 10A). The expression of CYT C1 
was significantly increased after adding AKT inhibitor, 
decreased after adding miR-4429-mimics, and increased 
after adding si-miR-4429 (P<0.05; Figure 10B). The 
expression of AKT was significantly decreased after adding 

AKT inhibitor (P<0.05). After adding miR-4429-mimics,  
si-miR-4429, and JAK2 inhibitor, the expression of AKT 
was significantly increased compared with adding AKT 
inhibitor (P<0.05). Meanwhile, there was no statistical 
difference in the GE group under hyperglycemia (P>0.05; 
Figure 10C). The expression of JAK2 was significantly 
increased after adding AKT inhibitor, decreased after adding 
miR-4429-mimics, and increased after adding si-miR-4429 
(P<0.05; Figure 10D). The potential binding site of  
miR-4429 and JAK2 was predicted by online databases, 
and the dual luciferase gene reporter assay confirmed that  
miR-4429 targeted JAK2 binding (Figure 10E,10F).

Animal experiments verified the specific molecular 
mechanism of GE in the protection of RPE cells in diabetic 
mice

The results of ERG showed the intensity and amplitude 
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Figure 11 The effect of GE on RPE cells in diabetic mice. (A,B) ERG was used to detect the changes of a-wave and b-wave light intensity-
amplitude in control diabetic mice and diabetic mice after GE treatment; (C-E) RT-PCR was used to detect the expression changes of AKT, 
miR-4429, and JAK2 in RPE cells of control diabetic mice and diabetic mice after GE treatment (***P<0.01). ERG, electroretinogram; GE, 
genipin; RPE, retinal pigment epithelial; RT-PCR, reverse transcription-polymerase chain reaction.
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of ERG wave A and wave B in each group. The results 
showed that the amplitudes of A and B waves in diabetic 
mice decreased significantly (P<0.05), while the amplitudes 
of A and B waves in diabetic mice increased significantly 
after adding GE (P<0.05; Figure 11A,11B). RT-PCR results 
showed that after adding GE, the expression of AKT and 
miR-4429 in RPE cells was significantly increased (P<0.05), 
while the expression of JAK2 was significantly decreased 
(P<0.05; Figure 11C-11E).

Discussion

In this study, bioinformatics analysis predicted that GE may 
protect RPE cells from damage by high glucose through 
AKT/miR-4429/JAK2. CCK-8 experiments showed that 
GE could regulate the miR-4429/JAK2 signaling axis 
through the AKT pathway to protect RPE cell activity 
under hyperglycemia. Cell energy metabolism detection 
demonstrated that GE could regulate the miR-4429/
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JAK2 signaling axis through the AKT pathway to protect 
mitochondrial function in RPE cells under hyperglycemia. 
Animal experiments were conducted to verify the molecular 
mechanism of the effect of GE on DR lesions in diabetic 
mice. Its specific regulatory molecular mechanism in RPE 
cells is shown in Figure 12.

The retinal pigment epithelium, as the monolayer of the 
most important nerve cells (photoreceptors) in the adjacent 
retinal tissue, plays an important role in the development 
of DR’s characteristic vascular lesions (3). A study has 
shown that the retinal pigment epithelium is involved in 
early retinal microangiopathy (5). Oxidative stress and 
inflammatory responses are the main pathological changes 
of diabetic microangiopathy. As the organ and tissue with 
the highest oxygen consumption rate in the body, the 
retina is also more vulnerable to oxidative stress attack and 
thus cell damage (18). Studies have shown that oxidative 
stress promotes RPE cell damage mainly through affecting 
mitochondrial function (19). For example, mitochondrial 
energy metabolism changes, and the mitochondrial 
permeability transition pore opens, which releases CYT C1 
and causes apoptosis (20). As an effective antioxidant, GE 
has a certain protective effect on mitochondrial function. In 
this study, RPE cells were cultured under hyperglycemia, 
and the results showed that the cell activity was significantly 
decreased, the expression of CYT C1 was significantly 
increased, mitochondrial function was significantly 
impaired, and mitochondrial permeability was increased. 
After the addition of GE, the activity of RPE cells increased, 
the expression of CYT C1 and inflammatory response-

related proteins decreased significantly, mitochondrial 
function recovered, and mitochondrial permeability 
decreased. These results suggest that GE can effectively 
protect mitochondrial function, protect cell activity, and 
inhibit the inflammatory responses of RPE cells under 
hyperglycemia.

In this study, we cultured RPE cells with high glucose 
and added GE and AKT signaling pathway inhibitors. The 
results showed that the activity of RPE cells was significantly 
inhibited after the inhibition of the AKT signaling pathway, 
and the expression of CYT C1 and inflammatory response-
related proteins was significantly increased. Meanwhile, 
mitochondrial energy metabolism was decreased, and 
mitochondrial permeability was significantly increased. 
These results showed that after the AKT signaling pathway 
was inhibited, the protective effect of GE on RPE cell 
activity, inflammatory responses, and mitochondrial 
function was significantly reduced in hyperglycemia. The 
AKT signaling pathway is closely related to the proliferation, 
differentiation, and apoptosis of cells in the body (21). 
A study has shown that the AKT signaling pathway is 
closely related to the progression of DR. Curcumin 
can protect against retinal damage in hyperglycemia 
through the AKT/mTOR signaling pathway (22). At 
the same time, a study has also shown that connective 
tissue growth factor can protect the functional activity 
of RPE cells through the AKT signaling pathway (23).  
Glycyrrhizin can protect RPE cells and retinal damage 
through the AKT signaling pathway (24). These results 
indicate that the AKT signaling pathway plays an important 
guiding role in the regulation of the functional activity of 
RPE cells. Meanwhile, changes in the expression of the 
AKT signaling pathway are closely related to changes in the 
mitochondrial function of RPE cells. A study has shown 
that pigment epithelial-derived factor (PEDF) can protect 
the mitochondrial function of RPE cells through the AKT 
signaling pathway (25). Lutein can protect cell activity 
through the AKT signaling pathway and effectively protect 
against mitochondrial energy metabolism changes (26). On 
this basis, this study suggests that GE mainly protects RPE 
cell activity, inhibits inflammatory responses, and protects 
mitochondrial function under hyperglycemia through the 
AKT signaling pathway.

As a classical signaling pathway, the AKT signaling 
pathway has numerous downstream proteins. The 
therapeutic effect of AKT on RPE cells needs to be clarified 
in terms of through which protein molecule it primarily 
achieves its therapeutic effect. With the development of 

GE Hi-Glu

RPE
AKT

Injury

Protect

miR-4429 ↑
JAK2  ↓

Figure 12 Research hypothesis. GE mediates the miR-4429/JAK2 
signaling axis through the AKT pathway to protect mitochondrial 
damage in RPE cells under hyperglycemia. GE, genipin; RPE, 
retinal pigment epithelial.
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information technology, we believe that bioinformatics 
analysis can preliminarily identify the downstream proteins 
mainly regulated by the AKT signaling pathway during 
GE treatment of RPE cells. In this study, the differentially 
expressed genes after GE treatment of RPE cells were 
screened through databases, and the downstream proteins 
of the AKT signaling pathway were obtained through the 
KEGG website. After the intersection of differentially 
expressed genes and the AKT signaling pathway, the 
results showed that RPRL and JAK2 were the downstream 
molecules of differentially expressed AKT. RPRL is closely 
related to the development of breast system diseases (13).  
JAK2 is closely related to the body’s inflammatory 
response and mitochondrial function damage (14). A 
study has suggested that interleukin-2 (IL-2) can regulate 
the expression of inflammatory cytokines in RPE cells 
through JAK2 and reduce the activity of RPE cells (27). 
Glycosylated serum protein can promote the secretion of 
inflammatory cytokines (IL-8) and the expression of MCP-1  
by RPE cells through JAK2, thus affecting the function 
and activity of RPE cells (28). At the same time, a study has 
shown that the expression level of JAK2 is closely related 
to mitochondrial function, and extracellular IL-6 can affect 
the physiological function of intracellular mitochondria 
by regulating the expression of JAK2 (29). High glucose 
stimulation can cause mitochondrial dysfunction by 
promoting the expression of JAK2 (30). On this basis, this 
study suggests that GE may regulate the expression of 
JAK2 through the AKT pathway to protect RPE cells from 
injury under hyperglycemic conditions. How does the AKT 
protein regulate JAK2 expression? This study suggests that 
AKT may exert a certain influence on JAK expression by 
regulating the expression changes of intracellular miRNAs.

MiRNAs, as a class of non-coding RNAs with about 
18–22 nucleotide sequences, are closely related to the 
functional expression of body cells (31). In order to identify 
the miRNAs with targeted regulation by JAK2, this study 
retrieved and intersected data from the TargetScan, miRDB, 
and DIANA databases, and finally obtained miR-4429 as a 
miRNA that may have a targeted relationship with JAK2 
mRNA. MiR-4429 has been thoroughly studied by previous 
researchers as a recognized tumor suppressor gene. A study 
has shown that miR-4429 exists as a tumor suppressor in the 
progression of various malignant tumors. In glioblastoma 
cells, inhibiting the expression of miR-4429 can accelerate 
the growth of cancer cells (32). MiR-4429 is downregulated 
in cervical cancer and can target the DNA double-strand 
break repair protein (RAD51) to sensitize cervical cancer 

cells to radiotherapy (33). MiR-4429 inhibits cervical cancer 
cell proliferation, migration, and invasion by targeting 
FOXM1. Long non-coding RNA (lncRNA) PSMA3-AS1 
promotes the migration and invasion of colorectal cancer 
cells by regulating miR-4429 (34). At the same time, the 
results also showed that miR-4429 was also closely related 
to intracellular energy metabolism. Overexpression of 
miR-4429 can reduce glucose consumption, lactic acid 
production, and the protein levels of PKM2 and HK2 in 
breast cancer cells, as well as increase the inhibition rate 
of cell proliferation and decrease the number of clones, 
suggesting that overexpression of miR-4429 can inhibit 
the glycolysis, lysis, proliferation, and clone formation of 
breast cancer cells (35,36). However, whether miR-4429  
has regulatory effects on cell activity, function, and 
mitochondrial energy metabolism in high glucose-induced 
RPE cell damage has not been reported before. The results 
of this study showed that when miR-4429 was overexpressed 
during GE treatment, the activity of RPE cells was 
significantly increased, while the expression of inflammatory 
factors was significantly decreased, and the detection 
results of WB and mitochondrial energy metabolism 
showed that the mitochondrial energy metabolism function 
was significantly improved. Meanwhile, the expression 
of JAK2 was also significantly increased. However, after 
JAK2 inhibition during GE treatment, the activity of 
RPE cells was significantly increased, while the expression 
of inflammatory factors was significantly decreased, and 
the results of WB and mitochondrial energy metabolism 
showed that the mitochondrial energy metabolism function 
was significantly improved. Additionally, the expression of 
miR-4429 had no significant effect. On this basis, the dual 
luciferase reporter assay was used to further prove that  
miR-4429 has a targeted binding effect with JAK2. 
Therefore, this study suggested that GE could protect 
RPE cells from injury in hyperglycemia through the  
miR-4429/JAK2 signaling axis. In order to further clarify 
the regulatory relationship between the AKT signaling 
pathway and the miR-4429/JAK2 signaling axis, this study 
further compared and analyzed the changes in the function 
and metabolism of cells after adding AKT inhibitor and 
overexpression/knockdown of miR-4429. The results 
showed that the expression of miR-4429 was significantly 
reduced after adding AKT inhibitor, while there was 
no significant difference in the expression of AKT after 
overexpression/knockdown of miR-4429, suggesting that 
miR-4429 is a downstream molecule of AKT. In order to 
further verify the therapeutic mechanism of GE for DR, 
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this study established a diabetic mouse model to further 
clarify the therapeutic effect of GE on DR and changes in 
molecular expression during treatment.

Conclusions

In this study, bioinformatics analysis was used to predict the 
molecular mechanism of GE in the treatment of RPE cell 
damage caused by high glucose. Through the addition of 
AKT inhibitors, knockdown/overexpression by lentivirus 
infection, and other methods, we demonstrated that GE 
can regulate the expression changes of the miR-4429/JAK2 
signaling axis through the AKT signaling pathway, thus 
realizing the protective effect on the function, activity, and 
mitochondrial damage of RPE cells under hyperglycemia.
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