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Abstract

Oxidative stress due to hyperglycemia damages the functions of retinal pigment epithelial (RPE) cells and is a major risk factor
for diabetic retinopathy (DR). Paeoniflorin is a monoterpenoid glycoside found in the roots of Paeonia lactiflora Pall and has been
reported to have a variety of health benefits. However, the mechanisms underlying its therapeutic effects on high glucose (HG)-
induced oxidative damage in RPE cells are not fully understood. In this study, we investigated the protective effect of paeoniflorin
against HG-induced oxidative damage in cultured human RPE ARPE-19 cells, an in vitro model of hyperglycemia. Pretreatment
with paeoniflorin markedly reduced HG-induced cytotoxicity and DNA damage. Paeoniflorin inhibited HG-induced apoptosis by
suppressing activation of the caspase cascade, and this suppression was associated with the blockade of cytochrome c release
to cytoplasm by maintaining mitochondrial membrane stability. In addition, paeoniflorin suppressed the HG-induced production
of reactive oxygen species (ROS), increased the phosphorylation of nuclear factor erythroid 2-related factor 2 (Nrf2), a key redox
regulator, and the expression of its downstream factor heme oxygenase-1 (HO-1). On the other hand, zinc protoporphyrin (ZnPP),
an inhibitor of HO-1, abolished the protective effect of paeoniflorin against ROS production in HG-treated cells. Furthermore, ZnPP
reversed the protective effects of paeoniflorin against HG-induced cellular damage and induced mitochondrial damage, DNA
injury, and apoptosis in paeoniflorin-treated cells. These results suggest that paeoniflorin protects RPE cells from HG-mediated
oxidative stress-induced cytotoxicity by activating Nrf2/HO-1 signaling and highlight the potential therapeutic use of paeoniflorin
to improve the symptoms of DR.
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INTRODUCTION

Paeoniae Radix, the root of Paeonia lactiflora Pall., is a
traditional herbal medicine in East Asian countries, including
Korea, and is used to treat a variety of conditions, including
dementia, inflammation, pain disorders, traumatic injuries,
and immune disorders (Mu et al., 2024; Zhou et al., 2024).
This herbal medicine contains glycosides, phenolic acids, tan-
nins, flavones, steroids, and essential oils, and glycosides are
considered to be the main active ingredients (Li et al., 2021;
Ma et al., 2024). Glucosides extracted from Paeoniae Radix
have been shown to have a wide range of health benefits, in-
cluding antioxidant, antifibrotic, anti-inflammatory, and immu-
nomodulatory properties (Lu et al., 2024; Wang et al., 2024;
Xu et al., 2024). For example, in the context of ocular dis-
eases, these glucosides have been reported to improve eye
dryness and fatigue and to prevent ocular diseases, such as
dry eye due to Sjogren’s syndrome in humans and non-obese
diabetic mouse models (Li et al., 2013; Jiang et al., 2023; Cui
et al., 2024).

Paeoniflorin, a water-soluble monoterpene glucoside, is
also found in the aquatic fern Salvinia molesta but is the major
glucoside in Paeoniae Radix (Choudhary et al., 2008; Li et al.,
2021; Ma et al., 2024). Recently, Sun et al. (2024) reported
that paeoniflorin effectively alleviates diabetic retinopathy (DR)
by suppressing the expression of vascular endothelial growth
factor A and attenuating high glucose (HG)-induced cytotox-
icity and inflammatory responses in human retinal pigment
epithelial (RPE) cells, which physiologically and structurally
support photoreceptors. This result supports previous studies,
which showed that paeoniflorin has an anti-inflammatory effect
on 4-hydroxynonenal, a major by-product of oxidative stress
caused by lipid peroxidation in RPE cells (Yang et al., 2019).
Paeoniflorin has also been reported to reduce all-trans-retinal
(atRAL)-induced mitochondrial dysfunction and endoplasmic
reticulum stress in RPE cells, and thus, to attenuate atRAL-in-
duced cell damage achieved through the inhibition of NADPH
oxidase 1-derived reactive oxygen species (ROS) generation
and the activation of AMP-activated kinase signaling (Zhu et
al., 2018). Furthermore, paeoniflorin abrogated the expression
of hyperosmolar-induced inflammatory factors in human cor-
neal epithelial cells and significantly reduced dry eye symp-
toms by reducing tear production, ocular surface inflammation,
and corneal epithelial detachment in a mouse model (Zhao
et al., 2019). In addition, paeoniflorin attenuated extracellular
matrix remodeling by reducing the oxidative stress induced
by transforming growth factor-f 2, a multifunctional profibrotic
cytokine, in trabecular meshwork cells, which play a key role
in determining intraocular pressure values (Hu et al., 2024a).
Meanwhile, Zeng et al. (2022) reported that paeoniflorin might
reduce diabetic cataract formation by inhibiting oxidative dam-
age and epithelial-mesenchymal transition by activating Sir-
tuin 1 in HG-exposed lens epithelial cells. In addition, Zhu et
al. (2017) suggested that paeoniflorin might have a preventive
effect on DR by upregulating cytokine signaling 3 expression
and downregulating matrix metalloproteinase-9 activity in HG-
treated retinal microglia and streptozotocin-induced diabetic
mice. These results suggest that paeoniflorin protects major
eye cells, including human RPE cells, from various harmful
factors that might impede the initiation and progression of DR.

Under diabetic conditions, increased blood glucose levels
activate several biochemical pathways that enhance retinal

cell glucose uptake and metabolism, and thus, induce oxi-
dative stress through ROS generation (Goldney et al., 2023;
Zhang et al., 2024). Although paeoniflorin has been reported
to block hydrogen peroxide (H.O.)-induced oxidative stress in
human RPE cells (Wankun et al., 2011), no study has been
conducted to determine whether it can protect against HG-
induced oxidative stress. Recently, there has been increas-
ing recognition of the importance of nuclear factor erythroid
2-related factor 2 (Nrf2), a transcription factor that neutralizes
ROS and restores redox balance, as a major target of pae-
oniflorin. For example, paeoniflorin attenuated acute lung in-
jury caused by particulate matter by inhibiting oxidative stress
and inflammation-mediated pyroptosis by activating the Nrf2
signaling pathway (Zhou et al., 2024). The importance of this
Nrf2 intervention has been demonstrated in various disease
models, including oxidative stress-induced acute kidney in-
jury, cardiac hypertrophy, ischemic cardiovascular disease,
neurological disease, photodamage, vitiligo, brain injury, and
lung injury models (Lu et al., 2020; Wang et al., 2020, 2021a;
Jiang et al., 2021; Ren et al., 2023; Xing et al., 2023). Inter-
estingly, paeoniflorin inhibited the HG-induced apoptosis of
Schwann cells, which directly intervene in the induction of
diabetic peripheral neuropathy by blocking the production of
ROS through Nrf2 activation (Yang et al., 2016). Nevertheless,
the involvement of Nrf2 in the protective effect of paeoniflorin
against HG-mediated oxidative stress-induced cell damage in
ocular cells, including RPE cells, has not been adequately ad-
dressed. Therefore, we aimed to establish the role played by
Nrf2 in the protective effect of paeoniflorin against HG-induced
oxidative damage in human RPE ARPE-19 cells.

MATERIALS AND METHODS

Cell culture and treatment

ARPE-19 cells (American Type Culture Collection, Manas-
sas, VA, USA) were cultured as described previously (Park
et al., 2024). All the materials used for cell culture were pur-
chased from WelGENE (Gyeongsan, Korea). A stock solution
(100 mM) of paeoniflorin (Sigma-Aldrich Co., St. Louis, MO,
USA) was prepared in dimethyl sulfoxide (DMSO, Sigma-Al-
drich Co.) and diluted to the required concentrations with cul-
ture medium before treating cells. The highest concentration
of DMSO in the medium treated with stock solution of paeoni-
florin was less than 0.05%, which did not cause cytotoxicity.
Cells were cultured in media containing different concentra-
tions of paeoniflorin and D-(+)-glucose (Sigma-Aldrich Co.) for
48 h or pretreated with 100 uM paeoniflorin alone or together
with 10 uM zinc protoporphyrin (ZnPP, Sigma-Aldrich Co.) for
2 h and then treated with 30 mM D-(+)-glucose for 48 h.

Cytotoxicity assay

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide; Thermo Fisher Scientific, Waltham, MA, USA)
assay was used to evaluate the effect of paeoniflorin on HG-
induced cytotoxicity, as previously described (Kang et al.,
2024a), and an LDH Activity Assay Kit (Sigma-Aldrich Co.)
was used to determine lactate dehydrogenase (LDH) release.

Apoptosis analysis by flow cytometry

Apoptotic cells were quantified using an Annexin V/Prop-
idium lodide (Pl) Apoptosis Detection Kit (BD Bioscience,
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Franklin Lakes, NJ, USA). Briefly, cells exposed to HG in the
presence or absence of paeoniflorin were collected, washed
with phosphate-buffered saline (PBS), suspended in binding
buffer, and treated with Annexin V-FITC and PI buffer for 20
min (Jeon et al., 2024a). Cell suspensions were subjected to
flow cytometry (BD Accuri™ C6 Plus Flow Cytometer, BD Bio-
sciences).

Analysis of apoptosis based on nuclear morphological
changes

4',6'-diamidino-2-phenylindole (DAPI) staining was used to
observe nuclear morphological changes. Cells cultured under
different conditions were fixed with paraformaldehyde solu-
tion (Sigma-Aldrich Co.) and then stained with 1 ng/mL DAPI
solution (Thermo Fisher Scientific) at room temperature (RT).
DAPI-stained nuclei morphologies were observed under a
fluorescence microscope (Carl Zeiss, Oberkochen, Germany).

Apoptosis analysis by DNA fragmentation detection

To detect DNA fragmentation, cells were lysed in lysis buffer
(5 mM ethylene-diamine-tetraacetic acid, 10 mM Tris-HCI [pH
7.4], 0.5% Triton X-100, 0.1 mg/mL proteinase K, and 150 mM
NaCl) for 30 min at RT. DNA in supernatants was extracted
using a phenol-chloroform-isoamyl alcohol mixture (Sigma-Al-
drich Co.), precipitated with ethanol, subjected to electropho-
resis on agarose gel at 70 V, stained with ethidium bromide
(EtBr, Sigma-Aldrich Co.), and observed under ultraviolet (UV)
light using a microplate reader (FilterMax F3/F5 Multi-Mode
Microplate Reader, Molecular Devices, Sunnyvale, CA, USA).

Protein isolation and immunoblotting

Whole cell lysates of cells cultured under various conditions
were prepared, as previously described (Kang et al., 2024b).
Mitochondrial and cytoplasmic fractions were isolated using
a Mitochondria/Cytosol Fractionation Kit (Sigma-Aldrich Co.).
Equal amounts of protein extracted from cells in each treat-
ment group were fractionated by sodium dodecy! sulfate-poly-
acrylamide gel electrophoresis and transferred to membranes
(Bio-Rad Lab., Hercules, CA, USA), which were hybridized
then with primary antibodies against the target proteins and
incubated with secondary antibodies conjugated to horserad-
ish peroxidase. Proteins were detected using an Enhanced
Chemiluminescence (ECL) Detection Kit Sigma-Aldrich Co.).
The primary (Table 1) and secondary antibodies used for im-
munoblotting were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), Cell Signaling Technology (Danvers,

Table 1. List of antibodies used in this study

MA, USA), Thermo Fisher Scientific and Abcam (Cambridge,
UK). Cytochrome c oxidase subunit IV (COX IV) and B-actin
were used as loading controls for mitochondrial and cytosolic
fractions, respectively.

Caspase-3 activity assay

Caspase-3 activity was measured using a Caspase-3 Assay
Kit (Abcam), utilizing the hydrolysis of fluorescent substrate
peptides by activated caspases. Briefly, after resuspending
cells in the cell lysis buffer provided, supernatants were re-
acted with substrates, and the concentrations of p-nitroaniline
released from substrates were determined using a microplate
reader (Park et al., 2024).

DNA damage analysis using the comet assay

A Comet Assay Kit (Trevigen, Gaithersburg, MD, USA) was
used to determine whether DNA strand breaks were induced
in cell nuclei. Briefly, cells exposed to HG in the presence or
absence of paeoniflorin were collected and subjected to the
comet assay. Randomly selected images were acquired using
a fluorescence microscope.

Mitochondrial membrane potential (MMP) assay

5,5,6,6'-tetrachloro-1,1’,3,3’-tetraethylbenzimi-dazoylcar-
bocyanine iodide (JC-1) fluorescent dye was used to analyze
MMPs, which are indicators of mitochondrial membrane sta-
bility. Collected cells were stained with 10 uM JC-1 (Thermo
Fisher Scientific) for 30 min at RT. JC-1 aggregates and mono-
mer frequencies were promptly monitored by flow cytometry,
as previously described (Ni et al., 2024).

ROS generation assay

Intracellular ROS levels were analyzed by 2’,7’-dichloro-
fluorescein diacetate (DCF-DA) staining to assess the antioxi-
dant activity of paeoniflorin. In brief, harvested cells were incu-
bated with 10 uM DCF-DA solution (Thermo Fisher Scientific),
and ROS levels were measured by flow cytometry (Jeon et al.,
2024b). Cells stained with DCF-DA were also observed under
a fluorescence microscope to assess ROS levels.

Statistical analyses

The results are presented as mean + standard deviation
(SD) of at least three independent experiments. All statistical
analyses were performed using one-way ANOVA and Tukey’s
post hoc test in GraphPad Prism (GraphPad Software Inc.,
San Diego, CA, USA), with a p value of <0.05 indicating sta-

Antibody Species raised Dilution Product Code Source
Caspase-3 Rabbit polyclonal 1:1000 #9662 Cell Signaling Technology Inc.
PARP Mouse monoclonal 1:1000 sc-8007 Santa Cruz Biotechnology Inc.
yH2AX Mouse monoclonal 1:500 MA1-2022 Thermo Fisher Scientific Inc.
Cytochrome ¢ Mouse monoclonal 1:1000 sc-13560 Santa Cruz Biotechnology Inc.
Nrf2 Mouse monoclonal 1:1000 sc-518036 Santa Cruz Biotechnology Inc.
p-Nrf2 Rabbit polyclonal 1:500 PA5-67520 Thermo Fisher Scientific Inc.
Keap1 Mouse monoclonal 1:1000 ab119403 Abcam
HO-1 Mouse monoclonal 1:1000 sc-136960 Santa Cruz Biotechnology Inc.
COX IV Rabbit polyclonal 1:1000 #4844 Cell Signaling Technology Inc.
B-actin Mouse monoclonal 1:1000 sc-47778 Santa Cruz Biotechnology Inc.
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Fig. 1. Suppression of HG-induced cytotoxicity by paeoniflorin in ARPE-19 cells. Cells were treated with different concentrations of glucose
(0, 5, 10, 20, 30 and 40 mM, A) or paeoniflorin (0, 50, 100, 200, 300 and 400 uM, B) for 48 h, or with the indicated concentrations of paeoni-
florin for 2 h, and then treated with HG (30 mM D-(+)-glucose) for 48 h (C). Cell viability was determined using an MTT assay. (D) Relative
levels of LDH released into cell supernatant were determined using an LDH activity assay kit. Values are the means + SD for at least three
independent experiments, and analysis of variance followed by Tukey’s post hoc test showed significant differences (*p<0.05, **p<0.01 and
**p<0.001 vs. control cells; *p<0.05 and *#p<0.001 vs. HG-treated cells).

tistical significance.

RESULTS

Inhibition of HG-induced cytotoxicity by paeoniflorin

MTT assay results showed that the viability of ARPE-19
cells cultured in @ medium containing glucose or paeoniflorin
gradually decreased concentration-dependently (Fig. 1A, 1B).
Based on these results, the hyperglycemic concentration was
set at a glucose concentration of 30 mM, which resulted in
a viability of ~60%. The pretreatment concentration of pae-
oniflorin used to investigate its protective effect against HG
conditions was < 100 uM, at which it did not affect cell viability.
Pretreatment with paeoniflorin at concentrations below 100
uM attenuated the HG-mediated reduction in cell viability in
a concentration-dependent manner (Fig. 1C). Paeoniflorin
also significantly blocked LDH leakage, a marker of cell dam-
age, in HG-treated cells (Fig. 1D). These results demonstrate
that paeoniflorin effectively blocks HG-induced cytotoxicity in
ARPE-19 cells.

Reduction of HG-induced apoptosis by paeoniflorin

We investigated whether paeoniflorin suppresses cytotoxic-
ity under HG conditions by inhibiting HG-induced apoptosis.
Flow cytometric analysis by annexin V/PI staining showed that
the proportion of annexin-positive cells, an indicator of apop-
tosis, significantly increased in HG-treated cells (Fig. 2A) and
that pretreatment with paeoniflorin significantly reduced this
proportion in a concentration-dependent manner. Similarly,
DAPI staining results revealed that compared with normal
cells, cells cultured under HG conditions showed increased
nuclear morphological changes characteristic of apoptosis,
such as nuclear fragmentation, chromatin condensation, and
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increased apoptotic bodies, and that these apoptotic features
were significantly reduced in paeoniflorin pretreated cells
(Fig. 2B, 2C). We also investigated whether DNA fragmenta-
tion occurred in cells treated with HG and pretreated or not
with paeoniflorin. Furthermore, oligonucleosomal-sized DNA
fragments, a characteristic of apoptosis, were significantly in-
creased in HG-treated cells but not in paeoniflorin-pretreated
cells (Fig. 2D). In addition, the expression of the pro-form of
caspase-3, a key effector of caspase-dependent apoptosis,
was reduced by paeoniflorin, whereas the enzymatic activity
and degradation of poly(ADP-ribose) polymerase (PARP), a
key caspase-3 substrate, were increased in HG-treated cells
(Fig. 2E, 2F). However, caspase-3 activation and PARP cleav-
age were substantially attenuated in the presence of paeoni-
florin. Thus, the blockade of HG-induced cytotoxicity by pae-
oniflorin in ARPE-19 cells was found to be closely correlated
with the inhibition of apoptosis.

Alleviation of DNA damage caused by HG by paeoniflorin

We also evaluated whether the reduction of HG-induced cy-
totoxicity and apoptosis by paeoniflorin was related to the inhi-
bition of DNA damage. The expression of the phosphorylated
form of H2AX (yH2AX), which is upregulated by increases in
double-strand DNA breaks, was increased after HG treatment
(Fig. 2E), and the formation of comet tails, an indicator of DNA
double-helix breakage, was markedly increased in HG-treat-
ed cells (Fig. 2G). However, these expressional increases in
DNA damage markers were largely abolished by paeoniflorin.
These results suggest that the protective effect of paeoniflorin
on ARPE-19 cells exposed to HG was due to the suppression
of apoptosis and DNA damage.
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Fig. 2. Amelioration of HG-induced apoptosis and DNA damage by paeoniflorin in ARPE-19 cells. Cells were pretreated with or without
paeoniflorin (0, 50 and 100 uM) for 2 h and then stimulated with HG (30 mM D-(+)-glucose) for 48 h. (A) Apoptosis was analyzed by annexin
V/PI staining. Each number represents the total frequency of cells in the early stage (annexin V positive) of apoptosis and cells in the late
stage (annexin V and Pl double positive) of apoptosis. (B, C). Morphological changes in nuclei were observed using a fluorescence micro-
scope after DAPI staining (1 ng/mL, scale bar 75 um). Representative images (B) and the proportion of apoptotic nuclei (C). (D) DNA was
isolated from cells and separated by agarose gel electrophoresis to visualize DNA fragmentation. (E) Changes in caspase-3, PARP, and
yH2AX expressions were determined using total protein levels. B-actin served as a loading control. (F) Caspase-3 activity was assessed us-
ing a commercially available kit. (G) Extent of DNA damage was determined using a Comet assay (scale bar 50 um). (A, C) Values are the
means * SD for at least three independent experiments, and analysis of variance followed by Tukey’s post hoc test showed significant dif-
ferences (***p<0.001 vs. control cells; #p<0.01 and **p<0.001 vs. HG-treated cells).

Attenuation of HG-induced mitochondrial impairment by Inhibition of ROS production and activation of Nrf2
paeoniflorin signaling in HG-treated cells by paeoniflorin

Changes in MMP, an indicator of mitochondrial stability, The effect of paeoniflorin on HG-induced ROS production
were investigated to determine whether paeoniflorin-mediated was investigated to determine whether the antioxidant activ-
protection against HG-induced cytotoxicity was due to the ity of paeoniflorin was responsible for its protective effect on
maintenance of mitochondrial homeostasis. Flow cytometric HG-induced cytotoxicity. Fluorescence microscopy of DCF-DA
analysis by JC-1 staining revealed an increase in the propor- stained cells showed that paeoniflorin pretreatment marked re-
tion of JC-1 monomers in HG-treated cells (Fig. 3A), indicat- duced HG-induced increases in intracellular ROS levels (Fig.
ing loss of MMP due to mitochondrial depolarization, and this 4A), and flow cytometry results concurred (Fig. 4B). In addi-
effect was impeded by paeoniflorin pretreatment. In addition, tion, changes in the expressions of Nrf2 and heme oxygenase
the expression of cytochrome c, which is present in the space 1 (HO-1, a representative downstream antioxidant enzyme
between the outer and inner mitochondrial membranes in nor- of Nrf2) were used to determine whether Nrf2/HO-1 signal-
mal cells, was upregulated in the cytosolic fraction but down- ing was involved in the ROS-scavenging effect of paeoniflorin.
regulated in the mitochondrial fraction of HG-treated cells, and Immunoblotting results demonstrated that the expression of
these effects were effectively blocked by paeoniflorin (Fig. phosphorylated Nrf2 (p-Nrf2; the activated form of Nrf2) was
3B). These results show that paeoniflorin enhanced the mito- slightly increased in cells treated with paeoniflorin or HG alone
chondrial stability of ARPE-19 cells under HG conditions. but significantly increased in cells treated with paeoniflorin

plus HG. However, the total protein level of Nrf2 remained un-
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Fig. 3. Attenuation of HG-induced mitochondrial dysfunction and cytosolic release of cytochrome ¢ by paeoniflorin in ARPE-19 cells. (A)
Cells were treated with HG (30 mM D-(+)-glucose) in the presence or absence of paeoniflorin (0, 50 and 100 uM) for 48 h, JC-1 stained,
and subjected to followed by flow cytometry. Changes in JC-1 monomer ratio (indicating MMP loss) are shown. JC-1, a cationic carbocya-
nine dye, shows voltage-dependent accumulation in mitochondria and begins to form J aggregates in mitochondria. Since it remains as a
monomer upon depolarization of the mitochondrial membrane, the high frequency of monomers in paeoniflorin-treated cells indicates the
loss of MMP. Values are the means + SD for at least three independent experiments, and analysis of variance followed by Tukey’s post hoc
test showed significant differences (***p<0.001 vs. control cells; *p<0.01 and " p<0.001 vs. HG-treated cells). (B) Changes in cytochrome ¢
expression were analyzed using mitochondrial (Mito) and cytosolic fractions (Cyto). COX IV and B-actin were used as loading controls for
the mitochondrial and cytosolic fractions, respectively.
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Fig. 4. Attenuation of ROS production and induction of Nrf2-mediated HO-1 by paeoniflorin in HG-treated ARPE-19 cells. Cells were pre-
treated with or without paeoniflorin (0, 50 and 100 uM) for 2 h and then stimulated with HG (30 mM D-(+)-glucose) for 1 h (A, B) or 48 h (C).
(A) After DCF-DA staining, fluorescence intensities, representing ROS production, were measured under a fluorescence microscope (scale
bar 50 um). (B) Changes in intracellular ROS levels were investigated by flow cytometry after DCF-DA staining. Values are the means + SD
for at least three independent experiments, and analysis of variance followed by Tukey’s post hoc test showed significant differences
(***p<0.001 vs. control cells; *p<0.001 vs. HG-treated cells). (C) Changes in the expressions of Nrf2, HO-1, and Keap1 were investigated
using total proteins isolated from cells.

changed, whereas that of Kelch-like ECH-associated protein
1 (Keap1), a negative regulator of Nrf2, decreased (Fig. 4C).
Therefore, these results suggest that the antioxidant activity
of paeoniflorin against HG in ARPE-19 cells is related to the
activation of Nrf2-mediated HO-1.

Role of HO-1 in the antioxidant activity and preservation
of mitochondrial function of paeoniflorin under HG
conditions

Because the expression and activity of HO-1 were in-
creased after co-treating cells with HG and paeoniflorin, we
also investigated whether HO-1 activation was involved in the
antioxidant activity of paeoniflorin. Inhibition of HG-induced
ROS accumulation by paeoniflorin was significantly reduced

in the presence of ZnPP, a pharmacological inhibitor of HO-1
(Fig. 5A). Additionally, the paeoniflorin-induced maintenance
of mitochondrial membrane stability and inhibition of cyto-
chrome c efflux from mitochondria to cytosol in HG-treated
ARPE-19 cells were lost when HO-1 was inhibited (Fig. 5B,
5C), demonstrating that the antioxidative effect of paeoniflorin
in ARPE-19 cells under HG conditions was mediated by the
activation of HO-1, and thus, by the inhibition of mitochondrial
damage.

Attenuation of the protective effect of paeoniflorin
against HG-induced cytotoxicity by inhibition of HO-1
activity

Since the antioxidant and mitochondrial protective effects
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of paeoniflorin were diminished by HO-1 inactivation in ARPE-
19 cells treated with HG, we evaluated the effect of HO-1 in-
activation on other anticytotoxic activities of paeoniflorin. The
neutralizing effect of paeoniflorin on HG-induced apoptosis
and DNA damage was abolished in the presence of ZnPP,
as determined by flow cytometry, immunoblotting, caspase-3
activity, and agarose gel electrophoresis (Fig. 6A-6D). In ad-
dition, the inhibitory effect of paeoniflorin on the HG-mediated
reduction in cell viability was abolished after inhibiting HO-1
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activity (Fig. 6E). These results show that the antioxidant po-
tential of paeoniflorin in ARPE-19 cells under HG conditions is
dependent on Nrf2/HO-1 axis activation.

DISCUSSION

Hyperglycemia-induced DR is the most common cause of
blindness, and HG is primarily responsible for activating the
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oxidative stress that affects all cellular components of the
retina (Gao et al., 2023; Zhang et al., 2024). Although hor-
mone therapy and vascular endothelial growth factor inhibitors
are the main treatments used to treat DR, their efficacies are
limited, and many side effects can occur (Muns et al., 2023;
Cheng and Liu, 2024). Therefore, reducing oxidative stress
caused by HG may be an alternative strategy for treating DR,
and increasing interest has been shown in the application of
natural products with high antioxidant activity (Liang et al.,
2024; Akpoveso et al., 2023). Although paeoniflorin, a strong
antioxidant, has been reported to be efficacious in various DR-
associated ocular disease models, research on its ability to
protect ocular cells from oxidative stress-induced damage by
HG is limited. In this study, we investigated whether paeoniflo-
rin protects against HG-induced oxidative damage in human
RPE ARPE-19 cells, a model of hyperglycemia. MTT assay
results showed that paeoniflorin significantly blocked HG-
induced inhibition of cell viability under non-cytotoxic condi-
tions. Since the MTT assay reflects total mitochondrial activity
in terms of viable cell numbers (Plumb, 2004), the blocking of
HG-induced cytotoxicity by paeoniflorin might be related to the
inhibition of apoptosis due to the maintenance of mitochon-
drial homeostasis.

Most cellular damage induced by oxidative stress involves
DNA damage, and unrepaired DNA damage contributes to the
induction of apoptosis (Wang et al., 2021b; Li et al., 2024).
Consistent with our results, paeoniflorin has been previously
reported to block DNA damage caused by oxidative stimuli,
such as UV radiation and endotoxins, in keratinocytes, thymo-
cytes, and macrophages (Lee et al., 2006; Li et al., 2007; Kim
and Ha, 2009). In addition, our results showed that paeoniflo-
rin blocked HG-induced ARPE-19 cell apoptosis by neutral-
izing MMP loss, caspase-3 activation, PARP fragmentation,
and cytochrome c release into cytosol, thus highlighting the
importance of mitochondrial stability in the attenuation of HG-
induced cytotoxicity. Paeoniflorin also markedly eliminated
ROS production in the HG environment, as was reported for
RPE cells treated with atRAL and H,O, (Wankun et al., 2011;
Zhu et al., 2018). These results demonstrate that the potent
antioxidant activity of this glycoside is also involved in the in-
hibition of RPE cell apoptosis. Moreover, the suppression of
HG-induced ROS production by paeoniflorin was blocked by
ZnPP, which is consistent with previous findings (Jiang et al.,
2021; Wang et al., 2021a; Ren et al., 2023; Xing et al., 2023),
indicated that the inhibition of ROS accumulation by paeoniflo-
rin occurred through Nrf2-mediated HO-1 activation.

Under physiological conditions, Nrf2 exists in the cytoplasm
in a Keap1-bound form and is degraded via the ubiquitin-
proteasome pathway (Saha et al., 2020; Ngo et al., 2023).
However, when cells are exposed to Nrf2 inducers or oxida-
tive stressors, phosphorylation of Nrf2 liberates it from Keap1,
and the phosphorylated product translocates to the nucleus
to transcriptionally activate antioxidant genes, including HO-1
(Liu et al., 2021; Ngo et al., 2023). HO-1 is an Nrf2-dependent
downstream gene and an enzyme that catabolizes heme into
free iron, carbon monoxide, and biliverdin, which is then me-
tabolized to bilirubin, a potent antioxidant, by bilirubin reduc-
tase (Chiang et al., 2021; Consoli et al., 2021). Our results
show that the expression and activity of HO-1 were signifi-
cantly enhanced in cells treated with HG in the presence of
paeoniflorin compared to cells treated with paeoniflorin or HG
alone. Furthermore, this was associated with increased Nrf2

phosphorylation and the downregulation of Keap1 protein, in-
dicating that paeoniflorin enhanced Nrf2/HO-1 axis activation
under HG-induced oxidative conditions.

In RPE cells, as in other cells, Nrf2 activation increases
antioxidant defense and mitigates the production of ROS
(Bellezza, 2018; Zhang et al., 2023). Aging and oxidative
stress increase ROS production in retinal pigment epithelium.
This increase in ROS is directly related to the weakening of
Nrf2 activation, the apoptosis of retinal cells, and the onset
and progression of ocular diseases, such as age-related
macular degeneration (AMD) (Hyttinen et al., 2019; Hu et al.,
2024b). In addition to redox balance, Nrf2 has been shown to
regulate several genes involved in diverse physiological pro-
cesses required for cell survival and proliferation, including mi-
tochondrial biogenesis and homeostasis (van der Horst et al.,
2022; Bhat et al., 2024; Luchkova et al., 2024). For example,
mice lacking the Nrf2 gene exhibited an AMD-like pathology,
and autophagy in RPE cells was found to be involved in oxida-
tive damage and inflammation responses following mitochon-
drial dysfunction (Zhao et al., 2011; Cano et al., 2021). Yang
et al. (2023) also reported that acteoside, a phenylpropanoid
glycoside with antioxidant activity, reduced HG-induced ROS
production, inhibited mitochondria-mediated apoptosis, and
increased the expression of Nrf2 target genes via Nrf2 activa-
tion in RPE cells. They also observed that Nrf2 knockdown
prevented this phenomenon. In addition, when RPE cells were
exposed to oxidative inducers, such as H.O,, the expressions
of Nrf2 and HO-1 were significantly reduced, which reduced
mitochondrial quality and induced apoptosis. However, Nrf2
activators blocked these changes, while HO-1 inhibitors abro-
gated the blocking effect (You et al., 2021; Chen et al., 2022,
Hsu et al., 2022; Park et al., 2022, 2024). Moreover, gomisin
A, a major bioactive substance of Schisandra chinensis fruit,
prevented the inhibition of HG-induced osteoblast differentia-
tion by scavenging ROS and maintaining mitochondrial bio-
genesis through the Nrf2-mediated upregulation of HO-1, and
these effects were blocked by ZnPP pretreatment (Takanche
et al., 2020). Similarly, myricitrin, an antioxidant flavonoid, at-
tenuated HG-induced cardiac endothelial cell death by inhib-
iting ROS production and preserving mitochondrial function
while increasing Nrf2 expression and HO-1 transcriptional
activity, and ZnPP pretreatment also abolished this protective
effect of myricitrin (Zhang et al., 2016). Consistent with the
results of these studies, we found that the HO-1 inhibitor ZnPP
abrogated the paeoniflorin-mediated inhibition of HG-induced
ROS production, suppression of mitochondrial dysfunction,
apoptosis, and cytotoxicity, thus highlighting the importance of
the Nrf-2/HO-1 axis in protective effects mediated by paeoni-
florin against HG-mediated oxidative stress in ARPE-19 cells.

The present study demonstrates that the protective effect
of paeoniflorin on human RPE ARPE-19 cells under HG con-
ditions mimicking hyperglycemia is mediated by maintaining
mitochondrial homeostasis by inhibiting ROS production. The
study shows that the ROS-scavenging activity of paeoniflorin
may contribute to ARPE-19 cell survival under HG-induced
oxidative conditions by suppressing DNA damage and apop-
tosis via Nrf-2-mediated HO-1 activation, thereby alleviating
the initiation and progression of DR (Fig. 7). However, vari-
ous intracellular signaling pathways other than the Nrf-2/HO-1
signaling axis might also be involved in the antioxidant activity
of paeoniflorin. Therefore, we suggest further studies, includ-
ing animal experiments, be conducted to identify the upstream
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Fig. 7. Schematic diagram showing the protective effect of paeoniflorin against HG-mediated oxidative stress-induced cytotoxicity in RPE
ARPE-19 cells. ARE, antioxidant response element; HO-1, heme oxygenase-1; Keap1, Kelch-like ECH associated protein 1; Nrf2, nuclear
factor erythroid 2-related factor 2; PARP, poly(ADP-ribose) polymerase; ROS, reactive oxygen species; ZnPP, zinc protoporphyrin; yH2AX,

phosphorylated form of H2AX.

kinases involved in paeoniflorin-induced Nrf-2 activation and
to elucidate how Nrf-2/HO-1 signaling is related to various sig-
naling pathways involved in redox regulation and mitochon-
drial homeostasis.

In conclusion, the results of the present study provided
compelling evidence that paeoniflorin significantly suppress-
es cytotoxicity, DNA damage, and apoptosis in HG-treated
ARPE-19 cells and that its apoptosis-blocking effect is related
to the blockade of caspase-3 activation and PARP degrada-
tion. Paeoniflorin also maintained the integrity of mitochondrial
membranes in HG-treated cells, as evidenced by MMP im-
provement and the inhibition of cytochrome c efflux into cy-
tosol, and thus, reduced ROS production. Moreover, Keap1
expression was further downregulated in cells co-treated with
paeoniflorin and HG, compared to that in cells treated with
paeoniflorin or HG alone, whereas Nrf2 phosphorylation and
HO-1 expression were enhanced, indicating that Nrf2/HO-1
signaling is activated by paeoniflorin under oxidative condi-
tions. However, when the activity of HO-1 was artificially re-
duced, the ROS scavenging, anti-apoptotic, and cytotoxicity
inhibitory effects of paeoniflorin against HG were abolished,
which emphasized the importance of Nrf-2/HO-1 signaling as
a target of the antioxidant activity of paeoniflorin. Therefore,
our data suggest that paeoniflorin, an Nrf-2 activator, has po-
tential use as a therapeutic agent for the prevention and treat-
ment of hyperglycemia-induced DR by protecting RPE cells
from oxidative injury.

CONFLICT OF INTEREST

The authors have no conflicts of interest relevant to this
study to disclose.

https://doi.org/10.4062/biomolther.2025.025

ACKNOWLEDGMENTS

This research was supported by the Basic Science Re-
search Program of the National Research Foundation of
Korea (NRF), funded by the Ministry of Education (RS-2021-
NR059329 and RS-2023-00270936). The authors would like
to thank Core-Facility Center for Tissue Regeneration, Dong-
eui University (Busan, Republic of Korea), for letting us use
flow cytometer and fluorescence microscope.

AUTHOR CONTRIBUTIONS

Cheol Park: Writing of manuscript, Design of the work, and
Analysis of data. Hee-Jae Cha: Conceptualization, Writing &
revision of manuscript, and Acquisition of data. Su Hyun Hong:
Visualization and Data curation. Jeong Sook Noh: Analysis of
data and Conceptualization. Jeong Sook Noh: Investigation
and Analysis of data. Gi Young Kim: Visualization and Meth-
odology. Sang Hoon Hong: Data curation and Resources, and
Analysis of data. Jung-Hyun Shim: Review & editing of manu-
script. Jin Won Hyun: Project administration, Supervision, and
Review & editing of manuscript. Yung Hyun Choi: Resources,
and Review & editing of manuscript.

REFERENCES

Akpoveso, O. P., Ubah, E. E. and Obasanmi, G. (2023) Antioxidant
phytochemicals as potential therapy for diabetic complications. An-
tioxidants (Basel) 12, 123.

Bellezza, I. (2018) Oxidative stress in age-related macular degenera-
tion: Nrf2 as therapeutic target. Front. Pharmacol. 9, 1280.

Bhat, A. A., Moglad, E., Goyal, A., Afzal, M., Thapa, R., Almalki, W. H.,
Kazmi, |., Alzarea, S. I., Ali, H., Gaur, A, Singh, T. G., Singh, S. K.,
Dua, K. and Gupta, G. (2024) Nrf2 pathways in neuroprotection:

526



Park etal. Protection Against High Glucose Damage by Paeoniflorin

alleviating mitochondrial dysfunction and cognitive impairment in
aging. Life Sci. 357, 123056

Cano, M., Datta, S., Wang, L., Liu, T., Flores-Bellver, M., Sachdeva,
M., Sinha, D. and Handa, J. T. (2021) Nrf2 deficiency decreases
NADPH from impaired IDH shuttle and pentose phosphate path-
way in retinal pigmented epithelial cells to magnify oxidative stress-
induced mitochondrial dysfunction. Aging Cell 20, e13444.

Chen, L., Zhu, Y., Zhou, J., Wu, R., Yang, N., Bao, Q. and Xu, X.
(2022) Luteolin alleviates epithelial-mesenchymal transformation
induced by oxidative injury in ARPE-19 cell via Nrf2 and AKT/GSK-
3Bpathway. Oxid. Med. Cell. Longev. 2022, 2265725.

Cheng, Z. and Liu, X. (2024) Comparing the efficacy of glucocorticoids
and anti-VEGF in treating diabetic macular edema: systematic re-
view and comprehensive analysis. Front. Endocrinol. (Lausanne)
15, 1342530.

Chiang, S. K., Chen, S. E. and Chang, L. C. (2021) The role of HO-1
and its crosstalk with oxidative stress in cancer cell survival. Cells
10, 2401.

Choudhary, M. |., Naheed, N., Abbaskhan, A., Musharraf, S. G., Sid-
diqui, H. and Atta-Ur-Rahman. (2008) Phenolic and other con-
stituents of fresh water fern Salvinia molesta. Phytochemistry 69,
1018-1023.

Consoli, V., Sorrenti, V., Grosso, S. and Vanella, L. (2021) Heme oxy-
genase-1 signaling and redox homeostasis in physiopathological-
conditions. Biomolecules 11, 589.

Cui, Y. Y., Abdukiyum, M., Xu, X. F., Zhang, Y. Q., Zhao, N., Jia, Z. Y.,
Zheng, Y. Y., Jin, Z. Y., Huang, S. S. and Feng, X. B. (2024) Ef-
ficacy and safety of total glucosides of paeony in treating primary
Sjogren’s syndrome: a propensity-matched study. Eur. Rev. Med.
Pharmacol. Sci. 28, 3523-3531.

Gao, J., Tao, L. and Jiang, Z. (2023) Alleviate oxidative stress in dia-
betic retinopathy: antioxidant therapeutic strategies. Redox. Rep.
28, 2272386.

Goldney, J., Sargeant, J. A. and Davies, M. J. (2023) Incretins and
microvascular complications of diabetes: neuropathy, nephropathy,
retinopathy and microangiopathy. Diabetologia 66, 1832-1845.

Hsu, W. H,, Chung, C. P,, Wang, Y. Y., Kuo, Y. H,, Yeh, C. H., Lee, I. J.
and Lin, Y. L. (2022) Dendrobium nobile protects retinal cells from
UV-induced oxidative stress damage via Nrf2/HO-1 and MAPK
pathways. J. Ethnopharmacol. 288, 114886.

Hu, Y., Ge, K. and Du, Y. (2024a) Paeoniflorin alleviates TGF-p2-
mediated extracellular matrix remodeling and oxidative stress in
human trabecular meshwork cells. Int. Ophthalmol. 44, 229.

Hu, Z. L., Wang, Y. X,, Lin, Z. Y., Ren, W. S, Liu, B., Zhao, H. and
Qin, Q. (2024b) Regulatory factors of Nrf2 in age-related macular
degeneration pathogenesis. Int. J. Ophthalmol. 17, 1344-1362.

Hyttinen, J. M. T., Kannan, R., Felszeghy, S., Niittykoski, M., Salminen,
A. andKaarniranta, K. (2019) The regulation of NFE2L2 (NRF2)
signalling and epithelial-to-mesenchymal transition in age-related
macular degeneration pathology. Int. J. Mol. Sci. 20, 5800.

Jeon, H. J., Seo, J. H,, Jeong, E., Son, C. Y., Rawding, P. A., Hwang,
Y., Bang, S., Jang, T. M., Kubiatowicz, L. J., Hyun, S. H., Hong, S.,
Song, I. C., Lee, T. H,, Bu, J. and Eun, H. S. (2024b) Carcinoem-
bryonic antigen-positive circulating epithelial cells as a biomarker
for the diagnosis and prognosis of colorectal cancer. Biotechnol.
Bioprocess Eng. 29, 877-889.

Jeon, S. J., Jung, G. H., Choi, E. Y,, Han, E. J., Lee, J. H., Han, S. H.,
Woo, J. S., Jung, S. H. and Jung, J. Y. (2024a) Kaempferol induces
apoptosis through the MAPK pathway and regulates JNK-mediat-
ed autophagy in MC-3 cells. Toxicol. Res. 40, 45-55.

Jiang, J., Dong, C., Zhai, L., Lou, J., Jin, J., Cheng, S., Chen, Z., Guo,
X., Lin, D., Ding, J. and Gao, W. (2021) Paeoniflorin suppresses
TBHP-induced oxidative stress and apoptosis in human umbilical
vein endothelial cells via the Nrf2/HO-1 signaling pathway and im-
proves skin flap survival. Front. Pharmacol. 12, 735530.

Jiang, T., Guo, J., Wang, Y., Wu, H., Chen, Y., Wang, S., Zhang, H.,
Long, Q. and Yao. G. (2023) Total glucosides of paeony alleviates
experimental Sjogren’s syndrome through inhibiting NLRP3 inflam-
masome activation of submandibular gland cells. Clin. Exp. Rheu-
matol. 41, 2502-2510.

Kang, G. S., Kim, Y. E., Oh, H. R,, Jo, H. J.,, Bok, S., Jeon, Y. K,
Cheon, G. J., Roh, T. Y., Chang, Y. T., Park, D. J. and Ahn, G. O.

(2024b) Hypoxia-inducible factor-1a-deficient adipose-tissue mac-
rophages produce the heat to mediate lipolysis of white adipose
tissue through uncoupling protein-1. Lab. Anim. Res. 40, 37.

Kang, J. B., Son, H. K., Park, D. J., Jin, Y. B. and Koh, P. O. (2024a)
Chlorogenic acid regulates the expression of protein phosphatase
2A subunit B in the cerebral cortex of a rat stroke model and gluta-
mate-exposed neurons. Lab. Anim. Res. 40, 8.

Kim, I. D. and Ha, B. J. (2009) Paeoniflorin protects RAW 264.7 mac-
rophages from LPS-induced cytotoxicity and genotoxicity. Toxicol.
In Vitro 23, 1014-1019.

Lee, S., Lim, J. M., Jin, M. H., Park, H. K., Lee, E. J., Kang, S., Kim,
Y. S. and Cho, W. G. (2006) Partially purified paeoniflorin exerts
protective effects on UV-induced DNA damage and reduces facial
wrinkles in human skin. J. Cosmet. Sci. 57, 57-64.

Li, C.L., He, J., Li, Z. G,, Zheng, L. W. and Hua, H. (2013) Effects of to-
talglucosides of paeony for delaying onset of Sjogren’s syndrome:
an animal study. J. Cranio-Maxillofacial Surg. 41, 610-615.

Li, C. R., Zhou, Z., Zhu, D., Sun, Y. N., Dai, J. M. and Wang, S. Q.
(2007) Protective effect of paeoniflorin on irradiation-induced cell
damage involved in modulation of reactive oxygen species and the
mitogen-activated protein kinases. Int. J. Biochem. Cell. Biol. 39,
426-438.

Li, K., Deng, Z., Lei, C., Ding, X., Li, J. and Wang, C. (2024) The role of
oxidative stress in tumorigenesis and progression. Cells 13, 441.

Li, P., Shen, J., Wang, Z., Liu, S., Liu, Q., Li, Y., He, C. and Xiao,
P. (2021) Genus Paeonia: a comprehensive review on traditional
uses, phytochemistry, pharmacological activities, clinical applica-
tion, and toxicology. J. Ethnopharmacol. 269, 113708.

Liang, H., Ren, Y., Huang, Y., Xie, X. and Zhang, M. (2024) Treatment
of diabetic retinopathy with herbs for tonifying kidney and activating
blood circulation: a review of pharmacological studies. J. Ethno-
pharmacol. 328, 118078.

Liu, T., Lv, Y. F.,, Zhao, J. L., You, Q. D. and Jiang, Z. Y. (2021) Regula-
tion of Nrf2 by phosphorylation: consequences for biological func-
tion and therapeutic implications. Free Radic. Biol. Med. 168, 129-
141.

Lu, Y., Yin, L., Yang, W., Wu, Z. and Niu, J. (2024) Antioxidant effects
of paeoniflorin and relevant molecular mechanisms as related to a
variety of diseases: a review. Biomed. Pharmacother. 176, 116772.

Lu, Y. S., Jiang, Y., Yuan, J. P, Jiang, S. B., Yang, Y., Zhu, P. Y., Sun, Y.
Z.,Qi, R. Q. Liu, T., Wang, H. X., Wu, Y., Gao, X. H. and Chen, H.
D. (2020) UVA induced oxidative stress was inhibited by paeoniflo-
rin/Nrf2 signaling or PLIN2. Front. Pharmacol. 11, 736.

Luchkova, A., Mata, A. and Cadenas, S. (2024) Nrf2 as a regulator
of energy metabolism and mitochondrial function. FEBS Lett. 598,
2092-2105.

Ma, K., Yuen, M., Yuen, T, Yuen, H. and Peng, Q. (2024) Protective
mechanism of sea buckthorn proanthocyanidins against hydrogen
peroxide-introduced oxidative damage in adult retinal pigment epi-
thelial-19. Antioxidants (Basel) 13, 1352.

Mu, X., Luan, R., Gao, Y., Zhao, B., Wang, J., Ni, X. and Gao, D.
(2024) The traditional applications, phytochemistry, pharmacology,
pharmacokinetics, quality control and safety of Paeoniae Radix
Alba: a review. Am. J. Chin. Med. 52, 2337-2376.

Muns, S. M., Villegas, V. M., Flynn, H. W. Jr. and Schwartz, S. G.
(2023) Update on current pharmacologic therapies for diabetic reti-
nopathy. Expert. Opin. Pharmacother. 24, 1577-1593.

Ngo, H. K. C., Le, H. and Surh, Y. J. (2023) Nrf2, a target for precision
oncology in cancer prognosis and treatment. J. Cancer Prev. 28,
131-142.

Ni, H., Hu, X, Yang, N., Liu, X., Cai, W., Zhong, R., Wang, T., Yu, M.
and Tang, S. (2024) Roundup® induces premature senescence of
mouse granulosa cells via mitochondrial ROS-triggered NLRP3 in-
flammasome activation. Toxicol. Res. 40, 377-387.

Park, C., Cha, H. J., Hwangbo, H., Bang, E., Kim, H. S., Yun, S. J,,
Moon, S. K., Kim, W. J., Kim, G. Y., Lee, S. O., Shim, J. H. and
Choi, Y. H. (2024) Activation of heme oxygenase-1 by mangiferin in
human retinal pigment epithelial cells contributes to blocking oxida-
tive damage. Biomol. Ther. (Seoul) 32, 329-340.

Park, K. S., Kim, H., Kim, H. J., Lee, K. |, Lee, S. Y. and Kim, J. (2022)
Paeoniflorin alleviates skeletal muscle atrophy in ovariectomized
mice through the ERa/NRF1 mitochondrial biogenesis path-

www.biomolther.org



Biomol Ther 33(3), 518-528 (2025)

way. Pharmaceuticals (Basel) 15, 390.

Plumb, J. A. (2004) Cell sensitivity assays: the MTT assay. Methods
Mol. Med. 88, 165-169.

Ren, S., Wang, Y., Zhang, Y., Yan, P., Xiao, D., Zhao, Y., Jia, W., Ding,
L., Dong, H., Wei, C., Lin, S. and Lin, Y. (2023) Paeoniflorin allevi-
ates Angll-induced cardiac hypertrophy in H9c2 cells by regulating
oxidative stress and Nrf2 signaling pathway. Biomed. Pharmaco-
ther. 165, 115253

Saha, S., Buttari, B., Panieri, E., Profumo, E. and Saso, L. (2020)
An overview of Nrf2 signaling pathway and its role in inflamma-
tion. Molecules 25, 5474.

Sun, Y., Liu, T. and Zhao, X. (2024) Progress in the study of chemical
structure and pharmacological effects of total Paeony glycosides
isolated from Radix Paeoniae Rubra. Curr. Issues Mol. Biol. 46,
10065-10086.

Takanche, J. S., Kim, J. E., Han, S. H. and Yi, H. K. (2020) Effect of
gomisin A on osteoblast differentiation in high glucose-mediated
oxidative stress. Phytomedicine 66, 153107.

van der Horst, D., Carter-Timofte, M. E., van Grevenynghe, J.,
Laguette, N., Dinkova-Kostova, A. T. and Olagnier, D. (2022) Regu-
lation of innate immunity by Nrf2. Curr. Opin. Immunol. 78, 102247.

Wang, T., Xu, L., Gao, L., Zhao, L., Liu, X. H., Chang, Y. Y. and Liu,
Y. L. (2020) Paeoniflorin attenuates early brain injury through re-
ducing oxidative stress and neuronal apoptosis after subarachnoid
hemorrhage in rats. Metab. Brain Dis. 35, 959-970.

Wang, X., Hao, J. C., Shang, B., Yang, K. L., He, X. Z., Wang, Z.
L., Jing, H. L. and Cao, Y. J. (2021a) Paeoniflorin ameliorates oxi-
dase stress in glutamate-stimulated SY5Y and prenatally stressed
female offspring through Nrf2/HO-1 signaling pathway. J. Affect.
Disord. 294, 189-199.

Wang, Y., Qi, H., Liu, Y., Duan, C., Liu, X,, Xia, T., Chen, D., Piao, H.
L. and Liu, H. X. (2021b) The double-edged roles of ROS in cancer
prevention and therapy. Theranostics 11, 4839-4857.

Wang, Z., Yang, J., He, P, Lan, J., Shi, T., Xu, S., Hao, Z., Xi, Y,
Wang, J. and He, P. (2024) Therapeutic effect of total glucosides
of paeony on IgA vasculitis nephritis: progress and prospects. Mol.
Biol. Rep. 52, 13.

Wankun, X., Wenzhen, Y., Min, Z., Weiyan, Z., Huan, C., Wei, D.,
Lvzhen, H., Xu, Y. andXiaoxin, L. (2011) Protective effect of paeoni-
florin against oxidative stress in human retinal pigment epithelium
in vitro. Mol. Vis. 17, 3512-3522.

Xing, D., Ma, Y., Lu, M., Liu, W. and Zhou, H. (2023) Paeoniflorin al-
leviates hypoxia/reoxygenation injury in HK-2 cells by inhibiting
apoptosis and repressing oxidative damage via Keap1/Nrf2/HO-1
pathway. BMC Nephrol. 24, 314.

Xu, S. Y., Cao, H. Y, Yang, R. H., Xu, R. X., Zhu, X. Y., Ma, W.,, Liu,
X. B, Yan, X. Y. and Fu, P. (2024) Genus Paeonia monoterpene
glycosides: a systematic review on their pharmacological activities
and molecular mechanisms. Phytomedicine 127, 155483.

Yang, H. J., Hu, R, Sun, H., Bo Chen, Li, X. and Chen, J. B. (2019)
4-HNE induces proinflammatory cytokines of human retinal pigment
epithelial cells by promoting extracellular efflux of HSP70. Exp.
Eye Res. 188, 107792.

Yang, J., Hua, Z., Zheng, Z., Ma, X., Zhu, L. and Li, Y. (2023) Acteoside

https://doi.org/10.4062/biomolther.2025.025

528

inhibits high glucose-induced oxidative stress injury in RPE cells
and the outer retina through the Keap1/Nrf2/ARE pathway. Exp.
Eye Res. 232, 109496.

Yang, X., Yao, W., Shi, H., Liu, H., Li, Y., Gao, Y., Liu, R. and Xu, L.
(2016) Paeoniflorin protects Schwann cells against high glucose
induced oxidative injury by activating Nrf2/ARE pathway and inhib-
iting apoptosis. J. Ethnopharmacol. 185, 361-369.

You, L., Peng, H., Liu, J., Cai, M., Wu, H., Zhang, Z., Bai, J., Yao, Y.,
Dong, X., Yin, X. and Ni, J. (2021) Catalpol protects ARPE-19 cells
against oxidative stress viaactivation of the Keap1/Nrf2/ARE path-
way. Cells 10, 2635.

Zeng, K., Xi, W., Qiao, Y., Huang, X. and Liu, X. (2022) Paeoniflorin
inhibits epithelial mesenchymal transformation and oxidative dam-
age of lens epithelial cells in diabetic cataract via sirtuin 1 upregula-
tion. Bioengineered 13, 5903-5914.

Zhang, B., Chen, Y., Shen, Q. Liu, G,, Ye, J., Sun, G. and Sun, X.
(2016) Myricitrin attenuates high glucose-induced apoptosis
through activating Akt-Nrf2 signaling in H9c2 cardiomyocytes. Mol-
ecules 21, 880.

Zhang, C., Gu, L., Xie, H., Liu, Y., Huang, P., Zhang, J., Luo, D. and
Zhang, J. (2024) Glucose transport, transporters and metabolism
in diabetic retinopathy. Biochim. Biophys. Acta Mol. Basis Dis.
1870, 166995.

Zhang, S. M., Fan, B., Li, Y. L., Zuo, Z. Y. and Li, G. Y. (2023) Oxidative
stress-involved mitophagy of retinal pigment epithelium and retinal
degenerative diseases. Cell. Mol. Neurobiol. 43, 3265-3276.

Zhao, M., Liu, L., Zheng, Y., Liu, G., Che, B., Li, P,, Chen, H., Dong, C.,
Lin, L. and Du, Z. (2019) Anti-inflammatory effects of paeoniflorin
from Paeonia lactiflora Pall. on human corneal epithelial cells and a
mouse model of dry eye disease. RSC Adv. 9, 12998-13006.

Zhao, Z., Chen, Y., Wang, J., Sternberg, P., Freeman, M. L., Gross-
niklaus, H. E. and Cai, J. (2011) Age-related retinopathy in NRF2-
deficient mice. PLoS One 6, e19456.

Zhou, W., Zuo, H., Qian, Y., Miao, W. and Chen, C. (2024) Paeoniflorin
attenuates particulate matter-induced acute lung injury by inhibit-
ing oxidative stress and NLRP3 inflammasome-mediated pyropto-
sis through activation of the Nrf2 signaling pathway. Chem. Biol.
Interact. 395, 111032.

Zhou, X., Alimu, A., Zhao, J., Xu, X., Li, X., Lin, H. and Lin, Z. (2024)
Paeonia genus: a systematic review of active ingredients, pharma-
cological effects and mechanisms, and clinical applications for the
treatment of cancer. Arch. Pharm. Res. 47, 677-695.

Zhu, S. H., Liu, B. Q., Hao, M. J., Fan, Y. X., Qian, C., Teng, P., Zhou,
X.W., Hu, L., Liu, W. T., Yuan, Z. L. and Li, Q. P. (2017) Paeoniflorin
suppressed high glucose-induced retinal microglia MMP-9 expres-
sion and inflammatory response viainhibition of TLR4/NF-kB path-
way through upregulation of SOCS3 in diabetic retinopathy. Inflam-
mation 40, 1475-1486.

Zhu, X., Wang, K., Zhou, F. and Zhu, L. (2018) Paeoniflorin attenuates
atRAL-induced oxidative stress, mitochondrial dysfunction and en-
doplasmic reticulum stress in retinal pigment epithelial cells via trig-
gering Ca2+/CaMKIlI-dependent activation of AMPK. Arch. Pharm.
Res. 41, 1009-1018.



