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Abstract

BACKGROUND

Glycation is an important step in aging and oxidative stress, which can lead to
endothelial dysfunction and cause severe damage to the eyes or kidneys of
diabetics. Inhibition of the formation of advanced glycation end products (AGEs)
and their cell toxicity can be a useful therapeutic strategy in the prevention of
diabetic retinopathy (DR). Gardenia jasminoides Ellis (GJE) fruit is a selective
inhibitor of AGEs. Genipin is an active compound of GJE fruit, which can be
employed to treat diabetes.

AIM

To confirm the effect of genipin, a vital component of GJE fruit, in preventing
human retinal microvascular endothelial cells (hRRMECs) from AGEs damage in
DR, to investigate the effect of genipin in the down-regulation of AGEs
expression, and to explore the role of the CHGA/UCP2/glucose transporter 1
(GLUT1) signal pathway in this process.

METHODS

In vitro, cell viability was tested to determine the effects of different doses of
glucose and genipin in hRMECs. Cell Counting Kit-8 (CCK-8), colony formation
assay, flow cytometry, immunofluorescence, wound healing assay, transwell
assay, and tube-forming assay were used to detect the effect of genipin on
hRMECs cultured in high glucose conditions. In vivo, streptozotocin (STZ)
induced mice were used, and genipin was administered by intraocular injection
(IOI). To explore the effect and mechanism of genipin in diabetic-induced retinal
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dysfunction, reactive oxygen species (ROS), mitochondrial membrane potential (MMP), and 2-[N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl) amino]-2-deoxy-d-glucose (2-NBDG) assays were performed to explore energy metabolism and
oxidative stress damage in high glucose-induced hRMECs and STZ mouse retinas. Immunofluorescence and
Western blot were used to investigate the expression of inflammatory cytokines [vascular endothelial growth factor
(VEGF), SCG3, tumor necrosis factor-alpha (TNF-a), interleukin (IL)-1p, IL-18, and nucleotide-binding domain,
leucine-rich-containing family, pyrin domain-containing 3 (NLRP3)]. The protein expression of the receptor of
AGEs (RAGE) and the mitochondria-related signal molecules CHGA, GLUT1, and UCP2 in high glucose-induced
hRMECs and STZ mouse retinas were measured and compared with the genipin-treated group.

RESULTS

The results of CCK-8 and colony formation assay showed that genipin promoted cell viability in high glucose (30
mmol/L D-Glucose)-induced hRMECs, especially at a 0.4 pmol/L dose for 7 d. Flow cytometry results showed that
high glucose can increase apoptosis rate by 30%, and genipin alleviated cell apoptosis in AGEs-induced hRMECs.
A high glucose environment promoted ATP, ROS, MMP, and 2-NBDG levels, while genipin inhibited these
phenotypic abnormalities in AGEs-induced hRMECs. Furthermore, genipin remarkably reduced the levels of the
pro-inflammatory cytokines TNF-q, IL-1B, IL-18, and NLRP3 and impeded the expression of VEGF and SCG3 in
AGEs-damaged hRMECs. These results showed that genipin can reverse high glucose induced damage with regard
to cell proliferation and apoptosis in vitro, while reducing energy metabolism, oxidative stress, and inflammatory
injury caused by high glucose. In addition, ROS levels and glucose uptake levels were higher in the retina from the
untreated eye than in the genipin-treated eye of STZ mice. The expression of inflammatory cytokines and pathway
protein in the untreated eye compared with the genipin-treated eye was significantly increased, as measured by
Western blot. These results showed that IOl of genipin reduced the expression of CHGA, UCP2, and GLUT1,
maintained the retinal structure, and decreased ROS, glucose uptake, and inflammation levels in vivo. In addition,
we found that SCG3 expression might have a higher sensitivity in DR than VEGF as a diagnostic marker at the
protein level.

CONCLUSION

Our study suggested that genipin ameliorates AGEs-induced hRMECs proliferation, apoptosis, energy metabolism,
oxidative stress, and inflammatory injury, partially via the CHGA/UCP2/GLUT1 pathway. Control of advanced
glycation by 101 of genipin may represent a strategy to prevent severe retinopathy and vision loss.

Key Words: Genipin; Human retinal microvascular endothelial cells; Angiogenesis; Vascularization; Secretogranin IIT; Diabetic
retinopathy

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The formation of advanced glycation end products (AGEs) has been widely validated in pathological changes of
diabetic retinopathy (DR). A new vital compound in Gardenia jasminoides Ellis fruit, genipin, can be used to treat DR and
decrease AGEs. Genipin ameliorated AGEs-induced human retinal microvascular endothelial cell proliferation, apoptosis,
energy metabolism, oxidative stress, and inflammatory injury, partially via the CHGA/UCP2/glucose transporter 1 pathway.
Control of AGEs by intraocular injection of genipin may represent a strategy to prevent severe retinopathy and vision loss.
Here, we confirmed the effectiveness of genipin to treat DR both in vivo and in vitro, and explored its related molecular
mechanism.

Citation: Sun KX, Chen YY, Li Z, Zheng SJ, Wan WJ, Ji Y, Hu K. Genipin relieves diabetic retinopathy by down-regulation of
advanced glycation end products via the mitochondrial metabolism related signaling pathway. World J Diabetes 2023; 14(9): 1349-
1368

URL: https://www.wjgnet.com/1948-9358/full/v14/i9/1349.htm
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INTRODUCTION

The number of patients with diabetes mellitus (DM) has increased from less than 110 million in 1980 to approximately 420
million in 2015 worldwide and is expected to reach 642 million in 2040[1]. The estimated overall prevalence of DM is
10.9% among Chinese citizens based on national-wide surveillance[2]. Diabetic retinopathy (DR) is the most common
microvascular complication of DM and is a vital reason for blindness in citizens aged over 55 years[3]. Some new
treatments, such as intravitreal vascular endothelial growth factor (VEGF) inhibitors or steroid hormones, have been
introduced for DR[4]. However, up to 50% of the patients failed to respond to such agents. Despite being an inherently
destructive procedure, laser photocoagulation remains the mainstay therapy for people with proliferative DR (PDR). This
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necessitates other effective methods for DR treatment. In the pathogenesis of DR, the retinal circulation is damaged by
microvascular lesions. If this change is not controlled in the early stages, continual progression leads to retinal
detachment and vision loss[5]. The primary pathogenesis of DR involves angiogenesis, chronic inflammation, and
oxidative stress. The retinal capillary endothelium is composed of endothelial cells, pericytes, and the basement
membrane. Neovascularization of the retinal surface is the primary stage of PDR[6]. It is also the most important factor in
retinal detachment. Endothelial dysfunction leads to angiogenesis, which involves the proliferation, migration, and
formation of tubes and is central to the development of vascular complications[7]. Angiogenesis requires energy support
such as adenosine triphosphate (ATP) or glucose. Damage to human retinal microvascular endothelial cells (hRMECs) in
DR arises from metabolic abnormalities in glucose metabolism, which are principally caused by advanced glycation end
products (AGEs).

Glycation is an important step in aging and oxidative stress[8]. Persistently elevated glucose concentrations lead to
rapid and intensive glycation reactions. Both acute and chronic hyperglycemia can enhance AGEs production[9], which
results in endothelial dysfunction and causes severe damage to the eyes or kidneys of diabetics. Inhibition of AGEs and
its cell toxicity can be a useful strategy for the prevention of DR[10]. According to previous studies, reducing AGEs
receptor/ligand interaction or breaking established AGEs crosslinks prevent AGEs formation[11].

Mitochondrial dysfunction and oxidative stress are largely involved in aging, cancer, age-related neurodegenerative
disorder, and metabolic syndrome[12]. Mitochondrial dysfunction may predispose to the development of DM with the
accompanying risk of developing DR or may contribute directly to diabetic metabolic dysregulation and thereby increase
the risk of late diabetic complications including retinopathy[13,14]. The relation between mitochondrial dysfunction and
diabetic eye complications has two elements: (1) Mitochondrial diseases may predispose to the development of DM and
such type of diabetes may be accompanied with an increased risk of developing DR; and (2) metabolic dysregulation in
DM may increase the risk of development of DR through a disturbance in mitochondrial function[13,14]. A hypothesis
has recently been proposed that the metabolic dysfunction in diabetic patients induces the synthesis of a number of
reactive oxygen species (ROS) that are normally eliminated in the mitochondria[13]. In addition, enhanced ROS may
contribute to the induction of autophagy in the retina. Another mechanism of mitochondrial dysfunction leading to DR is
the formation of free radicals[14-17]. These reactive compounds may contribute to a switch in the metabolism, e.g., by
changing the activity of glyceraldehyde-3-phosphate dehydrogenase and the polyol pathway and activating protein
kinase C, and consequent development of DR[13].

Genipin (Figure 1A), one of the principal bioactive components extracted from the Gardenia jasminoides Ellis (GJE,
Chinese herbal name “Zhizi”), has multiple bioactivities, such as anti-inflammation, antitumor, antidepression, and the
protection of hippocampal neurons from the toxicity of Alzheimer’s amyloid-B[18]. GJE, as a selective inhibitor of AGEs,
prevents the development of diabetic vascular complications in experimental animal models; however, its possible role
and molecular mechanism in the relief of DM symptoms are unknown[19]. To explore these, we searched the traditional
Chinese medicine systems pharmacology database and analysis platform (TCMSP) (https:/ /old.tcmsp-e.com/tcmsp.php)
using the keyword “Zhizi”. Genipin was the third most active constituent of Zhizi (Table 1). Other active constituents of
Zhizi include quercetin and lutein. Recent studies demonstrated that quercetin inhibited the overexpression of TLR4 and
NF-xB p65, and reduced the expression of VEGF and soluble intercellular adhesion molecule-1, thus exerting therapeutic
effects in DR[20,21]. Many basic and clinical studies have reported that lutein has anti-oxidative and anti-inflammatory
properties in the eye, suggesting its beneficial effects in protection and alleviation of ocular diseases such as age-related
macular degeneration (AMD), DR, retinopathy of prematurity, myopia, and cataract[22,23]. However, some publications
report that genipin, but not quercetin or lutein, can influence AGEs. In the present study, we administered streptozotocin
(STZ)-treated mice by intraocular injection (IOI) of genipin to investigate whether genipin could attenuate the
development of DR in experimental models through AGEs inhibition[24].

MATERIALS AND METHODS

Reagents

Genipin (99%, Figure 1) was purchased from Selleck (Shanghai, China). D-glucose (PB180418) and the complete
endothelial cell medium of hRMECs (CM-H130) were purchased from Procell (Wuhan, Hunan Province, China). Trypsin-
ethylenediamine tetraacetic acid (EDTA) solution (5310JV), Dulbecco’s modified Eagle’s medium (L170K]), minimum
essential medium (L510K]J), penicillin-streptomycin solution (S110JV), and phosphate buffer solution (B320K]) were
purchased from BasalMedia (Shanghai, China). Cell Counting Kit-8 (BS350A) and 4% paraformaldehyde fix solution
(BL539A) were purchased from Biosharp (Hefei, Anhui Province, China). Endothelial cell medium (1001), endothelial cell
growth supplement (1052), fetal bovine serum (0025), and penicillin and streptomycin solution (0503) were purchased
from ScienCell (Shanghai, China).

Animals and ethical statement

All animal procedures were conducted in accordance with the China Animal Welfare Legislation. We purchased 4-wk-
old C57/BL6 male or female mice (3-8 g, n = 60) from the Animal Ethics Committee of Chongqing Medical University
(Yuzhong, Chongging, China). They were housed in a light-temperature automatically controlled room with free access
to food and water. One female mouse and four male mice were housed in a single cage. All animal experimental
protocols were approved by the Institutional Animal Care and Use Committee of Chongqging Medical University (2022-
K45). All experiments were performed in accordance with the Guidelines and Regulations for the Care and Use of
Laboratory Animals by the Chongqing Medical University (Yuzhong, Chongqing, China) and the Association for
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Table 1 Active components of Gardenia jasminoides Ellis

MolID Active component (c:; DL BBB
MOL009038 GBGB 4558 083 -543
MOL001652 1H-2,6-dioxacyclopent(cd)inden-1-one, 4-((acetyloxy)methyl)-5-(beta-D-glucopyranosyloxy)-2a,4a,5,7b-tetrahydro-, 2643 071 -2.00
(2aS-(2aalpha,5alpha,7balpha))-
MOL001648 Genipin 26.06  0.10 -0.98
MOLO000098 Quercetin 4643 028 -0.77
MOL000422 Kaempferol 4188 024 -0.55
MOLO007245 3-Methylkempferol 60.16 026 -0.49
MOL001406 Crocetin 3530 0.26 -0.83
MOL000551 Hederagenol 2242 074 -0.51
MOL003515 (3S,4S,4aR,6aR,6bS,8aS,12aS,14aR,14bR)-3-hydroxy-4,6a,6b,11,11,14b-hexamethyl-1,2,3,4a,5,6,7,8,9,10,12,12a,14,14a- 27.21 0.72 -0.68
tetradecahydropicene-4,8a-dicarboxylic acid
MOLO013377 Lutein 2259 055 -0.99
MOLO009548 Desacetyl asperulosidic acid_qt 3249 010 -1.85
MOL004560 SHANZHISIDE_qt 117.77 010 -1.44
MOLO001667 Deacetyl asperuloside acid_qt 6246 011 -1.62
MOLO007148 Shanzhiside methyl ester_qt 109.77 012 -3.18
MOL004555 GARDENOSIDE_gt 5277 012 -091
MOLO007994 Ilexoside A_qt 2243 074 -0.33

Oral bioavailability > 20%, drug like 2 0.1, and brain-blood barrier <-0.30. OB: Oral bioavailability; DL: Drug like; BBB: Brain-blood barrier.

Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

STZ-induced diabetic mice and intraperitoneal injections

STZ-induced hyperglycemia is a widely used DM model. At the beginning of the experiment, the mice were fed a high-
sugar and high-fat diet (rodent diet with 60% calories from fat; XTHF60, XieTong Scientific Diets, Wuhan, China) for 70 d
(20-35 g, n = 60). Using 1 mL syringes and 25 G needles, intraperitoneal injection (IPI) of freshly prepared STZ solution at
40 mg/kg (1.0 mL/100 g of citrate buffer, pH 4.5) was performed. This step was repeated on days 2 and 3 after fasting
[25]. We used similar forage and feeding management practices. Fasting blood glucose (FBG) levels were measured with
a Precision Plus blood glucose meter 14 d after STZ IPI. Mice with FBG levels > 11.1 mmol/L were considered diabetic.

Drug treatment

In the genipin-treated group, I0I of genipin [genipin dissolved in penicillin-streptomycin solution (PBS)] at a dose of 10
mmol/L was administered to the right eye (OD) (0.4 uL/eye) of mice after 3 mo of STZ administration. The same volume
of PBS was administered to the left eye (OS) of the same mouse. Mice were maintained on a high-sugar and high-fat diet
with free access to water under standard conditions and were assessed once every 2 wk and 1 mo for their body weight
and FBG, respectively. All animals were killed at the end of the third time of IOI administration. Both eyes were collected
and frozen at -80 °C or fixed in 4% paraformaldehyde fix solution for further experiments.

Hematoxylin and eosin staining

The eyes of the mice were fixed overnight with 4% paraformaldehyde fix solution and embedded in paraffin. Coronal
sections (5 mm thick) were dewaxed and stained with hematoxylin and eosin stain (H&E). The wound areas of each
sample were observed under a Leica DM2000 microscope (Leica, Wetzlar, Germany).

Cell culture
hRMECs (BNCC 358978) were purchased from BeNa Culture Collection (Beijing, China). The cells were plated in T,
flasks and incubated in a humidified incubator with 5% CO, at 37 °C.

Cell counting kit-8 assay

hRMEC pellet was resuspended in 100 pL of endothelial cell medium (ECM) without FBS, incubated in 96-well plates for
1d, and treated with various concentrations of D-glucose. Cell viability was assessed using the Cell Counting Kit-8 (CCK-
8). We added CCK-8 (10%) with a culture medium of 110 pL was added to each well and incubated for 2.5 h (37 °C, 5%
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Figure 1 Optimization of dose of genipin and high glucose in human retinal microvascular endothelial cells. A: Chemical structure of genipin; B
and C: Cell viability of human retinal microvascular endothelial cells (\RMECs) treated with different concentrations of glucose and genipin; D: Cell viability of
hRMECs treated with 30 mmol/L glucose and 0.4 pmol/L genipin for different durations; E-I: RAGE, SCG3, and vascular endothelial growth factor protein expression
in cells treated with genipin for different durations. VEGF: Vascular endothelial growth factor.

CO,). Absorbance at 450 nm and 600 nm was measured using a microplate reader (Thermo Fisher). The cell inhibition rate
(I%) was calculated as (A oo Avreated) / Acontror X 100%..

Drug preparation

hRMEC pellet was resuspended in 100 mL of ECM supplemented with 30 mmol/L of D-glucose (HG), incubated in 96-
well plates for 1 d, and then treated with various concentrations of genipin. After 7 d of treatment, cell viability was
assessed using CCK-8 assay.

Flow cytometry

Apoptosis was detected using an Annexin V-FITC Apoptosis Detection Kit (Beyotime) according to the manufacturer’s
instructions (CytoFLEX, United States). Cells (2 x 10°) were seeded in 6-well plates and incubated with a high concen-
tration of glucose and genipin for 1 wk. They were collected after digestion with trypsin-EDTA (Canada). After washing
with PBS twice, the supernatant was discarded. The pellet was resuspended using ice-cold 70% ethanol (30 min at 4 °C)
and incubated at 37 °C for 30 min. Next, 500 pL of 1 x binding buffer was added, and the cells were stained with 5 pL of
annexin V-FITC and 5 pL of propidine iodide in the dark at 4 °C for 20 min, followed by flow cytometry analysis.

Western blot analysis

Cells were lysed with ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime) and centrifuged at 12000 r/
min for 15 min at 4 °C, and the supernatant was collected. Protein concentrations in the supernatant were measured using
the BCA protein assay kit (ThermoFisher, Shanghai, China). Proteins (40 ng) were resolved by SDS-PAGE and transferred
onto polyvinylidene difluoride membranes. The membranes were blocked with 5% BSA in TBST (1 x Tris buffered saline,
0.1% TWEEN 20) for 2 h at room temperature. The blocked membranes were immunoblotted with rabbit anti-UCP2
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(A4178, ABclonal, Wuhan, Hubei Province, China), rabbit anti-glucose transporter 1 (GLUT1)/SLC2A1 (A11208,
ABclonal), rabbit anti-CHGA (A1668, ABclonal), rabbit anti-AGER (A13264, ABclonal), rabbit anti-SCG3 (A7799,
ABclonal), and rabbit anti-VEGF (A12303, ABclonal) antibodies overnight at 4 °C. The membranes were then washed and
probed with secondary antibody (horseradish peroxidase-labeled goat anti-rabbit IgG; A0208, Beyotime) for 2 h at room
temperature. Chemiluminescence detection was performed using a SuperSignal West Atto chemiluminescence detection
kit (Thermo Fisher, Shanghai, China) according to the manufacturer’s instructions.

Immunofiuorescence

hRMECs were seeded in 24-well plates with a cover glass (REF.10212424C, Shitai, Jiangsu, China) at a final cell density of
5.0 x 10* cells/mL. In the genipin group, 4 mmol/L genipin was added. When the cell confluence reached approximately
50%, the cells were transferred to the FBS-free and antibiotic-free medium and cultured for 1 d. They were washed with
PBS three times. The cells were fixed in 4% paraformaldehyde fix solution (P0099, Beyotime) for 30 min and blocked for
0.5 h using goat serum (C0265, Beyotime). Then, the membranes were washed and immunoblotted with primary
antibodies overnight at 4 °C, followed by probing with Alexa Fluor 488-labeled Goat Anti-Rabbit IgG (H + L) (A0423,
Beyotime) as secondary antibody for 2 h at room temperature. 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
staining solution (C1005, Beyotime) was used for counterstaining. Antifade mounting medium (P0126, Beyotime) was
used to reduce the luminescence delay. All pictures were obtained using a Leica fluorescence microscope (DMR,
Deerfield, IL, United States).

Colony formation assay

hRMECs were seeded into 6-well plates, and the number of cells was adjusted to approximately 2000 cells/well. After
allowing cells to attach the plates, ECM with 20% FBS was added. After 2 wk, the cells were fixed in 4% paraformal-
dehyde fix solution for 0.5 h and stained with crystal violet (Beyotime Institute of Biotechnology, Shanghai, China) for 15
min. Each well with > 50 cells was photographed and observed under a phase-contrast microscope.

Wound healing assay
hRMECs were seeded in 6-well plates at a final cell density of 2.0 x 10° cells/mL. After treatment for 5 d, the confluent cell
monolayer was scraped with a sterile 200 pL tip to create a scratch across the center of the circle when the hRMECs

confluence reached > 95%. The wound areas of each sample were observed under a microscope and evaluated using
Image] software (Media Cybernetics, Silver Springs, MD, United States) at 0 h, 12h, 24 h, 48 h, and 72 h.

Transwell assay

We used 8 pm sized Transwell BD Matrigel chambers (Costar 3470, Corning, NY, United States) to measure cell
migration. hARMECs were seeded into the upper chamber with 100 pL of serum-free ECM, and the number of cells was
adjusted to approximately 2000 cells/well. The lower chamber contained 600 pL ECM with 20% of FBS. After 30 h of
culturing, the chambers were removed and fixed with 4% paraformaldehyde fix solution for 0.5 h. The cells were stained
with crystal violet for 15 min. Medical Cotton Stickers (Sanhe, Sichuan Province, China) were used to remove non-
migratory cells from the upper chamber. Photographs were captured by using a microscope. Five fields with evenly
distributed cells were examined.

Tube formation assay

To analyze the influence of high glucose and genipin on the tube-forming activity of hRMECs, we plated 50 pL Matrigel
(BioCoat Matrigel 356234, Corning, NY, United States) onto a cold 96-well plate. hRMECs were added into each well at a
cell density of 4.0 x 10°. After 6 h, images were captured under a microscope.

ATP concentration determination

hRMECs were plated onto 6-well plates and grown until they reached confluence. The cells were starved in an
endothelial basal medium (EBM) without serum for 1 d. They were collected after transfection and washed twice with
PBS. The cells were collected into 1.5 mL Eppendorf tubes, and the ATP concentration was measured using an ATP
fluorometric assay kit (50026, Beyotime).

ROS and mitochondrial membrane potential assay
hRMECs were plated onto 6-well plates and grown until they reached approximately 60% confluence. The cells were
starved in an EBM medium without serum for 1 d. The ROS Assay Kit (S0033, Beyotime) and Apoptosis Detection Kit
with Mito-Tracker Red CMXRos and annexin V-FITC (C1071S, Beyotime) were used to measure the ROS and
mitochondrial membrane potential (MMP) changes.

Glucose uptake assay

hRMECs were plated onto 6-well plates and grown until they reached confluence. The cells were starved in an EBM
medium without serum for 1 d. D-glucose analog (100 mmol/L; 2-NBDG) assay (HY-116215, MCE, Shanghai, China) was
performed to measure the D-glucose transported into the hRMECs. Photographs were captured under a fluorescence
microscope.
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Cytokine analysis

Pro-inflammatory cytokines [tumor necrosis factor-alpha (TNF-a), interleukin (IL)-1p, IL-18, and NLRP3] and other
hallmark proteins of DR (VEGF and SCG3) were assayed by Western blot and immunofluorescence as described
previously.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, United States) and GraphPad
Prism 8 (GraphPad Software, LLC). All experiments were repeated at least three times independently. All data are
presented as the mean + SEM. Independent sample t-test was used for comparing variables with a normal distribution.
One-way analysis of variance and multiple comparisons for trends were used for comparing continuous variables. The
chi-square test (or Fisher’s exact test, when appropriate) was used to analyze dichotomous variables. Pearson’s
correlation coefficient was used to determine the relationship between variables. A P value less than 0.05 was considered
statistically significant.

RESULTS

Effects of genipin on hRMECs viability and proliferation

First, we investigated the effects of high glucose and genipin on hRMEC viability and cytotoxicity using CCK-8 assay.
Figure 1B depicts that 30 mmol/L D-glucose could decrease approximately 30% of the cell viability by approximately
30%, and cell viability decreased by < 30% until high glucose reached 90 mmol/L. Thus, 30 mmol/L of D-glucose was
used for subsequent experiments. After treatment with different doses of genipin (0.1 pmol/L to 1.0 pmol/L) in a 30
mmol/L glucose medium, we detected cell proliferation by CCK-8 assay. The administration of 0.4 pmol/L genipin
exerted a notable effect on hRMECs proliferation (Figure 1C). However, genipin at 0.8 pmol/L remarkably inhibited cell
proliferation (P < 0.001). The optimal effective dose of high glucose was 30 mmol/L to 50 mmol/L and that of genipin
was approximately 0.3-0.8 pmol/L; these doses did not exert any cytotoxic effects on the cells.

Next, we explored the optimal action time of genipin by CCK-8 assay (Figure 1D). Compared with normal glucose
medium without genipin, treatment with 0.4 pM genipin for 4 d exerted a notable effect on high glucose-induced
HRMECs (P < 0.001) (Figure 1D). In hRMECs cultured in ECM containing 30 mmol/L glucose, we observed the highest
cell viability after 7 d of treatment with 0.4 pmol/L genipin (Figure 1D). We verified these results using Western blot
(Figure 1E-H). Based on these results, treatment with 30 mmol/L high glucose and 0.4 pmol/L genipin for 7 d was used
for the subsequent experiments.

Genipin protects hRMECs from high-glucose damage with regard to cell proliferation, apoptosis, angiogenesis,

energy metabolism, oxidative stress, and inflammatory injury in vitro

Action of glucose and genipin on hRMECs proliferation, apoptosis, and angiogenesis: CCK-8 assay demonstrated that
genipin, particularly 0.4 pM genipin for 7 d, increased the viability of hRMECs in high-glucose ECM. The colony
formation results supported this finding (Figure 2A). Results of flow cytometry (Figure 2B) suggested that the number of
apoptotic hARMECs increased after the stimulation with 30 mmol/L glucose (61.05%), compared with normal medium
stimulation (30.30%). However, the cell apoptosis ratio decreased after genipin treatment, and particularly, early cell
apoptosis decreased from 33.98% to 11.07%.

To explore the effects of genipin on cell migration, we performed scratch wound healing and transwell migration
assays. High glucose decelerated the closure of hARMECs, and genipin could restore this change (Figure 2C). Furthermore,
high glucose levels increased the number of migrated cells, and genipin restored this change (Figure 2D).

Then, we analyzed the tube-forming capacity of hRMECs in high glucose, with or without genipin. High glucose
significantly increased the number of newly formed tubes, while genipin reversed this change (Figure 2E).

Action of glucose and genipin on intracellular ATP levels and MMP: Hyperglycemia in patients with DM is associated
with abnormally elevated cellular glucose levels. ATP, as the primary energy storage molecule, is central to cell survival,
proliferation, and migration. Increased cellular glucose levels alter glucose metabolism and influence intracellular ATP
levels by inhibiting complexes I and II[26]. Subsequently, we measured the intracellular ATP levels and observed that
high glucose increased the ATP level by 60%, and genipin could reduce this level by approximately 20% (Figure 3A).

Next, we explored the mitochondrial changes in DR. MMP increased after high glucose stimulation (Figure 3B and C),
indicating that DR produced more ATP, which promotes the formation of mitochondria[27]. Simultaneously, these
mitochondrial changes may lead to increased ROS accumulation.

Action of glucose and genipin on intracellular oxidative stress levels: To confirm the oxidative stress damage caused by
high glucose levels, we measured intracellular ROS production. High glucose increased the fluorescence significantly;
however, this increase was alleviated by genipin (Figure 3B-D).

Action of glucose and genipin on intracellular glucose metabolism levels: NBDG is a fluorescence-labeled 2-deoxy-
glucose analog that works as a tracer for evaluating cellular glucose metabolism[28]. High glucose increased the
fluorescence, and genipin might reverse the effects.
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Figure 2 Genipin protects from advanced glycation-induced human retinal microvascular endothelial cell proliferation, apoptosis, and
angiogenesis. A and B: Genipin protects human retinal microvascular endothelial cell (\RMECs) from high glucose-induced damage with regard to cell proliferation
as revealed by colony formation assay and flow cytometry; C-E: Wounding healing, migration and tube formation of hRMECs treated with 30 mmol/L glucose and 0.4
pmol/L genipin. NG: 5 mmol/L glucose containing ECM-treated hRMECs group; HG: 30 mmol/L glucose containing ECM-treated hRMECs group; GG: 0.4 uM genipin
+ 30 mmol/L glucose containing ECM-treated hRMECs.
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Figure 3 Genipin protects human retinal microvascular endothelial cells from high glucose damage with regard to energy metabolism,
oxidative stress, and inflammatory injury in vitro. A: ATP levels among normal glucose, high glucose, and genipin-treated human retinal microvascular
endothelial cells (NRMECs); B-D: Reactive oxygen species, mitochondrial membrane potential, and 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-d-glucose
levels in hRMECs treated with high glucose and genipin; E-L: Western blot and immunofluorescence to measure the expression of inflammatory factors expression.
IL: Interleukin; TNF: Tumor necrosis factor-alpha; NLRP3: Nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing 3; VEGF: Vascular
endothelial growth factor; ROS: Reactive oxygen species; MMP: Mitochondrial membrane potential; 2-NBDG: 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-
deoxy-d-glucose; hRMECs: Human retinal microvascular endothelial cells. NG: 5 mmol/L glucose containing ECM-treated hRMECs group; HG: 30 mmol/L glucose
containing ECM-treated hRMECs group; GG: 0.4 uM genipin + 30 mmol/L glucose containing ECM-treated hRMECs.

Action of glucose and genipin on inflammation: To evaluate the effects of genipin on inflammation following HG
stimulation, we performed Western blot and Immunofluorescence to detect the protein levels of inflammatory cytokines
(TNF-a, IL-1B, IL-18, and NLRP3) and DR biomarkers (VEGF and SCG3) in hRMECs inclubated with high glucose
(Figures 3E-L and 5D). High glucose significantly increased the protein expression of TNF-a, IL-1B, IL-18, and NLRP3,
and DR biomarkers. Interestingly, genipin down-regulated the expression of these proteins. Therefore, genipin may
alleviate the damage caused by inflammation. Next, we will investigate the mechanisms underlying this effect.

Genipin 101 protects the retina of STZ mice from high-glucose damage in vivo
After continuous STZ IPI for 3 d, the blood glucose levels were > 7.5 mmol/L in 2 wk and > 11.1 mmol/L in 1 mo in C57
mice.

DM-induced neuronal loss was assessed by measuring the retinal thickness at 3 mo after DM induction using retinal
sections from untreated eyes (OS) and genipin-injected eyes (Figure 4B and C). At 3 mo after DR induction, H&E staining
was performed to assess the structural morphology of the retinal cells. We measured four spots of the retina; the thickness
of genipin-treated retina (190.70 pm + 58.32 pm) was lesser than that of DR-untreated retina (262.10 pm * 55.52 pym, P =
0.045). Representative microphotographs demonstrate a disorder of the entire retina, vacuolization, and dissolution of the
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Figure 4 Genipin reduces retinal oxidant stress, glucose metabolism, and inflammation in streptozotocin-induced mice. A: Blood sugar
levels of mice induced with streptozotocin (STZ) for 2 wk and 4 wk; B: Hematoxylin and eosin staining of STZ mouse retina; C: Retinal thickness in different eyes of
STZ mice; D: Inflammatory factor expression measured by Western blot; E and F: Reactive oxygen species and 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-
deoxy-d-glucose levels in STZ mice; G and F: RAGE, SCG3, and vascular endothelial growth factor expression in STZ mice. IL: Interleukin; TNF: Tumor necrosis
factor-alpha; NLRP;: Nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing 3; VEGF: Vascular endothelial growth factor; ROS: Reactive
oxygen species; MMP: Mitochondrial membrane potential; 2-NBDG: 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-d-glucose; OS: Left eye, without genipin-
treated; OD: Right eye, genipin-treated; GCL: Ganglion cell layer; INL: Inner nuclear layer; ONL: Outer nuclear layer.

ganglion cell layer in the left eye.

Genipin reduces retinal oxidant stress, glucose metabolism, and inflammation in STZ mice
We performed ROS and 2-NBDG assays to measure oxidative stress and glucose metabolism in the frozen sections.
Genipin-treated cells had significantly increased oxidant stress and glucose metabolism. SCG3 and VEGF expression
increased in the untreated group.

In addition, the protein levels of inflammatory cytokines (TNF-o, IL-1f, IL-18, and NLRP3) and DR biomarkers (VEGF
and SCG3) were measured by Western blot. Genipin protected the cells from inflammation.

Mechanism of genipin to relives retinal endothelial damage induced by high glucose

UCP2/GLUT1 pathway is involved in the protective effect of genipin on hRMECs (Figure 5): The decrease in glucose
uptake in genipin-treated cells was mediated by the reduction of GLUT1 expression, as demonstrated by Western blot
(Figure 5C and D). To investigate the glycation process that occurred after glucose, we explored the AGE-receptor
interactions in both cells and tissues, which showed that genipin treatment decreased AGEs.

We used STRING (Version: 11.5, https:/ /cn.string-db.org/cgi/input) to analyze the relationships among “RAGE”,
“SCG3”, “UCP2”, “GLUT1”, and “VEGEF” (Figure 5A). GLUT1 may be influenced by UCP2 expression in oxygen-induced
retinopathy (OIR) at both the mRNA and protein levels, whereas elevated circulating CHGA can lead to UCP2 overex-
pression in the hypertensive phenotype[9]. Next, we performed Western blot and immunofluorescence to verify the
expression of these proteins. The protein expression of these three proteins was increased in high-glucose conditions, and
genipin could restore such change.

Genpin relives retinal endothelial damage in high-glucose conditions by influencing energy metabolism, oxidative
stress, and inflammatory injury: We identified 33 and 4328 DR-related genes using GeneCards (https://www.genecards.
org/) and OMIM (https://omim.org/), respectively, with the keywords “DR” or “diabetic retinopathy”. Next, we used
STRING to analyze the relationships among these genes (Figure 6A); Gene Ontology (GO)/Kyoto Encyclopedia of Genes
and Genomes function enrichment analyses revealed that AGE-RAGE plays a vital role in DR (Figure 6B). Restraining
AGEs and alleviating toxicity may be a novel way to control DR.
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Figure 5 Mechanism of genipin to relive retinal endothelial damage caused by high glucose. A and B: Schematic summary of the results; C-I:
Western blot and immunofluorescence (IF) analysis of expression of proteins related to CHGA/UCP2/GLUT1; J: RAGE, SCG3, and vascular endothelial growth factor
expression detected by IF.

We used TCMSP to identify 21 genes possibly targeted by genipin. UniProt (https:/ /www.uniprot.org/) was used to
assess and convert these gene names. A Wayne diagram was plotted to display the intersection of the genipin target and
DR-related genes (Figure 6C and D). To determine the available phenotypic abnormalities, we used GO function
enrichment and pathway enrichment analyses to explore the relationships among genes that were mixed by DR-related
and genipin targets. Finally, oxidoreductase activity and arachidonic acid metabolism demonstrated distinct correlations
(Figure 6E), indicating that genipin may influence ROS and inflammation as two vital phenotypic abnormalities in DR.

DISCUSSION

Vision loss in DR principally occurs in either diabetic macular edema (DME) or PDR[29]. DR is classified based on visible
ophthalmologic changes and manifestations of retinal neovascularization[30]. Therefore, the early diagnosis and
treatment of DR cover the complete range of retinopathies and are complex. Fortunately, regardless of the type of DR,
abnormal AGE accumulation has the same basic reason.
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Figure 6 Pathway enrichment analysis. A: Prediction of diabetic retinopathy (DR)-related genes; B: Pathway enrichment analysis of DR-related genes; C and
D: Intersection of genipin target and DR-related genes; E: Pathway enrichment analysis of genes which are mixed by DR-related and genipin targets. EPO:
Erythropoietin; BP: Biological process-pathways and larger processes made up of the activities of multiple gene products; MF: Molecular Function-molecular activities
of gene products; KEGG: Kyoto Encyclopedia of Genes and Genomes.

DR has a mixed pathogenesis. It involves cell cycle regulation, apoptosis signal transduction, oxidative stress response,
protein biosynthesis, carbohydrate metabolism, and other important proteins and proteases. The ROS assay
demonstrated a high level of oxidative stress response in both cells in the high glucose group and STZ mice without
treatment. Carbohydrate metabolism and mitochondrial injury in the high glucose group led to increased ATP levels and
cell apoptosis. Glucose uptake was higher in the high glucose group than in the control group, which can be validated by
GLUT1 expression. Genipin, an aglycone derived from the iridoid glycoside, is also used as an anti-tumor drug in oral
squamous cell carcinoma, hepatocellular carcinoma, and gastric cancer via the signal transducer and activator of the
transcription-3 pathway and upregulated MMP genes[31,32]; the relationships between genipin and glucose was rarely
reported. We explained whether genipin could change the GLUT family in different cell types. This finding may help
explain how genipin influences tumors and apoptosis in various diseases. VEGF is a classical biomarker of DR, and it is
widely used to treat inflammation[32-35]. NLRP3 inflammasomes are involved in the production and persistence of
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inflammation in diabetic nephropathy[36-38]. We observed that high glucose stimulation could up-regulate IL-1p, IL-18,
TNF-a and NLRP3, but not IL-6.

Upon exposure to sugar, proteins, lipids, and nucleic acids are oxidized and rearrange to form stable products, which
can further undergo crosslinking, thus yielding AGEs[39]. AGEs are associated with a series of diseases such as
Alzheimer’s disease, skin senescence, face splash capillary ectasia, and pathologies such as AMD, diabetic keratopathy,
and DR. AGEs are reactive intermediates of chronic hyperglycemia with proteins, lipids, and nucleic acids in vivo, leading
to the accumulation of pro-inflammatory cytokines and ROS. Furthermore, they damage the vasculature, eye, heart, and
kidneys in patients with DM.

Consequently, we focused on glucose metabolism and AGEs production in hRMECs and addressed the hypothesis that
high-glucose medium affects glucose uptake and mitochondrial metabolism, leading to intravitreal neovascularization in
DR. UCP2, a mitochondrial carrier protein, can increase the cellular sensitivity to glucose and promote cellular glucose
uptake by mediating proton leak across the inner mitochondrial membrane[40]. Genipin is a standard UCP2-inhibiting
agent in various experimental models of ROS generation and mitochondrial activity[41]. Most tumor growth and prolif-
eration processes involve excessive glucose uptake mediated by GLUTs[42]. The retina takes up glucose, principally
through GLUT1[43]. Genipin promotes physiological retinal vascular development and improves endothelial function by
inhibiting the UCP2/GLUT1 pathway in premature retinopathy.

Thus, we focused on the effects and molecular mechanisms of genipin on the proliferation, apoptosis, angiogenesis,
energy metabolism, oxidative stress, and inflammation of AGEs-induced hRMECs.

Genipin have been used to treat several diseases due to its choleretic, anti-inflammatory, antioxidant, anti-apoptotic,
autophagy-inducing, anti-necroptotic, and anti-pyroptotic properties[41,44-47]. Simultaneously, genipin is an aglycone of
an iridoid glycoside termed geniposide. Moreover, it is a commonly used biological agent, e.g., as a cross-linker, because
it can be better tolerated by cells. Despite its benefits and good biocompatibility, genipin is still unpopular in classical
medicine because of its unclear mechanism of action. We analyzed the role of genipin as an important element of Zhizi
against AGEs accumulation in DR. First, we evaluated the intracellular concentration of AGEs by assessing the expression
level of RAGE. RAGE expression increased significantly with high glucose stimulation, and genipin decreased this
increase. High glucose stimulation increased apoptosis, ROS, ATP, mitochondrial formation, glucose metabolism, and
inflammation. High glucose could increase the accumulation of AGEs via pathways that can be affected by genipin and
finally decrease GLUT1 expression. UCP2, as a binding site for genipin, decreases GLUT1 expression at both the mRNA
and protein levels[40]. Then, we tried to connect RAGE and DR biomarkers with these pathways. We identified RAGE
and DR biomarkers in these pathways. We analyzed the relationships between these five proteins and identified the
“CHGA” protein. Elevated CHGA levels result in UCP2 overexpression in hypertension[48]. We evaluated these changes
in hRMECs treated with high glucose and STZ mouse retinas and observed increased protein expression of CHGA,
UCP2, and GLUT1. Hence, high glucose leads to the addition of AGEs, increases CHGA expression, and promotes UCP2
and GLUT1 expression, which influences cell proliferation, apoptosis, oxides, cellular energy metabolism, and inflam-
mation. Genipin can inhibit this CHGA/UCP2/GLUT1 pathway not only by controlling UCP2 but also through other
mechanisms.

Genipin is the third most active constituent of Zhizi (Table 1). The oral bioavailability of genipin is 26.06% and its
topological polar surface area is 75.99, which suggests that genipin is preferentially administered by injection than orally.
However, genipin is principally used as an oral formulation in previous research, whereas injection formulations have
been less investigated. In addition, genipin is an extremely good natural cross-linking agent that contributes to sustained-
release or delayed-release joint use with other drugs[49]. AGEs are a type of cross-linker that combines sugars and
proteins and can also reduce this step by linking with proteins by physical methods. Furthermore, genipin is widely used
in the clinic to treat corneal or scleral diseases[46,49].

Ocular drug delivery is difficult because of the lacrimal fluid-eye barrier and the retina-blood barrier[50]. Retinal
diseases, such as retinal detachment, AMD, and DR, require an intravitreal injection to inhibit the formation of ocular
neovascularization. Such common drugs include anti-VEGF medications and hormones. Our previous report describes
the use of an AGE inhibitor that can penetrate the vitreous humor and treat retinal disease in STZ mice. We used the most
effective dose of genipin in hRRMECs for injection (C = m x V). The vitreous volume of mice was approximately 10 pL, and
the maximum injection volume was 1 pL. We used 4 pmol/eye (5 mmol/L x 0.8 pL/eye, 10 mmol/L x 0.4 pL/eye) and 8
pmol/eye (10 mmol/L x 0.8 pL/eye), three different doses for IOI, and the results did not have a measurable difference.
Finally, we selected the minimal volume for subsequent experiments.

Eventually, we identified the biomarkers of DR. Previous studies have reported on VEGF, monocyte chemoattractant
protein-1, TNF-q, transforming growth factor-, and nicotinamide adenine dinucleotide phosphate oxidase as the markers
of inflammation. L-citrulline, indoleacetic acid, chenodeoxycholic acid, and eicosapentaenoic acid have been reported as
markers of metabolism[51]. SCG3 is an angiogenic factor restricted to pathological conditions in DR[52]. Jiao et al[53]
demonstrated that the concentration of SCG3 in the vitreous increased in 77 patients with DR. LeBlanc et al[54] reported
that SCG3 antibodies alleviated retinal vascular leakage in diabetic mice with high efficacy. Furthermore, we assessed
SCG3 expression in cells and tissues. Our results implied that SCG3 may be another biomarker of DR, which displayed a
similar growing tendency in high glycogen to VEGF expression but with a higher sensitivity.

However, this study had several limitations. First, how the CHGA/UCP2/GLUT1 pathway is regulated by AGEs-
RAGE binding requires further research. Some studies have demonstrated that they may form a GLUT1-UCP2 complex
attached to the mitochondrial membrane; nonetheless, some details are still unknown. Second, we did not explain
whether different doses of AGEs influence the severity of DR. Consequently, we added quantitative exogenous AGEs and
observed changes in the cells and tissues. Third, the IOI group comprised limited doses in vivo. Next, we will add more
dose groups injected with perfect genipin drug transduction in vivo and evaluate clinical medicine. Finally, we
determined that SCG3 may replace VEGF in evaluating DR; however, the function of SCG3 in angiogenesis is unclear.
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Our future work will focus on the changes in SCG3 during abnormal physiological processes. Some researchers have
mentioned that SCG3 is central to tumors, apoptosis, and other vital processes[55]. Togayachi et al[56] demonstrated that
SCG3 is activated by adding N-glycosylation to change short-form SglII into a long form in small-cell lung carcinoma.
This biological process may be related with the GLUT family. To further explore the relevant mechanisms, we used
UniProt (https://www.uniprot.org/) to determine the structure of SCG3 and explained the potential target site of
glycosylation (Figure 7A, Table 2). The ZDOCK score for RAGE and SCG3 was 1277.337, which means that RAGE can be
linked with SCG3 easily. There are totally three positions of RAGE associated with SCG3 (at sites 216, 231, and 359;
Figure 7B). PNGase F, used to split SCG3, decreased SCG3 protein expression (Figure 7C).

CONCLUSION

Overall, apoptosis, angiogenesis, proliferation, ROS production, carbohydrate metabolism, and inflammation can reflect
DR damage both in vivo and in vitro. Genipin is useful against AGEs, and its protective role in DR has been confirmed.
This action may occur via AGEs-RAGE binding to control the CHGA/UCP2/GLUT1 pathway. SCGS3 is a novel and
sensitive biomarker for DR.

Table 2 Features for signal, chain, modified residue, and glycosylation in SCG3

Type Position Description

Signal 1-19 -

Chain 20-468 Secretogranin-3

Modified residue 37 Phosphoserine

Glycosylationl 216 O-linked (GalNAcan) threonine
Glycosylation 2 231 O-linked (GalNAcan) threonine
Glycosylation 3 359 O-linked (GalNAcan) threonine
Modified residue 362 Phosphoserine

A B

C NG HG PNGaseF GG

L/\\_/j ch3 — ———
: B-actin - e == e

DOI: 10.4239/wjd.v14.i9.1349 Copyright ©The Author(s) 2023.

Figure 7 SCG3 plays a vital role in diabetic retinopathy via glycosylation. A: Structure of SCG3; B: Molecular docking simulation with RAGE (green,
left) and SCG3 (orange, right); C: PNGase F cleavaged Scg,. NG: 5 mmol/l glucose containing ECM-treated human retinal microvascular endothelial cells (N\RMECs)
group; HG: 30 mmol/L glucose containing ECM-treated hRMECs group; GG: 0.4 pM genipin + 30 mmol/L glucose containing ECM-treated hRMECs.

ARTICLE HIGHLIGHTS

Research background

Diabetic retinopathy (DR) is a serious and common complication of diabetes. Advanced glycation end products (AGEs)
are a group of reversible and poisonous products formed by nonenzymatic glycation of glucose with protein and lipids
under hyperglycemia conditions. Both acute and chronic hyperglycemia can enhance AGEs production, which results in
endothelial dysfunction and causes severe damage to diabetic retina. Some traditional Chinese herb like Gardenia
jasminoides Ellis (GJE) fruit is a selective inhibitor of AGEs.
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Research motivation
To confirm the effect of genipin, a vital component of GJE fruit, in preventing human retinal microvascular endothelial
cells (hRMECs) from AGEs damage in DR and explored its mechanism.

Research objectives
To demonstrate whether genipin could lessen the development of DR in experimental models (4-wk-old C57/BL6 mice)
through AGEs inhibition.

Research methods

Cell Counting Kit-8 (CCK-8) assay, colony formation assay, flow cytometry, immunofluorescence, wound healing assay,
transwell assay, and tube-forming assay were used to detect the effect of genipin on hRMECs in vivo. Streptozotocin
induced mice were used to explore retinal dysfunction with DM in vitro. Reactive oxygen species (ROS), mitochondrial
membrane potential (MMP), and 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-d-glucose assays were used to
evaluate energy metabolism and oxidative stress damage in high glucose-induced hRMECs and STZ mouse retinas.
Immunofluorescence and Western blot were used to investigate the expression of inflammatory cytokines (VEGF, SCG3,
TNF-a, IL-1p, IL-18, and NLRP3).

Research results

Our study confirmed that genipin ameliorated AGEs-induced hRMECs proliferation, apoptosis, energy metabolism,
oxidative stress, and inflammatory injury, partially via the CHGA/UCP2/glucose transporter 1 pathway. Control of
AGE:s by IOI of genipin may represent a strategy to prevent severed retinopathy and vision loss.

Research conclusions
Our study suggested that intraocular injection of genipin can ameliorate AGEs to control DR. Control of AGEs and using
principal bioactive components extracted from herb by intraocular injection may represent strategies to prevent DR.

Research perspectives
Our future work will focus on the changes in SCG3 during abnormal physiological processes.
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